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ABSTRACT

DYNAMIC MODELLING AND CONTROL OF A TWO-AXIS GIMBAL
SYSTEM WITH MODEL REFERENCE ADAPTIVE CONTROL

Barlas, Omer Faruk
Master of Science, Mechanical Engineering
Supervisor: Prof. Dr. Yigit Yazicioglu

April 2023, 132 pages

Providing high-speed and uninterrupted communication has become primary
demands of today. Out of the coverage area, it is needed to establish a
communication path with the satellites in space. Thus, gimbal systems were
developed, that direct the antennas to the satellites with desired position accuracy.
Application areas and performance criteria determine the design specifications of
gimbal systems. In this study, the gimbal system assembled to the naval platform

and used in the orientation and stabilization of a antenna was discussed.

In this thesis, a detailed mathematical model was obtained by expressing kinematic
relations with Denavit-Hartenberg convention and dynamic relations with Newton-
Euler method of a statically-balanced but dynamically-unbalanced two-axis gimbal
system. Therefore, a nonlinear equation of motion was obtained, and the system was
linearized and expressed in state space representation. According to the system
identification tests on physical system, it was realized that the linearized system
model has differences due to the modeling uncertainties and the structural flexibility
of the mechanical system. The model reference adaptive control (MRAC) method
was used by considering these differences in the control system design. Additionally,

the control system was developed using the full-state feedback control method that



was used both for comparison of the controllers and as reference model in the MRAC
method. Further to these control methods, cascaded PI control method, being
frequently used in the industry, was developed using a straightforward gimbal model
and compared with other methods. Finally, experiments and simulation studies were

carried out and the results were examined and discussed.

Keywords: Gimbal Systems, Mathematical Model, System Identification, Model
Reference Adaptive Control (MRAC), Full-State Feedback Control
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0z

iKi EKSEN BiR GIMBAL SIiSTEMININ DINAMIK MODELLENMESI VE
MODEL REFERANS ADAPTIF KONTROL iLE KONTROLU

Barlas, Omer Faruk
Yiksek Lisans, Makina Miihendisligi
Tez Yoneticisi: Prof. Dr. Yigit Yazicioglu

Nisan 2023, 132 sayfa

Haberlesmenin yliksek hizda ve kesintisiz olarak saglanabilmesi gliniimiizdeki en
onemli ihtiyaglardan biri haline gelmistir. Yerlesim bolgeleri disinda haberlesme
kapsama alaninin digina ¢ikilmasi, uzayda yer alan haberlesme uydular ile farkli bir
iletisim yolu kurmay1 gerektirmektedir. Bu amagcla kullanilan haberlesme antenlerini
uydulara belirli konum hassasiyeti icerisinde yonlendirecek gimbal sistemler
gelistirilmektedir. Uygulama alanlar1 ve istenilen performans kriterleri gimbal
sistemlerin tasarim isterlerini belirlemektedir. Bu g¢alismada deniz platformuna
baglanacak olan ve bir haberlesme anteninin yonlendirilmesi ve stabilizasyonunda

kullanilacak olan gimbal sistem ele alinmustir.

Bu tezde Once statik olarak dengede fakat dinamik olarak dengesiz, iki eksenli bir
gimbal sistemin Denavit-Hartenberg ve Newton-Euler yaklasimlariyla kinematik ve
dinamik iligkileri ifade edilerek detayli matematik modeli elde edilmistir. Matematik
model sonucu lineer olmayan bir hareket denklemine ulasilmistir ve bu denklemden
yola cikarak sistem lineerlestirilmis ve durum uzay1 gosteriminde ifade edilmistir.
Gergekte iiretilmis sistem iizerinde yapilan sistem tanimlama ¢alismalar1 sonucuna

gore lineerlestirilmis sistem modelinin modelleme belirsizlikleri ve mekanik

Vil



sistemin yapisal esnekliginden dolay1 farkliliklar gosterdigi anlasilmistir. Kontrol
sistem tasariminda bu farkliliklar g6z oniine alinarak model referans adaptif kontrol
yontemi kullanilmigtir. Ayrica tam durum geri besleme kontrol yontemi kullanilarak
gelistirilen kontrol sistemi hem karsilastirma amaglh kullanilmis hem de model
referans adaptif kontrol yonteminde referans model olarak kullanilmistir. Bu kontrol
yontemlerine ilave olarak endiistride siklikla kullanilan kaskad yapida PI kontrol
yontemi, basitlestirilmis bir gimbal modeli kullanilarak gelistirilmis ve diger
yontemlerle karsilastirilmistir.  Son  olarak deney ve benzetim c¢alismalari

gergeklestirilmis; sonuglar incelenerek, tartisilmigtir.

Anahtar Kelimeler: Gimbal Sistemleri, Matematik Model, Sistem Tanimlama,

Model Referans Adaptif Kontrol, Tam Durum Geri Besleme
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CHAPTER 1

INTRODUCTION

Although communication technologies are highly developed today, communication
coverage areas are mostly limited to residential areas [1]. However, the need for
communication continues, and a way to communicate with satellites in space is
required in order to maintain communication. These satellites are always located at
a fixed point in space, and the line of sight (LOS) of the antennas must be directed
to this point. Nevertheless, looking at the same point while on a moving object is
quite difficult compared to antenna systems placed on a fixed platform. For this
purpose, the antennas are assembled on a movable mechanical structure called

gimbal and directed to a fixed point according to the inertial reference system.

Gimbal usually consists of mechanical elements such as electric motor, bearings,
gyroscope, encoders [2]. It is used to direct the objects which are expressed as
payloads placed on it to the desired position. Although the gimbal system examined
in this thesis includes an antenna as a payload, it has many different usage areas.
These include target tracking with camaras, guidance of missiles, turret control,
astronomical telescopes; one of the best-known examples is the Hubble space
telescope. This telescope is used to orient distant stars and galaxies very precisely
and to take images while maintaining its position [2]. The area where the gimbal will
be used is one of the most important factors affecting its mechanical design. Issues
such as the useful load it carries, the disturbance effects from platform on which it is
placed, and the desired orientation accuracy directly determine the gimbal design.
Similarly, the structural dynamics, friction, mass unbalance properties of the gimbal

system are decisive for the controller design. [3]



The gimbal system used in this study is product of ASELSAN company, carries an
antenna as specified and will be mounted on a marine platform as demonstrated in
Figure 1. Since it is necessary to have at least two degrees of freedom to look at a
point in space, this gimbal system also has two degrees of freedom called azimuth
(yaw) and elevation (pitch) axes. These are the rotation freedoms in the direction of
two axes perpendicular to each other; the position and speed variables of the system
are measured by encoder and gyro sensors respectively. The system consists of two
direct drive brushless DC motors for actuation purposes.

Although it requires kinematically and dynamically complex mathematical
expressions, a mathematical model to be created in line with the obtaining of these
expressions provides benefits in the design and control of gimbal systems [4]. In
systems that have not yet reached the mechanical design stage and have not been
physically manufactured, it provides benefits for the design of the control system as
well as the applicability of model-based control algorithms. Today's high-capacity
computing power enables numerous controller design trials. Therefore, a linearized
system model was obtained by analytical mathematical expression in this study.
Model reference adaptive control (MRAC), which is a control method that makes
use of this linearized model, was used in the control system design. This control
method includes an adaptive control algorithm that changes its control signal to
converge the response of the system to be controlled to the response of the model
called reference model [5]. In addition, a full-state feedback control (FSFC) method
was developed using the linearized model and the control system obtained by this
method was used as a reference model in the model reference adaptive control
method. Also, cascade Pl control method designed with a linear decoupled gimbal
model obtained with the assumption of independent gimbal masses. Thus, these three

methods were compared with each other.



11 Literature Survey

Kinematic and dynamic relations of the gimbal system are discussed when obtaining
a mathematical model. At this stage, different methods are followed in the expression
of relations. In the representation of kinematic relationships, the Denavit-Hartenberg
approach, which is generally used in robotic systems, can be used, as well as the
Lagrangian’s and Newton-Euler methods for dynamic relations. The equations of
motion obtained by using these relations are expressed as a set of first order ordinary
differential equations with state space representation;thus, the linear system model
is obtained. The advantage of obtaining a linear model is that it allows the use of
linear control system design methods. There are many studies that have been carried

out in the literature on gimbal systems. Some of them are as follows.

In [6], the gimbal, which has a two-axis yaw-pitch configuration, is handled statically
and dynamically unbalance, with both Lagrangian and Newton-Euler approaches. In
addition, the terms of the obtained equations of motion were expressed under two
types of disturbance terms as a result of an appropriate grouping, making the factors
affecting the gimbal system more understandable and interpretable. The researcher
evaluates the eliminability of these disturbance terms and proposes the feedforward
control technique as a solution example. As another solution proposal, it is stated
that the cross-coupling behavior between the motion axes can be prevented as a result

of balancing the system so as to eliminate the non-zero product of inertia terms.

In [7], the mechanisms of the gimbal systems used in imaging systems were
compared, and the kinematic analysis of these mechanisms was performed. Within
the scope of a sample flight scenario of the aircraft discussed in the study, these
mechanisms were encountered through simulation. Optimum gimballed mechanism
configurations were explained according to the purposes of the gimbal systems.
Although the purpose and working scenario of the gimbal system were different from
the one in this thesis, the kinematic analysis of the gimbal mechanisms in different

configurations contributed to this study.



In [8], the Denavit-Hartenberg approach was used to obtain kinematic relationships
also worked on the gimbal, which carries a camera system and stabilizes it with the
PID control method. In this study, PID tuning methods were focused on, and it was
stated that particle swarm optimization method gave the best results among the
genetic algorithm, Ziegler Nichols methods. Another study, [9], using the Denavit-
Hartenberg approach to obtain kinematic relationships, and the Lagrangian approach
for dynamic relationships. Statically balanced but dynamically unbalanced gimbal
structure has been studied. Equation of motion is linearized by state space
representation; it was used to design the PI control method. The studies were limited

to simulation as prototype was not available to use.

In [10], a statically and dynamically unbalanced two-axis gimbal is discussed. In
addition, platform movements are included when modeling the gimbal system and
the performance of the designed/implemented controllers is also evaluated according
to the platform movements. The Lagrangian approach is used to obtain the equations
of motion. Cascaded P1 is used as the controller, and it is stated that it is successful
against base acceleration changes. In addition, in [11], the gimbal system is modeled
with four degrees of freedom, where two of the freedom come from gimbal and the
other two come from platform movements included in the system model. However,
in this study, it is discussed that the mass distribution in the gimbal axes was equal
and statically and dynamically balanced; these effects were evaluated as
disturbances, and it is aimed to eliminate this effect among the control performance

targets.

The controllers used in gimbal systems are usually PI1/D. This method, which is
frequently used due to its ease of application and adequate performance in most
cases, can include adapted and improved PID solutions in gimbal systems [12]. Some
of these are PII controllers with two integrals [13] and dual cascaded inner PI and
outer PID stabilization controllers [14]. They state that with such approaches, they
reduce steady state error and improve disturbance rejection characteristic. In
addition, in the studies [15][16], traditional methods designed to eliminate

disturbance effects such as mechanical vibrations and signal noises arising from the



platform on which the system mounted were discussed and their comparisons were
made by simulation. The effect of control system loop humber on performance was
also investigated by adapting conventional methods (such as LPV, PID) to single
and double loop control systems. In this thesis, a linear decoupled gimbal model was
obtained, and a two-layer control system was developed to compare the performance
of this common method in the literature. Pl controller was used in the inner control

loop and the P controller is used in the outer control loop.

There are also controller studies that use the LQG/LTR method as an alternative to
PID and require a mathematical model of the system. It has been stated that the
LQG/LTR controller is a better alternative as the system becomes nonlinear and

complicated [17].

In addition to classical control methods, intelligent control methods have also been
applied to gimbals. [18] proposed the fuzzy-knowledge-based control method by
stating that classical control methods ignore high order dynamics and lose
performance when the system shows nonlinear behavior. They stated that classical
control methods respond faster when there are no nonlinear effects, but when
nonlinear effects and disturbances are involved, the fuzzy controller gives a similar
performance. However, they emphasized the difficulty of fuzzy controller
application and the importance of the performance effect of fuzzy variable selection.
Therefore, they stated that the system-specific controller design should be carefully
selected. [19] applied the fuzzy sliding mode control method to a three-axis gimbal
system and stated that it is successful against disturbances. They also stated that this
controller suppresses the coupling effect between the control axes. They designed a
PI controller for comparison and emphasized that the proposed method is successful

against disturbance and coupling effects.

In [20], an adaptive controller is used to take into account system uncertainties and
various disturbance effects. Adaptive control based on Radial Basis Function Neural
Network has improved stabilization. It is stated that they used this method together

with state feedback control and combined both signals. According to the researchers,



the proposed method not only increases the stabilization sensitivity but also provides

a more fluent motor voltage when compared to the case using only state feedback.

[21] studied the model reference adaptive control method used with PID to improve
the effects of nonlinear and time-varying mass unbalanced torque disturbances on
the gimbal system. They state that the method proposed in this study improved
robustness and tracking accuracy by 50% compared to the PID controller. In
addition, as shown in the experimental results, it is observed that the PID controller
has a faster response time but has more overshoot; Although the rising time
decreased in the MRAC/PID method, it was stated that there was a significant

improvement in the overshoot feature.

As shown experimentally in the SYSTEM IDENTIFICATION Chapter, the gimbal
system studied in this thesis is structurally flexible. Figure 23 shows how much the
mathematical model obtained with the assumptions of viscous friction and rigid body
by ignoring structural flexibility reflects the real system. In [22], researchers
expressed the effects of the poor dynamic properties of servo systems with structural
flexibility on the performance of the control system. They also stated that only P1/D
controllers were not sufficient to suppress the vibrations of the mechanical system in
its natural frequencies, and additional feedback signals might be required, but this
time the transient response deteriorated. In [23], they studied on a gimbal system
used for tracking objective and developed a vibration suppression controller for this
system. However, it is stated that the source of the vibration here is not the gimbal
system but a flexible spacecraft platform to which the gimbal system is connected.
In addition, their main motivation for controlling vibration is to reduce the
disturbance effects to be transferred to spacecraft, apart from the orientation
(tracking) accuracy. For this purpose, a robust controller was preferred and as a
result, they used the H2/H., control method and stated that they had a successful result
except for some singularity problems. In [24], researchers studied on a vibration
suppression controller for the gimbal system mounted on a flexible spacecraft. Modal
model of the flexible platform is obtained, and the mathematical expression of the

vibration is focused via that model. The researchers, who stated that they aimed to



design a simple controller to suppress the vibration, used an extension of a PD type
controller. They expressed that they achieved an improvement in the stabilization
performance of the gimbal system, yet the method should be modified according to
actuator saturation limits for improvement in the tracking performance in the future.
It can be examined as another study [25], which works on the vibration problem
caused by the effects of flexible mounting dynamics and proposes Pl as a control
method. There are some studies that work directly on the flexibility of the gimbal
system rather than the flexible platform dynamics [26], [27] . The researchers, who
preferred the robust control method for multi frequency band disturbance of a
flexible gimbal system with high stabilization performance, used the robust
disturbance observer and H., optimal vibration controller methods [26]. However,
controlling vibrations generated at high frequencies resulted in a motor current
saturation situation, thus deteriorating the tracking accuracy. It is understood that
controlling vibrations at high frequencies might cause tracking errors, although
stabilization performance improves. Therefore, the control system should be
designed for the flexible mechanical system by determining the purpose and
bandwidth accordingly. High bandwidth may be desired for the system where
stabilization is major criterian, but as in this study, if the tracking is a major concern,
the bandwidth should be determined according to the transient response
requirements, and additional improvements should be evaluated according to the
stability of the system [28].

