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ABSTRACT

MODELLING AND CONTROL OF
AUTONOMOUS UNDERWATER VEHICLES (AUVs)

Alper YALMAN

Department of Mechatronics Engineering
MSc. Thesis

Adviser: Assoc. Prof. Aydm YESILDIREK

The purpose of this study is to model a REMUS-like autonomous underwater vehicle
(AUV) and control the vehicle in each decoupled subsystems. First, the kinematic
equations are obtained using transformations between body and inertial reference frames
and dynamic equations of motion are derived by considering the hydrostatics and
hydrodynamics effects. After modelling, the equations of motion are decoupled and
various controllers are applied in order to control forward speed, roll position/velocity,
depth positon and yaw angle by using independent control variables. Proportional control
and feedback linearization are used to reach the desired forward speed. In many
applications, the roll states are generally neglected or used as constant but in this study
the roll states are controlled by backstepping method to stabilize the roll motion. Sliding
mode control, nonlinear switched control and cascaded PID control are applied in order
to control the depth and heading of the AUV. Finally, the simulation results are
demonstrated and future works are presented.

Key words: autonomous underwater vehicle, mathematical modelling, decoupled
control, nonlinear control, cascaded control.

YILDIZ TECHNICAL UNIVERSITY
GRADUATE SCHOOL OF NATURAL AND APPLIED SCIENCES



OZET

OTONOM SUALTI ARACININ MODELLENMESI VE KONTROLU

Alper YALMAN

Mekatronik Miihendisligi Anabilim Dali
Yiiksek Lisans Tezi

Tez Danismani: Dog Dr. Aydin YESILDIREK

Bu calismada REMUS benzeri sualti araglarinin modellenmesi ve elde edilen model
denkelmelerinin  ayristirilarak ~ birbirinden bagimsiz  sekilde kontrol edilmesi
amaglanmaktadir. Ik olarak ataletsel koordinat takimi ve gévde ekseni koordinat takimi
arasindaki doniisiimlerden faydalanarak aracin kinematik denklemleri elde edilmektedir.
Hidrostatik ve hidrodinamik etkiler g6z oniinde bulundurularak aracin dinamik modeli
elde tiiretilmektedir. Modelleme tamamlandiktan sonra elde edilen denklemler farkli
altsistemlere ayrigtirilarak hiz, déonme, derinlik ve sapma acist durumlar igin cesitli
kontrol yontemlerinin uygulamalari yapilmaktadir. Aracin ileri yondeki hiz kontrolii igin
lineer oransal kontrol ve geribesleme ile dogrusallastirma yontremleri kullanilmigtir. Pek
cok uygulamada aracin kendi ekseni etrafindaki donme hareketi ihmal edilmekte veya
sabit olarak kabul edilmektedir. Ancak bu ¢aligmada donme hareketi i¢in geri adimlama
yontemi ile kontrolcii tasarimi yapilmistir. Aracin sapma agisi ve derinlik kontrolii i¢in
kayan kipli kontrol, kaskat PID kontrol, dogrusal olmayan anahtarlamali kontrol gibi
yontemler kullnilmistir. Son olarak simiilasyon sonuglar1 gosterilmis ve gelecekte
hedeflenen ¢alismalardan s6z edilmistir.

Anahtar Kelimeler: otonom sualt1 araci, matematiksel modelleme, ayristirilmig kontrol,
dogrusal olmayan kontrol, kaskat kontrol.

YILDIZ TEKNIiK UNIiVERSITESI FEN BILIMLERI ENSTITUSU

Xi



CHAPTER 1

INTRODUCTION

1.1 Literature Review

About 70% of the Earth’s surface is covered with water which is like an empire of natural
resources. Underwater vehicles are developed so as to utilize these resources [1]. The

possibility of submersible vehicles started quite a while back.

Robert Whitehead is believed to be the designer of the first Torpedo which is called
Whitehead Automobile “Fish” Torpedo in Austria, 1866. Whitehead’s first torpedo,
which was driven by compressed air and carried an explosive charge, reached a speed of
over 3 m/s and ran for 700 m. It may be thought the first AUV if one ignores the fact that

it carried an explosive charge.

Applied Physics Laboratory of the University of Washington started development of what
may have been first “true” AUV in the late 1950’s since oceanographic data must be
gathered along precise trajectories. The work led to the development and operation of The
Self Propelled Underwater Research Vehicle(s) (SPURV). SPURV | was 480 kg, and
could reach velocity at 2.2 m/s for 5.5 hours at depths to 3 km. The acoustically controlled
vehicle could autonomously run at a constant depth. The vehicle was used to make CT
measurements along isobaric lines in support of internal wave modeling [2] and it could

track the dye plume 66 hours after the dye was released [3].

Epulard, which was designed in 1976 by IFREMER, was an acoustically controlled
vehicle and it was the first 6 km rated AUV. The vehicle was capable to provide a constant
depth above the bottom using a cable. Epulard achieved 300 dives between 1970 and
1990 [4].



