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ABSTRACT

ANGULAR ACCELERATION ASSISTED STABILIZATION OF A 2-DOF
GIMBAL PLATFORM

Öztürk, Taha

M.S., Department of Electrical and Electronics Engineering

Supervisor : Prof. Dr. Kemal Leblebicioğlu

September 2010, 168 pages

In this thesis work construction of the angular acceleration signal of a 2-DOF gimbal

platform and use of this signal for improving the stabilization performance is aimed.

This topic can be divided into two subtopics, first being the construction of angular

acceleration and the second being the use of this information in a way to improve

system performance. Both problems should be tackled in orderto get satisfactory

results. The most important output of this work is defined as the demonstration of

the improvements obtained both theoretically and on experimental setup. Although

the system to be studied is a two axis gimbal platform, the results obtained can be

applied to other servo control problems. It is possible to define different performance

criteria for a servo control problem and different techniques will be addressed with

different control objectives. For this thesis work, the performance criterion is defined

as the stabilization performance of the platform. As a result, disturbance rejection

characteristics of the controller emerges as the main topicand methods for rejecting

these disturbances such as the friction torques and externally applied moments are

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

Keywords: acceleration feedback, angular acceleration measurement, platform stabi-

lization, disturbance rejection, Kalman filtering
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ÖZ

İK İ SERBESTL̇IK DERECEL̇I BİR PLATFORMUN AÇISAL İVME DESTEKLİ
STABİL İZASYONU

Öztürk, Taha

Yüksek Lisans, Elektrik ve Elektronik M̈uhendislĭgi Bölümü

Tez Yöneticisi : Prof. Dr. Kemal Leblebiciŏglu

Eylül 2010, 168 sayfa

Bu çalışmada iki serbestlik dereceli bir platformun ivme bilgisinin üretilmesi ve bu

bilginin stabilizasyon performansını iyileştirmede kullanılması hedeflenmiştir. Bu

konu iki ana başlık altında değerlendirilebilir; ivme bilgisinin gereken kalitedëuretilmesi

ve bu bilginin performansı arttıracak şekilde kullanılabilmesi. Her iki problemin

de ayrı ayrı ç̈ozülmesi ve elde edilen ç̈ozümlerin birlikte kullanılması iyileşme elde

edilmesi açısından gereklidir. Yapılacak çalışmalarda ortaya çıkacak sonuçların gerçek

sistemüzerinde dŏgrulanmasın ve hedeflenen iyileşmelerin gerçek sistemüzerinde

görülebilmesin bu çalışmanın en̈onemli sonuçlarından biri olması gerektiği kabul

edilmiştir. Üzerinde çalışılan sistem iki serbestlik dereceli bir platform olsa da elde

edilecek sonuçların diğer servo kontrol problemlerine de kolayca uygulanabileceği

sonucuna varılmıştır. Yukarıda tanımlanan iki serbestlik dereceli platformun kontrolü

için çeşitli performans̈olçütleri tanımlanabilecĕgi ve farklı performans̈olçütleri için

iyileştirme ÿontemlerinin farklılık g̈osterecĕgi görülmüşẗur. Bu çalışmada performans

kriteri olarak sistemin stabilizasyon performansı kabul edilmiştir. Bunun sonucu

olarak sistemin bozucu etki düzeltme karakteristiği önem kazanmıştır. Beklendiği
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gibi ivme geri beslemesi sonucunda stabilizasyon hassasiyetinde önemli iyileşme

săglanmıştır.

Anahtar Kelimeler: ivme geribeslemesi, açısal ivmeölçümü, platform stabilizasyonu,

bozucu etki giderme, Kalman filtreleme
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CHAPTER 1

INTRODUCTION

1.1 Background and Motivations

Stabilized platforms are rapidly populating different areas of application as sensor

and actuator technology develops and more accurate, robustsensors and actuators are

available for much cheaper prices. While stabilization may refer to different tasks

and applications in different areas, in motion control the term refers to stabilizing the

angular position of a moving platform relative to earth frame [1]. The objective of

motion stabilization is to decouple the stabilized payloadfrom vehicle motion distur-

bances [2, 3] and at the same time reject forces and moments acting on the platform.

Depending on the type of platform that is stabilized, different names such as line-

of-sight stabilization for optics, radar, laser beam etc. stabilization applications or

line-of-fire stabilization for weapon platform stabilization are also used in the litera-

ture. From here on, stabilization term is used to refer to itscorrespondence in motion

control area described above.

As mentioned above, different payloads ranging from a small laser beam reflecting

mirrors weighting only a couple hundred grams to an anti-airgun platform or a main

battle tank turret weighting more than 10 tons can be the subject of stabilization appli-

cation. As a general trend, for bigger masses some limitations start to become more

prominent and stabilization performances degrade. The most important of these limi-

tations are actuator and driver power saturation issues andcompliances in both trans-

mission elements and mechanical structure due to the very high amounts of torque

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

platforms can achieve much better performances.

Although the methods developed in this thesis work are applicable to both smaller and

bigger platforms, smaller and more agile platforms can benefit much more since these

methods tend to create very dynamic and high bandwidth controllers whose imple-

mentation on bigger platforms may lead to actuator saturation problems or excessive

loading in transmission and structural elements as mentioned above. In agreement

with this fact, the experimental setup which is going to be used is a low payload gim-

bal platform developed originally for stabilizing small payloads such as mirrors or

small optics.

These high performance small stabilized platforms find a very broad usage area in

military industry and are used for many mission-critical battlefield applications such

as electro-optic platforms with day and night vision cameras, small tracking radars,

laser beam directors used for target designation, seeker head directors used on mis-

siles and many others. As one can suggest, all of these application require very accu-

rate positioning and stabilization of the platform in the order of micro-radians since

even very small angular displacements result in big position errors when a target kilo-

meters away is being tracked or pointed to. In Figure 1.1 ASELFLIR 300T of ASEL-

SAN can be seen, which is a high performance stabilized electro-optic platform also

used for target designation.

For achieving very small stabilization errors required forthese platforms, top quality

components and special techniques are used. Navigation grade sensors and actua-

tors, low friction bearings, slip rings and other components are placed on specially

designed and manufactured mechanical structures. High cost techniques such as dou-

ble stage stabilization are used for achieving even higher accuracies. The method

of using angular acceleration feedback, which is going to bethe topic of this thesis

work, may be considered as one of these techniques trying to achieve higher accuracy

stabilization.

Motion controllers of stabilized platforms try to tackle different problems in the

course of operation. Most of the time these problems can be separated as the problem

of stabilization, and the problem of positioning and tracking and these two problems
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Figure 1.1: ASELFLIR 300T Stabilized Electro Optic Platform Developed and Man-
ufactured by ASELSAN

must be handled using different approaches. While positioning and tracking can be

identified as a servo tracking problem and high performance can be achieved with

high quality sensors and algorithms such as trajectory planners or target estimators,

the problem of stabilization can be classified as a regulatorproblem and the use of

proper disturbance rejection algorithms plays a crucial role for high performance ap-

plications. It is important to note that this thesis work focuses on the second problem

stated above; namely the problem of regulating the positionof the platform by reject-

ing disturbances coming from various sources.

The sources of disturbances acting on a stabilized platformmay vary greatly, however

when the overall picture is analyzed a short list of the most common sources can be

populated as follows;

• By far the most common and most important of these sources is the friction
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torques originating from the relative motion in platform axes of rotation. The

reason why friction is located on the top of the list is that, friction is an in-

evitable phenomenon and no matter how small it is, it always exists. Further-

more, as long as stabilization is being done under angular motion of the base

platform friction torques always exist disturbing the system constantly.

• Another common source of disturbance originates from unbalanced mass center

of a platform axis meaning that the center of gravity and center of rotation of the

axis do not coincide. In the presence of linear accelerations, unbalanced masses

result in a net disturbance torque around the center of rotation. However this

can be avoided by designing the mechanical structure such that the centers of

gravity of all axes are located on the centers of rotation of corresponding axes.

• The last sources of disturbance on the list are external torques and forces acting

on the platform as a result of interactions with the environment or actions such

as firing of weapons or missiles. This source of disturbance can only be seen

on a limited number of stabilization applications such as weapon platforms and

may be avoided or minimized with proper placement of line-of-fire, etc.

Throughout the course of studies, the effects of the first disturbance source defined

above, namely the friction forces are focused upon. Howeverdisturbances due to

unbalanced mass centers also showed up in experimental tests but it is considered that

regardless of the source of disturbance tested, improvements should be applicable to

rejection of disturbances from all sources.

In the light of these discussions, the main motivation of this thesis is to improve

disturbance rejection and stabilization performances of smaller more agile stabilized

platforms. It is important to note that the usage of accelerometers as additional sen-

sors is required for the proposed methods. While the usage of additional sensors

brings cost and complexity further improvement of the stabilization accuracy is near

impossible for these already high performance platforms without further instrumen-

tation. Furthermore, the cost and complexity of using accelerometers is nowhere near

the cost and complexity of other methods such as two stage stabilization or replacing

the already expensive gyroscopes mounted on the platform with better 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, many different disturbance rejection al-

gorithms are proposed in the literature and a subclass of these methods use accelera-

tion feedback. The use of acceleration feedback indeed proves to be effective for the

purpose of disturbance rejection in industrial applications such as the servo control

of machines, conveyors, robot arms etc, that continuously interact with the environ-

ment and work under varying loads. There exists quite a few number of publications

focusing on different ways of utilizing acceleration feedback for such applications.

However, extension of these methods to the stabilization problem, where disturbance

rejection is of paramount importance, haven’t seen enough attention.

The main objective of this thesis work is to apply several different disturbance re-

jection algorithms utilizing acceleration feedback, which include newly formulated

ones together with the previously developed methods, to theplatform stabilization

problem for improving the disturbance rejection properties and therefore the overall

stabilization accuracy. Accomplishment of these objectives will enable improvement

of stabilization even for already built systems with the addition of a linear accelerom-

eter array together with some modifications in the control software.

While the above defined goal is being achieved, several different problems are ad-

dressed. To start with, the problem of calculating all threeangular accelerations of a

platform using linear accelerometer readings is addressed. Then, improvements that

can be achieved in signal quality with the addition of another measurement, in our

case addition of acceleration measurement to the already measured velocity, is as-

sessed. Finally a new optimal controller using the acceleration feedback for improv-

ing stabilization performance is developed starting from asimilar controller concept

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

1.3 Outline of the Thesis

In this first chapter, background information and motivations for carrying out this

thesis work is given together with the objectives and contributions.
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Chapter 2 presents the theoretical background for various problems that needs to be

tackled throughout the course of studies such as the calculation of angular acceler-

ation from linear acceleration measurements, mathematical modeling of the 2-DOF

gimbal platform starting from Newton-Euler equations of motion, a quick review of

Kalman filtering and usage of different acceleration feedback methods for improving

stabilization performance.

In Chapter 3, a detailed explanation of the simulation model built is given and con-

troller implementation issues are discussed. The chapter starts with the explanation

of identification work done on the experimental setup. Justification of Kalman filter

usage and other issued related to sensor fusion and filteringis given next. Last part of

the chapter is devoted to the presentation of the simulationmodel built and simulation

tests done on this model.

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

chapter is devoted to the presentation of experimental testresults.

Finally, Chapter 5 includes an overall discussion of the workdone and concluding

remarks. Possible future work that could not be covered inside the scope of this

thesis is also given.
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CHAPTER 2

THEORETICAL BACKGROUND

In this chapter, theoretical background of the thesis work is laid down. Several topics

that are investigated in the course of studies that deserve attention are covered here.

Survey of the literature about these topics and the extensions of this literature to our

application are combined in order to have a seamless flow and better understanding

of the methods discussed. Following chapters will build on this background and will

be the implementation of the ideas developed here in simulation environment and on

experimental setup.

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

angular acceleration information by using linear accelerometers. In the next section,

a derivation of the dynamic equations of motion of the 2-DOF gimbal moving on a

motion simulator are carried out starting from Newton-Euler equations. In the third

section, a quick review of Kalman filtering is given. Final chapter is devoted to the

investigation and development of controllers that can makeuse of the acceleration

information of the platform in order to improve the stabilization performance of the

system. A standard controller for comparison purposes and three other 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 of angular acceleration in-

formation to improve the stabilization performance of a stabilized platform, makes it

necessary to obtain a good quality angular acceleration signal by either directly mea-
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suring it or constructing it from other measurements. Furthermore, this information

is needed relative to inertial reference frame since stabilization requires the control of

the platform in the earth-fixed inertial reference frame.

However, both of the above mentioned methods for obtaining an angular acceleration

signal have different drawbacks of their own [4]. For example the most straightfor-

ward method, being the direct measurement of inertial angular acceleration requires

angular accelerometers, which are very special sensors that are manufactured by a

very limited number of manufacturers, quite hard to obtain even from these limited

number of manufacturers due to export restrictions and significantly expensive, es-

pecially because of the fact that there are no cheap options on the market for these

sensors. The method of obtaining an angular acceleration signal from angular veloc-

ity or position measurements suffers from noise amplification problems. Obtaining

acceleration this way requires the differentiation of velocity and position signals us-

ing one of the several methods proposed in the literature. However regardless of the

method used, noise always remains problem to be solved. Although it is proposed

in papers [5, 6, 7, 8], it is seen that obtaining accelerationinformation from position

signal with double differentiation or using an observer produces extremely poor re-

sults. Single differentiation of a high quality velocity signal on the other hand, with

careful noise filtering, can lead to a somehow usable signal,but marginal performance

improvement should be expected as a benefit of using this signal.

A third way of constructing angular acceleration signal which seems not to suffer

from the drawbacks of the methods above is the use of linear accelerometers. Linear

accelerometers are widely used sensors that can be found very easily. Furthermore,

since no differentiation but only algebraic operations are carried out to obtain the

angular acceleration, this method does not suffer from noise amplification problem

mentioned above. Being a viable solution, methods of obtaining angular acceleration

from linear accelerometer measurements has been investigated by many authors and

found to be an effective aproach. A literature survey on this method and development

of this method follows in the coming section.
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2.1.1 Preliminaries on Kinematics and Acceleration in 3-D Space

Here, some preliminary information about three-dimensional kinematics is given on

which the following derivations are based on. A more detailed information can be

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

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

āP = āO′ + (āP)xyz+ ᾱ × r̄P/O′ + ω̄ × (ω̄ × r̄P/O′) + 2ω̄ × (v̄P)xyz (2.1)

Above equation is the famous acceleration relation that canbe written between two

pointsP andO′ in space, which are shown in Figure 2.1. Hereω andα are the angular

velocity and angular acceleration of the body fixed coordinate frame depicted in the

figure. It is also the starting point for our efforts of constructing angular acceleration

information from linear accelerometer readings and therefore needs some attention.

The derivation of the equation is as follows;

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

r̄P/O = r̄O′/O + r̄P/O′ (2.2)

By definition, the absolute velocity is the time derivative ofthe position with respect

to the fixed reference frame. Differentiating 2.2 gives

v̄P = v̄O′ +
d
dt

r̄P/O′ (2.3)

Most probably, the (moving)xyz reference frame is chosen for its convenience in

describing the position of P

r̄P/O′ = x̄i + y j̄ + zk̄ (2.4)

Differentiating with superposing the effects of the changing coordinate values and the

rotation of the vectors gives

d
dt

r̄P/O′ = ẋ̄i + ẏ j̄ + żk̄+ ω̄ × r̄P/O′ (2.5)

Combining 2.3 and 2.5, we have

v̄P = v̄O′ + (v̄P)xyz+ ω̄ × r̄P/O′ (2.6)

where

(v̄P)xyz=
∂

∂t
r̄P/O′ = ẋ̄i + ẏ j̄ + żk̄ (2.7)

The above equation 2.6 is the expression for the velocity of point P. Note that the

reference frame specification are omitted when indicating an absolute velocity or ac-

celeration.

The derivation continues with acceleration. Note that timedifferentiation of both

sides of equation 2.6 will give the acceleration of pointP. Hence we differentiate the

terms on the right hand side of the equation one-by-one. The derivative of the velocity

of origin O′ is its acceleration. Since the term (¯vP)xyz gives relative velocity in terms

of components in moving frame

d
dt

(v̄P)xyz= (āP)xyz+ ω̄ × (v̄P)xyz (2.8)
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The third term is ¯ω× r̄P/O′, the derivative of angular velocityω is the angular acceler-

ationα and derivative of the term ¯rP/O′ is already given above; so that

d
dt

(ω̄ × r̄P/O′) = ᾱ × r̄P/O′ + ω̄ × [(v̄P)xyz+ ω̄ × r̄P/O′ ] (2.9)

Summation of the last three terms leads to equation 2.1, which is rewritten below.

Terms known with the special names, centripetal acceleration and Coriolis accelera-

tion, are pointed out in the equation below.

āP = āO′ + (āP)xyz+ ᾱ × r̄P/O′ +

centripetal acc.
︷            ︸︸            ︷

ω̄ × (ω̄ × r̄P/O′)+

Coriolis acc.
︷        ︸︸        ︷

2ω̄ × (v̄P)xyz

At this point, it is important to note that for a pointP on a rigid body, both the velocity

term (v̄P)xyz and the acceleration term (¯aP)xyz become zero. Therefore, if we assume

thatO′ is the origin of a reference frame fixed to a rigid body andP is a point on the

same rigid body, the expression for the acceleration of point P in inertial reference

frame simplifies to Equation 2.10 below

āP = āO′ + ᾱ × r̄P/O′ + ω̄ × (ω̄ × r̄P/O′) (2.10)

2.1.2 Determination of Angular Velocity and Angular Acceleration of a Body

From Linear Accelerometer Readings

In Figure 2.2, four points which are located on the same rigidbody are shown together

with inertial and body fixed coordinate frames. Starting from where we left off in the

previous subsection, for the two pointsP1 andO on the rigid body, we can write

āP1 = āO + ˙̄α × (r̄P1/O) + ω̄ × (ω̄ × (r̄P1/O)) (2.11)

with all components in inertial coordinate frame except ¯rP1/O whose components are

presented in body fixed reference frame defined above. This equation can also be

written as

āP1 − āO =
˙̇̄W(r̄P1/O) + W̄

2
(r̄P1/O) (2.12)
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Figure 2.2: Description of Rigid Body Motion Using Different Coordinate Frames

where

ω̄ =





ωx

ωy

ωz





and

W̄ =





0 −ωz ωy

ωz 0 −ωx

−ωy ωx 0





In open form, Equation 2.12 can be written as follows




(aP1)x

(aP1)y

(aP1)z





−





(aO)x

(aO)y

(aO)z





=





−ωy
2 − ωz

2 ωxωy − ω̇z ωxωz+ ω̇y

ωxωy + ω̇z −ωz
2 − ωx

2 ωyωz− ω̇x

ωxωz− ω̇y ωyωz+ ω̇x −ωx
2 − ωy

2









(rP1/O)x

(rP1/O)y

(rP1/O)z





(2.13)

Equation 2.13 is important for the fact that it groups the terms as the left side of the

equation being the linear accelerations which can be measured with linear accelerom-
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eters, the 3x3 matrix on the right containing the unknown angular velocity and accel-

eration terms and the 3x1 vector on the right is the known vector of distance between

the two points. Our goal will be to find the total of six unknownangular acceleration

and angular velocity terms, all contained in the 3x3 matrix on the right-hand side of

the Equation 2.13.

There has been many methods proposed in order to find the angular velocity and

angular acceleration terms appearing in Equation 2.13. Some of these methods make

use of numerical differentiation as well as numerical integration [10] and are therefore

omitted in the foregoing analysis for the reason that these methods will most likely

give poor results in a real-time applications such as this one. On the other hand,

many other methods try to extract the nonlinear angular velocity terms appearing in

the above equation by making use of symmetric and skew symmetric matrices and

methods such as change of coordinate frames as in [11]. A classification of these

methods and corresponding accelerometer placements is given in [12].

However, the emphasis of this work is not on the constructionof angular velocity

terms which most of these methods focus on since angular velocities are already mea-

sured with gyroscopes mounted on the system. Therefore, we do not dive too much

into these different methods and stick with one class that gives angular acceleration

terms directly. Angular velocity terms are obtained as by-products, which is also

good for comparing with the measured signals from gyros, butnot strictly necessary.

As shown in [13], the minimum number of sensors required to identify all angular

velocity and angular acceleration terms is nine. However, it should be noted that

identification of these terms are used in the meaning of identifying the magnitudes, as

sign ambiguities persist in most solutions. From here on, “uniquely identifying” will

be used for finding both magnitude and sign of these components.

With nine sensors, all angular acceleration terms are uniquely identified but angular

velocity terms have ambiguities depending on the solution scheme. If we further

restrict ourselves to the use of triaxial accelerometers, which will be the case in our

work, then three triaxial accelerometers can only identifyone angular acceleration

term uniquely, leaving the remaining two angular accelerations and three angular

velocities with sign ambiguities as shown in [14]. On the other hand, using four

13



triaxial accelerometers, we can uniquely identify the angular acceleration vector and

identify the terms in angular velocity vector down to one sign ambiguity as shown

in [15]. Note that the given equations has no means to distinguish between the two

possible solutions (sign ambiguity) without additional auxiliary information.

In our studies, we will assume that the triaxial accelerometers are ideal, namely all

three axes of measurement are done from the same point while we know that it is

not the case since triaxial accelerometers are three uniaxial accelerometers packed

together and some distance always exists among these three.However, very small

size accelerometers that are going to be used makes this assumption reasonable. The

case in which these accelerometers are considered non-ideal is further discussed in

[16].

Going back to Equation 2.13, assuming we have 4 triaxial accelerometers placed such

that one of them is at the center and the three other are placedsuch that

r̄P1/O =





1

0

0





, r̄P2/O =





0

1

0





, r̄P3/O =





0

0

1





Three independent matrix equations can be written for the four triaxial accelerome-

ters, betweenO andP1, O andP2, and the last one betweenO andP3. These three

matrix equations can be decomposed into the following nine scalar equations starting

from 2.14 through 2.22.

(aP1)x − (aO)x = −ωy
2 − ωz

2 (2.14)

(aP1)y − (aO)y = ωxωy + ω̇z (2.15)

(aP1)z− (aO)z = ωxωz− ω̇y (2.16)

(aP2)x − (aO)x = ωxωy − ω̇z (2.17)

(aP2)y − (aO)y = −ωz
2 − ωx

2 (2.18)

(aP2)z− (aO)z = ωyωz+ ω̇x (2.19)

(aP3)x − (aO)x = ωxωz+ ω̇y (2.20)
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(aP3)y − (aO)y = ωyωz− ω̇x (2.21)

(aP3)z− (aO)z = −ωx
2 − ωy

2 (2.22)

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

one can write

(aP2)z− (aO)z− (aP3)y + (aO)y = ωyωz+ ω̇x − ωyωz+ ω̇x

Therefore

ω̇x =
(aP2)z− (aO)z− (aP3)y + (aO)y

2
(2.23)

Doing similar calculations, from Equations 2.16 and 2.20

ω̇y =
(aP3)x − (aO)x − (aP1)z+ (aO)z

2
(2.24)

And finally from Equations 2.15 and 2.17

ω̇z =
(aP1)y − (aO)y − (aP2)x + (aO)x

2
(2.25)

For the solution of the nonlinear velocity equations, we have the following from Equa-

tions 2.14, 2.18 and, 2.22;

ωx
2 =

(aP1)x − (aO)x − (aP2)y + (aO)y − (aP3)z+ (aO)z

2
(2.26)

and;

ωy
2 =

(aP2)y − (aO)y − (aP1)x + (aO)x − (aP3)z+ (aO)z

2
(2.27)

and finally;

ωz
2 =

(aP3)z− (aO)z− (aP1)x + (aO)x − (aP2)y + (aO)y

2
(2.28)

furthermore, these three additional equations can be written

from Equations 2.19 and 2.21

ωyωz =
(aP2)z− (aO)z+ (aP3)y − (aO)y

2
(2.29)

15



from Equations 2.16 and 2.20

ωxωz =
(aP3)x − (aO)x + (aP1)z− (aO)z

2
(2.30)

from Equations 2.15 and 2.17

ωxωy =
(aP1)y − (aO)y + (aP2)x − (aO)x

2
(2.31)

As a result, determination of angular velocities problem becomes findingωx, ωy and

ωz with ωx
2, ωy

2, ωz
2, ωyωz, ωxωz andωxωy known.