1.2 Problem Definition and Motivation

The gimbal system studied in this thesis; is aimed at orienting the satellite
communication antenna on a moving platform to the satellites in space as a primary
objective. That objective in gimbal systems can be expressed as tracking. The
antenna needs to be oriented within a certain angular position with an accuracy
determined by the communication frequency band and the mechanical properties of
the antenna used[1]. In this study, it is required that both azimuth and elevation



gimbal control axis tracks the reference input position within a certain position
deviation (+0.5°). Communication performance decreases in the case of position
deviation higher than this value. The criterion of communication performance is to
minimize radio frequency signal power loss. Therefore, the antenna, which is the
payload carried by the gimbal system, should not have an orientation error of more

than the specified angle range.

On the other hand, if the antenna is directed to a satellite and wants to be directed to
a different location in order to establish communication with another satellite, it is
aimed to be oriented to the new position within 0.5 seconds for both azimuth and

elevation gimbal axis. This criterion must be verified with a step response.

In addition to changes in the position and orientation of the platform, it must also
maintain its orientation against disturbance effects such as the vibration of a nearby
engine that can be transferred from the platform to the system. That can be
considered as the second objective of the gimbal system, which is the stabilization
or disturbance rejection. As can be seen in the mathematical modeling chapter, the
effect of the movement of the platform on the gimbal system was considered as a
disturbance effect and the robustness of the control system is expected to overcome
this effect. For this reason, the performance criteria of the controller include keeping
the gimbal system within the desired orientation range if the platform was exposed

to 12° of movement with a period of 8 seconds in all three rotating axes.
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Figure 1: Marine vehicle motions [29]

According to the results obtained in the MATHEMATICAL MODELLING and
SYSTEM IDENTIFICATION Chapters, it can be observed that the gimbal system
in real behaves differently than it was defined by analytical methods due to its many
nonlinear characteristics. As mentioned in the following chapters, the main
nonlinearities are friction behavior and flexible structural property of the mechanical
system. Even if the mathematical model was obtained very close to the real system,
manufacturing tolerances and assembly process of the products caused model
discrepancies. These effects are inherent in many real-life control systems, and after
the linearized system is obtained and the controller is developed, it is tried to be
adapted to by methods such as fine-tuning, which involves adaptation of controller
gains manually on the real system. However, this method requires that each product
be reviewed and adapted separately; and causes the system to be weak against the
effects that are not encountered or unpredictable during fine-tuning process, but that
the system will be exposed to during the future working life. Therefore, mentioned
nonlinearities dominate the system behavior and result in unpredictable system
response. Conventional control methods that consider only the modeled dynamics of
the system and ignore the mentioned nonlinearities have lower performance than

expected on the real system. In response to this problem, this thesis proposes a



method for the antenna gimbal system, model reference adaptive control, that will
perform this operation autonomously and act against structural flexibilities and
friction nonlinearities by regarding them as unmodeled disturbances while still using
the linearized system in its control structure. Improving the performance of the

gimbal control system with MRAC method is the main motivation of this study.

As seen in the Literature Survey section, although there are applications of MRAC
method for compensation of mass unbalanced torque disturbance [21], or regarding
structural flexibility of gimbal systems with different types of control methods [23],
[24], [25], [26], [27]; the proposed MRAC method with full-state feedback controller
was to be developed for the structurally flexible antenna gimbal system with the
assumption of viscous friction, static mass balanced, dynamically unbalanced.

1.3 Outline of the Thesis

The structure of the thesis is as follows.

In Chapter 2, the two-axis gimbal system was first expressed in kinematic relations
using the Denavit-Hartenberg convention and dynamic relationships using the
Newton-Euler method in order to obtain a mathematical model of coupled nonlinear
three-dimensional gimbal system. Later, a nonlinear equation of motion that governs
the coupled gimbal model was derived from these relations. Besides, decoupled
linear gimbal model was derived with the assumption of independent gimbal bodies
to observe the validity of the very simple model for the specific gimbal system. The
responses of the gimbal models were obtained to compare with each other and
validate as well as the real physical system. Using the nonlinear equation of motion,
the coupled system was linearized around the equilibrium point and expressed as
state space representation. The bode plot of the linearized system is shown to express

the characteristics of the system.

In Chapter 3, frequency response function identification tests (FRF) were performed

to see how well the linear system model obtained analytically in Chapter 2 reflected
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the real system. After expressing the properties of the sine swept excitation signal
used in the test performed, FRF plots of the actual system were shown. In addition,
the bode plots shown in Chapter 2 and the FRF plots obtained in this chapter were
compared with each other.

In Chapter 4, the control system was developed using three different control
methods. These methods are full-state feedback control, model reference adaptive
control and cascade PI control methods. In developing the first, the linearized
coupled system model obtained in chapter 2 was used. With the pole placement
technique, the state feedback controller was determined to meet the desired
specifications. The control system designed with this method was used as the
reference model in the model reference adaptive control method. In addition, the full-
state feedback controller was also used as a nominal controller in the MRAC method.
Then, MRAC update law, determined according to Lyapunov stability criteria, was
adapted and designed for the gimbal system. Lastly, a cascade PI control method was
designed by using the decoupled gimbal model.

In Chapter 5, The control systems designed in the previous chapter were
experimentally applied to the real system; and those were compared and evaluated
with the simulation results. Also, the linearized and nonlinear coupled gimbal models
were tested against the real system test conditions to observe the validity of the

control systems based on mathematical models.

Chapter 6, the work carried out in this thesis is summarized and future works were

evaluated.
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CHAPTER 2

MATHEMATICAL MODELLING

The mathematical model describes the behavior of the gimbal system in terms of set
of equations is to obtained in this chapter. It enables to a better understanding of the
system and puts relations between external excitations of the system and response of
the system. Although a mathematical model of a real-world system is non-linear in
almost all of the cases, it can be linearized around a suitable working condition to
use control of it by linear techniques. Therefore, it is worthwhile to obtain a
mathematical model even if it is usually a challenging producere. Here, the
mathematical modelling of the three-dimensional two-axis gimbal system was
achieved for both non-linear and linear representations. Besides, a very simple
gimbal model was obtained by ignoring the interaction between the gimbal masses.
This decoupled gimbal model was linear and governed by two independent equations
of motion. That assumption was then compared to the coupled nonlinear 3D model
and the real system and also used in the control design.

2.1  Description of the System

The two-axis gimbal system consists of three bodies, two of which are rotating
bodies and the other one is base (reference) body, and two gimbal axis (joints) which
represent degrees of freedom. These two revolute joints were denoted as azimuth
axis and elevation axis. The azimuth axis enables relative rotation between body 0
(base) and body 1 (azimuth body); similarly, the elevation axis enables relative
rotation between body 1 (azimuth body) and body 2 (elevation body). The payload
is, in this case, elevation body which is a satellite antenna and to be oriented as a

purpose of the system. The system is composed of two direct drive brushless DC
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motors as actuators and two encoders as a position sensors, all of which placed joints.
Besides, a gyroscope is assembled on the elevation body to measure the angular
velocity of the payload. Three ball bearings, one for the azimuth body at point O,
two for the elevation body at points A and C are used. The following figures describe
the gimbal system with appropriate reference frames attached on bodies and were

explained in the Kinematic Analysis section.

agz) l-igl)

Figure 2: General description of the gimbal system
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Figure 3: Rotating bodies of the gimbal system
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2.2

Kinematic Analysis

Figure 4: Kinematic representation of the body 1 (azimuth body)
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Figure 5: Kinematic representation of the body 2 (elevation body)

Rotating bodies shown in the figures Figure 4 and Figure 5. Besides, angular rotation

angles 6, and 6, are denoted on the coordinate axes of the bodies. Selection rule of
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the coordinate axes based on Denavit Hartenberg convention described in the next

section 2.2.1.

2.2.1 Denavit-Hartenberg (DH) Convention

A two-axis inertially stabilized platform could be considered as a robotic
manipulator. The gimbal is an open kinematic chain that its rigid bodies (links)
connected to each other by revolute joints where the DC motors drive and give
actuation energy. The end effector of the gimbal can be considered as its payload
which is antenna in this study. Due to the special motion task of the gimbal, robotic
manipulator, its link lengths are zero so that only the orientation of the antenna is

allowed to manipulate.

—(k—1 -
u( ) ﬁgk) u§k+1)

— (Je—1)
Ik Th

Figure 6: Denavit-Hartenberg convention [30]

Denavit-Hartenberg (DH) convention is used to express kinematic relations of the
two-axis gimbal system. The DH convention is applied according to the [30]. There
is a general guideline to describe kinematics of connected rigid bodies. The links and
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joints are numbered from 1 to m where m is the total number of links, i — th joint
connects the links i — 1 and i. A reference frame is attached to each rigid bodies,
and 0 — th reference frame indicates the inertial or base reference frame. A reference

frame and origin of k — th link are, respectively, F, and O, denoted as following,

Fr(0k)
Basis vectors of the reference frame F,, are denoted as following,

{ﬁgk), ﬁgk), ﬁgk)}; where upperscript indicates k — th reference frame

Basis vectors can be expressed in vector equations as follows.

wef o] =

Selection of the reference frame components is done in compliance with DH

convention as well. Frame origins can be selected freely. ﬁ’g") is assigned to axis of

the joint-revolute joints in this case- with freely selected direction. a§"> Is assigned

to the common normal N, between ﬁgk‘l) and ﬁgk). Since joint axes of the gimbal

bodies intersecting, direction of the ﬁik) is selected freely. Second basis vector ﬁgk)
is determined due to right-handed property of the reference frame; such that,

ag? = u? x ul

Joint variables are rotation angle 68;; between ﬁf)and ﬁij); and distance d;; = 0,0;

is a constant parameter. For the sake of simplicity, only the j — th subscript is used.
That is,

0, = 0y4: rotation angle of the azimuth axis
6, = 6,,: rotation angle of the elevation axis
dy, = dq: distance of the azimuth axis

di; = d,: distance of the elevation axis
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There are four DH parameters need to be defined before using the DH convention.

—>(k 1) and _)(k).

—>(k 1)

e The twist angle, By, between the axes of u

and 1,

—>(k)

e Rotation angle, 6,, between the common normal

T D and 1

—>(k 1)

e The offset, s, between the common normal u

—>(k)

e The effective link length, b;, between the axes of u and

The parameters B, and b, are always constant. Since the gimbal system has only
revolute joint, the parameter s, is constant, too. The following table consists of link

frame origins and the four DH parameters for the studied gimbal.

Table 1: Denavit-Hartenberg parameters

Twist Angles
p1=0 B = —m/2
Rotation Angles (jv: joint variable)
0, =jv 0, = jv
Constant Offsets
s =d; s;=0

Effective Link Lengths

2.2.2 Geometric Relations of the Gimbal System

Geometrical parameters of the gimbal system are provided below.

Link lengths and distances indicating center of gravity,
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d; =261 mm
Caziz = 20 mm
Caziz = 67 mm

c, =18 mm (2.1)
d, =115mm
d; =167 mm
0
FOCazt - Caleﬁgl) CaZl3u'§>1) = F()(ézzzl - \_CaZizl (22)
—Cazi3
T‘OA = —dzu(l) dl_)(l) = To(‘i) —_— [ ] (2.3)
rCaZlA (CaZLZ dz)u(l) + (CaZl3 dl)_)(l) = fc(;z)lA
0
(2.4)
_dz + Cazi2
Caziz — dl
L _ 5 =@ L _ 0
Tap = dotly = dytly” = Ty = |d, (2.5)
0
Facoe = (€2 + DY = (c; + d)UY = 73 =|c, +d, (2.6)
0
0
ac = (dy + d)TSP = (dy + d2)iP = 70 = |d, + ds 2.7)
0

0
mw=wrnﬁ?=w3cw@$%%_\o ] (2.8)
.,

(1 —(1 —(1
TCaZLC (d3 + caziz)Uy ( ) + (Caziz — d1) Uz ( . = rC(az)lc

0 (2.9)
= d3 + Caziz
Caziz — dl
ToCy, = Toa T Tacy, = dz_)(l) d1_)(1) + (¢ + dz)u(l)
0
_(1) _ (2.10)
= rocele - €2
—d,
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2.2.3 Body-to-Body Orientation

Transformation matrices between reference frames, €&, denotes transformation of

reference frame from F; to F; and is calculated as following.

CJ) = pt1PBo1plizbo1 (2.11)
Exponential terms of (2.11) are the rotation matrix and basic rotation matrix are

expressed as followings.

[1 0 0
Ri(6) =e™® =0 cos® —sinb (2.12)
0 sinf@ cos@ |
[ cosf 0 sinf]
R,@=e®= 0 1 0 (2.13)
|—sinfd 0 cos6

R N [cosf —sinf 0]
R;(6) = e%f = |sin® cos® O (2.14)
0 0 1]

2.2.4 Angular Velocities of the Bodies

Angular velocity, @y = @y, Of the k —th body with respect to the inertial

reference frame F, can be expressed as following recursive vector.

k—1
B, = z Bym-1,  where @y =0 (2.15)
m=1

It is known that, according to the DH convention, rotation axes of the bodies are

along @, Therefore,

ak/k_l = Hk'l_igk) (216)

(2.15) can be written as the following matrix equation in inertial reference frame.
Ek(o) = Ek = Ek_l(o) + H.kﬁgk/o) =

Ek = Ek_l(o) + éké(o'k)ﬁ3 (217)
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2.2.5 Velocities of the Body Frame Origins

Velocity, ¥ = Uy o, Of the k — th body frame origin with respect to the inertial
reference frame origin F,(0,) can be expressed as following recursive vector.
k-1

ﬁk = DOFR = DOFm/m—l , where 130 =0 (218)

m=1
D, term in above equation express that time derivative of position vector of the

k — th body frame origin, 7% , with respect to the inertial reference frame F,(0,).

2.2.6 Angular Acceleration of the Bodies

Angular acceleration, dy = @y, of the k — th body with respect to the inertial

reference frame F, can be expressed as following recursive vector.

k-1
a) = Z G jm—1 where @, = 0 (2.19)

m=1

Recalling the relation between angular acceleration and angular velocity,

- —
A = Doy o

2.2.7 Acceleration of the Body Frame Origins

Angular acceleration, d; = ay /o, of the k — th body frame origin with respect to the
inertial reference frame origin F,(0,) can be expressed as following recursive

vector.

k-1
dy = Dody = DoV jm—1 where dg = 0 (2.20)

m=1
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2.2.8 Kinematic Relations of the Gimbal System

Kinematic relations of the studied gimbal are to be expressed in this section.

Transformation matrices between successive gimbal bodies can be expressed as

follows.