Figure 1.1 The Epulard AUV by IFREMER

There are different sorts of underwater vehicles that can be classified into two categories
called manned and unmanned systems. In manned system, there are military submarines
and non-military submersibles managed for underwater explorations and appraisal.
Unmanned submersibles can also be classified into various categories. The least complex
and most effortlessly described are those submersibles that are towed behind a ship. They
act as platforms for different sensor suites attached to the vehicle frame. Second type is a
tethered vehicle which is called Remotely Operated Vehicle (ROV). ROVs have been
utilized in the offshore industry since the late 1960s and are well established for
underwater missions. However, they have limited use due to the constraints such as
requirement for a tether to communicate and a control platform. Communication and
power are supplied by the tether and the ROV is controlled directly by a remote operator.
Third type is an Unmanned Untethered Vehicle (UUV). These vehicles have their own

onboard power but are controlled by a remote operator via a communication link.

The requirement for autonomy in vehicles is increasingly becoming a significant subject
in many environments and circumstances worldwide. One of the primary factor that
makes the autonomous motion important is the lack of the ability to communicate

between the vehicle and operator. Underwater is one of the environments in which



communication is very constrained. Autonomous underwater vehicles have a crucial role

in discovery of underwater environment and allow people to find out unreachable depths.

Autonomous underwater vehicles (AUVs) have been developed for the underwater
discovery in order to achieve the inadequacies of ROVs. An Autonomous Underwater
Vehicle (AUV) is an untethered, autonomous undersea system that has its own power and
controlled by an integrated computer while doing a pre-defined task [5] [6] [7].

In 1970s, the first AUVs were improved and put into commercial use in the 1990s. Today,
they are generally used for scientific applications, military applications and research
objectives [6]. The HUGIN series, which is considered as the most commercially
successful AUV series on the today’s world market, is developed in collaboration
between the Norwegian Defense Research Establishment and Kongsberg [1]. AUVs are
also widely used in the mining and oil industries [8]. Many countries have intensive AUV

R&D programs which is an indication of the increasing significance of AUVs.

Figure 1.2 The HUGIN AUV



Bluefin Robotics is a company that was developed from the AUV laboratory at
Massachusetts Institute of Technology (MIT) and is a world leader in underwater vehicle
development. It started building AUVs in 1989 and its success in this area has led to the

deployment of these vehicles all over the world [9].

The Naval Postgraduate School of California is an institute with its own AUV department
and is currently going on intensive research in control, navigation, fault detection,
computer simulations and different areas for AUVs. The department has two main AUVs
as shown in Figure 1.3 and Figure 1.4. The ARIES is being utilized to test and improve
navigation systems in underwater while the Phoenix is used as an underwater test vehicle

for control studies [10].

Figure 1.4 The Phoenix AUV [10]

The Defense Advanced Research Projects Agency of the United States began an AUV

program in the late 1980s specifically oriented toward military applications. The vehicles

4



built by the agency are the largest and more versatile of any AUVs created anywhere else
at present. They have been used in testing advanced submerged technologies and systems,
and have proven instrumental in advancing developments in underwater vehicles

worldwide.

There was an increasing interest in academic research about AUV’s during the 90’s. Six
Odyssey vehicles were developed by the The Massachusetts Institute of Technology’s
Sea Grant AUV lab during the early 90’s. These vehicles were 160 kg, had 1.5 m/s
operating speed and were rated to 6 km. In 1994, Odyssey vehicles were operated under

ice and to a depth of 1.4 km for 3 hours in the open ocean in 1995 [11].

Figure 1.5 The Odyssey IV

Autonomous Benthic Explorer (ABE) was created by WHOI in early 90’s. ABE
accomplished its first scientific mission in 1994. ABE displaces 680 kg and has operating
speed about 0.75 m/s. ABE is a highly maneuverable vehicle in since it has six thrusters.
ABE has completed over 80 dives; one dive lasted for 30 hours at 2.2 km. Its deepest dive
to date was to 4 km [12].



Figure 1.6 The Autonomous Benthic Explorer (ABE)

In the late 90’s, REMUS AUV was developed by WHOI to contribute scientific studies
at LEO-15 observatory in Tuckerton. The first mission was completed in 1967. The
vehicle has operating velocity about 1.5 m/s and has ability to dive up to 100 m for 20
hours. Since there many REMUS vehicles in many different configurations, it is not
possible to know how many missions have been performed by REMUS vehicles.
However, it is known that the longest REMUS mission lasted 17 hours while traveling 60
km at 1.75 m/s at a maximum depth of 20 m off the coast of NJ at the LEO-15 observatory
[13].

Figure 1.7 Pioneer REMUS-600 Autonomous Underwater Vehicle (AUV)
6



Presently, the difficulties for AUV address the navigation, communication, autonomy,
and endurance issues. Being autonomous is the fundamental property of AUVs which is

related to the electronics and control system design.