Magnitudes ofωx, ωy, andωz can be found by taking the square roots ofωx
2, ωy

2,

andωz
2, respectively. The signs on the other hand can be found from the remaining

equations with one sign ambiguity, meaning that when a sign is assigned to any one

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

For nine sensors that are not necessarily triaxial, different solution schemes are de-

signed. These solutions eliminate the quadratic terms of the typeωuωv or of the type

ωu
2 + ωv

2 (u, v = x, y, z). In both cases, the system becomes linear in new auxiliary

variablesa,b, c or α, β, γ, where

a = ωyωz

b = ωxωz

c = ωxωy

or

α = ωy
2 + ωz

2

β = ωx
2 + ωz

2

γ = ωx
2 + ωy

2

from these two sets of auxiliary variables above, two different solutions are obtained

for the angular velocity terms.

For the seta,b, c;

ωx = ±

√

bc
a

(2.32)
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ωy = ±

√

ac
b

(2.33)

ωz = ±

√

ab
c

(2.34)

And for the setα, β, γ;

ωx = ±

√

−α + β + γ

2
(2.35)

ωy = ±

√

α − β + γ

2
(2.36)

ωx = ±

√

α + β − γ

2
(2.37)

In the first case, the sign of one component of ¯ω must be arbitrarily assigned while

the sign of others are determined from the equations. However, the equations become

singular ifa,b, c = 0. In the second case, eight different 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 first of the cases above which is

important in the sense that it is obtained with an accelerometer placement as discussed

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

Consider the following sensor placement, with the pointO being in the middle and

P1, P2, andP3 being placed as

r̄P1/O =





1

0

0





,at P1, y andz accelerations are measured

r̄P2/O =





0

1

0





,at P2, x andz accelerations are measured

r̄P3/O =





0

0

1





,at P3, x andy accelerations are measured
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Resulting equations does not include any diagonal terms of the unknown matrix,

namely the terms (−ωy
2 − ωz

2), (−ωz
2 − ωx

2), and (−ωx
2 − ωy

2). Six scalar equa-

tions, which is a subset of the former nine equations, can be written as follows

(aP1)y − (aO)y = ωxωy + ω̇z (2.38)

(aP1)z− (aO)z = ωxωz− ω̇y (2.39)

(aP2)x − (aO)x = ωxωy − ω̇z (2.40)

(aP2)z− (aO)z = ωyωz+ ω̇x (2.41)

(aP3)x − (aO)x = ωxωz+ ω̇y (2.42)

(aP3)y − (aO)y = ωyωz− ω̇x (2.43)

Solutions for ˙ωx, ω̇y and ω̇z are obtained as in Equations 2.23 through 2.25. The

solutions for angular velocities can be obtained as given inEquations 2.32 through

2.34. Below, you can find these solutions together for all angular acceleration and

angular velocity terms in equations 2.44 through 2.49.

ω̇x =
(aP2)z− (aO)z− (aP3)y + (aO)y

2
(2.44)

ω̇y =
(aP3)x − (aO)x − (aP1)z+ (aO)z

2
(2.45)

ω̇z =
(aP1)y − (aO)y − (aP2)x + (aO)x

2
(2.46)

and

ωx = ±

√

bc
a

(2.47)

ωy = ±

√

ac
b

(2.48)

ωz = ±

√

ab
c

(2.49)
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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 moreclearly and base the

controller architecture design work on it, a dynamic model of the 2-DOF gimbal

platform together with the kinematic disturbances appliedto the base of the platform

needs to be constructed. Several models for such platforms are present in the literature

that employs Newtonian [18, 19] or Lagrangian [20] formulation in the derivation.

However, none of these is a satisfactory model that models the kinematic disturbance

applied to the base of the platform in addition to the 2-DOF gimbal itself.

Therefore, in this section, the mathematical model of the gimbal platform is derived

starting from Newton-Euler equations written for azimuth and elevation axes sepa-

rately. Mathematical model of the physical system is important as it is necessary for

the design of different control architectures. Later in Chapter 3, a simulation model

of the system will be constructed and tuning of these controllers will be done on the

simulation model. For the mathematical model, at the beginning a model for the most

general case will be developed and later some assumptions and simplifications that

apply to our system will be carried out in order to obtain a simpler model which the

designed controllers can be based upon.

This model will include the 2-DOF gimbal platform with outer(azimuth) and inner

(elevation) gimbals and the base motion which is assumed to be a pure rotational

motion around the intersection of center of rotations of thetwo gimbal axes. The

base motion is described as a yaw-pitch-roll sequence. Following reference frames

are used throughout the analysis.

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

(m), (n): Intermediate coordinate frames used in describing the platform base motion

(B): Coordinate frame fixed to the gimbal base

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

(I ): Coordinate frame fixed to the inner gimbal (elevation axis)
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Relations of these frames with respect to each other in terms of rotation directions

and angles can be shown as in Figure 2.3: below;

Figure 2.3: Coordinate Frames Used and Rotational Relations Between Those

In addition, coordinate frame transformation matrices relating these coordinate frames

are as follows

Ĉ(e,m) = eũ3ψ =





cos(ψ) − sin(ψ) 0

sin(ψ) cos(ψ) 0

0 0 1





(2.50)

Ĉ(m,n) = eũ2θ =





cos(θ) 0 sin(θ)

0 1 0

− sin(θ) 0 cos(θ)





(2.51)

Ĉ(n,B) = eũ1φ =





1 0 0

0 cos(φ) − sin(φ)

0 sin(φ) cos(φ)





(2.52)

Ĉ(B,O) = eũ3η =





cos(η) − sin(η) 0

sin(η) cos(η) 0

0 0 1





(2.53)

Ĉ(O,I ) = eũ2ǫ =





cos(ǫ) 0 sin(ǫ)

0 1 0

− sin(ǫ) 0 cos(ǫ)





(2.54)

Figure 2.4 below shows some unit vectors of these coordinateframes on the gimbal;
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Figure 2.4: Important Unit Vector Directions on the 2-DOF Gimbal

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

for inner and outer gimbal axes;

Newton’s equation for inner gimbal

mI~aCI =
~FOI +mI~g (2.55)

where;

mI : mass of inner gimbal

~aCI : acceleration of the COG of inner gimbal

~FOI: force applied by outer gimbal on inner gimbal

~g: gravity vector
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Newton’s equation for outer gimbal

mO~aCO =
~FBO+ ~FIO +mO~g (2.56)

where;

mO: mass of outer gimbal

~aCO: acceleration of the COG of outer gimbal

~FBO: 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 (intersection of rotation axes of inner

and outer gimbal)

J̆I · ~αI + ~ωI × J̆I · ~ωI = ~MOI + ~rOCI × (mI~g) + ~DI (2.57)

where;

J̆I : inertia tensor of the inner gimbal

~αI : angular acceleration of the inner gimbal frame with respect to inertial frame

~ωI : angular velocity of the inner gimbal frame with respect to inertial frame

~MOI: moment applied by outer gimbal on inner gimbal

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

~DI : disturbance moments effecting on the inner gimbal

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

and outer gimbal)

J̆O · ~αO + ~ωO × J̆O · ~ωO = ~MBO+ ~MIO + ~rOCO × (mO~g) + ~DO (2.58)

where;

J̆O: inertia tensor of the outer gimbal
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~αO: angular acceleration of the outer gimbal frame with respect to inertial frame

~ωO: angular velocity of the outer gimbal frame with respect to inertial frame

~MBO: moment applied by gimbal base on outer gimbal

~MIO: moment applied by inner gimbal on outer gimbal

~rOCO: position vector from point O to the COG of outer gimbal

~DO: disturbance moments effecting on the outer gimbal

In our analysis from here on we will assume that the principalaxes of inner and outer

gimbals coincide with rotation directions, therefore the product of inertia terms in

inertia matrices are zero and inertia matrices are diagonalfor both inner and outer

gimbals. In fact, this assumption is quite reasonable sincethe product of inertia terms

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

Equations 2.55 and 2.56 can be used to obtain forces transferred through gimbal bear-

ings as given below once the accelerations of COG’s of inner and outer gimbals are

obtained.

~FOI = mI~aCI −mI~g (2.59)

~FBO = mO~aCO −
~FIO −mO~g (2.60)

However, we are not interested in these force equations in our analysis and will not

make use of Equations 2.59 and 2.60 above because these linear forces do not create

any net torque in neither azimuth nor elevation axis since they act through the center

of rotations in both axes.

On the other hand, Equations 2.57 and 2.58 can be decomposed into 6 scalar equa-

tions, four of which will give reaction moments on gimbal bearings in directions the

bearings are not allowed to turn. These equations can be useful for strength calcula-

tions of the bearings but are not relevant for our analysis. The other two equations

give the equations of motion for inner and outer gimbals, which we are after.
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For the solution of equations of motion, all vector and matrix quantities in both equa-

tion 2.57 and 2.58 have to be represented in a single coordinate frame chosen for that

equation. Therefore, we make this selection as follows; allterms of equation 2.57 in

inner gimbal coordinate frame and all terms in equation 2.58in outer gimbal coordi-

nate frame. As a result of this coordinate frame selection, inertia matrices for both

gimbal axes will remain constant since they are representedin their own respective

coordinate frames.

First, we start with representing the angular velocity of outer gimbal coordinate frame

relative to inertial frame~ωO/e, represented in outer gimbal coordinate frame (O).

~ωO/e = ~ωO/B + ~ωB/n + ~ωn/m+ ~ωm/e

{~ωO/e}
(O) = ω̄(O)

O/e = η̇ū
(O/O)
3 + φ̇ū(B/O)

1 + θ̇ū(n/O)
2 + ψ̇ū(m/O)

3

Therefore

ω̄(O)
O/e = η̇ū

(O/O)
3 + φ̇Ĉ(O,B)ū(B/B)

1 + θ̇Ĉ(O,n)ū(n/n)
2 + ψ̇Ĉ(O,m)ū(m/m)

1

where

Ĉ(O,n) = Ĉ(O,B)Ĉ(B,n)

Ĉ(O,m) = Ĉ(O,B)Ĉ(B,n)Ĉ(n,m)

Therefore;

ω̄(O)
O/e = η̇ū3 + φ̇Ĉ(O,B)ū1 + θ̇Ĉ

(O,B)Ĉ(B,n)ū2 + ψ̇Ĉ(O,B)Ĉ(B,n)Ĉ(n,m)ū3 (2.61)

Ĉ(O,B) = Ĉ(B,O)T
=





cos(η) sin(η) 0

− sin(η) cos(η) 0

0 0 1





Ĉ(B,n) = Ĉ(n,B)T
=





1 0 0

0 cos(φ) sin(φ)

0 − sin(φ) cos(φ)





Ĉ(n,m) = Ĉ(m,n)T
=





cos(θ) 0 − sin(θ)

0 1 0

sin(θ) 0 cos(θ)




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Second, we continue with representing the angular velocityof the inner gimbal co-

ordinate frame relative to inertial frame ¯ωI/e, represented in inner gimbal coordinate

frame (I ).

~ωI/e = ~ωI/O + ~ωO/e

{~ωI/e}
(I ) = ω̄(I )

I/e = ǫ̇ū
(I/I )
2 + Ĉ(I ,O)ω̄(O)

O/e

ω̄(I )
I/e = ǫ̇ū2 + η̇Ĉ

(I ,O)ū3 + φ̇Ĉ(I ,O)Ĉ(O,B)ū1 + θ̇Ĉ
(I ,O)Ĉ(O,B)Ĉ(B,n)ū2

+ψ̇Ĉ(I ,O)Ĉ(O,B)Ĉ(B,n)Ĉ(n,m)ū3 (2.62)

Ĉ(I ,O) = Ĉ(O,I )T
=





cos(ǫ) 0 − sin(ǫ)

0 1 0

sin(ǫ) 0 cos(ǫ)





Now we can proceed with the angular acceleration terms appearing in the equations.

Acceleration terms can be obtained by taking time derivative of angular velocity

terms, starting with the outer gimbal equation

~αO/e = DO~ωO/e = De~ωO/e

Since the angular velocity term for outer gimbal is obtainedin outer gimbal reference

frame, outer gimbal frame will be chosen for its simplicity.Taking the time derivative

in outer gimbal reference frame results in

ᾱ(O)
O/e = η̈ū3 + φ̈ĈO,Bū1 + φ̇

˙̂CO,Bū1 + θ̈Ĉ
(O,B)Ĉ(B,n)ū2 + θ̇

˙̂C(O,B)Ĉ(B,n)ū2

+θ̇Ĉ(O,B) ˙̂C(B,n)ū2 + ψ̈Ĉ(O,B)Ĉ(B,n)Ĉ(n,m)ū3 + ψ̇
˙̂C(O,B)Ĉ(B,n)Ĉ(n,m)ū3

+ψ̇Ĉ(O,B) ˙̂C(B,n)Ĉ(n,m)ū3 + ψ̇Ĉ(O,B)Ĉ(B,n) ˙̂C(n,m)ū3 (2.63)

Next, we obtain the angular acceleration term for the inner gimbal by taking the time

derivative of angular velocity term for it

~αI/e = DI ~ωI/e = De~ωI/e

Likewise, since the angular velocity term for inner gimbal is obtained in inner gimbal

reference frame, inner gimbal frame will be chosen for its simplicity. Taking the
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time derivative in inner gimbal reference frame results in the following rather lengthy

equation

ᾱ(I )
I/e = ǫ̈ū2 + η̈Ĉ

(I ,O)ū3 + η̇
˙̂C(I ,O)ū3 + φ̈Ĉ(I ,O)Ĉ(O,B)ū1 + φ̇

˙̂C(I ,O)Ĉ(O,B)ū1

+φ̇Ĉ(I ,O) ˙̂C(O,B)ū1 + θ̈Ĉ
(I ,O)Ĉ(O,B)Ĉ(B,n)ū2 + θ̇

˙̂C(I ,O)Ĉ(O,B)Ĉ(B,n)ū2

+θ̇Ĉ(I ,O) ˙̂C(O,B)Ĉ(B,n)ū2 + θ̇Ĉ
(I ,O)Ĉ(O,B) ˙̂C(B,n)ū2 + ψ̈Ĉ(I ,O)Ĉ(O,B)Ĉ(B,n)Ĉ(n,m)ū3

+ψ̇ ˙̂C(I ,O)Ĉ(O,B)Ĉ(B,n)Ĉ(n,m)ū3 + ψ̇Ĉ(I ,O) ˙̂C(O,B)Ĉ(B,n)Ĉ(n,m)ū3

+ψ̇Ĉ(I ,O)Ĉ(O,B) ˙̂C(B,n)Ĉ(n,m)ū3 + ψ̇Ĉ(I ,O)Ĉ(O,B)Ĉ(B,n) ˙̂C(n,m)ū3 (2.64)

With this, the terms on the left hand side of the equations arerepresented in their

corresponding coordinate frames. We continue with the terms on the right hand side.

Gravity vector is defined in the inertial coordinate frame as

{~g}(e) = −gū(e/e)
3 = −gū3 (2.65)

However, this vector needs to be presented in (O) and (I ) coordinate frames for Euler

equations for outer and inner gimbals, respectively. Transformations to these coordi-

nate frames can be done as follows, starting with outer gimbal coordinate frame

{~g}(O) = ḡ(O) = −gū(e/O)
3 = −gĈ(O,B)Ĉ(B,n)Ĉ(n,m)Ĉ(m,e)ū(e,e)

3

ḡ(O) = −g





− cos(η) sin(θ) + sin(η) sin(φ) cos(θ)

sin(η) sin(θ) + cos(η) sin(φ) cos(θ)

cos(φ) cos(θ)





(2.66)

and carrying on with inner gimbal coordinate frame

{~g}(I ) = ḡ(I ) = Ĉ(I ,O)ḡ(O) = −gĈ(I ,O)Ĉ(O,B)Ĉ(B,n)Ĉ(n,m)Ĉ(m,e)ū(e,e)
3

ḡ(O) = −g





− cos(η) sin(θ) cos(ǫ) + sin(η) sin(φ) cos(θ) cos(ǫ) − cos(φ) cos(θ) sin(ǫ)

sin(η) sin(θ) + cos(η) sin(φ) cos(θ)

− cos(η) sin(θ) sin(ǫ) + sin(η) sin(φ) cos(θ) sin(ǫ) + cos(φ) cos(θ) cos(ǫ)





(2.67)

Gravity vector is transformed to relevant coordinate frames above, we continue with

the distance vectors~rOCO and~rOCI . These distance vectors will be constant vectors if
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they are represented in their corresponding body frames, namely~rOCO in outer gimbal

coordinate frame and~rOCI in inner gimbal coordinate frame. The reason for this is,

the fact that they represent the distance between the two points on the same rigid body

and when a coordinate frame fixed to this same body is used, this vector remains the

same as long as the rigidity assumption for the body holds true. Therefore we define

~rOCO and~rOCI as follows

{~rOCO}
(O) =





l1

l2

l3





(2.68)

{~rOCI }
(I ) =





k1

k2

k3





(2.69)

Next, disturbance terms are defined based on the assumption that the only components

that exist are the ones acting in the directions of rotation of the corresponding gimbal

axis; therefore

{~DO}
(O) = DOū3 (2.70)

{~DI }
(I ) = DI ū2 (2.71)

Finally, the terms~MBO and ~MOI will be defined as follows; since the joint between

the base and the outer gimbal is rotating in ¯u(B)
3 = ū(O)

3 direction, the torque transferred

in this direction is the motor torque plus bearing friction,which can be modeled

asTmBO + T f rBO whereTmBO is the motor torque transmitted andT f rBO is the friction

torque between base and outer gimbal. In the remaining two directions, reaction

moments are transferred. Likewise, the joint between outergimbal and inner gimbal

is rotating inū(O)
2 = ū(I )

2 direction and in this direction a torque equal to motor torque

plus bearing friction is transferred. In a similar manner, this torque can be represented

asTmOI + T f rOI whereTmOI is the motor torque transmitted andT f rOI is the friction

torque between outer and inner gimbals. The moments transferred in the remaining

two directions are reaction moments.

{ ~MBO}
(O) =





MBO1

MBO2

TmBO + T f rBO





(2.72)
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{ ~MOI}
(I ) =





MOI1

TmOI + T f rOI

MOI3





(2.73)

2.2.1 Simplification of the Mathematical Model

The mathematical model obtained in the previous section fully describes the gimbal

platform taking into account all possible terms including rotational base movements

in all directions, unbalance effects, inertial terms that develop as a result of relative

motions of the two gimbal axes and external disturbances. Although this detailed

model including all the above terms will be constructed in Matlab/Simulink and Sim-

Mechanics for simulation purposes, a simpler model is needed in order to be used in

analytical work for developing the required theoretical background. In the following

subsections, decoupling assumption of the equations of motion belonging to the two

rotation axes will be justified first and once this assumptionis validated, these sim-

pler mathematical models will be obtained for azimuth and elevation axis stabilization

problems separately.

2.2.1.1 Validation of the Uncoupled Rotation Axes Assumption

As discussed before, the gimbal platform that is going to be stabilized has two rotation

axes which can be controlled separately. However, in order to see if two separate con-

trollers can be implemented to control the two axes, these axes must be proven to be

uncoupled from each other. This section discusses the validity of such an assumption.

For the sake of convenience let the following assumptions bevalid;

• ψ(t) = 0, θ(t) = 0, andφ(t) = 0, meaning that there exists no disturbance of the

base and both azimuth and elevation axes of the gimbal are free to move.