GO — pUP1plUz01 = plz6s (2.21)

C(L2) = pU1B2pl302 — p—UsT/2 130, (2.22)

é — C(O,Z) — CA(O,I)CA(l,Z) — eﬁ3918—ﬁ1n/2€ﬁ392
— eﬁ3916ﬁ2928—ﬁ1ﬂ/2

(2.23)

Calculating transformation matrices by using the equations (2.21), (2.22), and (2.23),

A cosf; —sinf; O
COY =|sing, cosf; O (2.24)
0 0 1
A 1 0 O0][cosf, —sinf, 0
CA =[o o 1|[sine, coso, o0f=
0 -1 0 0 0 1
cosf, —sinf, O
C12) = [ 0 0 1] (2.25)
—sinf, —cosf, O
cosf, —sinfh; 0][ cosf, —sinb, O
02 = [sin 6; cosé, 0] [ 0 0 1] =
0 0 1ll—sinf, —cosf, O
cos 6, cosf, —cosB;sinf, —sinb,
C02) — [sin 0,cosf, —sinf;sinf, cosb, ] (2.26)
—sin 6, —cos 6, 0

Angular velocity and acceleration of the antenna (second body) can be expressed as

follows by recalling (2.17).

61 == 61/0(0) == 9.1173 =
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0

Wy = [Q] (2.27)
61

62 = 62/0(0) = 61/0(0) + 52/1(0) =

62 = 011—[3 + 926ﬁ391ﬁ2 =

62 = 9.11_[3 + 0.2 (ﬁz COS 01 - ﬁl Sin 01) =

@, = —0,sin6; Uy + 6, cos 6, Uy + 6,3 =
—6,sin 0,
W, = | 6, cos B, (2.28)
61

- _ = (0)__
al—al/o —(A)lﬁ

0
a = [ p] (2.29)
61
_910.2 CoSs 01 - éz Sin 01
CYZ = CYz/O(O) = 5 = —éléz sin 01 + éz COS 91 (230)
b,

Location, velocity, and acceleration of the wrist point (point R) on antenna (second

body) can be expressed as follows.

7 =d,u” (2.31)

0
F=d,i; = 0] (2.32)
dy
0
1_7)1‘ = 1_7)03 == 0 — 177‘ = [0] (233)
0
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0
C_ir = C_iOB = 0 — C_lR = [O] (234)
0

Location, velocity and acceleration of the mass center of the body 1:

0
7_‘0(2121. = [_Cazizl =

—Cazi3
=0 _ A0 _ 130 = =
rocazi - C( )rocazi =e 1(_Cazizuz - Cazi3u3) =
78 = Cagin SINGy Ty — Cayip €OS Oy Ty — Coyisl (2.35)
Tocazi = Cqzi2SIN0G1 Uy Cqzi2 COS U1 U CazizUs '

- _ 2 _ D -
Vazi = Vocg, = DPoToc,,; =

— () _ . — . . —
Vazi = Tpc,,; = Caziz01 €0S 01 Uy + Cazi261 SIN 6y Uy =

i Caziz01 COS 04
Vazi = | Cqyzi26; Sin 6, (2.36)
0

Qazi = Aoc,, = DoVgzi =
aazi = ﬁazi = Cazi2 (91 Cos 91 - 912 sin 91)111 + Cazi2 (91 sin 91 + 912 Ccos 01)7.7,2 =

CaziZ (91 Ccos 91 - 012 Sin 01)
aaZi = CaZiZ (91 Sin 91 + 012 CoSs 01) (237)
0
Location, velocity and acceleration of the COG of the body 2:

0
f(l) =| C =
0Cele
—d,
=(0)  _ A(D=2) _ 30 = g =
Tocy. = € Toc,,, = €71 (el — dqliz) =
: 0 0 0
Focele = —C, SIn 91 ‘l_j,g ) + C, COS 91 ag ) - dlﬁ)g ) =
_(0) _ : _ _ _
Toc,, = —C28in0; Uy + ¢, cos 0y Uy — dylis (2.38)
- _ - _ A —>(0) . . _)(0)
Voc,, = DoToc,, = —C201 €080, Uy~ — 0, sin6, U, =

26



2.3  Dynami

o —c,0, cos 6,
Yoc,e = | —c,0; sin 6, (2.39)
0

- -
Aoc,, = DoVele
. . 0
= (—c30; cos 8, + c,0% sin Ql)ﬁg )

— (¢4, sin 0, + ¢,07 cos 01)17;0) =

—c,0,; cos; + c,07 sin 6,
a_(oog =|-c¢,0, sinf, — c,0% cos b (2.40)
ele 2Y1 1 2Y1 1

0

¢ Analysis

Dynamic analysis describes the relation between acting forces-moments and motion

variables that are analyzed in Kinematic Analysis section. There are two well-known

dynamic analysis methods which are Newton-Euler and Lagrange’s methods.

Newton-Euler method directly uses force-moment relations; that is why it is also

called force and moment equation method, while Lagrange’s method uses energy

relations to obtain equation of motion. The Newton-Euler method is used in the

thesis.

According to th

inertia matrices

s

|

e CAD models, mass and inertia values are as follows. Noting that
of the bodies are defined in their own reference frame.

my; = 6.212 kg (2.41)
m, = 6.377 kg (2.42)
[ 111 J112 ]113]

]112 ]122 ]123

113 ]123 ]133
1.275e —1  7.956e —3 —7.703e — 3

7.956e —3  8.14le—2 —1.047e —2|kgm?
—-7.703e —3 —1.047e—2 7.207e — 2

(2.43)

27



212 ]222 ]223

211 ]212 ]213
A§2)=

213 J223  J233

6.891e —2 —-2.880e—3 —9.234e—4 (2.44)

=1-2.880e—3 8.077e—2 —2.006e—3 kgmz

—9.234e —4 —-2.006e—3 5.732e—2

—Faan 5
/ —Fa4c

U: . @)

"1.1 n _— ~e] Fg ig o |

——
Fo12 — Mo1p2
‘ Fous To1a Fo13, —To1a
— Mo1p1

Tora Fo3
—To1a

Figure 7: Free-body diagram of the azimuth body
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FZ4C3

F23A3

T12q, —T12a) F2343

Figure 8: Free-body diagram of the elevation body
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Forces and moments shown in free body diagrams are indicated below. A force or

moment notation such as 1301 states that force acting on body 1 from body O.

Resolving force and moment relations:

ﬁ01 = F011ﬁ§1) + F012ﬁ§1) + F013a§1) (2-45)
Tom = To1aﬁ§1) (2.46)

Tom = _T01dﬁ§1)i Torqa = Co1a01 (2.47)
Mo1p = —Mo1pa 3l — Moapzils” (2.48)
ﬁlZA = F12A11_i§2) + F12A217g2) + F12A31_i§2) (2.49)
ﬁ1zc = F1zc117§2) + F12€217g2) (2.50)

where F;,-3 = 0 assumed bearing located at point C has larger axial space than the

on at point A.

?12(1 = T12a1_i§2) = leaﬁgl) (2-51)

Ty = _T12d17§2)1 Ti2q = C12d93 (2.52)

2.3.1 Newton-Euler Equations for Body 1

Force equation:
MyQgz; = Mg + Foy — Fiza — Fiac =
Expressing in matrix representation in base reference frame,

A Caziz(01 cos 8; — 67 sin 6, )]
m; €0 Caziz(01 sin 01 + 67 cos 6;)

0
A 0 Fo11] i Fioa1 A Fioer
=m, CO 0| + |Forz| = €O [Fiapp | — CO2 | Fpypy | =
gl LFg3] Fiz43 0

where,
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—sinf; cosf; 0 Cazi2 (91 sin6; + 912 cos 91) = Cazi2 912

[ cosf; sinb, 0] [ Caziz(61 cos 61 — 67 sin6,) 6,
0 o 1l| 0 0

0 0 1 F12A2 + F12C2
_Sin 92 — COS 92 0_ F12A3

[ CcoS 62 —sin 92 07 [FIZAl + FlZCl]

(Fi241 + Fi2¢1) €05 03 — (Fi242 + Fi2¢2) Sin 6,

= Fiza3
—(Fi241 + Fi2¢1) sin 03 — (Fi242 + Fizc2) €0s 6,

6, 0 Fo11
M1 Caziz [§2| = ™1 0| + | Forz
0 ) Fo13

(Fa341 + Fizc1) €080 — (Fa342 + Fipc2) sin 6,
- Fy343 =
—(F341 + Fi2¢1) sin 0, — (Fa342 + Fia¢2) c0s 6,
Writing as separate equations,

mlcazizél = Fy11 — (Fi241 + Fi2¢1) cos 0,

X 2.53
+ (Fi242 + Fi2¢2) sin 6, (2:53)
mlcazizélz = Fo12 — Fi243 (2.54)
0 =myg + Fo13 + (Fiza1 + Fia¢1) sin 8y + (Fiz42 (2.55)
+ Fi5¢2) cos 0, '
Moment equation:
]1'&1+51Xj1'_(?1 ~ ~ . .
= Myq1p + 73)1(1 — Ti2a + To1a — T12a (2.56)

+7¢,,0 X For +7¢,,.a X (—F124)
+ 7¢ ¢ X (—Fi2¢)
The moment equation can be written as column matrix equations as follows.

Manipulations of the equation are provided in Appendix A.
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]113é1

Ji236:1 | + —J11367

]1339.1

42
—J12301
0
~Mo1p1 _ CazizFo13 = CazizFo12
= | —Mo1pz — T12q + K12505 + C12403| + CazizFo11
TOla —_ C01d01 _Cazi2F011

Fi243(d1 — Caziz) + (dy = Caziz) (Fi1241 5in 0, + Fi24; c0s 6;)
- (Caziz — d1) (Fi241 €08 0, — Fi34, Sin65)

(dy — Caziz) (Fi241 €0S 8, — Fip4, Sin 6,)

—(d3 + Caziz) (Faac1 SIn 0y + Fauc, cOs 6)

— | (Caziz — d1) (Fi2¢1 €08 0, — Fip¢; 5in6;)

| —(d3 + Caziz) (Fi2¢1 €08 8, — Fip¢, Sin6;)

Writing as separate equations,

2.3.2

.. -
J11301—J12307 = —Mo1p1 + CazizFo13 — CazizFo1z

— Fip43(dy — Cazi3) _ (2.57)
— (dy — Cazi2) (F1241 Sin 0, + Fip4, cOs 6;) + (ds
+ Caziz) (Fa4c1 Sin 0, + Fp4c; cOS ;)

]12391 _]113912

= —Mo1pz — Tiza + k12503 + €12a05 + CazizFor1 (2.58)
— (Caziz — d1) (F1241 €0S 0y — Fip4, s_in 6,)
— (Caziz — d1) (F12¢1 €0s 0, — Fip¢; Sin 6;)

J13301 = To1a — Co1a01 — CazizFo11

— (dy = Cqazi2) (F1241 €0S 03 — Fi34, Sin 0;) (2.59)
+ (d3 + Cqazi2) (Fi2¢1 €0S 0 — Fip¢5 5in 65)

Newton-Euler Equations for Body 2

Force equation:

N > - -
Mydy; = Myg + Fiop + Fioc =

Expressing in matrix representation in base reference frame,

—(2 — =(2 =(2
mzag/z) =m,g® + Fl(zj + Fl(zg =
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F12A1

A R Fiac1
mpC1a, )0 = mpC7 GO + Fious | + | Fizez | =
Fi243 0
cos 8, cos 6, sin@; cosB, —sin6,1|—c,6; cosb; + c,6%sin b,
m, [— cosf;sinf, —sinf;sinf, —cos 02] —c,0, sin6; — ;02 cos 6,
—sin 6, cos 6, 0 0

cos 0, cos 0, sinf; cosf, —sinf,7[0 Fio41

== mz [_ CoSs 91 Sin 02 - Sin 91 Sin 02 — COS 02 0 + F12A2

—sin 6, cos 0, 0 g Fi243

Fizc1
+ [Fi2c2| =
0
_CZ cos 92 él _g Sln 92 F12A]_ FlZCl
my | c;sin0, 0, | =my|—gcos,|+ |Fi2az| + |Fizc
—c,0% 0 Fi243 0
Writing as separate equations,
—myc, cos B, B8 = —m,gsinb, + Fiau + Fiact (2.60)
MyC, Sin @y 8; = —myg cos By + Fippn + Fiocs (2.61)
—m2C2é12 = Fiaa3 (2.62)
Moment equation:

Jo iy + @y X ] @ (2.63)

= Ti2q + Th2a + Tcpa X Fioa + ¢ ¢ X Fizc
The moment equation can be written as column matrix equations as follows.

Manipulations of the equation are provided in Appendix A.
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61(—J211 Sin 0, — Jo15 €05 0;) + 0, (J213) + (—J211 €05 6, 6,60, + J1, sin 6, 6;)
é1(_]212 Sin 0, — J525 cos 6;) + éz(]zzs) + (—J212 cos 0, 9:19:2 + J222 5in 6, 91)
01 (—J213 Sin 6, — Jo23 €05 03) + 0;,(J233) + (—J213 €05 03 016, + 523 5in 0; 61)
J223(67 cos? 6, — 63) + J21,6,6, sin 6,

+ _]213(912 sin® 0, + 922) + 9192 sin0, (Jz11 + J233)

j212(912 cos? 0, — 0% sin? 0,) + 67 sin 0, cos 0, (J11 — J222)

_]2139.12 sin 6, cos 6, — 9192 cos 0, (J33 — J222)
+ J2126016, cos 0, — 55302 sin 0, cos 6,
—J2136010; cos 05 + ]33040, sin 6,

0 (c2 +d3)Fi242 (e — d3)F126‘2]
=

+ +

= 0 . —(cz + d3)Fi2a1 (ds — ¢c2)Fi2c1
[T124 — C12a02 0 0

Writing as separate equations,

91(—]211 Sin 0, — J,12 cos ;) + ‘9:20213) _
+ (_]21.1 coSs 92 9192 + ]212 Sin .02.01)
+ J223(07 cos? 8, — 82) + J2126,0, sin 6, (2.64)
+ /21301 sin 0, cos 0, — 010, cos 0, (J233 — J222)
= (cz + d3)Fip42 + (¢ — d3)Fi2c2

61(—J212 Sin O, — J255 cos 6) + 92 U223) _
+ (—]212 cos 0, 60,0, + J,,, sin 6, 01)
— J213(0% sin? 0, + 62)
+ 6,0, sin 0, (Jz11 + J233) + J212610, cos 6,
— J2230% sin 6, cos 6,
= —(cz + d3)Fi241 + (d3 — ¢2)Fi2c1

0, (=213 Sin 0, — J253 cos 6,) + t.9:2(/233) .
+ (_]21.3 coS 92 9192 .+]223 Sin 92 01)
+ Jo12(67 cos? 8, — 67 sin? 6,) (2.66)
+ 07 sin 6, cos 6, U211 — J222) —J213616; cos 6,
+ J2236010; sin 0, = Ty — C1240;

(2.65)

Equation of the motion can be obtained from the above Newton-Euler equations.
Manipulations of those were provided Appendix B. The nonlinear equation of

motion is as follows.
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1 o o o 1% 0,
0 CONS3; 0 CONSz||6:|_  |CONSs,
0 0 1 0 6, 0, (2.67)
0 CONS,; 0 CONS,, lézJ CONS,5
Defining the matrices,
1 0 0 0 0,
V] = 0 CONSz 0 CONSgp| . N,] = — CONS3,
0 0 1 0 6,
0 CONS;; 0 CONSy, lcons,.]

It is observed that equation of motion is nonlinear differential equation; besides, it
depends on the elevation axis variable, 6, as can be seen from relations in Appendix.
[N;] matrix should be non-singular; otherwise, equation of motion cannot be
calculated. Note that variations of the [N, ] with respect to other joint variables such
as 64, 6,,0, are also analyzed; and it is observed that [N, ] is independent of them.
The dependency of the [N, ] to 6, is because of inertial change of the total rotating

mass around azimuth axis as elevation position changes.

9.5 - . :

Determinant of N1 matrix
@
(o] ()]
T
4
1

g
o
T
/
!

6 5 1 1
0 50 100 150

Elevation axis position [degree]

Figure 9: Determinant of augmented matrix N;
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2.4  Decoupled Equation of Motion

It has been shown in the previous section that the equations of motion are coupled.
As can be seen, it was quite difficult to obtain these coupled equations of motion.
Coupling of the gimbal axis emerges from nonzero off-diagonal product of inertia
terms and coriolis and centrifugal forces. The coupled situation might be negligible
or small when the nonzero off-diagonal product of inertia terms and the rotation
velocities are very low. This simplifies the modeling considerably. Many gimbal
studies are modeled using this simplified decoupled gimbal approach. As observed
in (3.2)(3.3), a similar situation might be valid in the gimbal system used in this
study. In this study, the gimbal system was modeled with the decouple approach and

compared with the coupled model.

In addition to the zero off-diagonal product of inertia terms, decoupled gimbal axis
model consists of the following approaches. In the previous sections, the interactions
of the moving bodies with each other were expressed by reaction forces such as Fj, 4.
Assuming that the position change of the elevation body was small such that change
in these forces is negligible, or if the elevation inertia matrix at different angles is
constant, these two azimuth and elevation masses can be considered and modeled as
a lumped outer gimbal mass as seen in the Figure 11. Besides, the mass hamed body
2 in the coupled 3D gimbal model constructs the inner gimbal by also consisting of
the kinematic and dynamic independency of body 1, which can be shown in the
Figure 10 All these assumptions greatly reduce computing power and especially the
modeling complexity. In this way, the moment equations, expressed simply along
the rotational motion axes, form equations of the motion of the inner and outer

gimbal masses, which are independent of each other.
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agrmen
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Figure 10: Free body diagram of the decoupled inner gimbal

ﬂ(outer)

l—i(outer) 2
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6

u-»(outer)
To1a, —Ta1 3

Figure 11: Free body diagram of the decoupled outer gimbal
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The outer gimbal, composed of the azimuth body and the elevation body which is
considered in a constant position (6, = 0) for mass calculation of the outer gimbal,
has a static balance. Therefore, the decoupled equations of motion are calculated by

considering the mass and inertia values as follows.

Decoupled inertia matrices:

D = ] ter = 15.284e — 2 kgm? (2.68)

outer

J2 = Jimer = 5.732e — 2 kgm? (2.69)

inner

Moment equation and equation of motion of the outer gimbal in the rotation axis:

]outerél = To1a — C01dé1 (2.70)

Moment equation and equation of motion of the inner gimbal in the rotation axis:

]inneréz =Ti2q4 — C12d92 (2.71)

Laplace transform can be applied on decoupled gimbal equations of motion because
they are linear second order nonhomogeneous differential equations. For the zero
initial conditions, decoupled outer gimbal plant dynamics can be expressed as
follows where G,,,:.r-p represents transfer function between 0, (s) and Ty14, Gouterp

represents transfer function between ©,(s) and Ty, (s).

el(s)Uoutersz + COldS) = To1a (2-72)

0,(s) _ 1

TOla(S) - SUouterS + COld)

(2.73)

Gouterp =

0:1(s) _ 5O:(s) 1

G = = =
outerk TOla (S) T01a (S) ]outerS + Co1d

(2.74)

Similarly, decoupled inner gimbal plant dynamics can be expressed as follows where
Ginnerp represents transfer function between ©,(s) and Ty,4, Ginnerp represents

transfer function between 0, (s) and T;,,4(s).
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0.5

Jinnert2 = T12q4 — 12402

G')Z(S)Uinnersz + clzds) = Ti2q

G _ 0,(s) _ 1
fnner? T12a(s) S(/inners + C12d)
G . (:‘)2(5) . $0,(s) . 1
fnnerk TlZa(S) TlZa(S) ]inners + C124

Applied periodic chlrp turque T‘:.1a

{\-. I,.'".,II {r'.l T ||' |‘ |" | ﬂ n n'”H
£ "II ll III ||' ||| ||]| || || I | || ‘|| || |‘|‘ ” H ” ‘ ‘ ‘ H
sor | |5|l| I |\| W H‘HH |
e \ [ | |
I'\U)'I | |||IIJII|| |||IJ|| Illl I| |I || J || | || |] ” |‘ ‘ ‘I ‘J “ “ (|
. VN
pplied periodic chirp quue
0.2 / ‘1". Ili"lll ﬂ ' |"|| f| |q| [ I I| [ || H FHM
_o1f | Vo | |||| |H| [
AN I, | ||| |||||||| HH\ HM
E_ _f | | I||||| |||||| |H| |HH‘ HHH ‘HH
0.1 f VL ||| | |H | ||
| ) l'u'l | \ || | | || || || \ H |\ | MH[

T| me [5]

Figure 12: Excitation torques for model verification

(2.75)

(2.76)

.77)

(2.78)

The validity of the mathematical models, which are coupled and decoupled models

tested by applying time domain chirp signal shown in Figure 12 That signal was
applied as input torques (T, and T;,,) on both the mathematical models and real

gimbal system simultaneously and responses were given in Figure 13 and Figure 14.

As observed in the figures, both mathematical models contain differences. However,

the decoupled gimbal model behaves more inconsistently than the real system. This

difference is mainly due to the simultaneous application of torque to both gimbal
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axes, which arises the effect of the cross-coupling behavior of the gimbal axis;
therefore, the coupled model represents real system more accurately. However,
although the decoupled model is obtained with a very simple approach, it gives very
close results. This was actually expected because the gimbal system in this study was
specifically designed to converge to decouple assumptions. In the mechanical design
phase, the static and dynamic distribution of the masses were tried to be balanced.
Therefore, the decoupled gimbal model seems useful for using the early stages of the
design and for quick and rough calculations. In the following sections, the cascade
PI control system was developed and tested for comparison purposes by using the
decoupled model. However, since this thesis focuses on the more general 3D coupled
mathematical model approach, the coupled gimbal model was taken as a basis in the

following sections.

Response of the Mathematical Models and Real System to Chirp Signal
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Figure 13: 8, response of the mathematical models and real system to chirp signal
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Response of the Mathematical Models and Real System to Chirp Signal
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Figure 14: 0, response of the mathematical models and real system to chirp signal

25 Linearization

In this section, the 3D coupled model was linearized. The decoupled gimbal model
has very simple equations of motion, as seen in the previous section. In addition,
since the thesis proceeded by considering a more general mathematical model, the

3D coupled gimbal model was taken as a basis in the following sections.

25.1 Equilibrium point

The nonlinear equation of motion should be linearized around an equilibrium point
to express as linear time-invariant system. Variables defining a system’s state do not
change over time around an equilibrium point. That is, state derivative with respect

to time is zero.
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States, x, of the gimbal system are rotation angles and velocities of the body 1 and

2. Inputs, u, are dc motor torques for each rotation degree. Therefore, they can be

expressed as,

x11 [61
_|*2| _ |6
== 0, (2.79)
X4 0,
u = T‘““] (2.80)
T12a
State changes can be expressed as,
5('1 |[01—|
=[] = |9 (2.81)
X3 92
X4 9’2
It can be related to the equation of motion found in previous section.
0 1 0 0 6,
0 CONS3; 0 CONSs,| . CONS35
x=- . =
o 0 0 1 0,
0 CONS,; 0 CONS,, CONS,3
%= —f(x,u) (2.82)
0 1 0 0o 717 6
_ |0 coNS;; 0 CONSs,| |CONSs,
where, flx,u) = 0 0 0 1 0,
O CONS41 0 CONS4,2 CONS43

The manipulated nonlinear equation of motion is 4x1 matrix and it is dependent on

states and inputs of the gimbal system.

f (x,u) can be partitioned as follows.

42



f

faow = ]’? (2.83)

fa

The state changes are zero at equilibrium point; therefore,
x = f(xe,u,) =0 (2.84)

An equilibrium point that satisfies the above condition is chosen as:

|

where, [N2llx, = 0= f(xe,ue)lx, =

\ (2.85)

oS O OO

It is observed that equilibrium points are independent of angular position variables

because of the fact that the gimbal system is statically balanced.

2.5.2 State space representation

Mathematical model of a linear time invariant system can be denoted as state space
representation, according to [31].

x(t) = Ax(t) + Bu(t) (2.86)
y = Cx(t) + Du(t) (2.87)

where x and u are state vector and input vector respectively as defined above, y is
output vector, A is state matrix, B is input matrix, Cis output matrix and D is direct
transmission (disturbance output) matrix. If the system has n number of state
variables, m number of control input variable, g number of output variables,

dimensions of the matrices are then:

e dim(4) = R™"
e dim(B) = R™™
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e dim(C) = R¥™
e dim(D) = R¥*¥m

The gimbal state space representation variables are as follows.

e n=4= x(t)isa4xl vector
e m=2=>=u(t)isa2xl vector
e q=4=y(t)is4x1 vector

e Aisa4x4 matrix

e Bisa4x2 matrix

e (isa4x4 matrix

e Disa4x2 matrix

The nonlinear equation of motion that describes the state changes is to be used to
obtain linearized state space matrices around the equilibrium point for the gimbal

system.

[0f1 0fi 0fi 0fi)
dx; 0x, 0x3 0x,
i, 0f; 0f; 0f;
of 0x; 0x, 0x3 0x,
“oxly., |06 5 Of Ofs (2.88)
dx, O0x, 0x3 O0x,
0fs 0fa O0fs Ofy

[0x; Ox, 0x3 O0x,4]

XeUe

du, 0Ju,
% of

of ou, 0u,
“ub, |0 0% @9
du, 0Ju,
o of
[Ju; Jdu,l

Xe,Ue
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Controlled output of the gimbal system includes all the state variables; thus, output

matrix is:

(2.90)

[N e ]

0
0
0
1

S O O
S O r O

The direct transmission matrix is zero matrix; that is,

(2.91)

oS O OO
oS O O O

State space matrices are found as follows by computing the partial differentiations

at equilibrium points.

0 1 0 0
_|o —0.0636 0 0.0022
A=\, 0 0 . (2.92)
0 0.0022 0 -—0.1745
0 0
_| 635 —0.22
B=|", i (2.93)
—0.22 17.45

2.5.3 Frequency Response of the Linearized Gimbal System

Frequency responses of the linearized gimbal system can be represented with bode
plots. The following figures include frequency responses for all combined input-
output pairs. Those can also be related to open loop position/velocity dynamics or
plant dynamics. As observed in Figure 15 and Figure 17, position variables cannot
be controlled by open loop control method due to phase and gain margins. These
imply that they can only be controlled for very low frequencies; however desired
settling time requirement needs to have larger bandwidth, as seen in SYSTEM
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IDENTIFICATION. Besides, it is known that control systems should have phase and

gain margins for robustness against disturbance and model uncertainties.

Bode plots of the linearized system were used in SYSTEM IDENTIFICATION for

comparison with the real system. The differences can be observed Figure 23.

Bode Diagram
From: T

01

To: Azimuth Position

Magnitude (dB) ; Phase (deg)

e,
£ 20
&
ik}
> 0t
5
E-20f
2
5 40 e
l—

_85 \

.
.
""‘\\_\_\_\_-\--\-
T
-~
90 e
107" 10? 10" 10°

Frequency (Hz)

Figure 15: Bode plot from Ty, to 6, and 6,
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CHAPTER 3

SYSTEM IDENTIFICATION

It is known that the gimbal system has several nonlinearities, most of which are not
suitable for analytically expressing or are quite complicated to solve. It is clearly
observed in the nonlinear equation of motion, (2.67), obtained in the
MATHEMATICAL MODELLING - even the gimbal system modeled by ignoring
most nonlinearities such as coulomb friction, structural flexibilities, sensor, actuator
nonlinearities, and so on. Thus, the dynamics of the linearized gimbal system should
be compared and validated by means of frequency response function (FRF)

identification tests.

There are various FRF identification test methods according to the types of the
excitation signal type, such as swept sine, multi-sine, square sweep, and pseudo-
random sequences. Swept sine is one of the most straightforward and used FRF
identification method. As the name suggests, it is a sine function where the frequency
of the excitation signal increases or decreases between interested frequencies. The
swept sine identification method is used for the gimbal system with the following

excitation signal.
u(t) = Asin(w(t)t) (3.1)

where A is the amplitude of the excitation signal in Nm, w(t) is variable frequency

in Hz. The signal is designed with the following properties:

e A=05NmandA = 0.3 Nm for the DC motor corresponds to azimuth and
elevation axis.

e Excitation frequency ranges are 1 < w(t) < 100 in Hz and distributed
linearly.

e Sampling frequency of the systemis 1 kHz.
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The gimbal system is excited with the signal represented in (3.1), and the response
is saved with the corresponding time information. Two independent tests are carried
out for each input channel, and two FRFs are identified for each test; therefore, four

FRFs are identified in total. Those are represented from Figure 19 to Figure 22.
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Figure 19: Bode plot of the measured real system between 6, vs Ty,
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Bode Plot of F}1 Vs T1z
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Figure 20: Bode plot of the measured real system between 8, vs T;,
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Bode Plot of FJZ Vs T12
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Figure 22: Bode plot of the measured real system between 6, vs T;,

Figure 20 and Figure 21 show that cross-coupling between the gimbal axes is
minimal. Although amplitudes change drastically around the resonance frequencies,
amplitudes of the cross FRFs almost 30 dB to 40dB lower than the direct FRFs in
the low and mid frequency regions where the system behaves like an ideal inertia
system. The reason is that the gimbal system is designed to be statically and almost
dynamically balanced. When the inertia matrices expressed in (2.43) and (2.44) are
examined, it can be realized that elements of the diagonal and non-diagonal are quite
different. Normalizing inertia matrices by dividing the largest inertia element and
multiplying by 100 to express as percentage show that the largest non-diagonal

inertia matrix is 8.21% and 3.57% for bodies 1 and 2, respectively.

(1) 100 624 —6.04
1—@100 =|6.24 63.85 —8.21|kgm? (3.2)
max(1 ) —-6.04 —8.21 56.53
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In Figure 19 and Figure 22, bode plots of the direct FRFs show that velocity open
loops of the control axes behave like a rigid body, ideal inertia, with
—20 db/decade slope at frequencies lower than structural flexibilities dominate.
However, mechanical resonances emerge around frequencies around 45 Hz and
30 Hz. As observed in Figure 23, the linearized model starts not representing the real
system after those frequencies. In addition, one of the highlighted points of the bode
plot comparison Figure 23, is that phase information differs between velocity open
loop responses, even in the low and mid frequency region. That indicates that the
real system is non-minimum phase system and has delay most likely.