• ~rOCO and~rOCI lengths are zero, meaning both outer and inner gimbal centers of

rotation and centers of gravity are coincident, therefore no static or dynamic

unbalance torque acts on both inner and outer gimbals.
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• Ĵ(O)
O =





JO1 0 0

0 JO2 0

0 0 JO3





• Ĵ(I )
I =





JI1 0 0

0 JI2 0

0 0 JI3





• M̄(O)
BO =





MBO1

MBO2

TmO + T f rO





• M̄(I )
OI =





MOI1

TmI + T f r I

MOI3





• M̄(O)
IO =





MIO1

MIO2

MIO3





• D̄(O)
O =





0

0

DO





• D̄(I )
I =





0

DI

0





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

and elevation axes can be simplified as follows

ω̄(O)
O/e = η̇ū3 + φ̇Ĉ(O,B)ū1

︸    ︷︷    ︸

0

+ θ̇Ĉ(O,B)Ĉ(B,n)ū2
︸           ︷︷           ︸

0

+ ψ̇Ĉ(O,B)Ĉ(B,n)Ĉ(n,m)ū3
︸                   ︷︷                   ︸

0

= η̇ū3 (2.74)
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ᾱ(O)
O/e = η̈ū3 + φ̈ĈO,Bū1

︸   ︷︷   ︸

0

+ φ̇ ˙̂CO,Bū1
︸   ︷︷   ︸

0

+ θ̈Ĉ(O,B)Ĉ(B,n)ū2
︸           ︷︷           ︸

0

+ θ̇ ˙̂C(O,B)Ĉ(B,n)ū2
︸           ︷︷           ︸

0

+ θ̇Ĉ(O,B) ˙̂C(B,n)ū2
︸           ︷︷           ︸

0

+ ψ̈Ĉ(O,B)Ĉ(B,n)Ĉ(n,m)ū3
︸                   ︷︷                   ︸

0

+ ψ̇ ˙̂C(O,B)Ĉ(B,n)Ĉ(n,m)ū3
︸                   ︷︷                   ︸

0

+ ψ̇Ĉ(O,B) ˙̂C(B,n)Ĉ(n,m)ū3
︸                   ︷︷                   ︸

0

+ ψ̇Ĉ(O,B)Ĉ(B,n) ˙̂C(n,m)ū3
︸                   ︷︷                   ︸

0

= η̈ū3

ω̄(I )
I/e = ǫ̇ū2 + η̇Ĉ

(I ,O)ū3 + φ̇Ĉ(I ,O)Ĉ(O,B)ū1
︸            ︷︷            ︸

0

+ θ̇Ĉ(I ,O)Ĉ(O,B)Ĉ(B,n)ū2
︸                   ︷︷                   ︸

0

+ ψ̇Ĉ(I ,O)Ĉ(O,B)Ĉ(B,n)Ĉ(n,m)ū3
︸                           ︷︷                           ︸

0

= ǫ̇ū2 + η̇Ĉ
(I ,O)ū3

ᾱ(I )
I/e = ǫ̈ū2 + η̈Ĉ

(I ,O)ū3 + η̇
˙̂C(I ,O)ū3 + φ̈Ĉ(I ,O)Ĉ(O,B)ū1

︸            ︷︷            ︸

0

+ φ̇ ˙̂C(I ,O)Ĉ(O,B)ū1
︸            ︷︷            ︸

0

+ φ̇Ĉ(I ,O) ˙̂C(O,B)ū1
︸            ︷︷            ︸

0

+ θ̈Ĉ(I ,O)Ĉ(O,B)Ĉ(B,n)ū2
︸                   ︷︷                   ︸

0

+ θ̇ ˙̂C(I ,O)Ĉ(O,B)Ĉ(B,n)ū2
︸                   ︷︷                   ︸

0

+ θ̇Ĉ(I ,O) ˙̂C(O,B)Ĉ(B,n)ū2
︸                   ︷︷                   ︸

0

+ θ̇Ĉ(I ,O)Ĉ(O,B) ˙̂C(B,n)ū2
︸                   ︷︷                   ︸

0

+ ψ̈Ĉ(I ,O)Ĉ(O,B)Ĉ(B,n)Ĉ(n,m)ū3
︸                           ︷︷                           ︸

0

+ ψ̇ ˙̂C(I ,O)Ĉ(O,B)Ĉ(B,n)Ĉ(n,m)ū3
︸                           ︷︷                           ︸

0

+ ψ̇Ĉ(I ,O) ˙̂C(O,B)Ĉ(B,n)Ĉ(n,m)ū3
︸                           ︷︷                           ︸

0

+ ψ̇Ĉ(I ,O)Ĉ(O,B) ˙̂C(B,n)Ĉ(n,m)ū3
︸                           ︷︷                           ︸

0

+ ψ̇Ĉ(I ,O)Ĉ(O,B)Ĉ(B,n) ˙̂C(n,m)ū3
︸                           ︷︷                           ︸

0

= ǫ̈ū2 + η̈Ĉ
(I ,O)ū3 + η̇

˙̂C(I ,O)ū3

If we rewrite Euler’s equation for azimuth axis

J̆O · ~αO + ~ωO × J̆O · ~ωO = ~MBO+ ~MIO + ~rOCO × (mO~g) + ~DO

and substitute the above terms into the equation, we obtain





JO1 0 0

0 JO2 0

0 0 JO3









0

0

η̈





+





0

0

η̇





×





JO1 0 0

0 JO2 0

0 0 JO3









0

0

η̇





=





MBO1

MBO2

TmO + T f rO





+





MIO1

MIO2

MIO3





+





0

0

DO





(2.75)
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This matrix equation can be decomposed into three scalar equations

MBO1 + MIO1 = 0 (2.76)

MBO2 + MIO2 = 0 (2.77)

JO3η̈ = TmO + T f rO + MIO3 + DO (2.78)

Equation 2.78 is the equation of motion for azimuth axis, however the termMIO3

needs to be calculated from the elevation axis equations therefore we proceed with

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

J̆I · ~αI + ~ωI × J̆I · ~ωI = ~MOI + ~rOCI × (mI~g) + ~DI

and substitute the above terms into the equation, we obtain





JI1 0 0

0 JI2 0

0 0 JI3









−ǫ̇η̇ cos(ǫ) − η̈ sin(ǫ)

ǫ̈

−ǫ̇η̇ sin(ǫ) + η̈ cos(ǫ)





+





−η̇ sin(ǫ)

ǫ̇

η̇ cos(ǫ)





×





JI1 0 0

0 JI2 0

0 0 JI3









−η̇ sin(ǫ)

ǫ̇

η̇ cos(ǫ)









MOI1

TmI + T f r I

MOI3





+





0

DI

0





(2.79)

This matrix equation can be decomposed into three scalar equations

−JI1(ǫ̇η̇ cosǫ + η̈ sinǫ) + (JI3 − JI2)(ǫ̇η̇ cosǫ) = MOI1 (2.80)

JI2ǫ̈ + η̇
2 sinǫ cosǫ(JI3 − JI1) = TmI + T f r I + DI (2.81)

JI3(−ǫ̇η̇ sinǫ + η̈ cosǫ) + (JI1 − JI2)(ǫ̇η̇ sinǫ) = MOI3 (2.82)

Resulting Equation 2.81 is the equation of motion for the inner gimbal axis. Equations

2.80 and 2.82 will be used for determiningMIO3.

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

−M̄O
IO = Ĉ(O,I )M̄ I

OI (2.83)

where

Ĉ(O,I ) =





cos(ǫ) 0 sin(ǫ)

0 1 0

− sin(ǫ) 0 cos(ǫ)




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The only term that needs to be found is theMIO3 term, which can be written as follows

using the above equations.

MIO3 = −JI1(ǫ̇η̇ cos(ǫ) + η̈ sin(ǫ)) sin(ǫ) − JI3(−ǫ̇η̇ sin(ǫ) + η̈ cos(ǫ)) cos(ǫ)

+(JI1 − JI3)(ǫ̇η̇ cos(ǫ) sin(ǫ)) (2.84)

It is important to note that this term represents the inertiaof the elevation axis in the

azimuth axis equation motion since when azimuth axis is being actuated, elevation

axis also moves with it. To see this more clearly, let the elevation angleǫ be zero.

In this caseMIO3 becomes equal to−JI3η̈. Likewise, when elevation angle is set

to be equal toπ2, MIO3 becomes equal to−JI1η̈. At zero elevation axis, the third

term of inner gimbal inertia matrix is directly added to the third term of the outer

gimbal inertia matrix since both coordinate frame directions coincide. However, as

the elevation angle changes, so does the contribution of theelevation inertial to the

total inertia and atǫ = π
2, the outer gimbal third unit vector direction is coincident

with inner gimbal first unit vector direction, therefore at this elevation angle the first

diagonal of the inner gimbal inertia matrix is added to the third diagonal of the outer

gimbal inertia matrix, as expected.

The MIO3 term causesǫ to show up in azimuth axis equations however this coupling

effect, which is also described in the previous paragraph is very weak and can be ne-

glected. Once this weak coupling effect is neglected, the following equation of motion

belonging to the azimuth axis becomes independent of the elevation axis motion.

η̈ =
TmO + T f rO + MIO3 + DO

JO3

(2.85)

Likewise, when equation of motion of the elevation axis given in 2.86 is analyzed, a

term containing the square of azimuth axis velocity is seen.However, since angular

velocities are kept near zero in the course of stabilization, this condition holds as long

as the azimuth axis controller can stabilize the azimuth axis with good performance,

which holds under all but the most severe disturbances. Therefore, this squared angu-

lar velocity term becomes negligible and with this assumption elevation axis equation

of motion becomes independent of azimuth axis motion.

ǫ̈ =
TmI + T f r I + DI − η̇

2 sin(ǫ) cos(ǫ)(JI3 − JI1)

JI2

(2.86)
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As a result, it is concluded that azimuth and elevation axes can be considered as two

independent plants to be controlled and separate controllers can be designed for each

of them. Therefore, from now on stabilization problem is handled separately for both

axes. Next two subsections explain the simplification of equations of motions for

both azimuth and elevation axes and it is also the first place in which 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 given Euler equation for azimuth

axis

J̆O · ~αO + ~ωO × J̆O · ~ωO = ~MBO+ ~MIO + ~rOCO × (mO~g) + ~DO

Sticking with the previous coordinate frame definitions, let the following assumptions

be valid;

• θ(t) = 0, φ(t) = 0, andǫ(t) = 0, meaning that there exists only the yaw distur-

bance on the base and only the outer gimbal motion is allowed,inner gimbal is

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

• ~rOCO length is zero, meaning outer gimbal center of rotation and center of grav-

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

outer gimbal.

• Ĵ(O)
O =





JO1 0 0

0 JO2 0

0 0 JO3





• M̄(O)
BO =





MBO1

MBO2

TmO + T f rO





• D̄(O)
O =





0

0

DO




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As long as the above assumptions hold, angular velocity and angular acceleration

terms simplify as follows

ω̄(O)
O/e = η̇ū3 + φ̇Ĉ(O,B)ū1

︸    ︷︷    ︸

0

+ θ̇Ĉ(O,B)Ĉ(B,n)ū2
︸           ︷︷           ︸

0

+ψ̇Ĉ(O,B) Ĉ(B,n)
︸︷︷︸

Î

Ĉ(n,m)
︸︷︷︸

Î

ū3

= η̇ū3 + ψ̇Ĉ(O,B) Î Î ū3

where

Ĉ(O,B) =





cos(η) sin(η) 0

− sin(η) cos(η) 0

0 0 1





Therefore, the angular velocity term becomes

ω̄(O)
O/e = (η̇ + ψ̇)ū3 (2.87)

Furthermore

ᾱ(O)
O/e = η̈ū3 + φ̈ĈO,Bū1

︸   ︷︷   ︸

0

+ φ̇ ˙̂CO,Bū1
︸   ︷︷   ︸

0

+ θ̈Ĉ(O,B)Ĉ(B,n)ū2
︸           ︷︷           ︸

0

+ θ̇ ˙̂C(O,B)Ĉ(B,n)ū2
︸           ︷︷           ︸

0

+ θ̇Ĉ(O,B) ˙̂C(B,n)ū2
︸           ︷︷           ︸

0

+ψ̈Ĉ(O,B) Ĉ(B,n)
︸︷︷︸

Î

Ĉ(n,m)
︸︷︷︸

Î

ū3 + ψ̇
˙̂C(O,B) Ĉ(B,n)

︸︷︷︸

Î

Ĉ(n,m)
︸︷︷︸

Î

ū3

+ ψ̇Ĉ(O,B) ˙̂C(B,n)Ĉ(n,m)ū3
︸                   ︷︷                   ︸

0

+ ψ̇Ĉ(O,B)Ĉ(B,n) ˙̂C(n,m)ū3
︸                   ︷︷                   ︸

0

= η̈ū3 + ψ̈Ĉ(O,B) Î Î ū3 + ψ̇
˙̂C(O,B) Î Î ū3

where;

Ĉ(O,B) =





cos(η) sin(η) 0

− sin(η) cos(η) 0

0 0 1





˙̂C(O,B) =





− sin(η)η̇ cos(η)η̇ 0

− cos(η)η̇ − sin(η)η̇ 0

0 0 0





Therefore, the angular acceleration term becomes

ᾱ(O)
O/e = (η̈ + ψ̈)ū3 (2.88)
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Substituting all terms into the Euler equation for the outergimbal gives





JO1 0 0

0 JO2 0

0 0 JO3









0

0

(η̈ + ψ̈)





+





0

0

(η̇ + ψ̇)





×





JO1 0 0

0 JO2 0

0 0 JO3









0

0

(η̇ + ψ̇)





=





MBO1

MBO2

TmO + T f rO





+





MIO1

MIO2

MIO3





+





0

0

DO





(2.89)

This matrix equation can be decomposed into three scalar equations

MBO1 + MIO1 = 0 (2.90)

MBO2 + MIO2 = 0 (2.91)

JO3(η̈ + ψ̈) = TmO + T f rO + MIO3 + DO (2.92)

The last equation gives the equation of motion for the gimbalouter axis. Note that

the MIO3 term appearing in the equation is the contribution of inner gimbal inertia to

the total inertia of inner and outer gimbals combined. Therefore the two terms can be

lumped into a total inertia termJT3 In Figure 2.5 below, a simple block diagram of the

plant is drawn and some observations about the plant are given following the figure.

Figure 2.5: Plant Azimuth Axis Block Diagram
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• Friction function can be selected as one of the many frictionmodels presented

in the literature. The model used in this thesis work is the Coulomb friction

model, which is explained in Section 3.3.3.

• (η̇ + ψ̇) is the angular velocity of elevation axis relative to inertial frame and it

is directly measured by the gyroscopes.

• (η̈+ ψ̈) is the angular acceleration of elevation axis relative to inertial frame and

it is directly measured by accelerometers.

• The effect of base movemenṫψ on the gimbal is through the friction moment

developing in the bearing as can be seen from the block diagram. This friction

is a function of ˙η 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 given Euler equation for elevation

axis

J̆I · ~αI + ~ωI × J̆I · ~ωI = ~MOI + ~rOCI × (mI~g) + ~DI

Sticking with the previous coordinate frame definitions, let the following assumptions

be valid;

• ψ(t) = 0, φ(t) = 0, andη(t) = 0, meaning that there exists only the pitch

disturbance on the base and only the inner gimbal motion is allowed, outer

gimbal is rigidly fixed, restricting all movement between the base and the outer

gimbal.

• ~rOCI length is zero, meaning inner gimbal center of rotation and center of gravity

are coincident, therefore no static or dynamic unbalance torque acts on the inner

gimbal.

• Ĵ(I )
I =





JI1 0 0

0 JI2 0

0 0 JI3




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• M̄(I )
OI =





MOI1

TmI + T f r I

MOI3





• D̄(I )
I =





0

DI

0





As a result of the above assumptions, angular velocity and angular acceleration terms

simplify as follows

ω̄(I )
I/e = ǫ̇ū2 + η̇Ĉ

(I ,O)ū3
︸    ︷︷    ︸

0

+ φ̇Ĉ(I ,O)Ĉ(O,B)ū1
︸            ︷︷            ︸

0

+θ̇Ĉ(I ,O) Ĉ(O,B)
︸︷︷︸

Î

Ĉ(B,n)
︸︷︷︸

Î

ū2

+ ψ̇Ĉ(I ,O)Ĉ(O,B)Ĉ(B,n)Ĉ(n,m)ū3
︸                           ︷︷                           ︸

0

= ǫ̇ū2 + θ̇Ĉ
(I ,O) Î Î ū2

where;

Ĉ(I ,O) =





cos(ǫ) 0 − sin(ǫ)

0 1 0

sin(ǫ) 0 cos(ǫ)





Therefore, the angular velocity term becomes

ω̄(I )
I/e = (ǫ̇ + θ̇)ū2 (2.93)

Furthermore

ᾱ(I )
I/e = ǫ̈ū2 + η̈Ĉ

I ,Oū3
︸  ︷︷  ︸

0

+ η̇ ˙̂CI ,Oū3
︸  ︷︷  ︸

0

+ φ̈Ĉ(I ,O)Ĉ(O,B)ū1
︸            ︷︷            ︸

0

+ φ̇ ˙̂C(I ,O)Ĉ(O,B)ū1
︸            ︷︷            ︸

0

+ φ̇Ĉ(I ,O) ˙̂C(O,B)ū1
︸            ︷︷            ︸

0

+θ̈Ĉ(I ,O) Ĉ(O,B)
︸︷︷︸

Î

Ĉ(B,n)
︸︷︷︸

Î

ū2 + θ̇
˙̂C(I ,O) Ĉ(O,B)

︸︷︷︸

Î

Ĉ(B,n)
︸︷︷︸

Î

ū2

+ θ̇Ĉ(I ,O) ˙̂C(O,B)Ĉ(B,n)ū2
︸                   ︷︷                   ︸

0

+ θ̇Ĉ(I ,O)Ĉ(O,B) ˙̂C(B,n)ū2
︸                   ︷︷                   ︸

0

+ ψ̈Ĉ(I ,O)Ĉ(O,B)Ĉ(B,n)Ĉ(n,m)ū3
︸                           ︷︷                           ︸

0

+ ψ̇ ˙̂C(I ,O)Ĉ(O,B)Ĉ(B,n)Ĉ(n,m)ū3
︸                           ︷︷                           ︸

0

+ ψ̇Ĉ(I ,O) ˙̂C(O,B)Ĉ(B,n)Ĉ(n,m)ū3
︸                           ︷︷                           ︸

0

+ ψ̇Ĉ(I ,O)Ĉ(O,B) ˙̂C(B,n)Ĉ(n,m)ū3
︸                           ︷︷                           ︸

0

+ ψ̇Ĉ(I ,O)Ĉ(O,B)Ĉ(B,n) ˙̂C(n,m)ū3
︸                           ︷︷                           ︸

0

= ǫ̈ū2 + θ̈Ĉ
(I ,O) Î Î ū2 + θ̇

˙̂C(I ,O) Î Î ū2
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where;

Ĉ(I ,O) =





cos(ǫ) 0 − sin(ǫ)

0 1 0

sin(ǫ) 0 cos(ǫ)





˙̂C(I ,O) =





− sin(ǫ)ǫ̇ 0 − cos(ǫ)ǫ̇

0 0 0

cos(ǫ)ǫ̇ 0 − sin(ǫ)ǫ̇





Therefore, the angular acceleration term becomes

ᾱ(I )
I/e = (ǫ̈ + θ̈)ū2 (2.94)

Substituting all terms into the Euler equation for the innergimbal gives





JI1 0 0

0 JI2 0

0 0 JI3









0

(ǫ̈ + θ̈)

0





+





0

(ǫ̇ + θ̇)

0





×





JI1 0 0

0 JI2 0

0 0 JI3









0

(ǫ̇ + θ̇)

0





=





MOI1

Tm+ T f r

MOI3





+





0

DI

0





(2.95)

This matrix equation can be decomposed into three scalar equations

MOI1 = 0 (2.96)

MOI3 = 0 (2.97)

JI2(ǫ̈ + θ̈) = TmI + T f r I + DI (2.98)

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

2.6, a simple block diagram of the plant is drawn and some observations about the

plant are given.

• Friction function can be selected as one of the many frictionmodels presented

in the literature. The model used in this thesis work is the Coulomb friction

model which is explained in Section 3.3.3.
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Figure 2.6: Plant Elevation Axis Block Diagram

• (ǫ̇ + θ̇) is the angular velocity of elevation axis relative to inertial frame and it

is directly measured by the gyroscopes.

• (ǫ̈ + θ̈) is the angular acceleration of elevation axis relative to inertial frame and

it is directly measured by accelerometers.

• The effect of base movementθ̇ on the gimbal is through the friction moment

developing in the bearing as can be seen from the block diagram. This friction

is a function of ˙ǫ which is the relative velocity in this bearing.

2.3 Preliminaries on Kalman Filtering

In this section a brief explanation about Kalman filtering isgiven since Kalman fil-

ters will be used for the fusion and filtering of the velocity and acceleration signals.

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

Kalman filter operates by propagating the mean and covariance of the state through

time. Suppose we have a linear discrete-time system given asfollows

xk = Fk−1xk−1 +Gk−1uk−1 + ωk−1 (2.99)

yk = Hkxk + υk (2.100)

The noise processes{ωk} and{vk} are white, zero-mean, uncorrelated and have known

covariance matricesQk andRk, respectively

ωk ≈ (0,Qk)

υk ≈ (0,Rk)

E[ωkω j
T ] = Qkδk− j

E[υkvj
T ] = Rkδk− j

E[υkω j
T ] = 0

Our goal is to estimate the statexk based on our knowledge of the system dynamics

and the availability of the noisy measurements{yk}. The Kalman filter works as fol-

lows; assume that we have the expected value and covariance of the state feedback

before a certain timek. When timek arrives, before we process the measurement at

timek we compute an estimate ofxk (denoted ˆx−k ) and the covariance of that estimate

(denotedPk
−) by using the system model. Then we process the measurement at time

k to refine our estimate ofxk. The resulting estimate ofxk is denoted ˆx+k and its co-

variance is denotedPk
+. The former update using system model is called the time

update where the latter is called the measurement update. Figure 2.7 shows the time

and measurement updates of the state and covariance estimates.

The so-called time update equations for ˆx andP are given as follows. We do not have

any additional measurements available to help us update ourstate estimate between

time (k− 1)+ andk−, so we should update the state estimate based on our knowledge

of the system dynamics. From the rules for propagation of themean and covariance

of the states, we have

x̂−k = Fk−1x+k−1 +Gk−1uk−1 (2.101)
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Figure 2.7: Timeline Showinga priori anda posterioriState Estimates and Estima-
tion Error Covariances [14]

Pk
− = Fk−1P+k−1Fk−1

T + Qk−1 (2.102)

Once the time update equations are given, we continue with the measurement update

equations. The derivation of measurement update equationsfor x̂ andP are given in

various sources. Here we list the resulting equations as follows

Kk = Pk
−Hk

T(HkPk
−Hk

T + Rk)
−1)

= Pk
+Hk

TPk
−1 (2.103)

,

xk
+ = xk

− + Kk(yk − Hkx̂−k ) (2.104)

Pk
+ = (I − KkHk)Pk

−(I − KkHk)
T + KkRkKh

T

= [(Pk
−)−1 + Hk

TRk
−1Hk]

−1

= (I − KkHk)Pk
− (2.105)

If model and measurement noises,{ωk} and{υk} are zero-mean, uncorrelated, white

and Gaussian, then the Kalman filter is the optimal solution that minimizes the esti-

mation error. Even, if the noise is not Gaussian, the Kalman filter is 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 down for the acceleration feed-

back methods that are going to be utilized. The first subsection will be an introductory

section, presenting the expectations and goals in using acceleration feedback together

with the definition of a standard base controller without acceleration feedback for

comparing the acceleration feedback methods to. Later on, three methods, namely

the disturbance observer method, the inner acceleration loop method and the state

derivative feedback LQR method, all of which utilize acceleration feedback in con-

trolling the platform will be covered in their corresponding subsections. How control

methodologies explained here are implemented in simulation and 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 minimize the motion of the platform

relative to the earth fixed inertial frame in the presence of external disturbance mo-

ments and base motion. In most of the stabilized platforms, stabilization is achieved

with the help of rate gyros which gives the angular speed of the platform relative to

inertial frame and this method can be considered as the stateof the art for systems in

use today. Feedback from gyros can be considered as the stabilization error in a stabi-

lization task and this error is fed to the controller, which in turn, tries to minimize it.

Therefore, one can say that stabilization task is a regulator problem, trying to keep the

angular velocity and position states near zero. In Figure 2.8 below, block diagram of

a standard controller which uses angular velocity feedbackfor stabilization is given.

In most of the electromechanical systems, because of the very high bandwidth of the

current controller compared to the other loops, combined with the fast dynamics of

the servomotor, motor and driver together have little effect in terms of dynamics and

delays once they are properly installed and tuned. Therefore this makes it possible

for us to model these two elements as a single block, whose transfer function can

be identified on the experimental setup. The block representing driver and motor
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Figure 2.8: Overall System Block Diagram, Plant and Controller Combined.

dynamics will look like as shown in Figure 2.8, with a torque reference signal going

into the block and actual torque, which is proportional withthe developed current in

the motor windings, coming out of the block. For the purpose of controller design, a

first order approximation will be sufficient and the transfer function can most of the

time be assumed as unity since motor and driver dynamics are very fast compared to

the mechanical system dynamics.

Figure 2.9: Driver and Motor Dynamics Combined in a Single Transfer Function

Therefore with the simplification of Figure 2.9 inserted into the overall system block

diagram, we obtain the base system that we are going to work, which is given in

Figure 2.10.

In the above figureTd represents disturbance torques acting on the plant, which in-

cludes friction forces, cable restraint forces and external disturbances. Speed con-

43



Figure 2.10: Block Diagram After the Motor-Controller Simplification

troller tries to track the reference signal while eliminating the effects of these distur-

bances. In case of stabilization, this speed reference signal is usually zero and the

sole purpose pf the controller becomes rejecting disturbances.