This thesis proposes the model reference adaptive control method to deal with
discrepancies. In the controller design chapter, first, the classic full-state feedback
control is to be designed for comparison and to be used for reference model selection
purposes. Then, model reference adaptive control method is to be developed by using
full-state feedback controller in the first section of the CONTROL DESIGN Chapter
as the nominal controller. The effect of the model reference controller on the
differences between real and linearized system dynamics is to be evaluated in the
EXPERIMENTS AND RESULTS Chapter.
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CHAPTER 4

CONTROL DESIGN

In this chapter, three different control methods were used to develop a control system
for the gimbal system: full-state feedback control (FSFC), model reference adaptive
control (MRAC) and cascade Pl control. FSFC and MRAC were developed by
considering the linearized coupled gimbal model, while the cascade Pl control
method uses the linear decoupled gimbal model. After those were designed
according to the requirements, experiments and tests were made by applying them
to the real gimbal system, and comparison were made accordingly in the following

chapters.

4.1 Full-State Feedback Control

The full-state feedback control method is a state-space design method, and it
provides a choice of placing the closed-loop poles of the system at desired locations.
It is similar to root-locus method where it, however, places only the dominant closed-
loop poles. The full-state feedback allows to place all the closed-poles of the system,
if the linearized system is fully controllable and state observable. However, placing
the poles of the system far away from the imaginary axis may result in saturation of
the actuation due to high gain coefficients. Therefore, the location of the poles should

be decided according to system requirements.

The state space representation of the gimbal system is expressed in the
MATHEMATICAL MODELLING Chapter given by (2.90)-(2.93).
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0 1 0 0
o —0.0636 0 0.0022
A=10 0 0 1 (4.1)
0 00022 0 —0.1745
0 0
| 635 -022
B=|" J (4.2)
—0.22 17.45
100 0
lo 1 0 o0
=1y 0 1 o (4.3)
00 0 1
0 0
o o
D=1y o (4.4)
0 0

Controllability of the system should be checked before using the control method.

The controllability matrix is given by

M = [B AB A%B A3B] =

0 0 6.356 —0.222 -0.405 0.053 0.026 —0.010
M= 6.356 —0.222 -0.405 0.053 0.026 —0.010 -0.002 0.002 (4 5)
0 0 —0.222 17.454 0.053 -3.047 -0.010 0.532 '

—-0.222 17454 0.053 -3.057 -0.010 0.532 0.002 —0.093

The rank of the controllability matrix is found as
rank(M) = 4 (4.6)
Therefore, the linearized gimbal system is fully state controllable.
The characteristic equation of the gimbal system is
|sI — A| = s* 4+ 0.238s3 + 0.011s% =
|sI — A| = s2(s? 4 0.238s + 0.011) (4.7)

Therefore, coefficients of the characteristic equation are
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a, = 0.238

a, = 0.011
a3 == 0 (48)
a4_ == 0

It is observed that there are two free s terms in characteristic equation of the gimbal
system; thus, the open loop system behaves as an integrator. Each free s terms
correspond to azimuth and elevation control axis. That is because of the angular

velocity states of the linearized gimbal system is independent of position variables.

X
— K, B T ClY®
r(t) u(t) —

2]

Ky

Figure 24: Structure of the control system for full-state feedback control method

The gimbal system needs to be stabilized against disturbances and track the reference
signal. Thus, the control structure of the system is designed as shown in Figure 24.
The reason for the selected control structure is that the system has free s terms;
therefore, it behaves as an integrator for the position open loop. If the plant has no
integrator, it was needed to convert reference signal path as closed loop by
subtracting system output from reference input and inserting an integrator in the

reference signal.

All states of the gimbal can be measurable, so they are available to use in K, state
feedback gain matrix. Besides, the reference input is to be followed via K, reference
feedforward gain matrix. Thus, the control signal applied to the gimbal system is

chosen to be

u(t) = —K,x(t) + K, r(t) 4.9
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where x(t) € R**! is state vector, r(t) € R**! is reference input vector, K, € R***

state feedback gain matrix, K, € R?** reference feedforward gain matrix.
In order for the position closed loop system to have 0.5 seconds settling time,

dominant closed loop poles should be as follows.

4
ty = Re(s) = 0.5 > Re(s) =8 (4.10)

(4.10) indicates that real part of the closed loop poles should be 8, and it is selected
as 10 with safety factor. Imaginary part of the poles is selected as 0 considering the
unit damping ratio ¢ = 1 so that the system has no oscillatory response. Therefore,

two desired closed loop poles decided as following.
P12 = 10 (4.12)

Two other poles belong to velocity loop of the control system, they should be far

away from the dominant poles «a; , . They are selected as follows.
D34 =40 (4.12)

Dominant closed loops also describe bandwidth for —3 dB criteria of the closed loop

of the control system,
B2 _ 159 H; (4.13)
21

Characteristic equation of the desired closed loop can be computed as follows.

(s — 1) (s — o) (s — p3)(s — ps) = s* — 10053 + 330052 — 40000s + 160000

Coefficients of the desired closed loop is, then,

a, = —100

a, = 3300
a; = —40000 (4.14)
a, = 160000

According to [31], the state feedback gain matrix can be calculated as,
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Ky =[ay —as a3 — a3 a, — a a; — a; J(MW)™!
where M is controllability matrix computed in (4.5), and W is given by

a; a, a; 1

a, a 1 0
W =|"? 1

aqa 1 0 0

1 0 0 O

6296 7.86 0.80 0.10

0.80 0.1 2293 286 (4.15)

K= |
Full-state feedback controller method manipulates the open loop control system,
forms system matrix A.; and the closed loop control system as followings.
Aq = A— BK, (4.16)
Go(s)=C(sI —A,)"'B+D >
G, (s)=C(sI —A+BK,) !B (4.17)

Step responses of 8; and 6, for the unit step input t0 Ty14, T124, respectively, is
shown in Figure 25 and Figure 26. As observed, K, should be designed such that

steady state value of the step responses converge to unit amplitude.

Step Response

Amplitude

=
T
|

Time (seconds)

Figure 25: Step response of 8; without K, adaptation

59



Step Response

LRLE 2 N ————— CI I I === == == == === = =] |- === = —
- L g e o e e T T
4 fd - | i
U .
- |
e |
0.035 [ | .
|
o A | | |
0.03 I
& |
anae - / . h
T 0.025 / I
2 i
= A |
UL i . ]
< / |
'l .
! |
0.015 | -
|
. |
0.01 - . n
{ |
|
A ARE - i . _
0.005 i |
/ [
| 1 | 1| 1 |

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

'ﬁme (secondé)
Figure 26: Step response of 8,without K, adaptation
Reference feedforward gain matrix K, should be equal to DC gain of the closed loop

control system; therefore, the system can track the reference input with zero steady

state error. K, is calculated by the following relation.

Y
RK,

Go(s) =——=C(sl — A+ BK,)™'B (4.18)

G(0) = —C(A— BK)™B =
K, = G(0)™t = —(C(A - BK)™'B)™1 (4.19)

Note that, pseudo inverse method should be used while calculating (4.19); since K,
IS not square matrix. K, is calculated as,

_[6296 0 080 O

Ky = 080 0 2293 0

(4.20)

Similarity of the K, and K, is predicted for the systems with free integrator.
Reference gain matrix has the same coefficient that corresponds to position variable

gain with the state feedback gain matrix.
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Step responses with designed K, gain is shown in Figure 26 and Figure 27.

Amplitude
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Figure 27: Step response of 6, with K,. adaptation
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Figure 28: Step response of 8,with K,. adaptation

61



4.2 Model Reference Adaptive Control

Model reference adaptive control (MRAC) is an adaptive control method developed
in the 1950s. The purpose of the MRAC is to adapt the control structure of the system
so that the plant to be controlled behaves as the designed reference model. The
MRAC adaptation law is driven by an error between the reference model output and
the plant output. The method uses two control inputs; one of which is adaptive
control input calculated by adaptation law; the latter is nominal control input of any
kind. It combines those control inputs. MRAC structure can be divided into two
parts. One of them is reference model that is design object and captures an ideal
closed loop system performance. The real (nominal) system, however, does not
behave like reference model only by using nominal controller in the presence of
system uncertainties and disturbances. The other part, adaptive part (adjustment
mechanism), applies a control signal to overcome those uncertainties and
disturbances. The adaptive part calculates time-varying and nonlinear control input
with changing parameters to nominal system. The adaptive part also composes two
parts: the weight update law and the uncertainty parametrization which defines the
uncertainties and disturbances as a multiplication of weights and basis functions. The
weight update law forms the update law, relation, for the weights of the basis
functions of the uncertainty parametrization. There are different techniques to define
variables of the uncertainty parametrization. They can be defined as known state
variables which is the most general method, or another frequently used neural
network method. Radial basis functions are the most common neural network
method used to define variable functions. Also, there are various methods for update
law. Most commons are Lyapunov stability property and M.1.T. rules [32][33][34].

The structure of the MRAC method is shown in Figure 29.
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£ (6) = (A-BK)x,(t) + B r(t) | ¥m(®)
Reference model
1:(t) 1] £(t) = Ax(t) + B[u(t) + A(x(1))]

u(t)

Real plant

x(t)

Ugd (t)

[ L
K, ke

L 1gq(f) = W{t)ﬁ(X(t)) W(t) - FB(UE(UTJDB Y
W) O

Update law

Figure 29: Structure of the control system for MRAC method

Nonlinear uncertain dynamical system can be represented with the following.
x(t) = Ax(t) + Blu(t) + A(x(@®))] (4.21)

where x(t) € R™ and u(t) € R™ are state vector and input vector respectively, A €
R™™ js state matrix, B € R™™ is input matrix, A: R™ — R™ is system uncertainty
and disturbance. The form of the uncertainty and disturbance of the system assumed

as follows.

A(x(8)) = WB(x(®)) (4.22)

where W € R™™" is an ideal constant weighting matrix and g € R™ is a basis
function symbolizes the parametrization of the uncertainty and disturbances and is

done as functions of the state of the system in this study.
6,

px(®) =x(® =g (4.23)
0,

63



The control input u(t) is combined by adaptive control and nominal control inputs

as following.
u(t) = up(t) — uga(t) (4.24)
where nominal control law u,, (t) is given by
u,(t) = —K,x(t) + K, r(t) (4.25)

where K,, € R™" s state feedback gain, K, € R™" is reference feedforward gain,
and r(t) € R™ is reference input. Full-state feedback controller is used as a nominal
controller as stated above. State equation of the nominal model becomes the

following form with applied control input.

x(t) = Ax(t) + B (—Kxx(t) + K1 (t) — ugq(t) + A(x(t))) > (4.26)

x(t) = (A — BK)x(t) + BK,r(t) + B (—uad(t) + A(x(t))) (4.27)
The reference model of MRAC structure can be represented as follows.
xm(t) = Amxm(t) + er(t) (4-28)

The reference model has the same dimensions with nominal model; where x,,,(t) €

R™ is reference state vector, 4,, € R™*", B, € R™™,

The purpose of the MRAC control method is to equate nominal and reference model
responses. Therefore, the full-state feedback controller can be designed such that
closed loop response of the nominal controller results in the reference model
response in the absence of uncertainties and disturbances. Those are to be
compensated with adaptive control input. Thus, nominal controller gains are

designed to satisfy the following.
A, =A—BK, (4.29)
B,, = BK, (4.30)

Reference model can be expressed as,
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%, (t) = (A — BK)x(t) + BK,7(t) (4.31)

Adaptive control input should have same form with the assumed uncertainty and
disturbance of the system to cancel those out. Therefore, the structure of (4.22)
represents adaptive control input as well. However, the ideal constant weightings W
is not known by the controller; therefore, an estimate of weightings is used in the

adaptive control input u,4(t) as following.

Uaa(t) = W(DB(x(6))" (4.32)

where W (t) is an estimate of W with the same dimension satisfying the update law.
It is updated, recalculated in every time step by adaptive controller. The update law
for the MRAC is given as:

W(t) = IB(He(®)TPB (4.33)

where T € R™" s a positive-definite learning rate matrix and it increases the
sensitivity of the update law to error between referenced and nominal systems, P €

R™™ is positive-definite solution of the Lyapunov equation which is
ATP+PA,+R=0 (4.34)

where R € R™™" is a positive-definite design selection matrix. Any positive-definite
matrix can be selected to manipulate MRAC update law. The error function can be

stated as,

e(t) = x(t) — x,, () (4.35)

where e(t) € R™. As stated, the aim of the MRAC method is that the error signal
converges to zero; following relation express the statement mathematically. The
MRAC method is said to be successful if the zero-error condition satisfies. On the
contrary, increasing error signal drives adaptation mechanism to change weightings

faster.

lime(t) =0 (4.36)

t—oo
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Another critical point for the MRAC method, as in all control problems, is that
stability condition of generated control input. The Lyapunov stability analysis

handles the stability condition; however, it is out of scope of this study.

Full-state feedback controller designed in the first section is to be used as nominal
controller of the reference model of MRAC structure. Besides, nominal model is the
real physical system. Thus, MRAC controller takes an action for parameter
uncertainties and flexibility of the mechanical structure which are uncertainties and
disturbances of the MRAC method in this study.

Design parameters of the MRAC method are selected mostly experimentally. An

identity matrix of R € R*** is selected for solution of Lyapunov equation (4.34).

(4.37)

[ e
S O - O
O r OO
- o O O

Coefficients of the learning rate I is selected as greater as that stability of the system
preserved. It is observed that a larger learning rate might result in excitation of the
high frequency signals for the closed loop system and increase high frequency error.

Therefore, it is selected as follows.

5000 O 0 0

1 0 500 O 0

= 0 0 1000 O (4.38)
0 0 0 200

4.3 Cascade PI Control

The PID control method is widely used in single-input single-output (SISO) systems
in industry due to its simplicity and ability to provide satisfactory performance. The
PID controller employs traditional control approaches, enabling control design
directly on the system in the field. Tuning methods are used to achieve desired

performance. However, as mentioned in the introduction chapter, tuning methods are
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manual and can weaken the automation process. Therefore, this thesis focuses on an
adaptive control method, the model reference adaptive control (MRAC) method.
Nevertheless, in order to make a comparison, a cascaded PI control method was also
developed and tested in this study as it is frequently used in industry.

The PID controller comprises three components: proportional (P), integral (1), and
derivative (D) of the errors. The derivative term is typically avoided due to its
tendency to amplify high-frequency noise. In multi-variable control systems,
cascaded control loops are preferred due to their disturbance rejection capability. In
this study, as shown in the figure, the PI control method was used to control the
angular velocity variable in the inner control loop (rate loop) and the P control
method was used to control the angular position variable in the outer control loop
(position loop). The reason for using the PI control method in the inner loop is to
eliminate disturbance effects on the system in the speed control loop before they
appear in the position variable. The integral term (I) in the inner loop is used to
eliminate steady-state error. The proportional term (P) is adjusted to provide system
stability and meet transient requirements. Since the requirements for both the inner
and outer gimbal control axes are the same, the control system was designed for each

control axis using similar steps.