A generic speed controller, which is also the base controller that is going to be a

benchmark controller for comparing developed acceleration feedback controllers, is

the PII2 (proportional-integral-double integral) controller [22]. As the name sug-

gests, the controller has proportional and derivative terms and in addition to that, a

double integrator. The addition of the second integrator assures that controller can

control its position without steady-state error in the presence of a constant distur-

bance torque. Such constant disturbance torques are commonly encountered in servo

control applications, most important examples being the friction torque as a result of

the relative motion in a joint or the static gravitational torque which may be caused

by the unbalanced mass on the system.

Transfer function of this speed controller is

Gspd=
Kps2 + Ki s+ Kv

s2
(2.106)

After a block diagram simplification is carried out, two important transfer functions

can be identified asω
ωre f

which can be named as the velocity tracking transfer function

and Td

θ
which can be named as the dynamic stiffness of the system. These transfer
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functions are obtained as

ω

ωre f
=

Gmd(Kps2 + Ki s+ Kv)

Js3 +Gmd(Kps2 + Ki s+ Kv)
(2.107)

Td

θ
=

Js3 +Gmd(Kps2 + Ki s+ Kv)

s
(2.108)

Our main goal in utilizing acceleration feedback will be to improve the system dy-

namic stiffness without effecting tracking performance. Therefore the definition of

the dynamic stiffness becomes extremely important. In [35] dynamic stiffness is de-

fined to be comprised of both passive and active stiffness. Passive stiffness in systems

is based on the plant inertia and damping. Active stiffness is added by the damping

and stiffness terms resulting from the feedback controller gains. Cumulatively, they

define how big of a disturbance torque is required in order to develop a certain amount

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

position errors.

There is a remarkable number of papers in the literature thatpromotes the use of

acceleration feedback to improve servo performance. It hasbeen shown that acceler-

ation feedback is especially useful in rejecting disturbances. In [23], it is mentioned

that in an indirect approach, acceleration signal can be used in an observer to improve

the estimates of position and speed i.e., reduce the contamination with noise by filter-

ing the measurements, or raise the bandwidth of the measuredsignals. This method

of improving feedback signal quality will be employed in allcontrollers designed

including the standard controller since a Kalman filter willbe used to combine the

sensor measurements in all controllers. References [5, 24, 25, 26, 8] make use of a

disturbance observer or in other words, a load torque observer in order to compute the

load torque using the acceleration measurements and torquedeveloped in the motor.

This torque is added to the output of the controller to compensate for the disturbance

torques. This method is covered in Section 2.4.2. Finally, in [7, 24, 25, 27, 28] one

can find the use of acceleration feedback in a faster inner acceleration 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 is simple; if we measure the

current in the motor armature, we can calculate the torque developed by the motor. In

the absence of any disturbance effects such as friction, static and dynamic unbalance

or external forces applied on the physical system, the angular acceleration of the

controlled inertia can be directly calculated by dividing the motor torque with the total

inertia of the system. However, in the presence of these disturbances, there will be a

discrepancy between the calculated acceleration and the measured one. Therefore, if

the actual acceleration is measured, total disturbance torque can be calculated as

Td = Tm− Jα (2.109)

where;

Td: total of disturbance torques

Tm: motor torque

J: total inertia of the system including motor shaft and gearbox inertias

α: angular acceleration of the system

Previous work in this subject [25] showed that a load torque estimator also takes into

account the parameter variations in the system such as the variation of total inertia or

the variation of motor torque constant. This can be shown by writing the equations of

motion and parameter variations as

Jα = Tm− Td (2.110)

Tm = KtIa (2.111)

J = Jn + ∆J (2.112)

Kt = Ktn + ∆Kt (2.113)

where,Jn andKtn being the nominal inertia and nominal torque constant and∆J and

∆Kt being the variations of inertia and torque constant. Substituting Equations 2.111,

2.112, and 2.113 into Equation 2.110, we obtain

Jnα = KtnIa + T̃d (2.114)
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where;

T̃d = ∆KtnIa − ∆Jα − Td

As can be seen, when the nominal values of inertia and torque constant are used, the

variation terms can be included in the newly defined disturbance termT̃d. This aspect

is especially useful in our application since inertia variations are commonly encoun-

tered in platform stabilization tasks due to the possibility of payload variation.In a

double axis gimbal such as the one used, even the angular position change of the

elevation axis changes azimuth effective inertia.

Having showed the ability of the load torque estimator to compensate for the varia-

tions in the plant, we proceed with below Figure 2.11, in which the addition of a load

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

Figure 2.11: Control Structure With Speed Controller and LoadTorque Estimator

The low-pass filter placed in the disturbance observer is to account for measurement

lag and dynamics of filtering done to get rid of the measurement noise and it has a

transfer function which changes with the low-pass filter characteristics such as band-

width and order. The transfer functionGmd
′ is the modeled transfer function of motor

and driver dynamics, better modeling of which improves the performance. As one
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can see, the performance of the load torque estimator depends on the bandwidth and

noise level of the acceleration and actual motor torque signals and also on how good

the model of driver-motor pair dynamics, namelyGmd is. Following analysis shows

the effect of the load torque estimator on the disturbance rejection capabilities of the

controller better.

By looking at the above block diagram, one can write the estimated load torqueTd
′

as

Td
′ =

1
Gmd

′
Glp f

(

Tm−
α

Jn

)

(2.115)

Angular acceleration termα can be defined as follows

α =
(Tm+ Td

J

)

(2.116)

Substituting Equation 2.116 into 2.115, we obtain

Td
′ =

1
Gmd

′
Glp f

((

1−
Jn

J

)

Tm−
Jn

J
Td

)

(2.117)

Actual torque exerted on the inertia is the summation of disturbance torque and motor

torque, which can be written as

T = Td +Gmd(Tre f + Td
′)

= Td +GmdTre f +
Gmd

Gmd
′
Glp f

((

1−
Jn

J

)

Tm−
Jn

J
Td

)

(2.118)

Now if we assume thatJn � J andGmd
′
� Gmd, the above expression simplifies to

T = GmdTre f + Td(1−Glp f ) (2.119)

Equation 2.119 shows that as a result of the load torque compensation, the disturbance

torque acts on the system as if through the transfer function(1 −Glp f ). This is also

shown in Figure 2.12. SinceGlp f is a low pass filter, load torque compensator will

reject disturbances with low frequency content almost completely while disturbances

that are higher in frequency content may still pass. As a result, the bandwidth of the

load torque estimator becomes an important consideration,justifying the importance

of the work done on how to obtain fast and noiseless acceleration signal.
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Figure 2.12: Block Diagram Showing the Effective Result of Using a Load Torque
Estimator to Compensate Disturbance Torques

A final remark regarding the use of acceleration feedback as shown above is given

in [23]. It is stated that an algebraic loop may be introduceddue to the direct feed

through of the input to the acceleration measurement. However, it is also stated that

in practice this concern is of little significance due to the presence of filters and actu-

ator and system dynamics which will surely introduce some time delay, breaking the

algebraic loop mentioned.

2.4.3 Inner Acceleration Loop Method

Another approach that can be adopted is the use of acceleration signal as feedback to a

fast inner acceleration loop. This approach is also investigated in several works in the

literature [7, 24, 25, 27, 28]. The motivation comes from theintuitive idea that a fast

inner acceleration loop should be effective in disturbance rejection since the effects

of disturbance will be sensed first in acceleration signal before a significant velocity

error can build up in the velocity loop. As expected, analysis shows that the effect of

acceleration feedback usage in such a loop is a net improvement in the disturbance

rejection characteristics. Acceleration feedback acts like an ”‘electronic inertia”’ in

addition to the physical inertia of the system, therefore acting as a big flywheel in

rejecting disturbances.

It is stated in [7] that, acceleration feedback which acts asan added electronic iner-
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tia, allows using higher loop gains without actually increasing the bandwidth of the

overall system. Therefore, disturbance rejection performance is increased without in-

creasing the bandwidth of speed and position loops, avoiding undesired oscillatory

system response.

Below Figure 2.13 shows the implementation of an inner acceleration loop into the

base controller of 2.10. The speed controller shown here is still a PII2 speed con-

troller but it is different than the previous ones due to having modified gains. The

acceleration controller on the other hand is aPI controller.

Figure 2.13: Control Structure With Cascaded Speed and Acceleration Loops

Similar to the case of standard controller, transfer functions between velocity refer-

ence and actual velocity and between angular displacement and applied disturbance

torque as shown below can be obtained

ω

ωre f
=

KaGmd(Kps2 + Ki s+ Kv)

s3(J + KaGmd) +GmdKa(Kps2 + Ki s+ Kv)
(2.120)

Td

θ
=

s3(J + KaGmd) +GmdKa(Kps2 + Ki s+ Kv)

s
(2.121)

In the previous sections,Td

θ
is defined as the dynamic stiffness of the system, which

is a measure of disturbance rejection capabilities of the given controller and system.

When we compare the newly found dynamic stiffness term Equation 2.121 with the

one belonging to the base controller, the addition ofs3KaGdm term to the nominator

is the most important difference. This result is in line with the previous statement
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that acceleration feedback acts like an electronically added inertia. It is evident from

Equation 2.121 that higher the acceleration loop gainKa, the more added electronic

inertia and better disturbance rejection. Once again to allow higher acceleration loop

gains, the acceleration signal should contain as little noise contamination as possible

and have as high a bandwidth as possible.

Note that even though all previous controller gains are multiplied with the factorKa,

the corresponding gains should be identical with the previous case sinceKp, Ki, and

Kv will no longer be the same as before, they are in fact implicitly divided byKa.

To have a better understanding of the stiffness expression, let’s assume that the trans-

fer functionGmd is equal to unity and rewrite the terms involved in the expression as

follows

Td

θ
= s2(J + Ka) + sKaKp + KaKi +

KaKv

s
(2.122)

It is evident from Equation 2.122 that four terms involved dominate different fre-

quency ranges.s2(J + Ka) term is dominant at very high frequencies whileKaKv

s is

dominant at very low frequencies and the remaining two dominate the frequencies

in between. Figure 2.14 shows this dependence on frequency.As can be seen in

this figure, by introducing the acceleration feedback, rejection against high frequency

disturbances, which traditional control schemes strugglethe most, is enhanced dras-

tically.

2.4.4 State Derivative Feedback LQR Method

The last of the controllers that are going to be developed, implemented and tested is a

controller which can be called as the state derivative feedback LQR. In fact, this con-

trol methodology is a modified version of the well-known optimal controller, linear

quadratic regulator, modified so that it is applicable to thecontrol problem at hand.

Although the 2-DOF gimbal can be modeled as a linear-time invariant system, and a

quadratic cost function can be selected as a performance index, making it suitable for

the standard LQR solution, the use of acceleration information is not directly possible,

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

In order to see why standard LQR formulation is not usable forthe problem at hand,

let’s remember the problem definition and solution for the standard LQR [29, 30, 31];

Given the system equation

ẋ = Ax+ Bu (2.123)

determine the matrix K of the optimal control vector

u(t) = −Kx(t) (2.124)

so as to minimize the performance index

J =
∫ ∞

0
(xTQx+ uTRu)dt (2.125)

It has been shown that the gimbal axes can be considered as twouncoupled axes that

are going to be controlled separately. When system equationsare written as shown

in Equation 2.123 for both axes, the state vector ¯x is a two-dimensional vector con-

taining the angular position and angular velocity terms. When state feedback LQR
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method is utilized, angular acceleration cannot be fed backsince it is not one of the

states. Furthermore, in this formulation the performance index expression given in

Equation 2.125 does not contain a cost term for the angular acceleration of the gim-

bal, whereas we would like to have a cost associated with the angular acceleration.

Due to the reasons above, the following modified approach forrepresenting the sys-

tem equations, which is called the ”‘Reciprocal State Space”’ framework [32, 33] is

adopted. A short definition of this framework is given next [34].

x = Gẋ+ Hu (2.126)

u = Lẋ (2.127)

where;

G = A−1 (2.128)

H = −A−1B (2.129)

It is important to note that the eigen values fo the system matrix G in the reciprocal

state space are reciprocal of those in the standard state space. Thus, the stability

condition for both the reciprocal state space and standard state space frameworks are

the same. As shown in Equations 2.126 through 2.129, derivative of the state vector,

which has acceleration information, can be directly fed back in the ”‘Reciprocal State

Space”’.

The problem definition and solution for the reciprocal statespace framework is given

next [35].

Given the standard system equation

ẋ = Ax+ Bu (2.130)

determine the matrix K of the optimal control vector;

u(t) = −Kẋ(t) (2.131)

so as to minimize the performance index;

J =
∫ ∞

0
(ẋTQẋ+ uTQu)dt (2.132)
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The solution starts as follows; substituting Equation 2.131 into 2.132, the perfor-

mance index is rewritten as

J =
∫ ∞

0
(ẋTQẋ+ ẋTKTRKẋ)dt

=

∫ ∞

0
ẋT(Q+ KTRK)ẋdt (2.133)

writing x in terms ofẋ from Equations 2.130 and 2.131, we have

ẋ = Ax− BKẋ

x = A−1(I + BK)ẋ (2.134)

Now, let there be a P matrix such that

ẋT(Q+ KTRK)ẋ = −
d
dt

(xTPx) (2.135)

whereP is a positive definite Hermitian or real symmetric matrix. Asa result, we

obtain

ẋT(Q+ KTRK)ẋ = −ẋTPx− xTPẋ

= −ẋT(PAc
−1 + Ac

−TP)ẋ (2.136)

where

Ac = (I + BK)−1A (2.137)

noting that Equation 2.136 must hold true for any x, we require that

Ac
−TP+ PAc

−1 = −(Q+ KTRK) (2.138)

It can be proven that [31] ifAc is a stable matrix, there exists a positive definite matrix

P that satisfies Equation 2.138.

Proceeding with writing the expressions forAc
−1 andAc

−T as follows

Ac
−1 = A−1 + A−1BK

Ac
−T = A−T + KT BTA−T
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we can rewrite Equation 2.138 as

PA−1 + A−TP+ PA−1BK + KT BTA−TP+ KTRK+ Q = 0 (2.139)

SinceR is a positive-definite matrix, one can writeR= TTT, whereT is nonsingular.

Substituting this into the above Equation 2.139, we have

PA−1 + A−TP+ PA−1BK + KT BTA−TP+ KTTTT K + Q = 0 (2.140)

which can also be written as

PA−1+A−TP+ (T K+T−T BTA−TP)T(T K+T−T BTA−TP)−PA−1BR−1BTA−TP+Q = 0

(2.141)

As shown in [31], the minimization ofJ requires the minimization of

ẋT(T K + T−T BTA−TP)T(T K + T−T BTA−TP)ẋ (2.142)

with respect to K. Since the last expression is nonnegative,the minimum occurs when

it is zero

T K = −T−T BTA−TP (2.143)

Finally, the optimal gain matrix K can be found as

K = −T−1T−T BTA−TP

= −R−1BTA−TP (2.144)

and the optimal control law in this case becomes

u(t) = −Kẋ(t)

= R−1BTA−TPẋ(t) (2.145)

The matrixP must satisfy Equation 2.139 or the very well-known algebraic Ricatti

equation (ARE)

PA−1 + A−TP− PA−1BR−1BTA−TP+ Q = 0 (2.146)

which can be represented in reciprocal state space framework as

PG+GTP− PHR−1HTP+ Q = 0 (2.147)
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The above concludes the state derivative feedback solution. However, it does not fully

make it possible to use LQR approach in the problem at hand. The last item that needs

to be tackled is that full state derivative feedback resultsin the feedback of angular

acceleration and angular velocity and also, the cost function contains terms only con-

taining angular acceleration and angular velocity. However, angular position needs

to be included among both the feedbacks and quantities that need to be penalized. In

order to satisfy this, the integral of position is also considered as a state and added

to the state vector, increasing its size to three, includingthe integral of angular po-

sition, angular position and angular velocity. As a result,state derivative vector also

becomes a three dimensional vector containing angular position, angular 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 acceleration measurement in

control and stabilization of the 2-DOF gimbal platform, allcontroller architectures

developed in Chapter 2 are implemented and tuned in both simulation and on the

experimental setup. This chapter mainly focuses on the implementation and tuning

of these controllers. Resulting controllers together with the simulation test results

obtained with these controllers are presented in this chapter.

A simulation model of the actual system is built in order to beable to rapidly develop

and tune the controllers and also test them without actuallyrunning the test setup,

therefore avoiding the overhead associated with setting upand calibrating the system

and the test equipment each time. Matlab/Simulink is used for both the simulation

model and the controller since it is also the environment that is going to be used in

real time control of the actual system. SimMechanics blockset, which is a blockset

of Simulink especially designed for simulating mechanicalsystems, is used in the

modeling of the 2-DOF gimbal and the 6-DOF motion simulator used in the tests.

Controllers are implemented in Simulink and the whole model is run together.

This chapter starts with the identification of dynamic parameters of the actual test

setup. In order to simulate the real system as realisticallyas possible and for con-

troller design purposes, an accurate identification of the system parameters is re-

quired. Later, the simulation model built in Simulink and SimMechanics using these

parameters is explained in detail. After explanation of thesimulation model, con-

troller design efforts are discussed. Firstly, justification of using a Kalmanfilter in the
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controller for fusion and filtering of accelerometer and gyroscope readings is given

and tuning of the Kalman filter is done. Following this, implementation and tuning of

the different controllers are explained and some properties of the designed controllers

are given. This chapter concludes with the explanation and results of the simulation

testing of the developed controllers.

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

Figure 3.1: Picture of the Gimbal Platform to be Stabilized

In 3.1, a picture of the gimbal platform that is going to be stabilized is given. In order

to create a successful simulation model of the system, some important parameters of

this gimbal should be accurately identified. These parameters can be listed as the
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inertial parameters such as weights, inertias and centers of gravity of azimuth and

elevation axes, amount of friction originating from the bearings on the system and

most importantly the effect of compliance and accompanying damping effects occur-

ring in the mechanical structure, which effectively constitutes the transfer function of

the plant to be controlled. We start with the transfer functions 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 used for simulating the me-

chanical plant which is going to be controlled. Use of SimMechanics blockset makes

it necessary to adopt a different identification procedure than the usual one. In this

new approach, rather than a transfer function fitting to the system response, a Bode

plot of this transfer function is obtained from a frequency response test since transfer

functions can not be implemented directly into a SimMechanics model. Later on,

the frequency response of the simulation model is made such that it fits to this Bode

plot. At the end, a simulation model that simulates the actual plant is obtained. In

Section 3.3, use of SimMechanics and the simulation model which is built for system

is explained in detail.

Identification of these Bode plots is done with seperate frequency response tests for

azimuth and elevation axes. A frequency sweep torque command is given to the me-

chanical system and the resulting angular acceleration signals are read from the ac-

celerometer array. From these two signals, Bode plot of the transfer function between

the torque command given from the real time computer and the angular accelera-

tion signal read from the accelerometers is formed. This transfer function therefore

includes the transfer functions of motor drivers and torqueloops inside the motor

drivers, the motors, the mechanical structure and associated compliance effects and

finally any delays in reading the sensor data or dynamics of sensors themselves.

A frequency sweep signal spanning the range from 5Hz to 200Hzis applied as the

torque command from the control computer. For low frequencies, the overall transfer

function acts as a pure gain therefore there is no need to include frequencies lower
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than 5Hz. Frequencies higher than 200Hz on the other hand, are of little importance

since control design is done for frequencies well before 200Hz, making frequencies

above this upper limit unimportant.

3.1.1.1 Azimuth Axis Plant Bode Plot

10
1

10
2

55

60

65

70

75

M
a

g
n

it
u

d
e

 [
d

B
]

Transfer Function of the Azimuth Axis Between Torque Command and Angular Acceleration

10
1

10
2

−200

−150

−100

−50

0

50

Frequency [Hz]

P
h

a
s
e

 [
d

e
g

]

Figure 3.2: Azimuth Axis Plant Bode Plot Between Torque Commandand Angular
Acceleration

In Figure 3.2 above, Bode plot of the gimbal azimuth axis obtained as a result of the

frequency sweep test is given. It is evident from the plot that the mechanical structure

remains rigid until very high frequency excitations and thefirst structural dynamic ob-

served is the resonance at frequencies near 160Hz. Monotonically increasing phase

loss with increasing frequencies is easily spotted in the phase plot, which is consid-

ered to be mainly due to delays occurring in sensor measurement.
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Figure 3.3: Elevation Axis Plant Bode Plot Between Torque Command and Angular
Acceleration

3.1.1.2 Elevation Axis Plant Bode Plot

In Figure 3.3 above, Bode plot of the gimbal elevation axis obtained as a result of

the frequency response test is given. It is seen that the mechanical structure remains

rigid until considerably high frequencies, only a small-magnitude perturbation is seen

near 65Hz. Monotonically increasing phase loss with increasing frequencies is easily

spotted in the phase plot, which is considered to be mainly due to delays occurring in

sensor measurement.

3.1.2 Identification of the Azimuth and Elevation Axis Inertial Parameters

Inertial parameters that are going to be identified include masses, inertias and centers

of gravity of both axes. CAD models of the parts, catalog properties and Bode plots

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

First of these parameters is the mass of azimuth axis. In calculating the mass, we

take into account all the parts that azimuth axis motor can move but elevation motor

cannot move. This approach is dictated by the way inertial properties of mechani-

cal elements are defined in SimMechanics. When masses of the used components

and materials of designed parts are entered into the computer aided drawing model

of the system, total mass is calculated to be around 4 kilograms. Using the same

method, inertia tensor of the azimuth axis around its COG is calculated to be equal

to [33166 94 22; 94 10463 106; 22 106 29582]10−6 kgm2. Finally, the location of

the center of gravity is calculated to be 59 mm above the center of azimuth bearing,

coincident with the center of rotation in the remaining two directions.

3.1.2.2 Elevation Axis Inertial Parameters

First of these parameters is the mass of elevation axis. In calculating the mass, we take

into account all the parts that elevation axis motor can move. This approach is dictated

by the way inertial properties of mechanical elements are defined in SimMechanics.

When masses of the used components and materials of designed parts are entered into

the computer aided drawing model of the system, this value iscalculated to be around

3.4 kilograms. Using the same method, inertia tensor of the azimuth axis around its

COG is calculated to be equal to [8708 19− 246; 19 7122 727; 246 727 8195]10−6

kgm2. Finally, the location of the center of gravity is calculated to 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 values forboth axes, there exists

some discrepancy between the real values and the ones obtained from the CAD model

due to modeling errors and insufficient information about some components’ masses

and inertias. These discrepancies however, can be corrected using the information

one can get from the Bode diagrams of the axes. Note that the lowfrequency parts
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of the Bode plots for both axes can be characterized as a pure gain, with constant

magnitude and zero phase. This gain is the overall gain of thesystem from the torque

command to the resulting angular acceleration. Once we knowthe amount of torque

developed by the electric motors for an input torque command, we can calculate the

inertia of that axis using Newton’s law.

It is important to note that, the torque command signals which is used in drawing

the Bode diagrams of both axes are both normalized to 10, whichmeans that 10

corresponds to the maximum torque in one direction, and -10 corresponds to the

maximum torque in the other direction while 0 means no torqueoutput. For the

azimuth axis, peak torque output of the motor is 9.3 Nm while this value is 1.82 Nm

for the elevation axis.

Looking at low frequency part of the azimuth axis Bode plot, a gain of 62.5 dB, which

is equal to 1334, is read from torque command to the measured angular acceleration.