GauterP

R;p(s) N Ezp(s) R

Ryp(s) ERr(S) T124(5) 1
’\‘_/ CouterP ‘/_\ S CﬂuterR 12 » Goutern * s
92(5)
0,(s)

Figure 30: Block diagram of cascaded P and PI control system of the outer gimbal
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GinnerP

O1(5)

01(s)

Figure 31: Block diagram of cascaded P and Pl control system of the inner gimbal

In the block diagrams Figure 30 and Figure 31, transfer functions and signals denote

as follows.

e C,uterp 1S position controller of the outer gimbal
e C,uerr IS rate controller of the outer gimbal

e R;p(s) isreference position of the outer gimbal
e R r(s) isreference velocity of the outer gimbal
e [E,p(s) is position error of the outer gimbal

e [E;r(s) is velocity error of the outer gimbal

e  Cinnerp 1S position controller of the inner gimbal
e Cinerr IS rate controller of the inner gimbal

® R,p(s) is reference position of the inner gimbal
e R,z(s) is reference velocity of the inner gimbal
e [E,p(s) is position error of the inner gimbal

e [E5r(s) isvelocity error of the inner gimbal

For both gimbal axis, the continuous transfer function of the P type position

controller and the PI type velocity controller are in the form of,
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K:
Cp = Kp + ?‘ (4.40)

where K, and K; represents the proportional and derivative term of the controller

respectively. Pl controller can also be expressed in the form of real zero as follows.

C =K, & j 2) (4.41)

K.
where the zero z = —.
14

As seen in the PI controller expression, the controller adds an integrator which is the

pole at the origin and a real zero at the point —z = — % to the control system. If the
P

zero of the PI controller is quite small and very close to the integrator, the controller
does not change the shape of the root locus. Yet, the steady state error drastically
improved because of the increase of the system type by one with the integrator. The
zero of the PI controller was set as z = 0.1. The proportional gain K, adjusted to
meet the requirements of each gimbal control axis via root locus approach. After the
rate loop was designed, the proportional gain of the position controller was adjusted
according to the transient response requirements. In the following, the controller
design procedure was carried out for both outer and inner gimbals.

The controller requirements are such that the dominant poles are on negative real
axis and selected as —10 and —40 specified in (4.11) and (4.12), for position and

rate control loops, respectively.

4.3.1 Outer gimbal velocity loop

The rate plant for the outer gimbal, G,,:.rr, has the transfer function given in the

(2.74), and its poles are located at:

Co1d

p=- = —0.654 (4.42)

]outer
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The root locus of the G,y terg 1S Shown in the Figure 32.

Root Locus

: — ‘ . : T
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Figure 32: Root locus of the rate plant for the outer gimbal

As mentioned, addition of the zero and the integrator of the Pl controller does not
change the shape of the root locus while it provides zero steady state error. After
applying PI controller, the root locus of the rate loop became as shown in the Figure
33 and Figure 34.

Zoomed region of the zero location of the PI controller shows that one of the closed
loop poles is almost identical with to the zero; therefore, they cancelled each outer

and the resultant shape of the root locus is same.
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Root Locus
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Figure 33: Root locus of the outer gimbal rate control loop with PI controller
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Figure 34: Root locus of the outer gimbal rate control loop with PI controller
zoomed in
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Adjusting proportional gain of the P1 controller as K;, = 6 locates the pole of the rate

loop at almost the desired location p = —39.8 =~ —40. Therefore, rate loop PI

controller and the closed loop transfer function of the outer gimbal are as follows.

s+0.1
Couterr = 6% (4-43)
C G
Gcl,outerR _ outerRYouterR N (4.44)

1+ CouterR GouterR

c B 6s + 0.6
chouterR = () 15352 + 6.1s2 + 0.6

(4.45)

The step response of the outer gimbal velocity loop can be observed in the Figure
35.

Step Response of the Outer Gimbal Velocity Loop with Pl Controller

| System: G_cl_outerR System: G_cl_outerR
09 ~ = | Setiling time (seconds): 0.127 Final value: 1

Amplitude

1 | | 1
01 0.15
Time (seconds)

Figure 35: Step response of the outer gimbal rate loop with PI controller

After closed the rate loop, open loop transfer function between the position input and
output, L,,:erp, has the following transfer function and root locus shown in the

Figure 36.

LouterP = CouterPGcl,outerR ; (4-46)
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Figure 36: Root locus of the outer gimbal position control loop with P controller

As shown in the root locus, the closed loop response represents the oscillatory
behavior for the gain higher than K, = 10.1. Also, very zoomed region of the zero
location of the PI controller shows that one of the closed loop poles is almost
identical to the zero; therefore, they cancelled each outer. Setting the proportional
gain of the position controller as C,,:.,p = 7.6 satisfies the requirements and the

closed loop poles of the position loop and the transfer function are as follows.

p; = —10, Pz = —29.8 (4:47)
45.6s + 4.56
c _ 4.48
clouterpP 0.153s3 + 6.152 + 46.2s + 4.56 ( )

The step response of the outer gimbal position loop can be observed in the Figure
37.
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Step Response of the Outer Gimbal Position Loop with P Controller
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Figure 37: Step response of the outer gimbal position loop with P controller

4.3.2 Inner gimbal velocity loop

The rate plant for the inner gimbal, G;,,..-r, has the transfer function given in the
(2.78), and poles located at:

C124

p=- = —1.745 (4.49)

] inner

The root locus of the Ginerr 1S Shown in the Figure 38.

74



Root Locus
0.25

0999 0989 . 0907 0004 0984 0.04

02t T T 1

=
s
T
I

iR 1

2

g 0051 .
[&]

® 0 1 0.8 0.6 0.4 0.2l )
é System: G_innerR

E | Gain: 0

£ | Pole:-1.74 1
g 1 Damping: 1

= 01t .| Overshoot (%): 0 i

Frequency (Hz): 0278

015 g S |

025 I 1 L :
-7 5 5 -4 -3 -2 -1 0 1

Real Axis (second 3'1)
Figure 38: Root locus of the rate plant for the inner gimbal
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Figure 39: Root locus of the inner gimbal rate control loop with PI controller
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Figure 40: Root locus of the inner gimbal rate control loop with PI controller
zoomed in

Zoomed region of the zero location of the PI controller shows that one of the closed
loop poles is almost identical with to the zero; therefore, they cancelled each outer

and the resultant shape of the root locus is same.

Adjusting proportional gain of the PI controller as K,, = 2.2 locates the pole of the

rate loop at desired location p = —40. Therefore, rate loop PI controller and the

closed loop transfer function of the outer gimbal are as follows.

s+ 0.1
22 % (4.50)
CinnerrGinnerr
. _ 451
clinnerR — 4 + CinnerrGinnerr ( !
s+ 0.1
o _ 4,52
cLinnerR = 05752 + 1.1s2 + 0.1 ( )

The step response of the inner gimbal velocity loop can be observed in the Figure
41.
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Step Response of the InnerGimbal Velocity Loop with Pl Controller
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Figure 41: Step response of the inner gimbal rate loop with PI controller

After closed the rate loop, open loop transfer function between the position input and

output, Linnerp, has the following transfer function and root locus shown in the
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Figure 42: Root locus of the inner gimbal position control loop with P controller

As shown in the root locus, the closed loop response represents the oscillatory
behavior for the gain higher than K, = 10.4. Also, very zoomed region of the zero
location of the PI controller shows that one of the closed loop poles is almost
identical to the zero; therefore, they cancelled each outer. Setting the proportional
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gain of the position controller as Cj,,.,p = 7.85 satisfies the requirements and the

closed loop poles of the position loop and the transfer function are as follows.
pp=-10, p, =-30 (4.54)

17.27s + 1.727

c _ 455
cl,outerP 0.057s3 + 2.3s2 +17.49s + 1.727 ( )

The step response of the outer gimbal position loop can be observed in the Figure
43.

Step Response of the Inner Gimbal Position Loop with P Controller
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Figure 43: Step response of the inner gimbal position loop with P controller
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CHAPTER 5

EXPERIMENTS AND RESULTS

In this chapter, the control methods designed in the CONTROL DESIGN were
verified and evaluated with tests performed on the real system. Two types of tests
were carried out. These were for reference tracking and disturbance rejection
purposes. In the tracking test, the performance of the gimbal system to direct to the
desired position angles was tested, while in the disturbance test, the maintaining the
orientation of the gimbal system against the disturbance effects caused by the
movement of the platform on which the gimbal system was mounted was tested.
Apart from the tests performed directly on the physical gimbal system, the same test
was also carried out on both the 3D coupled nonlinear and linear gimbal models, and
the validity of the model was observed. In the tracking tests, a chirp signal as a
position reference input shown in Figure 44 and step responses were applied.
Besides, periodical platform position movement tests were carried out according to
the requirement mentioned in the section 1.2 and the movement were shown in the

Figure 91.

5.1 Reference Tracking

The reference input signals shown in Figure 44, were designed to excite frequencies
from 0.1 Hz to 5 Hz; however, they exceed the desired range as a property of the
chirp signal. In addition, the response occurs at frequencies other than the applied
input signal in nonlinear systems. Therefore, even if the tracking signal is as shown,
the spectrum of the system's response will be such that it includes the natural

frequency of the gimbal system.
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Reference input of 91 vs time
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Figure 44: Swept sine type reference input for gimbal angular positions

First, tracking experiments were carried out on the linear and nonlinear coupled
gimbal models to represent validity of the linearization. Then, for the developed full-
state feedback control system, the chirp reference input and step input were applied.
The gimbal position variables obtained as a result of the experiment were recorded,
and these experimental data were compared with the simulation results. Likewise,
the same reference input and step inputs were applied to the control system
developed by MRAC method. As stated in the controller design chapter, in this study,
the reference model in the MRAC method is considered as the control system
developed by full-state feedback method. Therefore, in the tests performed for the
MRAC system, the control system before the adaptation process is the same as the
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full-state feedback control system. Accordingly, response to swept sine reference
input and step response were obtained for the MRAC method. In addition, the change
of the estimated constant weight matrix in accordance with the MRAC update law is
presented in Figure 60 and Figure 61. The error signal before and after the MRAC
adaptation process is given by Figure 66 and Figure 67 to verify the achievement of
the MRAC method. As stated in the first chapter, the motivation of this study was to
increase the performance of the gimbal control axes by converging the reference
model of the gimbal system determined in the MRAC method. For this reason,
frequency response functions are presented in Figure 86-Figure 89. Apart from those
two control methods, the cascade P1 control system were tested for the same inputs
to compare the performance of the gimbal control system using the decoupled gimbal
approach.

Both FSFC and MRAC control systems were tested in the tracking experiment of the
nonlinear gimbal model. However, only the FSFC control system was used in the
tracking experiments of the linear gimbal model. Because the MRAC method uses
the FSFC control system in its structure as a reference model, it does not produce a
different result. The MRAC method resulted in a slightly different response on the
nonlinear gimbal model due to nonlinearity differences. As observed in the figures
from Figure 45 to Figure 48, all the responses were pretty close to each other and
differed only by about %1 from each other. Although the responses were almost
identical; the MRAC control system converged the response of the FSFC control
system applied on the nonlinear model to the FSFC control system applied on the
linear model, which is the primary objective of the MRAC method. Besides, the step
responses were very close to each other, as shown in the figures Figure 49 Figure 50.
Therefore, it can be said that the control systems have the same performance on both

the linear and nonlinear gimbal models.
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Response of the linear and nonlinear systems to swept sine reference input
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Figure 45: Response 6; of the linear and nonlinear coupled gimbal model with
FSFC and MRAC controller to swept sine reference input
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Figure 46: Response 6; of the linear and nonlinear coupled gimbal model with
FSFC and MRAC controller to swept sine reference input zoomed in

82



Response of the linear and nonlinear systems to swept sine reference input
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Figure 47: Response 6, of the linear and nonlinear coupled gimbal model with
FSFC and MRAC controller to swept sine reference input
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Figure 48: Response 6, of the linear and nonlinear coupled gimbal model with
FSFC and MRAC controller to swept sine reference input zoomed in
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45° step response of the linear and nonlinear systems

50

Reference input 4
FSFC, linear system
MRAC, nonlinear system ||
FSFC, nonlinear system

ri'1 [degree]

Time [3]

Figure 49: 45° step response 6, of the linear and nonlinear coupled gimbal model
with FSFC and MRAC controller
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Figure 50: 60° step response 6, of the linear and nonlinear coupled gimbal model
with FSFC and MRAC controller
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As a result of the tests performed on the control system developed with the FSFC
method, the response of the reference tracking signal applied to the azimuth control
axis is seen in Figure 51 and Figure 52. Likewise, the response of the reference
tracking signal for the elevation control axis is shown in Figure 53 and Figure 54. As
observed in the azimuth control axis, the actual system response is quite close to the
simulation response but lower in value. When the elevation control axis is examined,
it is observed that there is a large difference between the systems. It was seen that
the real system generates a higher response than it should in low frequency regions,

and it has a very low response as the frequency increases.

Response of the gimbal system with FSFC to swept sine reference input
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Figure 51: Response of 6, of the gimbal system with full-state feedback control to
swept sine reference input
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Response of the gimbal system with FSFC to swept sine reference input
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Figure 52: Response of 8, the gimbal system with full-state feedback control to
swept sine reference input zoomed in

Response of the gimbal system with FSFC to swept sine reference input
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Figure 53: Response of 6, of the gimbal system with full-state feedback control to
swept sine reference input
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Response of the gimbal system with FSFC to swept sine reference input
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Figure 54: Response of 8, of the gimbal system with full-state feedback control to
swept sine reference input zoomed in

In Figure 55-Figure 59, different step inputs were applied on control system
developed with FSFC method. The system behaves differently for the amplitude of
the step input because of the actuator saturation. As a result of the 3° step input
applied to the azimuth axis, an angular position error of about 0.11° was observed
without any overshoot behavior, and when a 45° step input was applied, it was
observed that it had a positional error of more than 1°, and the system showed an
overshoot behavior. The reason for the overshoot behavior is that the motor torque
signal produced against the high amplitude step input is saturated. Also, it is
observed that transient characteristics were not sufficient in both step inputs.
Besides, when a 3° step input is applied to the elevation control axis, it is observed
that the position error is close to 0.5° which is a large tracking error. Due to the high
steady state error, the initial position is different than 0° as seen in the Figure 59. In

addition, it seems that the transient response of the system is far from the

requirements.
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32 step response of the gimbal system with Full-State Feedback Control
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Figure 55: 3° Step response of 6; of the gimbal system with full-state feedback
control
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Figure 56: 3° Step response of 8, of the gimbal system with full-state feedback
control zoomed in
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45° step response of the gimbal system with Full-State Feedback Control
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Figure 57: 45° Step response of 8, of the gimbal system with full-state feedback
control
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Figure 58: 45° Step response of 8, of the gimbal system with full-state feedback
control zoomed in
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3° step response of the gimbal system with Full-State Feedback Control
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Figure 59: 3° Step response of 8, of the gimbal system with full-state feedback
control

After the gimbal system with FSFC method tested, MRAC method was applied with
the same reference inputs. As shown in Figure 60 and Figure 61, adaptation process
took times 80 — 100 seconds nearly for the swept sine signal. Also, elements of the
weighting matrix change periodically due to periodic swept sine signal. As
mentioned in section 4.2, learning rates of the MRAC update law selected such that
the gimbal system responds quickly but not overshoot or loose stability due to high
gain change. Besides, it is observed that W, and W, are greater in magnitude than

the other coefficients of the constant weighting matrix that oscillate around 0 to 1.
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Figure 60: Estimated constant weighting matrix elements vs time
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Figure 61: Estimated constant weighting matrix elements vs time zoomed in
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Responses of the gimbal system with MRAC after the system adapted were provided
in Figure 62-Figure 74. The system responds very close to the reference system for
the swept sine tracking input. The response for the azimuth axis was a little smaller
in low frequency region (early stage of the periodical swept sine signal) and little
greater in high frequency region of the signal than reference model as shown in
Figure 62 and Figure 63. Besides, the response for the elevation axis is smaller in
low and high frequency region and greater in mid frequency region as shown in
Figure 64 and Figure 65. However, it is observed that both the responses were quite
improved compared to the control system with FSFC method shown in Figure 51-
Figure 54. In addition, the phase quantity of the elevation angle was quite enhanced.
Although, it is not obvious in time domain responses shown in Figure 54 and Figure
65; frequency response function present the phase relation directly given in Figure
88. For the azimuth control axis, the difference was not such noticeable as in the

elevation axis as shown in the Figure 86.
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Figure 62: Response of 6, of the gimbal system with MRAC to swept sine
reference input
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Response of the gimbal system with MRAC to swept sine reference input
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Figure 63: Response of 6, of the gimbal system with MRAC to swept sine
reference input zoomed in
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Figure 64: Response of 6, of the gimbal system with MRAC to swept sine
reference input



Response of the gimbal system with MRAC to swept sine reference input
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Figure 65: Response of 8, of the gimbal system with MRAC to swept sine
reference input zoomed in

Error of the angular position variables of the gimbal system between the real system
response and reference model response for both the control systems with FSFC and
MRAC methods were provided in Figure 66 and Figure 67. The error in azimuth
position angle, 6,, were decreased from +0.4° to +0.1° approximately as shown in
Figure 66. The difference or improvement is quite larger in elevation position angle,
6, which was changed from 2° — 4° depending on the frequency to +0.2° at most

as shown in Figure 67.
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Error of the gimbal system before and after MRAC adaptation
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Figure 66: Error of 6;of the gimbal system before and after MRAC adaptation
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Figure 67: Error of 6, of the gimbal system before and after MRAC adaptation
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The step response of the gimbal system with MRAC method is provided in Figure
68-Figure 74. As stated in the results of the FSFC method, amplitude of the step
input resulted in different response characteristic due to actuator saturation, is also
shown in MRAC method. The transient response of the step function differs for the
3° and 45° step amplitude. The gimbal system presented lag behavior for the larger
step input. However, setling time for the azimuth axis was very close to the reference
model in both step responses. For the elevation axis, settling time was much smaller
than the reference model and close to the reference model in high step input
amplitude. Therefore, it was observed that both the steady state and transient
behavior of the gimbal system improved, especially for the elevation control axis.
Besides, the steady state response of the gimbal system was improved in both control
axis where it achieves position error smaller than +0.1°. As provided in Figure 59,
steady state error of the elevation axis was far from the requirements, while, it was

satisfied in the MRAC method as shown in Figure 72-Figure 74.
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Figure 68: 3° Step response of 6, of the gimbal system with MRAC
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32 step response of the gimbal system with MRAC
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Figure 69: 3° Step response of 6, of the gimbal system with MRAC zoomed in
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Figure 70: 45° Step response of 6; of the gimbal system with MRAC
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45° step response of the gimbal system with MRAC
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Figure 71: 45° Step response of 6, of the gimbal system with MRAC zoomed in
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Figure 72: 3° Step response of 6, of the gimbal system with MRAC
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3° step response of the gimbal system with MRAC
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Figure 73: 3° Step response of 6, of the gimbal system with MRAC zoomed in

60° step response of the gimbal system with MRAC
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Figure 74: 60° Step response of 6, of the gimbal system with MRAC

99



As a result of the tests performed on the cascade P1 control system developed based
on decoupled gimbal model, the response of the reference tracking signal applied to
the azimuth control axis is seen in Figure 75 and Figure 76. Likewise, the response
of the reference tracking signal for the elevation control axis is shown in Figure 77
and Figure 78. As observed in the azimuth control axis, the actual system response
is close to the simulation response but lower in value over the frequency region. A
similar situation is observed in the elevation control axis, system response is lower
in value all over the frequency region; however, the difference is larger than the
azimuth axis. Therefore, it can be concluded that increasing the gain of the controller
might improve the error, but it might result in stability problems because of that

increasing gain also alters the high frequency response.

Response of the gimbal system with cascade Pl to swept sine reference input
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Figure 75: Response of 6, of the gimbal system with Cascade PI to swept sine
reference input
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Response of the gimbal system with cascade Pl to swept sine reference input
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Figure 76: Response of 8, of the gimbal system with Cascade PI to swept sine
reference input zoomed in
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Figure 77: Response of 8, of the gimbal system with Cascade PI to swept sine
reference input

101



Response of the gimbal system with cascade Pl to swept sine reference input
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Figure 78: Response of 8, of the gimbal system with Cascade PI to swept sine
reference input zoomed in

The step response of the gimbal system with cascade Pl method provided from
Figure 79 to Figure 85. It was observed that using integral term improves the steady
state performance, however settling time was significantly deteriorated compared to
the MRAC. That was clearer in the response of the elevation axis. Overall, the
transient response was not sufficient. Although overshoot behavior was not shown
in the azimuth axis, it was seen in the elevation axis when the high amplitude step
response applied. This time, accumulation of the error signal due to the integral term
resulted in overshoot as well as actuator saturation which was common to all
methods. Accumulation of the error due to the integral term can be improved by a
technique known as anti windup, which was not involved in this study to focus the

scope of the thesis.
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3° step response of the gimbal system with Cascade PI
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Figure 79: 3° Step response of 6, of the gimbal system with Cascade Pl
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Figure 80: 3° Step response of 8, of the gimbal system with Cascade Pl zoomed in
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45° step response of the gimbal system with Cascade Pl Control
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Figure 81: 45° Step response of 8, of the gimbal system with Cascade Pl

45° step response of the gimbal system with Cascade Pl Control
455 [ T T T T T T T T T

The gimbal system with Cascade PI

Reference input

L I g ' I
imulation

46,5 X 0.814
Y 44.9829
45 F — .

X 0.451 —
— 44.5f .
@ Y 44.1004 —

g

44 F 1
3 X 0.543
Y 44.0991

42571 i

a2 1

0.4 0.45 05 055 06 065 07 075 0B
Time [s]

Figure 82: 45° Step response of 8, of the gimbal system with Cascade Pl zoomed
in

104



3° step response of the gimbal system with Cascade P
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Figure 83: 3° Step response of 8, of the gimbal system with Cascade Pl
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Figure 84: 3° Step response of A, of the gimbal system with Cascade Pl zoomed in
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60° step response of the gimbal system with Cascade Pl
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Figure 85: 60° Step response of 6, of the gimbal system with Cascade Pl

Frequency response functions of the closed loop control system of the gimbal were
provided in Figure 86-Figure 89. The closed loop frequency response of the azimuth
axis shown in Figure 86 indicated that MRAC method converges the frequency
response of the control system before MRAC adaptation which is also identical to
FSFC method to the reference model. Although the phase relations overlapped for
all the models, amplitudes overlapped after the MRAC method for them. As
observed in Figure 87, the closed loop bandwidth of the gimbal system increased
from 1.9 Hz to 2.5 Hz which was almost identical with the reference model. For the
elevation control axis, both the amplitude and phase relations of the control system
differ from each other before the MRAC adaptation. The effect of the MRAC method
was noticeable; even though the closed loop response after the MRAC method was
not overlapped compared to the azimuth control axis, the change was quite greater.
Also, it was observed that contributed phase is more significant in the mid frequency
region, 1 Hz, around +40° than low and high frequency regions, 0.1 Hz and 5 Hz,
around +20°. In addition, closed loop bandwidth of the elevation axis improved from
1.1 Hz to 2.8 where the reference model has 3.5 Hz as shown in Figure 89.

Therefore, it can be stated that MRAC method contributed more for the elevation
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axis due to high change in system response, although the azimuth axis presented
closer behavior to the reference model. Frequency response of the cascade PI control
system were almost identical to FSFC (before MRAC adaptation) in azimuth axis.
That is, both the FSFC method and the cascade PI control method exhibited similar
frequency response performance, where the responses were observed without
adaptation or fine-tuning process. However, the cascade Pl method had better
frequency response performance than FSFC in the elevation axis, while it had a lower
magnitude than MRAC.
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Figure 86: Frequency response of 6; vs reference input of 6,
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Figure 89: Frequency response of 6, vs reference input of 6, zoomed in

5.2

In addition to directing the gimbal system to the desired position (tracking), another
requirement (stabilization) of the gimbal system is to maintain its position in
response to the movements of the platform to which it was assembled. Although the
main objective of the gimbal system studied in this thesis is tracking, the disturbance
rejection performance of the control system is the second concern, while it might be
the primary objective for other gimbal systems. Therefore, the performance criteria
of the disturbance rejection property were limited to bound the gimbal orientation

error to £0.5° as specified in the section 1.2. As stated before, experiments were
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carried out on each of the platform axes shown in Figure 1 to demonstrate the
robustness of the control system against unmodelled disturbances. Stewart platform
was used to simulate platform movements during these experiments. The gimbal
system is mounted to a stewart test platform similar to the one in the Figure 90. The
placement of the gimbal system on the stewart platform was made in such a way that
the yaw axis and the azimuth axis were parallel, and the elevation axis was randomly
positioned. In order to simulate desired platform movements, the periodic signal was
applied to all three axes sequentially as in the Figure 91. This experiment was
repeated for each FSFC, MRAC, the cascade PI control systems and, therefore, was
performed three times in total. During the experiment performed for the MRAC
control system, the estimated constant weighting matrix was recorded and presented
in the Figure 92. The figure was divided into three regions on the time axis. The
disturbance signal was applied periodically in the pitch axis until the 210 seconds,
in the roll axis between 210 — 355 seconds, and then in the yaw axis. In the regions
where the MRAC estimated weighting matrix change reached equilibrium, the
response of the gimbal system shown in the Figure 93-Figure 95 along with the

responses obtained in the FSFC control system.

yaw Object

Figure 90: Stewart platform representation [35]
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In Figure 93, the responses of the gimbal control systems excited in the direction of
the pitch axis are shown. According to that, the MRAC control system had an error
of £0.2° in the azimuth axis and +0.4° in the elevation axis, while the FSFC control
system had an error of —0.4°,+0° in the azimuth axis and —0.2° +0.6° in the
elevation axis; also, the cascade PI control system had an error of lower than +0.2°
in azimuth axis and nearly +0.4° in elevation axis . While the position deviation of
the gimbal system was comparable in all control systems, in the FSFC control
system, the gimbal system oscillated around a different position than 0°, that is it had
steady state error. The control system, adapted with the MRAC method, eliminated
the position error as experienced in the tracking case and provided the system
oscillate around 0°, that is it eliminated steady state error. According to the gimbal
system excited in the roll axis shown in Figure 94, responses similar to those in the
pitch axis are observed. Position deviations are similar for both control methods and
steady state error is eliminated by MRAC control system. As mentioned above, the
assembly of the gimbal system to the stewart platform is made in a way that the
azimuth axis and the yaw axis are parallel. Therefore, the disturbance movements in
the yaw axis were directly observed in the azimuth axis, the effect on the elevation
axis was due to the cross-coupling between the gimbal axes. When Figure 95 was
examined, it was observed that the majority of the response in the gimbal system
occurs in the azimuth axis, and its motion in the elevation axis is incomparably small.
While the position error in the azimuth axis was +0.3° in the FSFC control system,
this value increased to +0.4 in the MRAC control system. On the other hand, while
the error in the elevation axis in the FSFC control system increased gradually with
time, this error was reduced throughout time in the MRAC control system. The
reason for this was to improve the cross-coupling effect between gimbal systems
with the MRAC control method. The cascade Pl control system handled the
disturbance effect due to cross-coupling phenomena because of the integral term, it

was taught.
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Gimbal orientation change due to base pitch disturbance for MRAC
T y T -

=
.
T

=
(&)

Angle [degree]
=

0.2 B
sl — ‘ M | - |
0 5 10 15 20
Time [s]
Gimbal orientation change due to base pitch disturbance for FSFC
T — T =y T ]
= 06 VR ~ 7\
@ 041 . \
g - \ r ol | ~ \
o2 1
@ : g e [ . [ e
=2 r s
= / \ e s
<. _.__// i , AN S i
I - I S I
5 10 15 20
Time [s]

Gimbal orientation change due to base pitch disturbance for Cascade PI
T T T

4k .
ENE-] — \ [ -
= of — : 4 = 1
2 . N A
E i i ]
Z02r Vo A

W™ v

04 :

0 5

Time [s]

Figure 93: Gimbal orientation change due to base pitch disturbance

Gimbal orientation change due to base roll disturbance for MRAC
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Figure 94: Gimbal orientation change due to base roll disturbance
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Figure 95: Gimbal orientation change due to base yaw disturbance
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CHAPTER 6

DISCUSSION AND CONCLUSION

In the MATHEMATICAL MODELLING chapter, first the 3D coupled nonlinear
statically balanced but dynamically unbalanced gimbal system was modelled. Then,
with the decoupled gimbal axis approach, the gimbal system was modelled as two
dependent gimbal control axis. These models were validated by comparison with
tests performed on a physical gimbal system. As expected, the coupled nonlinear
gimbal model better represented the system behavior, while the decoupled gimbal
model, although obtained with a very simple approach, had a response that was not
far from the real system. The nonlinear coupled gimbal model was linearized to be

used in the designing of the control systems discussed in this thesis.

Frequency domain based system identification tests were performed to observe the
differences between the real system, and the gimbal system assumed as rigid masses
in this study. As a result of the mechanical gimbal system being composed of flexible
masses contrary to the assumption, it was figured out that the differences in
frequency responses caused the real system to behave differently from the modeled

ones.

Three control methods:full-state feedback control, model reference adaptive control
and the cascade Pl control methods were developed in CONTROL DESIGN
Chapter, implemented on real system, and experiments were carried out to verify and
compare the control methods. It was concluded that the full-state feedback control
method did not provide sufficient performance as designed and shown in
simulations. Implementing the MRAC method used for the purpose of unmodeled
uncertainties and nonlinearities emerged from friction and structural flexibility
provided quite improvement in the real gimbal system. It enabled the gimbal system
to both lower steady state error and higher closed loop control bandwidth, which also
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presented in improved transient response of the system. In addition, it was stated that
the effectiveness of the MRAC method was more noticeable in the elevation axis as
provided in EXPERIMENTS AND RESULTS Chapter. The reason behind it was
thought that nonlinear effects and uncertainties were more dominant in the elevation
axis compared to the azimuth axis. One of the performance criteria of the gimbal
system was to have 0.5 seconds settling time and satisfied with MRAC method,
whereas the FSFC method did not meet the requirement. In addition, it was observed
that high amplitude position demand resulted in a worsening in the transient behavior
of the gimbal system due to actuator saturation; yet the transient requirement could
have been provided for the large position demands as well. Besides, the cascade Pl
control method using the decoupled gimbal models was tested. It was observed that
it had improved steady state behavior due to integral term, whereas the transient
performance of it was not sufficient. It was commented that fine-tuning methods
might improve the transient characteristics, yet the stability of the gimbal system
should be noticed. Therefore, the straightforward cascade PI control method can be

an alternative with fine tuning methods.