Taking into account the known driver-motor combined gain of0.93 and radian to

degree conversion gain of 57.296, one can find the inertia of the azimuth axis as

0.93∗57.296/1334= 0.04kgm2. However, note that this value is the combined value

of both azimuth and elevation axes. When the correspondingJzz elements of the

above two inertia tensors are summed, a value of 0.0378kgm2 is obtained, resulting

in a difference of 0.0022kgm2, which is added to the simulation model as a correction.

Repeating the same for elevation axis Bode plot, a gain of 59 dB, which is equal

to 891, is read from torque command to the measured angular acceleration. Taking

into account the known driver-motor combined gain of 0.182 and radian to degree

conversion gain of 57.296, one can find the inertia of the azimuth axis as 0.182∗

57.296/891 = 0.0117kgm2. When the correspondingJyy element of the elevation

inertia tensor is checked, a value of 0.0071kgm2 is obtained, resulting in a difference

of 0.0046kgm2, 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 platform is the amount of fric-

tion force developing in bearings, gears and gearboxes for the reason that this torque
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acts as a disturbance torque in the presence of base platformmovements. Since direct-

drive motors together with low-friction bearings are used in the 2-DOF platform, no

gear and gearbox friction and a very low amount of bearing friction is present in the

system. As explained in Section 3.3.3, the friction existing in the bearings is assumed

to be fitting to the Coulomb friction model. Therefore, the measurement of this fric-

tion torque can be done as follows; the axis whose friction ismeasured is rotated with

a constant angular velocity of 2 deg/s in both directions, covering the full operational

range of the axis. While this is done, the amount of torque developed by the motors is

logged. In the absence of acceleration and deceleration torques, the measured torque

is assumed to be mainly due to the friction in the associated bearings. Later, friction

torque values as a function of gimbal position is plotted. Inthe following subsections,

friction torques for azimuth and elevation axes obtained using this method are given.

3.1.3.1 Azimuth Axis Friction Torque
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Figure 3.4: Azimuth Axis Friction Torque Plot

In Figure 3.4, friction torque values measured for the azimuth axis is given. While two

constant torque lines are expected, the result is not in agreement with the expectations.

Two fluctuating lines are present in the figure. The fluctuation on the torque signal is

considered to be due to the cogging torque developed in the motor itself. From the
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offset between these two lines, the amount of friction can be calculated. Taking into

account that this offset corresponds to two times the friction torque in one direction

and assuming the same amount of friction acts in both directions it is seen that the

offset is 3% of the maximum motor torque, and the friction torqueis found to be equal

to 9.3 × 3
2×100 = 0.140 Nm. Note that, although variations exist between different

friction models, it will be assumed that this friction is both the break-away friction

and the kinetic friction.

3.1.3.2 Elevation Axis Friction Torque
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Figure 3.5: Elevation Axis Friction Torque Plot

In Figure 3.5, torque values measured as described in the previous section for the

elevation axis is given. Two almost linearly changing torque lines are present in

the figure. This almost-linear trend superposed onto the torque signal is due to the

unbalance torque resulting from the distance between center of rotation and COG of

the elevation axis. From the offset between these two lines, the amount of friction

can be calculated. Taking into account that this offset corresponds to two times the

friction torque in one direction and assuming the same amount of friction acts in both

directions it is seen that the offset is 1.2% of the maximum motor torque, therefore

obtaining the friction torque to be equal to 1.82 × 1.2
2×100 = 0.011 Nm. Note that,
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although variations exist between different friction models, it will be assumed that

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

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 most important sources of

disturbance in stabilized systems. Other disturbances such as the one due to unbal-

anced mass or forces acting on the stabilized platform may not be present in a given

system as a result of good mechanical design or working scenario of the gimbal, re-

spectively. However, no matter what size the platform is, orhow good it is designed

or manufactured, there always is some friction torque acting as disturbance on the

platform. Furthermore, disturbance due to friction torqueis unpredictable since it

is caused by the relative motion of the gimbal axes, which in turn is caused by the

unpredictable disturbances of the gimbal base.

As stated earlier, stabilization performance is measured in terms of the amount of

positional perturbation of the platform from its intended position. Due to Newton’s

law, the amount of perturbation the plant undergoes as a result of certain disturbance

is inversely proportional with the total inertia of the plant. This is logical since bigger

and heavier systems will be effected less from the same disturbance torque while

smaller systems will be effected more. Therefore, the ratio of disturbance and system

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

Discussion of the last two paragraphs leads to the definitionof a commonly used

design performance index for stabilized platforms, namelythe ”‘Friction to System

Inertia Ratio.”’ For achieving a high performance platform with low stabilization ac-

curacy, this ratio must be kept as low as possible. As a rule ofthumb, 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 calculated for the azimuth and ele-

vation axes separately. Azimuth axis friction torque is calculated to be 0.14 Nm in

the previous chapter while total inertia of azimuth axis is 0.04 kgm2. This results in

a ratio of 3.5, which is a little high. On the other hand, elevation axis friction torque
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is calculated to be 0.011 Nm while the total inertia is 0.0117kgm2. Friction torque to

inertia ratio is just under one for the elevation axis, whichis much better than azimuth

axis ratio.

Looking at the obtained ratios for azimuth and elevation axes, it can be predicted that

stabilization performance of elevation axis should be better due to its lower friction

torque to inertia ratio, assuming all other factors are taken to be similar and only

friction disturbance is acting on the system. Indeed, this result 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 the already measured angular

velocity signal and its effects on improving the stabilization performance is the main

topic analyzed throughout this thesis work. Even though an improvement is expected

as the result, one may also consider this additional measurement as a redundant one

since acceleration information can be obtained by taking the derivative of velocity.

Therefore, this section will focus on showing that measurement of acceleration in

fact improves the quality of velocity and acceleration signals to a degree that the

techniques utilizing acceleration feedback are realizable. In this section properties of

sample signals collected from the sensors are analyzed and optimality conditions for

a Kalman filter are checked. Finally, the quality of velocityand acceleration signals

obtainable with and without the additional acceleration measurement are assessed,

showing the improvement possible with additional acceleration measurement.

3.2.1 Identification of the Amount of Sensor Noise for Sensors Used

Presented in Figure 3.6 is the sample data collected from sensors mounted on the

system while the system is not moving. A 20-second acceleration measurement is

given on the top graph, while velocity measurement belonging to the same time pe-

riod is given in the bottom graph. While peak-to-peak noise levels can be read from

the graphs, covariances of these noise signals are calculated to be 58.25 for angular

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

Using these covariance values, actual sensor noises are simulated in the simulation

model by adding white noise with same covariances to the corresponding measure-

ment signals. White noise assumption made here is discussed in more detail in later

chapters and found to be valid. Figure 3.7 shows the artificial noise added. Note that

peak-to-peak noise amplitudes of both acceleration and velocity signal noises are very

similar to the collected signal. Some differences in the characteristics are inevitable

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

3.2.2 Analysis of Validity Conditions for Kalman Filter Opt imality

The noise in sensor measurements must be attenuated to some permissible degree

so that they can be used as feedback signals; otherwise noiseamplification in the

controller may cause high frequency vibrations. Several approaches can be used in

order to filter out the undesired noise present in the measurements, the most popular of

these being the use of FIR or IIR low-pass filters to reduce thehigh frequency noise
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Accelerometer Signal
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Figure 3.7: Artificially Created Accelerometer Array and Gyroscope Noises to be
Used in the Simulation Model

while keeping the low frequency sensor information unaltered. Note that separate

filters must be used for both velocity and acceleration signals. Orders and cutoff

frequencies of the filters are highly important parameters since filters will introduce

delays into the feedback signals even in the pass-band frequencies and these delays

will effect the loop performances directly.

A second and yet better approach will be the use of a Kalman filter, one for each axis,

combining both angular velocity and angular acceleration signals in a single Kalman

filter and calculating both filtered velocity and acceleration signals together. As a

widely known fact, the Kalman filter is the optimal filter oncecertain conditions are

satisfied. Therefore it will be shown that these conditions are satisfied, making the

use of a Kalman filter the optimal method. Once this is done, tuning and performance

assessment of the used Kalman filters is given in the next section.

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

must hold. These conditions can be listed as follows;
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• The modeling noiseωk and the measurement noisevk must be uncorrelated

stochastic processes.

• The modeling noiseωk and the measurement noisevk must be zero mean.

• The modeling noiseωk and the measurement noisevk must be white.

• The modeling noiseωk and the measurement noisevk must be Gaussian.

Now we will check the validity of these conditions one-by-one.

On modeling noiseωk and measurement noise vk being uncorrelated: Being un-

correlated implies that the occurrence of one event has no effect on the probability of

the occurrence of the other event. We know that both noise processes defined in the

system model,ωk andvk are stochastic processes. From the two,vk models the noise

present in the sensor measurements whereasωk is an artificially included noise term

which tries to model the errors present in the system dynamicmodel. Therefore it is

evident that there can be no correlation in between these twostochastic processes and

it is concluded that this condition holds.

On modeling noiseωk and measurement noise vk being zero-mean:As stated in

the previous item, sinceωk is an artificially defined noise term, we can easily define

it to be zero-mean.vk on the other hand is a real signal which may have offsets and

other non-zero mean noise components originating from sensors. However, these

non-zero mean noise components are cancelled out at the start of every operation of

the system in a drift-compensation process by calculating the average of these offsets

over an adequate amount of time and subtracting it from the signals. Therefore, it is

concluded that both noise terms are zero-mean.

On modeling noiseωk and measurement noise vk being white: The definition of

discrete time white noise implies that it does not have any correlation with itself ex-

cept at the present time. This shows that the power of a discrete-time white noise

process is equal at all frequencies. Therefore we will analyze the power density spec-

trum of both angular velocity and angular acceleration signals to see if the signals are

white or colored. Once again note that sinceωk is an artificially defined noise term,

we can easily define it to be white. Forvk, we will check the power spectral density of

70



noise components in both gyroscope and acceleration sensorreadings from respective

periodograms.
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Figure 3.8: Power Density Spectrum Computed for Angular Acceleration Signal Col-
lected for y-axis of the Gimbal

In Figure 3.8, periodogram of a sample angular accelerationsignal belonging to gim-

bal y-axis is given. The sensor readings are recorded while the gimbal is not moving

and disturbances acting on the gimbal platform from outsidesources are tried to be

minimized. One can see that excluding a couple of frequencies in which the power

density rises over the average value, the power spectrum density remains flat. These

few high energy frequencies are most likely results of external disturbances and noise

from sources in the close environment. Hence, it is concluded that noise read from

accelerometers are white.

In Figure 3.9, periodogram of the gyroscope y-axis reading is given for the same time

period. While the plot is not perfectly flat, one can say that power densities among

different frequencies does not change drastically hence it is concluded that white noise

assumption for the noise read from the gyroscopes is also valid.

On modeling noiseωk and measurement noise vk being Gaussian:In the previous

items it is shown that bothωk andvk are zero-mean noises and here it will be shown

that these two stochastic processes have Gaussian distribution around the mean point.

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

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

obtained by looking at the histograms of accelerometer array and gyroscope readings.

In Figures 3.10 and 3.11 that follows, histograms of the signals collected from gy-

roscope and accelerometer array in y-direction is given respectively for the same

experiment of previous item. The distribution functions ofboth noises clearly re-

semble a Gaussian distribution. Hence it is concluded that both modeling 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 the controller uses the fol-

lowing kinematic system model;

xk =





θk

ωk

αk

γk





=




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


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ωk−1

αk−1
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



+ ωk−1 (3.1)
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Figure 3.10: Histogram of the Sample Angular Velocity Measurement for y-axis

yk =




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


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ωk
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γk





+ vk (3.2)

As can be seen from Equation 3.1, a constant jerk kinematic model is used for Kalman

filter time update equations. The reason for this is the fact that inputs of the system

cannot be modeled adequately enough for the use of the real dynamic model of the

system. More precisely, although we can know the generated motor torque, distur-

bances are still unpredictable and therefore cannot be included in the model. This

results in a degradation in filter performance rather than animprovement. As an ex-

ample of this behaviour take the case in which a constant external disturbance torque

is being applied to the system. The controller, if working properly, is going to apply

an opposite torque trying to reject this disturbance and keep the platform stabilized.

After letting enough time for the transients to die, the net torque acting on the plant,

which is the sum of disturbance and controller output torques should be around zero

and no acceleration of the system should be observed if stabilization is successful.

However, since it is possible only to measure motor torque, the only available input

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

model, this input will try to accelerate the modeled system while we know that the

real system is not accelerating. As a result, the state estimations and filter outputs will

be degraded.

The modeling noise matrix and the measurement noise vector are left to be deter-

mined once the Kalman filter model is determined as above. These parameters can be

considered as the tuning parameters of the filter. Measurement noise vector is a two-

element vector consisting of the velocity measurement covariance and the accelera-

tion measurement covariance. Modeling noise matrix on the other hand is a four-by

four matrix, designed to have all zero elements except the last diagonal one and the

last diagonal element equal to the modeling noise covariance. This approach takes

into account the modeling error done with the constant jerk assumption by adding an

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

As a result three parameters are there for tuning the Kalman filter, which can be listed

as follows;

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

system model,

• Velocity measurement noise covariance:which defines the amount of noise
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in the velocity measurement done with the gyroscopes,

• Acceleration measurement noise covariance:which defines the amount of

noise in the acceleration measurement done with the accelerometer array.

Of the above three parameters, velocity measurement noise covariance and the accel-

eration measurement noise covariance are already known values, obtained in the pre-

vious subsection from sample gyroscope and accelerometer noise readings as 0.0054

and 58.25, respectively. Therefore, this gives us the true relative covariance ratio of

the two noise signals. In addition, knowing these two covariance terms makes it pos-

sible to fix two of the three filter parameters and tune the remaining one as a more

straightforward and easier process.
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Figure 3.13: Variation of the Kalman Filter Transfer Function Between Input Acceler-
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Figure 3.12 gives the transfer function of the Kalman filter from velocity input to

filtered velocity output for various modeling noise covariance parameters. Figure 3.13

on the other hand gives the transfer function from acceleration input to the filtered

acceleration output for the same set of modeling noise covariance parameters. As

can be seen from both graphs, increasing modeling noise covariance means modeling

errors are higher and measured signals should be trusted more. As a result, input

measurement signals are filtered less and better frequency response characteristics in

terms of attenuation and phase delay can be obtained. However, noise attenuation

characteristics of the filter gets worse for higher modelingnoise covariances, which

may lead to noise and vibration related problems.
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In order to have the best frequency response characteristics possible while having

enough noise attenuation, tuning of the filters are done as follows; modeling noise

covariance parameter is raised as much as possible to the point where noise ampli-

fication and vibrations due to this noise can be observed in the system in close loop

control. This point is further tested with different controllers to see the behavior un-

der different control schemes. Finally, the parameter is reduced from this limit value

in order to have some margin for variations in system parameters. This method en-

sures that the best possible frequency response is obtainedwhile high frequency noise

contents are filtered out adequately.

Modeling noise covariance value obtained as a result of thismethod is one billion.

Bode plots belonging to the resulting transfer functions aredrawn with magenta color

in Figures 3.12 and 3.13. One can see the higher phase lag and attenuation plots

resulting from smaller values than one billion. It is important to note increasing mod-

eling noise covariance parameter higher than one billion does not result in significant

changes in both magnitude and phase plots for the given frequency range of 5 to 200

Hz since this value already results in near ”‘unity”’ transfer function in this range.

Although higher frequency ranges can benefit from further increases, these higher

frequencies are not of any interest since they lie outside ofthe intended control range.

3.2.4 Assessment of Feedback Quality Improvement Achievedwith the Addi-

tional Measurement of Angular Acceleration

In this section, a quick assessment is done on of how measurement of angular ac-

celeration signal in addition to the already measured angular velocity signal improves

both angular velocity and angular acceleration feedback quality. However, before any

serious comparison can be done, definition of the quality of asignal must be defined.

As the discussion of previous sections suggest, two characteristics of a given feedback

signal prove to be important in control applications; one ofthem being the amount

of noise in the signal and the other being any phase delay or magnitude attenuation

due to filtering done. As a result, these two characteristicscan be used to define the

quality of a given feedback signal. Therefore quality of twosignals can be compared

by equating the covariance of noise present on both signals and comparing the Bode
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plots for frequency response.

Covariances of noises present on sample measurements of angular velocity and ac-

celeration signals are previously defined to be 0.0054 and 58.25. If white noises with

same covariance values are fed into the Kalman filter tuned inthe previous section, the

output velocity and acceleration signal noise covariancesbecome 0.00022 and 38.64,

respectively. Our goal will be to tune another Kalman filter which runs a similar kine-

matic model as in the previous case but does not receive acceleration measurement at

the input and tune this filter to achieve output velocity and acceleration signals with

similar covariances. Once noise covariances are identical, a comparison can be made

between the frequency responses.

We start with a comparison of the output acceleration signals. In order to come up

with an acceleration output covariance around 38.6, modeling noise covariance pa-

rameter of this second Kalman filter needs to be tuned down to 125000. In Figure

3.14, acceleration input-acceleration output frequency response of this new filter is

given together with the acceleration input-acceleration output frequency response of

the original filter giving the same output acceleration noise covariance. When two

Bode plots are compared, the improvement in the frequency response characteristics

is clearly visible.

One can see the near unity gain” characteristic of the velocity-acceleration input

Kalman filter from the given figure while velocity-only Kalman filter with the same

output acceleration noise covariance starts to have lagging phase as early as 20 Hz

and has a phase lag of 90°even before 60 Hz. Magnitude response also has a non-

desirable shape with a peak around 40 Hz. While the velocity-only Kalman filter

performs poorly, the reason for this is obvious; since only the velocity measurement

is available to the filter, obtaining the acceleration signal requires the differentiation

of the input, which brings the problem of noise amplificationwith it. As a result, in

order to obtain the same output noise covariance with the original filter, heavy filter-

ing of the signal is required which in turn adds phase lag and modifies the magnitude

plot of the filter.

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

covariance of the velocity-only Kalman filter to 0.00022 by lowering the modeling
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Figure 3.14: Input Acceleration-Output Acceleration Transfer Functions of the Two
Kalman Filters Compared; The One With Acceleration and Velocity Input and the
One With Only Velocity Input

noise covariance parameter to 750. In Figure 3.15 input velocity-output velocity

transfer functions of the two Kalman filters are given. Acceleration-velocity com-

bined Kalman filter once again clearly outperforms the velocity-only Kalman filter.

Acceleration-velocity combined Kalman filter once again exhibits “unity gain” char-

acteristics through all frequencies of interest while phase lag and magnitude distortion

starts as early as 20 Hz when the velocity-only Kalman is used. Different from the

acceleration case, there exists no differentiation process in the velocity-only Kalman

filter therefore no similar reason for excessive phase lag exists and better frequency

response characteristics should be observed, however it isnot the case.
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Figure 3.15: Input Velocity-Output Velocity Transfer Functions of the Two Kalman
Filters Compared; The One With Acceleration and Velocity Input and the One With
Only Velocity Input

Discussion of the last paragraph points towards an important result of using the ad-

ditional measurement of acceleration in the Kalman filter. When input and output

velocity noise covariances for the acceleration-velocitycombined Kalman filter are

compared, a high amount of attenuation in the velocity signal noise can be seen. This

shows the improvement achieved by the addition of another signal to the list of mea-

sured signals. For the velocity-only Kalman filter to achieve the same degree of noise

attenuation, heavy filtering of the signal is required. Thisin turn results in phase lag

and amplitude distortion in the signal.

Phase lag and amplitude attenuation characteristics together constitute the bandwidth

of a filter. Bandwidth can be defined as the frequency where magnitude plot passes
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-3 dB or phase plot passes -90°. Filtering of high frequency noise also effects the

lower frequency range and reduces filter bandwidth as can be seen in Figures 3.12

through 3.15. Since filter bandwidth directly effects the overall controller bandwidth,

a high performance, high bandwidth controller is only possible with high bandwidth

filters and feedback signals. Therefore the possibility of improvement in controller

performance with the use of acceleration measurement as an additional feedback is

evident even from the improvement in filter output signal shown above.

3.3 Construction of the Simulation Model

As stated earlier, for designing and testing different controllers rapidly and easily, a

simulation model of the 2-DOF gimbal and the 6-DOF motion simulator is built in

Matlab/Simulink. Mechanical parts of the system are modeled using blocks from the

SimMechanics blockset which is a specially designed blockset for simulating me-

chanical systems. Since SimMechanics blocks can be connected to other Simulink

blocks through sensor and actuator blocks, it has been possible to implement and test

various controllers using this model and since the controller of the experimental setup

is also implemented in Simulink, controller designed in simulation model can be di-

rectly copied to the real-time control computer with very little modification and used

there.

Success of a simulation model directly depends on how detailed the real system dy-

namics are observed and modeled in the simulation model. Fora close approximation

of the experimental setup, a careful identification of the plant is carried out which is

explained in Section 3.1. Building on to the information given in Section 3.1, details

on how this information is used in Simulink environment in order to create a simu-

lation model of the system is given here. In Figure 3.16, the whole model built in

Simulink is given.

In order to explain the model better, this section is dividedinto six parts, each of

which gives details about another part of the model which is worth an explanation.

These parts are;

• 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 review of 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 as a blockset of Mat-

lab/Simulink that can simulate the dynamics of multi-body systems by computing

the dynamics of the system numerically on the basis of a blockdiagram represen-

tation. This block diagram representation carried out in Simulink environment and

is calledPhysical Modelingsince unlike normal Simulink blocks, which represent

mathematical operations, or operate on signals, these blocks represent physical com-

ponents and geometric and kinematic relationships directly. The blockset consists

of block libraries for bodies, joints, sensors, actuators,constraints and drivers, and

force elements. Using these blocks and more advanced ones such as “Joint Stiction

Actuator” block which models stiction and friction, modeling of complex mechani-

cal systems which can become very tedious and difficult using traditional modeling

techniques, can be done easily and accurately.
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Figure 3.16: Simulation Model of the System Built in Simulink
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In our model, the use of SimMechanics blockset makes it possible to model the fric-

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

Modeling of friction is especially important in the simulation model since it is the

main source of disturbance that is given to the stabilized platform. Furthermore,

with the use of SimMechanics blockset, better visualization tools become available

and changing system parameters such as inertias, masses andgeometric constraints

become very easy, that in turn gives insight about the effects of variation of these

parameters on the system performance.

SimMechanics block can be interfaced with other Simulink blocks through the special

set of blocks called the sensors and actuators. This makes itpossible to implement

the controller into the same model in which the system model exists. Once both the

plant and the controller are in the same model, implementation and testing of different

algorithms can be carried out rapidly and effectively.

3.3.2 Mechanical Bodies

SIMULATOR BASE

CS1 CS2

Gimbal

B F

BASE

CS1 CS3

Figure 3.17: SimMechanics Body Blocks and Joints Used for Modeling the Physical
Bodies in the System

Figure 3.17 shows two body blocks used in the model, namely the simulator base and

gimbal base, connected to each other with a gimbal joint. In SimMechanics, sepa-

rate bodies which can move relative to one another are modeled with body blocks

and are connected to each other with joint blocks. Body blocksrepresent the iner-

tial properties of the body such as mass and inertia, geometric properties of the body
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such as the position of COG of the body and positions of joints connecting the body

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

tion of the body itself. Joint blocks on the other hand represent the degree and type

of freedom between these bodies. While the simulation model is being constructed

kinematic relations of the bodies in experimental setup areused to define the proper-

ties of the joint blocks and above mentioned inertial and geometric properties of the

bodies themselves obtained from the CAD models are used to define the properties of

the body blocks.

Mainly speaking, four separate bodies are defined in the simulation model built. First

one of them is the simulator base which is connected to groundand does not move.

Connected to it through a 3 rotational DOF joint representingthe motion simulator

is the gimbal base. Third body is the gimbal azimuth axis connected to the gimbal

base through a revolute joint and finally the fourth one is thegimbal elevation axis

connected to the gimbal azimuth axis through another revolute joint. Note that gimbal

azimuth and elevation axes are represented with two bodies each, the reason of which

will be explained in a later section.

3.3.3 Friction

Frictional torque
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External input

Figure 3.18: Joint Stiction Actuator Block of SimMechanics Which is Used to Simu-
late the Friction Torques in Mechanical System
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Friction exists in the setup in two points, namely the azimuth and elevation bearings.

One should note that since direct drive motors are employed in the gimbal, sources of

friction such as gearboxes and additional bearings are not present. However, a small

amount of friction still exists originating from the motor bearings and it should be

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

In modeling the friction present in both axes “Joint Stiction Actuator” block of Sim-

Mechanics blockset is used. Two of these blocks are used in the simulation model,

one connected to the joint between gimbal base and gimbal azimuth axis and the

other connected to the joint between gimbal azimuth axis andgimbal elevation axis.

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

A state machine exists inside the joint stiction actuator block which decides if the

joint sticks or moves. Its operation can be simplified as follows; once the relative

velocity drops below a threshold value, the joint sticks meaning it does not move.

Once the stiction occurs, the joint starts its relative motion only when the external

torques applied on the joint reaches the static friction value defined. When the joint

is moving, a friction equal to the kinetic friction value is applied in the direction

opposing the motion.

Note that many different friction models exists in the literature ranging fromvery

simple ones to very complex models. However, since the approach used in this work

for friction and disturbance compensation is not a model based one and this friction

model will only be used in the simulation model, Coulomb friction model is used.

Coulomb friction model is one of the simplest models in which the friction torque is

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

3.3.4 Sensor Noise and Delay

In a SimMechanics model, sensors can be placed on both bodiesand joints in order to

measure positions, velocities and accelerations. In an effort to duplicate the sensors

on the real system, a body sensor measuring angular velocityand angular acceleration

relative to inertial frame is connected to the gimbal elevation axis body for simulating

the gyroscopes and accelerometers. Furthermore, two jointsensors measuring relative
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angular positions of joints are connected to gimbal joints for simulating the encoders.

It shouldn’t be forgotten that sensors placed in the model measure the related quan-

tities without any noise or quantization errors, which is not the case in the real ex-

perimental setup since all sensors employ some amount of noise or discretization

error in real life. Hence, these errors are introduced into the model artificially. First,

encoder discretization is simulated with quantizer blocks, with an azimuth axis res-

olution of 360/(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 array noise covariances are added

to the angular velocity and angular acceleration measurements to simulate noises in

these measurements. As a result, all sources of noise are included in the model.

Another factor that degrades sensor measurements is the amount of delay in the sig-

nal. There may be multiple sources of this delay such as the sensor itself or the delay

originating from transfer and sampling of the signals. Fromthe plant Bode plots

given in Figure 3.2 and 3.3 for azimuth and elevation axes, these delays for both ve-

locity and acceleration measurements can be identified as around 1.5 milliseconds,

the effect of which is included in the simulation model via “integerdelay” blocks.

3.3.5 Motor and Driver Dynamics

Needless to say, motors and drivers used in the system inherit some dynamics of their

own. However, when these fast dynamics are compared with thedynamics of the

mechanical system, their contribution becomes negligible. Furthermore, when the

plant transfer function identification method discussed inSection 3.1.1 is considered,

it is seen that the input is the torque command from the controller and the output is

the sensor measurements read by the controller, hence the obtained transfer function

takes into account not only the dynamics of the mechanical body but driver and motor

dynamics are also included. As a result, when this transfer function is implemented

into the simulation model in the next section, driver and motor dynamics will also be

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

When under the effects of torques and forces mechanical structures experience all

kinds of deformations. No matter how strongly designed the parts are, these defor-

mations always exist. The implication of this to the servo control problem of the

structure shows itself when high bandwidth and high performance control of the plat-

form is aimed. When Bode plots of azimuth and elevation axes given in Figures 3.2

and 3.3 are examined, the effects of these deformations can be seen at higher frequen-

cies. Under the rigid body assumption, thinking of the Newton’s equation, inertia of

the system should act as a pure gain when the transfer function between input torque

and output acceleration is drawn. This is in fact the behavior for the lower frequency

parts of both plots exhibiting a constant magnitude gain andzero phase lag. However,

as higher frequency excitations are given to the system, rigid body assumption starts

to fail and deflections start in the mechanical structure. Also called as the modes of

the mechanical structure, some of these deflections directly effect the transfer func-

tion of the mechanical plant to be controlled, changing it from a constant gain transfer

function to one having resonance and anti-resonance characteristics at different fre-

quencies.

When Bode plot of the azimuth axis is studied, a resonance peak around 160 Hz is

seen. Experience shows that such a behavior results from a compliance in the me-

chanical structure between the point of application of the actuating force/torque and

the point where measurements are taken. For example, if a compliant shaft with

known stiffness and damping is driven by a motor from one end and angular acceler-

ation is measured at the other hand, such a resonance will be observed between the

input torque and output acceleration, the frequency of which is decided by the system

parameters such as stiffness of the shaft and the amount of total inertia driven.

When Bode plot of the elevation axis is studied on the other hand, a small anti-

resonance followed by a resonance can be seen around the frequency of 65 Hz. Ex-

perience shows that this is a different case from the previous one and it results from

a compliance in the mechanical structure between the point where measurements are

taken and an extension of the structure. For example, if previous example is consid-

ered once again, if the measurement is done at the motor side of the shaft and the
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compliant shaft still exists in the system, such a behavior will be observed between

the input torque and output acceleration, the frequency of which is decided by the

system parameters such as stiffness of the shaft and the amount of total inertia driven.
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Figure 3.19: Inclusion of Mechanical Structure Compliance Effects in the Simulation
Model

Using the discussion of the previous two paragraphs, simulation model of the sys-

tem is modified as follows to mimic the effects of these compliances in bodies and

as a result the resonance and anti-resonance dynamics in high frequency ranges of

the transfer functions. Both azimuth and elevation axis masses are divided into two

separate bodies and a “revolute joint” together with a “joint spring and damper” ac-

tuator is inserted in between as shown in Figure 3.19. This relieves the rigid body

assumption and enables the modeling of stiffness and damping inside the mechanical

structure. With more bodies defined this way, closer and closer approximations can

be achieved. However when the gimbal is being modeled two bodies are used for

each axis and the most dominant compliance characteristicsare tried to be simulated.

For fitting Bode plots of the simulation model to the actual Bodeplots of the system

given in Figures 3.2 and 3.3, three parameters; mass ratio ofthe two divided bodies,

spring constant in between the masses and the damping ratio in between the masses

are optimized by trial-and-error. Resulting approximations for azimuth and eleva-

tion axes are given in Figures 3.20 and 3.21, respectively. Note that low frequency

89



10
1

10
2

56

58

60

62

64

66

68

70

72
Simulation of Azimuth Axis Dynamics

M
ag

ni
tu

de
 [d

B
]

 

 

10
1

10
2

−250

−200

−150

−100

−50

0

50

Ferquency [Hz]

P
ha

se
 [d

eg
]

 

 

Actual System Transfer Function
Simulation Model Transfer Function

Actual System Transfer Function
Simulation Model Transfer Function

Figure 3.20: Bode Plot Showing the Simulation of Structural Compliances in Az-
imuth Axis

ranges of both azimuth and elevation plots are nearly identical for the real system and

the simulation. In high frequency range however, some differences persist but main

characteristics are properly simulated.

3.3.7 6-DOF Motion Simulator

As mentioned before, a 6-DOF motion simulator is used in order to give disturbances

to the base of the gimbal platform while the stabilization tests are carried out. As

shown in Figure 3.22, for simulating this 6-DOF motion simulator a “gimbal” joint

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

permits three rotational degrees of freedom between the connected bodies. Using a
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Figure 3.21: Bode Plot Showing the Simulation of Structural Compliances in Eleva-
tion Axis

joint actuator, the motion of this joint is defined kinematically in terms of accelera-

tions, velocities and positions of the joint. This scenariois the same as the scenario

in real experimental procedure since the 6-DOF motion simulator computer accepts

kinematic commands and actuates the platform accordingly.

Note that while the real motion simulator has three rotational and three translational

degrees of freedom, the gimbal joint used in the simulation model has only three

rotational degrees of freedom. Since only yaw and pitch disturbances will be applied

in the tests, translational motion of this joint is irrelevant and is not modeled in the

simulation model.
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Figure 3.22: Gimbal Joint Which Simulates the Rotational Degrees of Freedom of
the 6-DOF Motion Simulator Used

3.4 Controller Implementation and Tuning

Last section dealt with the construction of a proper simulation model in order to be

able to implement, tune and test different controllers without the need for setting

up the experimental setup and running it. Here in this section, the four controllers,

theoretical background of which are given in Chapter 2 will beimplemented and

tuned on the simulation model. It is aimed to have a 30 degreesphase margin and 6

dB gain margin in all designs as a rule of thumb, however the actual margins obtained

may change from controller to controller. Properties of theresulting controllers will

be given in terms of their open-loop transfer functions. We start with the standard

controller.
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3.4.1 Standard Controller

As mentioned in Chapter 2, a standard controller which does not use acceleration

feedback techniques is used in order to compare newly designed controllers with.

This standard controller is aPII2 (proportional-integral-double integral) speed con-

troller, which is widely used for stabilization applications that use a rate gyro as feed-

back [22]. It is important to note that acceleration signal is used in the Kalman filter to

improve velocity signal quality even in this controller. Therefore while acceleration

feedback signal is not used explicitly, some improvement invelocity signal due to its

use in the Kalman filter still exist.

3.4.1.1 Azimuth Axis

A PII2 speed controller is used together with the Kalman filter developed in the pre-

vious sections. Controller gains are tuned to obtain the following open-loop transfer

function whose Bode plot is given in Figure 3.23. Resulting open loop transfer func-

tion has a phase margin of 32°, and a gain margin of 4.5 dB.
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Figure 3.23: Standard Controller Azimuth Axis Open Loop Transfer Function
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3.4.1.2 Elevation Axis

A PII2 speed controller is used together with the Kalman filter developed in the pre-

vious sections. Controller gains are tuned to obtain the following open-loop transfer

function whose Bode plot is given in Figure 3.24. Resulting open loop 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 Loop Transfer Function

3.4.2 Controller With Load Torque Estimator

This controller uses the standardPII2 speed controller of the last section. In addition

to that a load torque estimator as described in Chapter 2 is implemented in order to

reject disturbance torques better. Load torque estimator low-pass filter is selected as

a Butterworth low-pass filter with a pass-band frequency of 60Hz, stop-band starting

at 120 Hz and a stop-band attenuation of 40 dB. Resulting azimuth and elevation

controllers are as follows.
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3.4.2.1 Azimuth Axis

A PII2 speed controller together with the load torque estimator ofChapter 2 is used

together with the Kalman filter developed in the previous sections. Controller gains

are kept the same as the standard controller in order to see the improvement obtained

with the load torque estimator more clearly. Open loop Bode plot of the controlled

system is given in Figure 3.25. Resulting open loop transfer function 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 Azimuth Axis Open Loop Trans-
fer Function

3.4.2.2 Elevation Axis

A PII2 speed controller together with the load torque estimator ofChapter 2 is used

together with the Kalman filter developed in the previous sections. Controller gains

are kept the same as the standard controller in order to see the improvement obtained

with the load torque estimator more clearly. Open loop Bode plot of the controlled

system is given in Figure 3.26. Resulting open loop transfer function has a phase

margin of 40°, and a gain margin of 7 dB.
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Figure 3.26: Controller with Load Torque Estimator Elevation Axis Open Loop
Transfer Function

3.4.3 Controller with Inner Acceleration Loop

As described in Chapter 2, acceleration feedback can be used for closing a fast accel-

eration loop inside the present velocity loop in order to sense and reject disturbances

much faster. Therefore, keeping thePII2 speed controller structure, a PI inner accel-

eration loop which uses the angular acceleration signal as its feedback is added. The

resulting azimuth and elevation controllers are as follows.

3.4.3.1 Azimuth Axis

A PII2 speed controller together with an inner acceleration loop as described in Chap-

ter 2 is used together with the Kalman filter developed in the previous sections. Con-

troller gains of the velocity and acceleration loops are tuned to obtain the following

open loop Bode plot of the controlled system given in Figure 3.27. Resulting open

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

3.4.3.2 Elevation Axis

An PII2 speed controller together with an inner acceleration loop as described in

Chapter 2 is used together with the Kalman filter developed in the previous sections.

Controller gains of the velocity and acceleration loops are tuned to obtain the follow-

ing open loop Bode plot of the controlled system given in Figure 3.28. Resulting open

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

3.4.4 State Derivative Feedback LQR

State Derivative Feedback LQR method has been developed in Chapter 2 for calcu-

lating the optimal gain coefficients for the given quadratic cost function. The cost

function includes weighted sums of costs associated with the position error, velocity

error, acceleration error and magnitude of the input signal. A recursive process is

carried out in order to obtain the optimal controllers for both azimuth and elevation

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

3.4.4.1 Azimuth Axis

State derivative feedback LQR described in Chapter 2 is used together with the Kalman

filter developed in the previous sections. Controller gains are obtained by the solution

to the state derivative LQR problem given in Chapter 2. Open loop transfer function

of the controlled system is given in Figure 3.29. Resulting open loop 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 used together with the Kalman

filter developed in the previous sections. Controller gains are obtained by the solution

to the state derivative LQR problem given in Chapter 2. Open loop transfer function

of the controlled system is given in Figure 3.30. Resulting open loop 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 Open Loop Transfer
Function
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Figure 3.30: State Derivative Feedback LQR Elevation Axis Open Loop Transfer
Function
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3.5 Simulation Test Results

As presented in the previous section, simulation model is used in order to implement

and tune the four controllers that are designed before thesecontrollers are imple-

mented in the real-time controller and tested in the experimental setup. However

before work is carried on to the experimental setup, testingof stabilization perfor-

mances of the four different controllers under different disturbances is done on the

simulation model.

Since a very detailed modeling of the physical system is done, realistic results that

are close to the actual performance of the real system are expected from these stabi-

lization tests. Therefore, these results will give an insight to the performance of the

stabilized platform even before any experiments are carried out. Another benefit of

these test will be that comparing the results of simulation tests and experimental tests

will provide the means to check the validity and accuracy of the simulation model

built.

As mentioned before, the 6-DOF motion simulator is also modeled in the simula-

tion model but with only three rotational DOF. Using this three DOF model of the

simulator, kinematic yaw and pitch disturbances will be given to the base of the gim-

bal platform and stabilization performance will be measured from the inertial body

sensors placed onto the gimbal elevation body. Table 3.1 gives the set of sinusoidal

disturbances that are going to be applied to the base of the 2-DOF gimbal platform.

The amplitudes of these sine waves at each frequency are directly determined from

the maximum displacement the motion simulator can supply atthat frequency.

It is important to note that these rotational disturbances will act around the center of

rotation of corresponding rotation axis; to be more precise, yaw disturbances will act

around the center of rotation of azimuth axis while pitch disturbances will act around

the center of rotation of elevation axis. Therefore no translational motion is created

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

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

set of five different disturbances in both elevation and azimuth axes. Although results
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Table 3.1: Table showing the disturbances that are going to applied to the base of the
gimbal in yaw and pitch directions in stabilization tests

Frequency Amplitude (peak-to-peak)

Yaw Direction Pitch Direction

0.5 Hz 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 this section, only the graphs

belonging to 1 Hz and 5 Hz disturbance profiles are given in order to avoid presenting

an excessive number of graphs that repeat themselves since simulation runs prove to

be very stable and repetitive. Only the graphs and necessaryexplanations are given

here since comments on the test results are saved for Chapter 4where the explanation

of same tests done on the experimental setup are given and very similar results are

obtained.

3.5.1 Azimuth Axis Tests

All four controllers are tested in azimuth axis tests and theresults 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 are given next. Results for all

five disturbance profiles are summarized in Table 3.2 at the end of this section.

Frequency 1 Hz, Amplitude 9.5°; Standard deviation of a 20-second stabilization

error data obtained by integrating the angular velocity signal is 0.031 mrad. In Figure

3.31, a 5-second stabilization error plot is given as a function of time.
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Figure 3.31: Azimuth Axis, Standard Controller, 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 velocity signal is 0.060 mrad. In Figure

3.32, a 5-second stabilization error plot is given.
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Figure 3.32: Azimuth Axis, Standard Controller, freq. 5Hz, amp. 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 are given next. Results for all

five disturbance profiles are summarized in Table 3.2 at the end of this section.

Frequency 1 Hz, Amplitude 9.5°; Standard deviation of a 20-second stabilization

error data obtained by integrating the angular velocity signal is 0.022 mrad. In Figure

3.33, a 5-second stabilization error plot is given.
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Figure 3.33: Azimuth Axis, Controller with Load Torque Estimator, 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 velocity signal is 0.050 mrad. In Figure

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

3.5.1.3 Controller with Inner Acceleration Loop

Detailed results for 1 Hz and 5 Hz disturbance profiles are given next. Results for all

five disturbance profiles are summarized in Table 3.2 at the end of this section.

Frequency 1 Hz, Amplitude 9.5°; Standard deviation of a 20-second stabilization

error data obtained by integrating the angular velocity signal is 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 velocity signal is 0.034 mrad. In Figure

3.36, a 5-second stabilization error plot is given.
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Figure 3.35: Azimuth Axis, Controller with Inner Acceleration Loop, freq. 1Hz, amp.
9.5°
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Figure 3.36: Azimuth Axis, Controller with Inner Acceleration Loop, 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 are given next. Results for all

five disturbance profiles are summarized in Table 3.2 at the end of this section.

Frequency 1 Hz, Amplitude 9.5°; Standard deviation of a 20-second stabilization

error data obtained by integrating the angular velocity signal is 0.014 mrad. In Figure

3.37, a 5-second stabilization error plot is given.
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Figure 3.37: Azimuth Axis, State Derivative Feedback LQR, 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 velocity signal is 0.029 mrad. In Figure

3.38, a 5-second stabilization error plot is given.
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Figure 3.38: Azimuth Axis, State Derivative Feedback LQR, freq. 5Hz, amp. 0.65°

3.5.2 Elevation Axis Tests

All four controllers are tested in elevation axis tests and the results 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 are given next. Results for all

five disturbance profiles are summarized in Table 3.2 at the end of this section.

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

error data obtained by integrating the angular velocity signal is 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 velocity signal is 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. 1Hz, amp. 8°
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Figure 3.40: Elevation Axis, Standard Controller, freq. 5Hz, amp. 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 are given next. Results for all

five disturbance profiles are summarized in Table 3.2 at the end of this section.

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

error data obtained by integrating the angular velocity signal is 0.009 mrad. In Figure

3.41, a 5-second stabilization error plot is given.
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Figure 3.41: Elevation Axis, Controller with Load Torque Estimator, freq. 1Hz, amp.
8°

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

error data obtained by integrating the angular velocity signal is 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 Estimator, freq. 5Hz, amp.
0.6°

3.5.2.3 Controller with Inner Acceleration Loop

Detailed results for 1 Hz and 5 Hz disturbance profiles are given next. Results for all

five disturbance profiles are summarized in Table 3.2 at the end of this section.

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

error data obtained by integrating the angular velocity signal is 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 velocity signal is 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 Acceleration Loop, freq. 1Hz,
amp. 8°
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Figure 3.44: Elevation Axis, Controller with Inner Acceleration 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 are given next. Results for all

five disturbance profiles are summarized in Table 3.2 at the end of this section.

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

error data obtained by integrating the angular velocity signal is 0.005 mrad. In Figure

3.45, a 5-second stabilization error plot is given.
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Figure 3.45: Elevation Axis, State Derivative Feedback LQR,freq. 1Hz, amp. 8°

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

error data obtained by integrating the angular velocity signal is 0.008 mrad. In Figure

3.46, a 5-second stabilization error plot is given.
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Figure 3.46: Elevation Axis, State Derivative Feedback LQR,freq. 5Hz, amp. 0.6°

3.5.3 Summary of the Simulation Test Results

Table 3.2 summarizes the results obtained in simulation tests.

Looking at the results, the following observations can be made;

• As expected standard controller performs the worst among the controllers tested.

However, even the stabilization accuracies obtained with this controller are in

par with high accuracy platforms used in military applications. High quality

angular velocity feedback obtained as a result of acceleration signal fusion and

the rigid mechanical structure which enables high bandwidth controller design

can be listed as the main reasons of this satisfactory numbers.

• The overall stabilization accuracy of the elevation axis ismuch better compared

to the azimuth axis. The reason for this is the much lower friction-to-inertia

ratio elevation axis has.

• Another general trend which can be seen from the table is thatstabilization

errors increase with increasing disturbance frequency. This is an expected be-

havior since regardless of the amplitude of motion given by the motion simu-

lator, the net friction torque acting on the stabilized platform remains the same

since a Coulomb friction like friction is present in the system. The frequency
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Table 3.2: Table showing the standard deviation stabilization errors achieved with all
four controllers for both axes under different disturbances

AZIMUTH AXIS 0.5 Hz 1 Hz 2 Hz 5 Hz 10 Hz

Controller 1 23µrad 31µrad 44µrad 60µrad 63µrad

Controller 2 16µrad 22µrad 32µrad 50µrad 56µrad

Controller 3 13µrad 16µrad 22µrad 34µrad 45µrad

Controller 4 11µrad 14µrad 19µrad 29µrad 33µrad

ELEVATION AXIS 0.5 Hz 1 Hz 2 Hz 5 Hz 10 Hz

Controller 1 10µrad 13µrad 16µrad 19µrad 19µrad

Controller 2 7 µrad 9 µrad 12µrad 16µrad 17µrad

Controller 3 5 µrad 5 µrad 7 µrad 9 µrad 10µrad

Controller 4 4 µrad 5 µrad 6 µrad 8 µrad 8 µrad

of the disturbance on the other hand changes frequency of direction changes of

friction torque, which is the main source of stabilization error.

• The method of inner acceleration loop and state derivative feedback LQR re-

sults in best accuracies while load torque estimator methodfollows them. The

effect of acceleration feedback can be seen clearly through allfrequencies; sta-

bilization errors are reduced by nearly fifty percent as a result of the accelera-

tion feedback.
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CHAPTER 4

EXPERIMENTAL WORK

Experimental work has been considered as being the most important part of this the-

sis work and therefore obtaining the results predicted in the former chapters on the

experimental setup is the most important outcome of this work. This not only en-

sures that theoretical and simulation work is realizable, it also is the perfect way of

comparing the different controllers designed.

This chapter starts with a brief explanation of the mechanical assembly, sensors and

actuators used in the test setup and the electronics and computers involved in the con-

trol and data acquisition. Properties of the 6-DOF motion simulator used in the tests

to simulate the disturbance profiles is also given. Key points in the selection and inte-

gration of the parts are discussed. Later, the usage of the motion simulator in the ex-

perimental work is explained together with the test procedure. Next section continues

with the results of each experiment run with each controllerand different disturbance

profiles are given with a brief discussion of the obtained results. Finally, an overall

discussion of the experimental results and concluding remarks are presented.