As another design requirement, this study also included the disturbances from the
platform where the gimbal system was assembled and intended to present
performance of the control system, which evaluated as the robustness of it against
these disturbances. Experiments were carried out by assembling the gimbal system
on the stewart platform in order to simulate the marine vehicle. According to the
experimental results, MRAC method reduced the steady state error in the tracking
working condition. Although it did not provide an overall improvement in the error
amplitude, it was observed that the cross-coupling effect of the MRAC method was
improved, especially during the tests performed on the yaw axis. For the disturbance
rejection performance of the cascade PI control system, it satisfied the requirements
as in the other methods It was observed all control systems developed were robust
enough against disturbances, and the gimbal system was stabilized within an angle

error of less than 0.5°.
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To conclude, the MRAC method provided the desired performance on the two-axis
gimbal system. In this method, nonlinear effects and uncertainties were assumed to
be in terms of system states, and adaptive control signal were derived accordingly.
However, this seems to be a very general and poor estimate for a very complex
gimbal system. This work, it was leading the use of radial basis functions being
neural network method, which are often used in the MRAC method, to estimate such
nonlinear effects. In future studies, this method can be used to predict nonlinear
behavior in the gimbal system. In addition, throughout this study, it was noticed that
a prominent nonlinear and dominant effect in the gimbal system, other than the
mechanical structural flexibility, was friction. It was thought that by defining the
friction in more detail, its contribution to the performance would be noticeable.
Therefore, the friction feature of the gimbal system will be examined in detail in the

future.
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APPENDICES

A. Dynamic Relations

Moment equation for the body 1, (2.56), is rewritten.
Ji @ + @y X ;- @y
= Mom + Tom - TlZa + Tom - ?12d + FCaziO X ﬁ01
+ Tega X (—Fiza) + TCaziC X (—Fizc)
Individual terms of the (2.56) can be expressed in matrix form in reference frame of

body 1 as follows.

111 Ji1z Ji13][cos@; —sinf; 0]°[0
(1) (1) ](1)C(10) 7 = [112 J122 ]123] [Sinel cos 0, 0] \0]:
113 J123 J133 0 0 1l 16,
A(1) (1) J11361
= /12361 (A1)
J13361

Note that cross product operation is applied in matrix representation by using skew

symmetric matrix property.

D5 —) 111 J112 J113][0
@, " J10; " = skew 112 J122 Ji23 0 =
91 113 Ji2z Ji33

W 11391
~ (D5 —(1
w1(1)]1w1 J12361| =
13391
—]12391
a,\ Vha =|_ 62|,  Eam (A.2)
0
F -
. R 1) 011
[rcazio X FOl] = SkeW(T'C( )0) F012 =
0134
INEY) 0 —Caziz Cazi2 _F011
[Tcazio X Fo1] Cazi3 0 0 ||Forz| =
—Cazi2 0 0 11lFy3
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CazizFo13 — CazizFo12

5 > (1)
[rcazio x FOl] = Cazi3F011 (A3)
—CazizFo11
F12A1
- = (1) _ ~
[7e 4% (Fi2a)] " = —skew(rc(;)iA)C(l'z) Fiom| =
F12A3
3 d (1)
[rcaziA X (_F12A)]
O d1 - Cazi3 _dz + CaZiZ COos 02 - Sin 02 0 t F12A1
= —|Cqziz — dl 0 0 [ 0 0 1] F12A2] —
dy = Caziz 0 0 —sinf, —cosf, 01 LFjza3

[ gzia X (—ﬁle)](l)

Fia3(dy = €azi3) + (dy — Cazi2) (Fi1241 SIn 05 + Fi245 c0s 6,) (A.4)
(Caziz — d1) (F1241 €08 0, — Fi34, Sin6,)
(dz — Caziz) (F1241 €OS 0, — Fi34, Sin65)

R . ) ) . 12¢1
[rCaziC x (_Flzc)] = —skew(réiz)ic)C(l'z) Flzczl =

0

5 > (¢Y)
[Tcazic X (=Fi¢)]

0 dy — Caziz  d3 + Cazin] [ cos B, —sinf, 0 t Fioc1
=—| Caziz—dy 0 0 ] [ 0 0 1 \Fucz]
—(d3 + Caziz) 0 0 —sinf, —cosf, 0 0

g X (~Frac)]
—(ds + Caziz) (F2ac1 5In 0, + Fa4c¢; 05 6,) (A.5)
= | (Caziz — d1)(Fi2¢1 €08 0, — Fiy¢c, sin6;)
—(d3 + caziz) (F12¢1 €0s 8, — Fip¢, 5in 0;)

Moment equation for the body 2, (2.63), is rewritten.
Jordy+ @y X Jp @y = Tigq + Tiza + ?celeA X Fip4 + ?celec X Fiac
Individual terms of the (2.63) can be expressed in matrix form in reference frame of

body 2 as follows.

"(2) (2) 211 ]212 ]213 . (0)
5207 = a1z Jaaz J23|CP0& =
213 J223  J233
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#(2) =(2)
2 @

—cosf;sinf, —sinf;sinf, —cosb||—6,6,sin6; + 6, cosb;

211 ]212 ]213 CoSs 91 COS 92 Sin 91 COS 92 - Sin 01 _9.10.2 Cos 01 - éz Sin 01
[ 212 ]222 ]223] [ ]

213 J223  Ja33 —sin 6, cos 6, 0 6,
=
1@ 7@
2 ..2 . . . .
01(—J211 Sin By — Jp12 €05 6;) + 0,(J213) + (_]211 €os 0, 0,05 + J515 sin 6, ‘91) (A 6)
= ?1(_]212 5in 8, — J22, c0s 65) + éz(]zzs) + (—J212 cos 0, 9:19:2 + /222 5in 6, ‘91)
01(=J213 5in 0, — J523 €05 63) + 0,(J233) + (—J213 €05 0 010, + J523 sin 6 6,)
(2) ) ) /211 J212 J213] @)
J,w,7 = skew( ) J212 Ja22 Jazz| @, =
/213 J223  J233l
(2) (2) . /211 J212 J213] A
Jowy” = skew(C?Vw, Y a1z Jazz  Ja2s|C*0m, =
/213 J223  J233l
~ (2)7 —(2
wz(Z)]zsz )
cos 8, cos 6, sinf, cosf, —sinb; —0, sin 6, 211 J212  J213
= skew [— cosf;sinf, —sin6;sinh, —cos 91] 92 cos 0, \ 212 J222 ]223]
—sin6; cos 0; 0 213 Ja23 J2ss
cos 04 cos 0, sinf; cosf, —sinb; —6, sin 6,
[— cosf;sinf, —sinf;sinf, —cos 91] 92 cos9, | =
—sin 6, cos 64
—0, sin 6, 211 a1z Jars][—f1siné;
(2)] a)(z) = skew| [—0, cos 0, 212 J222 Ja23 —91 cosO,| =
6, 213 J223  Jo33
~ (2)5 —(2
‘UZ( )]zw§ )
0 _92 _91 COoSs 02 211 ]212 ]213 91 Sln 92
= 6 0 01sin0, |[|J212 J222  J223 —91 cosf,| =
f1cos 8, —6;siné, 0 213 Jz23 Joss
@, P L,

= _]213(912 sin? 0, + 922) + 9192 sin 0, (Jo11 + J233) +]2129192 cos 6, _]223912 sin @, cos 6,

]223(912 cos? 6, — 922) +]2129192 sin 0, "’]2139'1Z sin 6, cos 0, — 9192 c0s 0, (J233 — J222) (A 7)
1212(912 cos? 0, — 912 sin? 92) + 912 5in 6, cos 6, (Jz11 — J222) _]2139192 cos 0, +]2239192 sin 6,
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FlZAl
N 5 (2 _
[rCeleA X Fle] 2 = SkeW(TC(ezllA) FlZAZ] =

1243
Fioa1
Fioa| =

F12A3

0 c;,+d, 0
. INE)
[Feoien X Fiza]l = |—c,—d, 0 0
0 0 0

R L (2 (¢ + d3)Fi2a2
[rceleA X Fiaa]l = =(c; + d3)Fizm
0
F
R L @) ) 12€1
[eo0c X Fizc] = skew(rc(jllc) F1zcz]
0
. NG 0 ¢z —ds  0][Fizca
[rCezeC X FlZC] = [ds — ¢ 0 0| |Fizc2| =
0 0 0 0

) e (cz — d3)Fiz¢2
[Tcelec X F1zc] = (ds — ¢3)Fiz¢c1
0
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B. Equation of Motion

Solving (2.60) and (2.61) for Fi,cq and Fipca,
Fizc1 = —MyCy c0s 0, 6, + mygsin B, — Fipuy
Fizcz = Myc, sin6, 6, + myg cos 0, — Fipgn
Substituting F;,; and Fy,¢, into (2.65),
01(—J212 SN 65 — J235 €05 65) + 65(J223) + (—J212 €OS 0, 010, + 2, 5in 6, 6;)
—]213(912 sin® 6, + 922) + 6,0, sin 0, (Jo11 + J233)
+ J2120105 c0s 0, — J,307 sin 0, cos 6,
= —(cz + dy)Fiom
+ (d; — cz)(—mzcz cos 6, 6, + m,g sin @, — Flel) =
01(=J212 Sin 0, — J255 €05 6, + (d3 — ¢3)M;C; €05 6) + 6, (J323)
+ (—J212 €08 03 0,0, + J555 sin 0, 01) — J,13(0F sin? 6, + 62)
+ 610, sin 0, (Jo11 + J233) + J212016- cos 6,

—]223912 sinB, cos 0, — (d3 — c;)mpg sin @, = —(d, + d3)Fipa;

=
Defining the dependent variables so that F;, 4, can be expressed as follows.
—J212 Sin 0, — J,5, cos 8, + (d3z — c3)myc, cos 6,
CONS,{ = B.1
11 _(dz + d3) ( )
CONS,, = _ Jas (B.2)
27 —(dy + d3)
CONS;3
_J2225in 6, 01 — J213(0F sin® 0, + 03) + 6,6, sin 0, (Jo11 + J233)
—(d; +d3) (B.3)
—J2230% sin 8, cos 6, — (dz — ¢,)m,g sin 6,
—(d; +ds3)
Fipa1 = 6,CONS;; + 8,CONS;, + CONS;5 (B.4)

Substituting F;,-; and F;, ¢, into, (2.64),

129



01(—J211 Sin 0, — Jo15 €05 0, — (c; — d3)myc, sin ;) + 6,(J13)
+ (—J211 €05 05 6,05 + J315 5in 0, 01) + J253(0F cos? 6, — 62)
+ J212010, sin 0, + J51367 sin 6, cos 6,
— 010, c0s 6, (J233 — J222) — (¢, — d3)myg cos 6,
= (d, + d3)Fip42 =
Defining the dependent variables so that F;, 4, can be expressed as follows.

—J211 5in 0, — J315 €0s 0, — (c; — d3)myc, sin b,

CONS,, = (B.5)
21 d, + d;
CONS,, = J213 (B.6)
d, +d;
CONS,;
_ _]211 cos 92 9192 +]212 Sin 92 0.1 +]223(912 COSZ 02 - 922) Sin 92
B d, + ds
. o . (B.7)
+ +J212010; + J21301 sin 6, cos 6, — 0,0, cos 0, (Jo33 — J222)
d, +d;
—(¢; — d3)myg cos 6,
d, +ds
Fipa, = 6,CONS,; + 8,CONS,, + CONS,4 (B.8)
Substituting F;,¢; and F;,., into (2.53) to solve for Fy;.
Fy11 = MyCapinby + (—mzcz cos 6, 6, + m,g sin 92) cos 6,
— (F12A2 + m,c, sin 6, 6; + m,g cos 02) sinf, =
Fo11 = (M1Cqziz — mzcz)é1 (B.9)

Substituting Fy,¢1, Fi2c2 and Fyq4 into (2.59) to expressing the resultant equation in

terms of 6, and 6,.
]133é1 = To1a — C01d91 — Cazi2 ((m1Cazi2 - mzcz)é1)
— (d; — Caziz) (F1241 €05 05 — Fi345 sin 65;)
+ (d3 + Cgziz) ((—mzcz cos 6, 6, + m,g sin 6, — F12A1) cos 6,

- (m2C2 sin 92 él + myg cos 92 - FIZAZ) sin 92) =
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61133 + (d3 + Cqzi2)MyC; COS 65)

= To1a — Co1a01 — Caziz ((mlcaziz - mzcz)él)
— Fi241(dy + d3) cos 0, + Fip4,(dy + d3) sinf, =
61133 + (d3 + Cazip)myc; 05 6,)
= To1a — Co1a61 = Caziz ((mlcaziz - mzcz)é1)
— (6,CONSy; + 6,CONS;, + CONS;3)(d; + d3) cos 6,
+ (6,CONS,; + 8,CONS,; + CONS,y3)(dy + d3) sin 6, =

01133 + (d3 + Caziz) Moy €0S 05 + Cazin(MyCazin — MaCy)
+ CONS,1(d, + d3) cos 6,
— CONS,.(d, + d3) sin6,)
+ 6,(CONS,,(d, + d3) cos 6, (B.10)
— CONS,,(d, + d3) sin6,)
= To1q — Co1a01 — CONS;3(d, + d3) cos 6,
+ CONS,5(d, + d3) sin 6,

Defining the dependent variables so that (B.10) can be expressed as follows.
CONS3y = J133 + (d3 + Cqziz)myc; cOs 6,

+ Caziz(M1Caziz — MyC3)

(B.11)

+ CONS,,(d, + d3) cos 6,

— CONS,1(d, + d3) sin 0,
CONS32 == CONSlz(dZ + d3) coS 92 (812)

— CONS,,(d, + d3) sin 6,

CONS33 = —(Ty14 — Co1481 — CONS;53(d, + d3) cos 6
33 ( 0la 01adav1 13( 2 3) 2 (813)
+ CONS,3(d, + d3) sin6,)

6,CONS3; + 6,CONS3, + CONS33 = 0 (B.14)

Substituting Fy,¢1, F12c2 and Fyq4 into (2.66) to expressing the resultant equation in

terms of 6, and 6,.
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é1(_]213 Sin B, — J,23 cos 6;) + éz (J233) — J213 cos 0, 9192
+ Jo23 Sin 0, 01 + J51,(07 cos? 8, — 67 sin? 0,)
+ 02 5in 0, cos 0, (Jo11 — J222) (B.15)
_]213é1é2 cos 6, +]2239192 sin 6,
- (lea - Clzdéz) =0

Defining the dependent variables so that (B.16)(B.15) can be expressed as follows.
CONS41 = _]213 Sin 92 _]223 coS 02 (816)
CONSyz = J233 (B.17)

CONS,3 = —J;13 cos 0, 9192 + /523 5in 6, 91
+]212(912 cos? 0, — 62 sin? 92)
+ 602 sin 0, cos 0, (Jp11 — J222) (B.18)
— J2136010, cos 05 + J5236,6, sin 6,
- (lea - C12d92)

6,CONS,; + 6,CONS,, + CONS,3 = 0 (B.19)

(B.14) and (B.19) can be expressed in matrix representation as follows.

CONS3, CONS32] A CONSgg] (B.20)
CONS4; CONSuo||d,| ~  [CONS,; '
Expanding the (B.20) to involve gimbal angular velocity terms,
o 1 0o o0 q[% 6,
0 CONS3;; 0 CONSs,||6:|_ |CONSs;
0 0 0 1 6, 0, (B.21)
0 CONSsy 0 CONSpl|g CONS,5
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