4.1 Design of the Test Setup

In order to test the stabilization performance of our 2-DOF gimbal with the differ-

ent controllers presented in this theses work, an experimental setup is prepared. This

setup is constructed around the Aerotech gimbal, and consists of the designed me-

chanical interface for mounting the sensors and electronics onto the gimbal, motor

drivers, sensors, data acquisition electronics, control and monitoring computer and
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the cabling between this elements in addition to the motors and rotary sensors already

located in the gimbal itself. Needless to say, the motion simulator Stewart platform

is a fundamental part of the test setup, applying the disturbance profiles to the base

of the gimbal platform, therefore making it possible to testthe actual performance

of the stabilized platform under various disturbances. These mentioned parts of the

experimental setup will be explained in more detail in the following subsections.

4.1.1 Gimbal Mechanic

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

2-DOF gimbal which is the product of Aerotech company is shown in Figure 4.1.

This gimbal platform has two rotational degrees of freedom which are driven with
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direct drive brushless motors. Two hall sensors and two interpolated analog encoders

are also integrated into the axes of the platform to supply the required position infor-

mation for the commutation of the brushless motors. The encoders, being very high

resolution can also be used as the feedback for position and speed control loops in

applications where relative positions of the axes to the gimbal base is desired to be

controlled.

Being designed for precise mirror positioning applications, this mechanical platform

has very low friction due its direct drive motors and low friction bearings and sealings

and very high drive stiffness again owing to being a direct drive system and having

no gearbox or other compliant elements. These two properties together make this

platform extremely suitable for servo control applications and makes very high levels

of servo performance achievable even without using the techniques developed in this

thesis work. In a sense, this makes the objectives of this thesis work harder to reach,

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

4.1.2 Motors

High performance brushless-frameless direct drive DC torque motors are used in both

azimuth and elevation axes. These motors come mounted in thegimbal itself and be-

longs to the S-Series frameless motors product line of the same company, Aerotech.

Usage of such direct drive torque motors removes the need forgearboxes and there-

fore concerns such as backlash and mechanical compliance are eliminated. Due to

the quite different inertia values of azimuth and elevation axes, different size motors

are used. In the elevation axis, an S-76-35-A type motor witha peak motor current

of 8 Amps and a peak motor torque of 2.08 Nm is used whereas in the azimuth axis

a bigger S-130-39-A type motor with a peak motor current of 15.2 Amps and a peak

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

4.1.3 Motor Drivers

Two Elmo Advanced Whistle motor drivers are used in order to drive the brushless DC

motor used in the assembly, one for the azimuth and the other for the elevation axis.

These miniature digital servo drives, which can also be seenin Figure 4.2, in spite of

their very small size, can supply a peak current of 15 Amps at aDC voltage as high

as 100 Volts, which is adequate for both motors of the gimbal.These drivers are used

in the so called torque mode in our experimental setup, in which the driver accepts an

±10 V analog reference signal and tries to create a current(and therefore torque) in

the motor windings according to the input signal, thereforeacts as a torque controller.

This enables implementation of speed and position loops outside of the servo drive,

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

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

it reads from the gimbal and output it as an emulated incremental encoder output.
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This is an important feature because the real encoder signals come directly to the

driver for commutation purposes, and this position signal is also needed for closing

the position and speed loops. However, since these loops arenot closed inside the

driver in our setup, feedback signals have to be provided to the real-time computer

somehow. By supplying the emulated encoder output of the drivers to the real-time

computer, this is accomplished. This emulated signal has the same resolution with

the real encoder signals but it mimics an incremental encoder rather 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 performance gimbal platform,

very high resolution, precise encoders are used in both axeswhich are supplied with

the gimbal itself. Analog interpolated encoders (also called as analog sine/cos en-

coders) are used in both azimuth and elevation axes of the gimbal. Azimuth encoder

can count 10 million steps in a single revolution of the azimuth axis while elevation

encoder can count 3.6 million steps in a single revolution ofthe elevation axis. These

very high resolution angular position signal makes it possible to control the gimbal

platform with high precision in many applications.

In spite of being very reliable and high resolution sensors,encoders mounted on the

gimbal are not used as the main feedback sensors in our application of stabilizing the

platform. This stems from the fact that stabilization requires controlling the angular

position and angular velocity of the platform relative to inertial frame and therefore

requires the usage of inertial sensors such as gyroscopes and accelerometers. How-

ever, the sensor placement on the gimbal makes it necessary to know at least the rela-

tive orientation of elevation axis to azimuth axis since allinertial sensors are mounted

on elevation axis and a coordinate transformation is required to correctly measure

the motion of the azimuth axis from sensors located on elevation axis. 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 used for inertial angular velocity

measurement of the gimbal platform. These DSP-3000 single axis gyros manufac-

tured by the company KVH can measure angular velocities up to375 °/s and have

low noise characteristics. In addition, these gyros have a relatively high bandwidth(up

to several hundred Hz, around 400 Hz) making them suitable for high performance

control and stabilization applications and therefore suitable for our application. In

order to obtain a full set of angular velocities including all three rotational axes, three

mutually perpendicular gyros are mounted on the elevation axis. Signals from these

three gyroscopes are first sent to an electronic interface card mounted on the gimbal

itself not far from the gyros themselves because this raw signal degrades rapidly while

being carried over a wire. From there, signal is sent to the real time computer over a

serial communication line, where it is used as the angular velocity 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 purpose ofconstructing angular

acceleration information of the stabilized platform. The number and orientation of the

required linear accelerometers are discussed in great detail in Chapter 2 of this report.

As can be seen, discussions have led to an optimal accelerometer placement with one

central triaxial accelerometer and three others located atequal distances along the

three unit vectors (which are also coincident with accelerometer measurement axes)

pointing outwards from this central accelerometer. Once again, as it is discussed

in Chapter 2, placing the linear accelerometers away from each other decreases the

measurement range of angular acceleration but at the same time it also decreases

the amount of noise on angular acceleration signal. Since noise is a very important

concern in our application, the accelerometers are placed as far away from each other

as the mechanical constraints permit, this distance between accelerometers ending up

being 125 mm.

Four ASC5411LN piezo-capacitive triaxial accelerometers of Advanced Sensors Cal-
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ibration (ASC) company are used in the experimental setup. These 5g range, high

precision sensors are selected to have low output noise characteristics and have a fre-

quency response starting at 0 Hz, meaning that it can measurelow frequency inertial

accelerations down to DC. This last property has proved to be especially important

through the course of accelerometer selection since the main area of usage for ac-

celerometers is the sensing and measurement of shock and vibration and accelerom-

eters designed for this purpose excel at high frequency highamplitude accelerations

while being incapable of measuring low frequency acceleration content and therefore

should be avoided.

Measured linear acceleration signals are received by the real time computer from

the analog input channels of the NI data acquisition card andafter the conversion to

angular accelerations is done as described in Chapter 2, a full set of three angular

accelerations are obtained for the stabilized platform. These signals are used as the

angular acceleration feedback for the control of both azimuth and elevation axes.

4.1.7 Data Acquisition Hardware: Serial Interface Card

This card is one of the two data acquisition cards used on the real time computer to

establish the interface between the computer and the actuators/sensors. It is a custom

electronic card designed and manufactured in ASELSAN whichhas a programmable

FPGA chip on board that can be programmed to accomplish various tasks. In our

experimental setup, the duty of this card is to establishes the communication of real

time computer with the encoders and gyros, reading the signals coming from these

sensors.

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

The second data acquisition card being used is National Instruments’ 6031E data

acquisition card. This card has 64 single-ended or 32 differential 16 bit analog inputs,

2 16 bit analog outputs and 8 programmable digital I/O’s. In our application 12 of

these differential analog inputs are used to read signals from 12 accelerometers to the

real-time computer and the two analog outputs are used in order to send the control
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torque reference signals from the real-time computer to themotor 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, running under Mi-

crosoft Windows XP operation system is used as both the real-time control computer

and signal monitoring computer thanks to Real Time Windows Target toolbox of

Matlab/Simulink software, making it possible to create a kernel forreal time applica-

tions on a windows based system and enabling the user to monitor the controller and

signals using this same computer. Matlab/Simulink version 2009B with Real Time

Workshop and Real Time Windows Target toolboxes is used for this purpose.

The controller is implemented in Simulink environment. Thecontroller model runs

in real-time with two different sampling rates of 1 kHz and 5 kHz for different parts

of the model. Direct access to the controller model for parameter changing and signal

monitoring is possible in RTWT environment. This capabilityenables rapid develop-

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

4.1.10 Mechanical Interface Parts

Inertial sensors and related electronic cards are requiredto be mounted on gimbal

elevation axis in order to measure angular velocities and accelerations of the platform.

Therefore mechanical parts are designed for the mounting ofthese sensors and cards

onto the platform. These parts have to be carefully designedand manufactured with

tight tolerances since the relative position and orientation of these sensors are very

important in order to get correct measurements. Therefore,a computer aided drawing

software, NX Ideas, is used for the design environment. In Figure 4.3, the gimbal

platform is shown from two different points of view. In this drawing, the small cyan

rectangles can be identified as the accelerometers, while blue rectangles are the gyros,

the dark green platform is the Aerotech gimbal itself and theyellow parts are the

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

4.1.11 6-DOF Motion Simulator Platform

In order to carry out the stabilization tests a controllabledisturbance has to be given

to the base of the gimbal. For this purpose, a 6-DOF motion simulator, also called as

a Stewart platform, is used. This 6-DOF platform, which can also be seen in Figure

4.4, is able to simulate any motion of a platform within its position, speed and accel-

eration limits. Motion is created by six linear actuators driven with electric motors,

which are all connected to a real-time motion control computer which calculates the

required motion of individual actuators in order to create the desired platform motion.

Therefore the user of the motion simulator only defines the motion profile to be cre-

ated as a combination of three translational and three rotational motions in platform

coordinate frame and the task is executed.

Below, some properties and limits of the motion simulator is given in Table 4.1. Note

that, only the yaw and pitch axis motions are made use of in ourexperiments.
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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 the different control algorithms de-

signed and see how stabilization performances vary in the physical setup with differ-

ent controllers under different disturbance levels. The disturbance level mentioned

here is the amount of angular motion of the base of the platform while the perfor-

mance is identified as how good the controller can reject thismotion at the stabilized

platform. How good the rejection is done is measured by looking at the angular devi-

ation of the platform position from the intended position measured in the earth-fixed

inertial frame while the disturbance is being applied.

For this goal, all four controllers are implemented in the real-time control computer.
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Table 4.1: Table showing some properties and limits of the 6-DOF motion simulator
used throughout the experiments

Platform height (contracted): 1.15m

Platform base diameter: 2.4m

Actuator course: 500mm

Power consumption (aver-
age):

8kW

MOTION LIMITS

Motion Position Velocity Acceleration

Surge -0.46/0.36m ±0.60 m/s ±7.0 m/s2

Sway ±0.37m ±0.60 m/s ±7.0 m/s2

Heave -0.30/0.35m ±0.56 m/s ±7.0 m/s2

Roll ±19° ±30°/s ±140°/s2

Pitch ±19° ±30°/s ±140°/s2

Yaw ±21° ±30°/s ±140°/s2

Note that the adjustment required for the controller gains while the simulation model

controllers are implemented in the real system are very small which is another mea-

sure of how good the simulation model is. Five different disturbance profiles are

applied to the base of the platform which is rigidly fixed ontothe 6-DOF motion sim-

ulator. Since there are two uncoupled axes on the gimbal, twodifferent disturbances

are applied, one for each of them; yaw disturbance for the azimuth axis and pitch dis-

turbance for the elevation axis. While giving both disturbances and stabilizing both

axes at the same time is possible, each axis is tested separately to obtain more reliable

and accurate results.

The five different disturbance profiles are given in Table 3.1 of Section 3.5. As one can

see, they are sinusoidal disturbance profiles with known frequencies and amplitudes.

The range of disturbance frequencies begins from 0.5 Hz and goes up to 10 Hz. With

increasing frequencies the amplitude of the sine wave decreases. The main reason for

this is the capabilities of the 6-DOF motion simulator used,as the frequency increase,

the maximum amplitude of motion the simulator can create diminishes greatly. In
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fact, the amplitudes of the five sinusoidal disturbance profiles that 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 the platform are the two

rotation disturbances mentioned above, the ones in yaw and pitch axes. Note that

although the direction of a yaw motion for example, is known,the center of rotation

for a rotational motion is also important. In our experiments, the rotational motions

of the simulator are centered as close to the center of rotation of the corresponding

axis of the gimbal as possible. This is done so that no translational motion is in-

duced. Translational accelerations and decelerations of the platform will surely cause

any unbalance of the mechanical system create a net torque onboth axes, therefore

adding another disturbance source. By intersecting the center of rotation of both the

gimbal and the disturbance, we are able to isolate the gimbalfrom such effects as

much as possible. In spite of these efforts, it will be seen in elevation axis tests that

a small translational motion still exists in this axis. However the effect of this dis-

turbance is not totally unwanted because as explained laterit substitutes the very low

friction torque disturbance for this axis that wouldn’t otherwise be sufficient to test

the disturbance rejection performance on this axis.

Before the start of any experiment, the analog sensors are monitored and any offsets

in the signals are corrected. These offsets can be caused by temperature changes or

even slight movements of the sensors even though they are rigidly mounted. Again,

before any experiment is conducted, the mechanical parts and the mounting of the

sensors are checked to avoid having loose connections that can effect the mechanical

plant characteristics and therefore the overall experimental results. Finally, power

supplies, electronics and cabling is checked to make sure any faults or misconnection

are avoided.

At the beginning of each test run, the gimbal platform is brought to its zero angular

position and stabilized there. Then, the motion simulator is engaged and disturbance

is given. While being stabilized under the effect of the base disturbance, angular ve-

locity readings from the gyroscopes mounted on the stabilized platform are logged

for a long enough time period. After the experiment is conducted, the logged data

is analyzed and results are calculated. The integral of angular velocity data collected
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from gyros gives the deviation of the gimbal from its zero position under the given

disturbance as a function of time. To come up with a number that reflects the sta-

bilization performance, standard deviation of this time data over a 30 second period

of time is taken for all experiments. This final value is denoted as the stabilization

performance. Note that in a perfectly stabilized platform the gyroscopes should read

zero since the angular position of the platform relative to earth fixed inertial frame is

kept perfectly unchanged. However, since a perfect stabilization is not possible there

always is some deviation and the amount of this deviation is ameasure how good the

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

Experiment runs are performed separately for the followingtwo axes of the gimbal;

• Azimuth axis,

• Elevation axis.

Four different controllers designed in the previous chapters are tested. These different

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 method.

And these four controllers are tested under five different sinusoidal disturbance pro-

files covering a frequency range starting form 0.5 Hz and ending at 10 Hz. The

amplitudes slightly differ for each axis and can be listed as follows;

For the azimuth axis;

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

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

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

• Frequency of 10Hz, peak-to-peak amplitude of 0.08°.

For the elevation axis;

• Frequency of 0.5Hz, peak-to-peak amplitude of 17°,

• Frequency of 1Hz, peak-to-peak amplitude of 8°,

• Frequency of 2Hz, peak-to-peak amplitude of 3.5°,

• Frequency of 5Hz, peak-to-peak amplitude of 0.6°,

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

When all possible combinations are taken into considerationit is evident that 40 dif-

ferent experimental runs are needed in total. In the following section, the results of

these 40 experiments will be presented.

4.3 Experimental Results

4.3.1 Azimuth Axis Tests

Four different controllers designed and tuned for the azimuth axis are tested under

5 different disturbances. In azimuth axis, the friction torques caused by the relative

motion of the base and gimbal are the main disturbance torques whose effects are to

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

and publications about the topic and simulation results presented in this report, all

three methods utilizing acceleration feedback in control loops shoved improved per-

formances when compared with the standard controller. Among the three controllers

making use of acceleration feedback, state derivative feedback LQR has the overall

best performance, slightly better than the controller withinner acceleration loop. The

disturbance observer method results in the worst performance of this three although

still performing much better than the standard controller.Performance improvements

can be seen clearly from the resulting stabilization error plots given under each ex-

periment’s title.
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4.3.1.1 The Standard Controller

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

This is only expected because the standard controller does not make use of the accel-

eration feedback as the other controllers do. However, it isimportant to note that even

the stabilization accuracies achieved with this controller are quite impressive thanks

to the superior mechanical properties of the gimbal platform and high quality sensors

and actuators used.

When the plots for stabilization error are examined, it is relatively easy to spot points

where stabilization error suddenly increases. These are the points where the distur-

bance from the motion simulator changes direction, causinga change in the direction

of the friction torque as a result. This sudden change of direction causes a momentary

big position error since it takes some time for the controller to react to this sudden

change in disturbance. Later, the controller closes this error and keeps it near zero

until a new change in disturbance direction is experienced.For higher frequency dis-

turbances, the controller may not be able to bring the error down to zero before a new

change in disturbance is experienced, which is also the casein the following plots for

high frequency disturbances. At these high frequencies, the controller can only reject

some portion of the disturbance and lower the amount of position error.

Frequency 0.5 Hz, Amplitude 20°; Standard deviation of a 30-second stabilization

error data obtained by integrating the angular velocity signal is 0.046 mrad. In the

following Figure 4.5, a 5-second stabilization error plot is given.

Frequency 1 Hz, Amplitude 9.5°; Standard deviation of a 30-second stabilization

error data obtained by integrating the angular velocity signal is 0.062 mrad. In the

following Figure 4.6, a 5-second stabilization error plot is given.

Frequency 2 Hz, Amplitude 4°; Standard deviation of a 30-second stabilization

error data obtained by integrating the angular velocity signal is 0.073 mrad. In the

following Figure 4.7, a 5-second stabilization error plot is given.
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Figure 4.5: Azimuth Axis, Standard Controller, freq. 0.5 Hz,amp. 20°

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

error data obtained by integrating the angular velocity signal is 0.059 mrad. In the

following Figure 4.8, a 5-second stabilization error plot is given.

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

tion error data obtained by integrating the angular velocity signal is 0.049 mrad. In

the following Figure 4.9, a 5-second stabilization error plot is given.
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Figure 4.6: Azimuth Axis, Standard Controller, freq. 1 Hz, amp. 9.5°
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Figure 4.7: Azimuth Axis, Standard Controller, freq. 2 Hz, amp. 4°
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Figure 4.8: Azimuth Axis, Standard Controller, freq. 5 Hz, amp. 0.65°
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Figure 4.9: Azimuth Axis, Standard Controller, freq. 10 Hz, amp. 0.08°
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4.3.1.2 Controller with Load Torque Estimator

The controller with load torque estimator is good at improving stabilization perfor-

mance as it is expected. An overall decrease in errors for allfrequencies is evident

from figures. However, once again note that the filtering of calculated disturbance

signal to remove the noise content limits the performance ofthis method. Better per-

formances can be achieved with higher filter bandwidths, however this is possible at

the cost of increased noise amplification and vibration of the platform.

In Figure 4.10 below, disturbance torque predicted and fed forward by the disturbance

observer is given as a function of time together with the stabilization error signal for

a 0.5 Hz disturbance profile. When compared with the friction plot belonging to

azimuth axis of the gimbal given in Figure 3.4 of Section 3.1.3.1, one can see that

disturbance observer can predict the disturbance value quite accurately, only with a

delay which is the result of the filter used.
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Figure 4.10: Disturbance Torque Predicted by the Load Torque Estimator of Azimuth
Axis

Frequency 0.5 Hz, Amplitude 20°; Standard deviation of a 30-second stabilization

error data obtained by integrating the angular velocity signal is 0.021 mrad. In the

following Figure 4.11, a 5-second stabilization error plotis given.
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Figure 4.11: Azimuth Axis, Controller with Load Torque Estimator, 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 velocity signal is 0.027 mrad. In the

following Figure 4.12, a 5-second stabilization error plotis given.
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Figure 4.12: Azimuth Axis, Controller with Load Torque Estimator, 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 velocity signal is 0.035 mrad. In the

following Figure 4.13, a 5-second stabilization error plotis given.
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Figure 4.13: Azimuth Axis, Controller with Load Torque Estimator, 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 velocity signal is 0.035 mrad. In the

following Figure 4.14, a 5-second stabilization error plotis given.
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Figure 4.14: Azimuth Axis, Controller with Load Torque Estimator, 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 velocity signal is 0.038 mrad. In
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the following Figure 4.15, a 5-second stabilization error plot is given.

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
−0.01

−0.008

−0.006

−0.004

−0.002

0

0.002

0.004

0.006

0.008

0.01

Time [sec]

St
ab

iliz
at

io
n 

Er
ro

r [
de

g]

Controller with Load Torque Estimator, Azimuth Axis Stabilization Test, Disturbance Profile 5

 

 
Stabilization Error

Figure 4.15: Azimuth Axis, Controller with Load Torque Estimator, freq. 10 Hz,
amp. 0.08°

4.3.1.3 Controller with Inner Acceleration Loop

Controller with inner acceleration loop shows greatly improved performance when

compared with the previous two results. It can be seen from all five plots below that

stabilization errors are reduced drastically. Error peaksaccurring at disturbance di-

rection changing points are effectively minimized. As already mentioned in previous

chapters, this improvement is the result of the faster inneracceleration loop detecting

the acceleration error and trying to close it before the acceleration 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 velocity signal is 0.017 mrad. In the

following Figure 4.16, a 5-second stabilization error plotis given.

Frequency 1 Hz, Amplitude 9.5°; Standard deviation of a 30-second stabilization

error data obtained by integrating the angular velocity signal is 0.023 mrad. In the

following Figure 4.17, a 5-second stabilization error plotis given.
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Figure 4.16: Azimuth Axis, Controller with Inner Acc. Loop, freq. 0.5 Hz, amp. 20°
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Figure 4.17: Azimuth Axis, Controller with Inner Acc. Loop, 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 velocity signal is 0.025 mrad. In the

following Figure 4.18, a 5-second stabilization error plotis given.

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

error data obtained by integrating the angular velocity signal is 0.026 mrad. In the
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Figure 4.18: Azimuth Axis, Controller with Inner Acc. Loop, freq. 2 Hz, amp. 4°

following Figure 4.19, a 5-second stabilization error plotis given.
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Figure 4.19: Azimuth Axis, Controller with Inner Acc. Loop, 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 velocity signal is 0.027 mrad. In

the following Figure 4.20, a 5-second stabilization error plot is given.
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Figure 4.20: Azimuth Axis, Controller with Inner Acc. Loop, freq. 10 Hz, amp.
0.08°

4.3.1.4 State Derivative Feedback LQR Controller

State derivative feedback LQR shows the best performance ofall four controllers.

This can be seen from both the time plots of stabilization error and from the standard

deviation numbers obtained. Error peaks resulting from change of direction of applied

disturbance are almost unnoticeable in the time plots. However it is important to note

that this controller results in slightly higher noise and vibration when compared to the

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

Frequency 0.5 Hz, Amplitude 20°; Standard deviation of a 30-second stabilization

error data obtained by integrating the angular velocity signal is 0.019 mrad. In the

following Figure 4.21, a 5-second stabilization error plotis given.

Frequency 1 Hz, Amplitude 9.5°; Standard deviation of a 30-second stabilization

error data obtained by integrating the angular velocity signal is 0.019 mrad. In the

following Figure 4.22, a 5-second stabilization error plotis given.
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Figure 4.21: Azimuth Axis, State Derivative Feedback LQR, freq. 0.5 Hz, amp. 20°

Frequency 2 Hz, Amplitude 4°; Standard deviation of a 30-second stabilization

error data obtained by integrating the angular velocity signal is 0.020 mrad. In the

following Figure 4.23, a 5-second stabilization error plotis given.

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

error data obtained by integrating the angular velocity signal is 0.017 mrad. In the

following Figure 4.24, a 5-second stabilization error plotis given.

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

tion error data obtained by integrating the angular velocity signal is 0.017 mrad. In

the following Figure 4.25, a 5-second stabilization error plot is given.
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Figure 4.22: Azimuth Axis, State Derivative Feedback LQR, freq. 1 Hz, amp. 9.5°
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Figure 4.23: Azimuth Axis, State Derivative Feedback LQR, freq. 2 Hz, amp. 4°
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Figure 4.24: Azimuth Axis, State Derivative Feedback LQR, freq. 5 Hz, amp. 0.65°
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Figure 4.25: Azimuth Axis, State Derivative Feedback LQR, freq. 10 Hz, amp. 0.08°
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4.3.2 Elevation Axis Tests

Once again four different controllers this time designed and tuned for the elevation

axis are tested under five different disturbances. However, since friction value for

elevation axis is extremely low (less than 10% of the alreadylow friction toruqe

of the azimuth axis), the effect of friction as a source of disturbance is insignificant.

However, stabilization error plots show that another disturbance, this time a sinusoidal

torque acts on elevation axis and causes errors. The source of this disturbance is the

small translational accelerations in surge axis given to the base of the platform while

the pitch motion is simulated. This effect is due to center of rotation of the platform

motion not being exactly coincident with the center of rotation of gimbal elevation

axis. This accelerations in turn result in a net torque acting on elevation axis since the

COG of this axis is located above the center of rotation, meaning that accelerations in

surge direction will result in dynamic unbalance torques, as it is the case in following

experiments.

In agreement with the previous results, all three methods utilizing acceleration feed-

back in control loops showed improved performances when compared to the standard

controller. Again, among the three controllers making use of acceleration feedback,

state derivative feedback LQR has the overall best performance, slightly better than

the controller with inner acceleration loop. The disturbance observer method results

in the poorest performance of these three although still performing much better than

the standard controller. Performance improvements can be seen clearly from the re-

sulting stabilization error plots and standard deviation figures given under each ex-

periment’s title.

4.3.2.1 The Standard Controller

The standard controller results in the biggest stabilization errors of all four controllers

as expected. This is only expected because the standard controller does not make use

of acceleration feedback as the other controllers do. However, it is important to note

that even the stabilization accuracies obtained with this controller are quite impressive

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

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

are examined, sinusoidal variations in the error are seen asa result of the sinusoidal

surge disturbance which is discussed above. Frequency of these variations are the

same as the disturbance frequency of the test. Note that a sinusoidal change in dis-

turbance torque is extremely hard to totally reject due to its continuously changing

nature.

Frequency 0.5 Hz, Amplitude 17°; Standard deviation of a 30-second stabilization

error data obtained by integrating the angular velocity signal is 0.045 mrad. In the

following Figure 4.26, a 5-second stabilization error plotis given.
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Figure 4.26: Elevation Axis, Standard Controller, freq. 0.5Hz, amp. 17°

Frequency 1 Hz, Amplitude 8°; Standard deviation of a 30-second stabilization

error data obtained by integrating the angular velocity signal is 0.050 mrad. In the

following Figure 4.27, a 5-second stabilization error plotis given.

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

error data obtained by integrating the angular velocity signal is 0.064 mrad. In the
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Figure 4.27: Elevation Axis, Standard Controller, freq. 1 Hz, amp. 8°

following Figure 4.28, a 5-second stabilization error plotis given.
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Figure 4.28: Elevation Axis, Standard Controller, 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 velocity signal is 0.045 mrad. In the

following Figure 4.29, a 5-second stabilization error plotis given.
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Figure 4.29: Elevation Axis, Standard Controller, 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 velocity signal is 0.041 mrad. In the

following Figure 4.30, a 5-second stabilization error plotis given.
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Figure 4.30: Elevation Axis, Standard Controller, freq. 10 Hz, amp. 0.1°
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4.3.2.2 Controller with Load Torque Estimator

The controller with load torque estimator is good at improving stabilization perfor-

mance just as it did in azimuth axis. An overall decrease in errors for all frequencies is

evident from figures presented. However, as stated earlier,the filtering of calculated

disturbance signal to remove noise limits the performance of this method. Better per-

formances can be achieved with higher filter bandwidths, however this is possible at

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

In the Figure 4.31 below, disturbance torque predicted and fed forward by the dis-

turbance observer is given as a function of time together with the stabilization error

signal for a 0.5 Hz disturbance profile. One can see that disturbance observer can

predict the disturbance value quite accurately when the sinusoidal disturbance torque

acting on the elevation axis as a result of translational accelerations is considered. A

delay in the signal is possible though, which is the result ofthe filter used.
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Figure 4.31: Disturbance Torque Predicted by the Load Torque Estimator of Elevation
Axis

Frequency 0.5 Hz, Amplitude 17°; Standard deviation of a 30-second stabilization

error data obtained by integrating the angular velocity signal is 0.034 mrad. In the

following Figure 4.32, a 5-second stabilization error plotis given.
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Figure 4.32: Elevation Axis, Controller with Load Torque Estimator, 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 velocity signal is 0.039 mrad. In the

following Figure 4.33, a 5-second stabilization error plotis given.
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Figure 4.33: Elevation Axis, Controller with Load Torque Estimator, freq. 1 Hz, amp.
8°

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

error data obtained by integrating the angular velocity signal is 0.043 mrad. In the

following Figure 4.34, a 5-second stabilization error plotis given.
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Figure 4.34: Elevation Axis, Controller with Load Torque Estimator, 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 velocity signal is 0.037 mrad. In the

following Figure 4.35, a 5-second stabilization error plotis given.
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Figure 4.35: Elevation Axis, Controller with Load Torque Estimator, 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 velocity signal is 0.025 mrad. In the
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following Figure 4.36, a 5-second stabilization error plotis given.
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Figure 4.36: Elevation Axis, Controller with Load Torque Estimator, freq. 10 Hz,
amp. 0.1°

4.3.2.3 Controller with Inner Acceleration Loop

Controller with inner acceleration loop shows greatly improved performance when

compared to the previous two results. It can be seen from all five plots below that

stabilization errors are reduced drastically. Amplitude of the sinusoidal variations in

the error signal is effectively reduced. Note that the amount of noise is also lower

when compared to the last two controllers as an additional benefit. As already men-

tioned, this improvement is the result of the faster inner acceleration loop detecting

the acceleration error and trying to close it before the acceleration 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 velocity signal is 0.016 mrad. In the

following Figure 4.37, a 5-second stabilization error plotis given.

Frequency 1 Hz, Amplitude 8°; Standard deviation of a 30-second stabilization

error data obtained by integrating the angular velocity signal is 0.021 mrad. In the
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Figure 4.37: Elevation Axis, Controller with Inner Acc. Loop, freq. 0.5 Hz, amp. 17°

following Figure 4.38, a 5-second stabilization error plotis given.
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Figure 4.38: Elevation Axis, Controller with Inner Acc. Loop, freq. 1 Hz, amp. 8°

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

error data obtained by integrating the angular velocity signal is 0.025 mrad. In the

following Figure 4.39, a 5-second stabilization error plotis given.
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Figure 4.39: Elevation Axis, Controller with Inner Acc. Loop, 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 velocity signal is 0.023 mrad. In the

following Figure 4.40, a 5-second stabilization error plotis given.
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Figure 4.40: Elevation Axis, Controller with Inner Acc. Loop, 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 velocity signal is 0.018 mrad. In the

following Figure 4.41, a 5-second stabilization error plotis given.
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Figure 4.41: Elevation Axis, Controller with Inner Acc. Loop, freq. 10 Hz, amp. 0.1°

4.3.2.4 State Derivative Feedback LQR Controller

Again, state derivative feedback LQR shows the best performance of all controllers.

Time plots of stabilization error and standard deviation numbers obtained shows this

clearly. The noise levels are somehow bigger when compared to the inner acceleration

loop method however still much better than the standard controller.

Frequency 0.5 Hz, Amplitude 17°; Standard deviation of a 30-second stabilization

error data obtained by integrating the angular velocity signal is 0.017 mrad. In the

following Figure 4.42, a 5-second stabilization error plotis given.

Frequency 1 Hz, Amplitude 8°; Standard deviation of a 30-second stabilization

error data obtained by integrating the angular velocity signal is 0.016 mrad. In the

following Figure 4.43, a 5-second stabilization error plotis given.

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

error data obtained by integrating the angular velocity signal is 0.021 mrad. In the

following Figure 4.44, a 5-second stabilization error plotis given.
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Figure 4.42: Elevation Axis, State Derivative Feedback LQR,freq. 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 velocity signal is 0.017 mrad. In the

following Figure 4.45, a 5-second stabilization error plotis given.

Frequency 10 Hz, Amplitude 0.1°; Standard deviation of a 30-second stabilization

error data obtained by integrating the angular velocity signal is 0.017 mrad. In the

following Figure 4.46, a 5-second stabilization error plotis given.
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Figure 4.43: Elevation Axis, State Derivative Feedback LQR,freq. 1 Hz, amp. 8°
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Figure 4.44: Elevation Axis, State Derivative Feedback LQR,freq. 2 Hz, amp. 3.5°
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Figure 4.45: Elevation Axis, State Derivative Feedback LQR,freq. 5 Hz, amp. 0.6°
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Figure 4.46: Elevation Axis, State Derivative Feedback LQR,freq. 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 stabilization errors achieved with all
four controllers for both axes under different disturbances

AZIMUTH AXIS 0.5 Hz 1 Hz 2 Hz 5 Hz 10 Hz

Controller 1 46µrad 62µrad 73µrad 59µrad 49µrad

Controller 2 21µrad 27µrad 35µrad 35µrad 38µrad

Controller 3 17µrad 23µrad 25µrad 26µrad 27µrad

Controller 4 19µrad 19µrad 20µrad 17µrad 17µrad

ELEVATION AXIS 0.5 Hz 1 Hz 2 Hz 5 Hz 10 Hz

Controller 1 45µrad 50µrad 64µrad 45µrad 41µrad

Controller 2 34µrad 39µrad 43µrad 37µrad 25µrad

Controller 3 16µrad 21µrad 25µrad 23µrad 18µrad

Controller 4 17µrad 16µrad 21µrad 17µrad 17µrad

Looking at Table 4.2 and comparing it to the Table 3.2 of simulation test results,

following additional observations can be made;

• Improvement due to the use of acceleration feedback in experimental tests is

even more remarkable; fifty to seventy percent reduction in stabilization errors

compared to the standard controller is achieved. Again the inner acceleration

loop controller and the state derivative feedback LQR perform the best, fol-

lowed by the load torque estimator.

• Experimental results obtained in the tests are very much similar to the results

obtained in simulation runs in azimuth axis tests. On the other hand, some

discrepancy exists in elevation axis tests which originates from undesired linear
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accelerations given to the gimbal in experimental tests. Since the assumption

that COG and center of rotation is coincident is not completely valid, this linear

accelerations cause disturbance torques on the gimbal elevation axis that are not

modeled in the simulation. The final result shows itself as higher stabilization

errors in elevation axis in experimental tests.

• Contrary to the simulation results, higher frequency disturbances do not nec-

essarily cause higher stabilization errors in experimental tests. It is considered

to be due to stiction in the joints being fully effective when the disturbance

frequencies are low and at higher frequencies the stiction phenomenon not hap-

pening fully, resulting in a smoother transition of disturbance torque from one

direction to the other and lower stabilization errors beingseen.
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CHAPTER 5

DISCUSSION, CONCLUSION AND FUTURE WORK

The objective of this thesis has been stated as to apply several disturbance rejection

algorithms which utilizes acceleration feedback to the platform stabilization problem

in order to improve the overall stabilization performance.While this objective is be-

ing reached, several different problems have been tackled. This final chapter includes

a discussion of these several problems that are addressed throughout the studies and

tries to come to a conclusion. Possible future work that could not be covered in the

scope of this thesis work is also presented in a separate section.

5.1 Discussion and Conclusion

As discussed in Chapter 1, stabilization can be considered asone of the two main

tasks in the more general problem of servo control of a stabilized platform, the other

being the positioning and tracking. For satisfactory performance of the whole sys-

tem, both tasks should be executed successfully. This thesis work focuses on the

task of stabilization and disturbance rejection, leaving the problem of positioning and

tracking for later studies.

It is also stated in the same chapter that the main emphasis will be on the smaller and

more agile platforms for the reason that methods developed results in very dynamic

and high bandwidth controllers mainly realizable on these systems. Although meth-

ods developed should be applicable to bigger systems, they may cause saturation of

the actuators and excessive loading in transmission and structural elements of these

bigger platforms.
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The platform that is going to be used in the experimental setup and therefore all work

done is based on, is a 2-DOF gimbal platform with controllable azimuth and ele-

vation axes. A detailed description of this 2-DOF gimbal is given in Section 4.1.1.

One of the most important characteristics of this gimbal platform from servo control

point of view is that both axes are driven with direct-drive motors with no transmis-

sion elements. Direct-drive systems have several advantages and therefore are widely

used for such small and high performance applications. Among these advantages

the absence of backlash and very high torsional stiffness between the motor and the

driven load, and low friction, high efficiency characteristics achieved by the removal

of transmission elements such as gearboxes can be considered as the most important.

However, one drawback of such systems is that external forces and torques on the

system result in bigger disturbances since removal of the gearbox also removes the

resistance it provides against these disturbances. As a result, disturbance rejection

algorithms become more important for direct-drive systems.

Disturbance rejection algorithms discussed in this thesiswork belong to the important

class of algorithms that utilize angular acceleration feedback in addition to the already

available measurements of angular velocity or position. Having said that, the first

problem that needs to be addressed becomes the constructionof a high quality angular

acceleration signal. In Section 2.1, it is explained that among different methods such

as using angular accelerometers or differentiating the angular velocity signal, use of

linear accelerometers for constructing the angular acceleration information is the best

one when both performance and availability aspects are taken into account.

Section one of Chapter two deals with the details of angular acceleration calculation

from linear accelerometer measurements. It is shown that 4 triaxial accelerometers

placed as described in this section is sufficient for identifying the angular accelera-

tions in all three directions. In fact, the array of linear accelerometers can be packed

as a single sensor unit and mounted on any platform of which the angular accelera-

tion vector is to be measured. One point that is of importancewhile putting together

such a unit is that, the spacing between the accelerometers define the range of angular

accelerations that can be measured and the amount of noise output. While closely

placed accelerometers will result in a higher measurement range, sensors placed far

apart will give a smaller amount of output noise. However, one should note that linear
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accelerations measured by any of these linear accelerometers should not hit the max-

imum range the accelerometer can measure, otherwise wrong angular acceleration

values will be calculated. Therefore, selection of the linear accelerometers and their

placement on the system should be done so that saturation of sensors does no occur

in operation.

An important assumption is done while angular accelerationof the platform is being

calculated from linear accelerometer measurements; it is assumed that the body on

which accelerometers are mounted is a rigid body, which is not going to hold true if

the sensors are mounted on parts that can move relative to each other or a single body

that is not rigid enough and deflect under working loads and motions. Both conditions

should be avoided for correct calculation of angular accelerations.

Once the angular acceleration signals are obtained, both angular velocities and angu-

lar accelerations of the platform are available for use in control algorithm. It is known

that these signals can be obtained from one another by differentiation and integration

and measurement of both signals may seem redundant. However, studies also shows

that this is not the case.

As it is the case with almost all control applications, both feedback signals are con-

taminated with noise and need filtering. At this point, instead of applying sepa-

rate low-pass filters to these feedback signals, both signals are combined in a single

Kalman filter. Section 3.2 starts with the inspection of validity conditions for Kalman

filter optimality for the application at hand and later continues with the implemen-

tation of the filter. It is shown that with the additional measurement of acceleration

signal, a great improvement in both velocity and acceleration feedback quality is

achieved when compared with the velocity-only measurementcase. The improve-

ment in acceleration signal is intuitive since with direct measurement of the acceler-

ation, delays originating from heavy filtering of the otherwise obtained signal from

the differentiation of velocity are discarded. However, experiments show that the re-

sulting velocity signal also gets better with usage of acceleration measurement, in

the sense that noise on the velocity signal can be reduced greatly with this additional

information, making further filtering unnecessary.

In Section 2.2, a full mathematical model of the 2-DOF gimbalis derived starting
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from the three dimensional Newton-Euler equations. This detailed model includes

all possible disturbance terms, unbalance effects and inertial terms that develop as a

result of relative motions of the two gimbal axes. However, such a detailed model

results in very complex equations of motion and therefore needs to be simplified

in order to be suitable for usage in controller design phase.Therefore, Section 2.2

continues with this simplification process and it is shown that recognizing the 2-DOF

gimbal platform as two separate uncoupled axes is possible.Later work on controller

design is based on this simplified model.

Based on this simplified model, three different controllers that utilize acceleration

feedback are designed. First one of these controllers triesto improve the stabilization

accuracy by making use of a load torque estimator, which usesNewton’s second law

of motion to calculate the disturbance torque on the system from acceleration and

motor torque signals. Calculated disturbance torque is added to the torque command

in order to compensate for the actual disturbance torques.

A second method relies on improved disturbance rejection characteristics achieved

with a fast inner acceleration loop inside the present velocity loop. Effects of any

disturbance torque is first sensed in the acceleration signal before any significant ve-

locity error can build up and velocity controller can respond to it. A fast acceleration

loop therefore can respond faster and reduce stabilizationerrors.

Finally, a last method is proposed which is similar to the second method but this time

acceleration is used in a state feedback structure. To be more precise, an optimal

controller which is very much similar to the LQR is formulated. This new optimal

controller, called as the state derivative feedback LQR, uses the acceleration, velocity,

and position feedbacks in order to produce the optimal controller output that will

stabilize the platform.

All three controllers are compared with a standard controller that uses angular veloc-

ity feedback only. Comparisons are done on both simulation model and experimental

setup. Simulation model of the setup is created using Matlab/Simulink software,

making use of SimMechanics blockset for modeling the physical system. Both in

the simulation model and experimental setup yaw and pitch motions are given to the

base of the gimbal which is mounted on the 6-DOF motion simulator and the gimbal
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is stabilized under these disturbances. This is done for azimuth and elevation axes

separately and the amount of angular deviation from the intended position, which is

defined as the stabilization error, is recorded as a functionof time for all tests.

In tests done, the main source of disturbance is the frictiontorques originating from

relative motion of gimbal axes in the course of stabilization. However, the effects of

unbalanced mass center is also recognized as an important source of disturbance in

results obtained from elevation axis test done on the experimental setup. Even though

a pure rotational disturbance around the center of rotationis tried to be given by the

motion simulator, the effects of COG not being on the axis of rotation cannot be fully

negated. This is also the explanation for the somewhat larger discrepancy between

simulation and experimental tests results obtained for theelevation axis.

In Section 3.1.4, “Friction to System Inertia Ratio” is defined as an important index

related to the achievable stabilization performance for a mechanical system. A lower

ratio means that the system will inherently perform better in stabilization applications,

independent from the controller used. This is indeed confirmed in tests, especially in

simulation tests where friction is the only source of disturbance. Elevation axis which

has a lower friction to inertia ratio performs much better than the azimuth axis for all

disturbance profiles.

Other than the already mentioned linear acceleration effects in elevation axis tests,

simulation runs and experimental tests give comparable results, especially for fre-

quencies in the range of 1-5 Hz. This also confirms the validity of the simulation

model built. Higher and lower frequency tests show somewhatlarger differences but

again even at these frequencies differences are not great and general trends in both

simulation and experimental tests are in agreement. Sections 3.5 and 4.3 gives details

of tests done on simulation model and experimental setup, respectively.

Assessment of performances of the different controllers can be done by looking at the

results of these tests. To start with, it is important to notethat stabilization accuracies

obtained even with the standard controller are very good considering the heavy dis-

turbance profiles that are applied to the system. This is partially due to the superior

mechanical design of the gimbal platform and high quality sensors used in the ap-

plication. However it should be noted that the improvement achieved in the velocity
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signal with sensor fusion, as discussed in Section 3.2.4, isanother factor improving

the stabilization performance of the base controller.

Improvements achieved by the usage of acceleration feedback can be seen from both

simulation and experimental test results clearly. All three methods achieve some

improvement while the amount of improvement changes from method to method.

Although better than the standard controller, the load torque observer method results

in the smallest of improvements. The reason for the limited performance is considered

to be the filtering required to remove the high noise content resulting from the direct

feed-forward of the estimated load torque.

Methods such as the inner acceleration loop and state derivative feedback LQR which

use the acceleration signal in a feedback structure proves to be better, achieving even

smaller errors. Among these two, state derivative feedbackLQR results in better

stabilization accuracies in both azimuth and elevation axes. However, this higher

accuracies comes with slightly reduced stability margins,which can be seen from the

open loop Bode plots given in Section 3.4.

Tests conducted on the experimental setup showed that stabilization accuracies bet-

ter than 20µrad can be achieved with the last two methods. When similar gimbal

platforms that are being used in military applications listed in Chapter 1 are investi-

gated, it is seen that a stabilization accuracy this high cannot be reached even with the

highest performance systems showing that acceleration feedback methods used are

extremely successful.

In conclusion, it is shown that measurement and use of angular acceleration of a stabi-

lized platform greatly improves the stabilization performance once the system meets

certain specifications such as high structural rigidity, nobacklash or very low backlash

in the driveline, low noise and delay in sensor measurementsetc. which are also key

requirements for designing high performance stabilized platforms. Therefore, instead

of very high cost methods such as two-stage stabilization oruse of very sensitive nav-

igation grade sensing equipment, measurement and usage of angular acceleration can

be utilized for achieving the highest grade stabilization required for these extremely

demanding applications.
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5.2 Future Work

Use of linear accelerometers is advantageous for measuringthe angular acceleration

of the platform for the reasons given in Section 2.1. Depending on the platform

and disturbance profiles the platform will be subjected to, certain problems can be

experienced with linear accelerometers used.

The most important of these problems is the sensor saturation problem. Equations

starting from 2.44 through 2.46 gives the expressions for angular accelerations of the

platform. Note that each angular acceleration term is the summation of four linear

accelerations directly measured from linear accelerometers. In case any of these ac-

celerometers are saturated, this will cause the angular acceleration calculation not to

be saturated but to be wrong. Furthermore, for platforms such as the ones mounted

on land vehicles, very high linear accelerations may exist on the system, causing one

or more sensors saturate. In order to avoid this, very high measurement range sen-

sors must be selected but high range sensors have the disadvantage of higher noise.

Therefore a net degradation in performance is inevitable inplatforms where high lin-

ear accelerations are present.

In order to avoid these problems, the usage of angular accelerometers should also be

investigated as a future work. These sensors use completelydifferent technologies

for measuring angular accelerations and they are not effected by linear accelerations,

making them suitable for use in environments described above. Instrumentation and

integration of such sensors should be done on the test platform and similar test should

be repeated with these sensor. Performance assessment can later be done by looking

at the results obtained and if satisfactory results are obtained use of such sensors can

be considered a viable option, too.
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