Numerous new submerged technologies are being investigated and applied to AUVSs. For
instance, hybrid underwater vehicles utilizing both ROV and AUV technologies are
currently being used by The Monterey Bay Aquarium Research Institute of California.
MIT is working on fish tail propulsion systems to use on their vehicles while institutes
such as Nekton Research have been developing miniature AUVs (Figure 1.8) that can
travel in groups, communicate with each other and provide researchers with simultaneous
data over a large volume of water [14]. AUV research and technology is definitely on an

upward curve.

Figure 1.8 Nekton Research’s miniature AUV prototype [8]

The AUV basically utilizes an integrated computer system, power packs and vehicle
payloads to perform the guidance, navigation and control objectives. They can be
outfitted with various sensors to measure the environmental effects, or specialized
biochemical payloads to identify underwater life when in motion. In many developments
today, AUVs have been utilized in a semi-autonomous mode under human control that
requires them to be tracked, observed, or even stopped through an objective in order to
alter the mission plan. However, there have been successful developments at the

achievement of autonomous operation [15].



After modelling and system identification, a control system can be designed for AUVs.
An AUV may experience various maneuvering scenarios while performing any task
especially in target tracking [16]. Different control methods are utilized for different
operations. The vehicle speed is generally controller by thrusters attached to the vehicle
aft. Pitch and depth controller is used to keep the AUV at a specific depth and heading
angle of the vehicle is controlled using the different number of control surfaces on AUV.
Roll motion is passively stabilized thanks to the mechanical properties of the vehicle or
actively controlled with different kind of elements such as control surfaces, internal
rotating mass and counter-rotating propellers. Control systems provide required
commands to the controlled actuators in order to reach the desired position and/or velocity
states for the vehicle. Controlling AUVs has many difficulties due to the effects of
underwater environment. Thus, designing control systems for AUVs has been an
extensive research area that include various techniques having been studied in the
literature to provide autonomous motion [17],[18],[19],[20]. Current technology is
focused on using intelligent and adaptive controllers to provide AUVs with outstanding

control capabilities over ROVS.

1.2 Objective of the Thesis
The scope of thesis includes

e Kinematic and dynamic analysis of an AUV,
e Decoupled control systems design,
e Implementation of dynamic model and controllers in MATLAB/Simulink

environment

In second and third chapters, the kinematic and dynamic equations of motion are derived.
Chapter 4 discusses the decoupled controllers for the surge speed and roll motion of the
AUV. In Chapter 5, decoupled equations for diving system are derived, linear and
nonlinear controllers are applied and simulated. In Chapter 6, dynamic model for the
horizontal plane is given and various control methods are applied in order to reach the
desired heading angle. The last chapter discusses the results and suggests future work.

1.3 Hypothesis

In this study, the kinematic and dynamic model of the REMUS like AUVs are obtained
and the dynamic model is implemented using MATLAB/Simulink. In addition to 6-DOF

8



model, the decoupled subsystems are separately implemented and design of controllers
are performed using these decoupled equations. In the literature, the effect of roll motion
is generally neglected. Contrary to the studies in the literature, the effect of roll motion is
included here and roll controller is designed in order to stabilize the vehicle around x-
axis. Outputs of this study will be implemented and tested on TORK system, an anti-

torpedo torpedo system developed by ASELSAN Inc., Turkey.



CHAPTER 2

MODELLING: KINEMATICS OF AUV

In this section, the 6 degrees of freedom (DOF) motion of AUV is presented. In order to
determine the position and orientation of a rigid body, six independent coordinates are
required. Linear motion which describes the position of the vehicle along x, y and z axes
is defined in first three coordinates while the last three coordinates are used to define the

rotational motion which describes the orientation of the vehicle [21].

In general, the six different motion components are given for marine vehicles as surge,
sway, heave, roll, pitch and yaw. The SNAME (1950) notation is generally used to define

these components as shown in Table 2.1 [22].

Table 2.1 Notation Used For Marine Vehicles

Forces and Linear and Positions and
DOF angular
moments I Euler angles
velocities
Motion along x-direction (surge) X u X
Motion along y-direction (sway) Y v y
Motion along z-direction (heave) z w z
Rotation about x-axis (roll) K p ¢
Rotation about y-axis (pitch) M q )
Rotation about z-axis (yaw) N r Y

10



2.1 Kinematics of AUV

It is appropriate to define two coordinate frames as given in Figure 2.1 while studying the
6-DOF motion of AUVs [21].

Earth-Fixed Frame

Body-Fixed Frame

q # -
(pitch)
r § & - -
- (vaw) ..
(sway) p
L (roll) -
(heave)

(surge)
Figure 2.1 Earth-fixed and body-fixed coordinate frames

The moving coordinate frame X,Y,Z, is attached to the vehicle body and is called the
body-fixed frame. The origin O of the body-fixed frame is mostly selected to make the

dynamic equations simpler.
For underwater vehicles, the body axes X,, Y, and Z, are defined as follows:

e X, — longitudinal axis (directed from aft to fore)
e Y, —transverse axis (directed to starboard)

e 7, —normal axis (directed from top to bottom)

The motion of the body-fixed frame is described relative to and inertial reference frame.
It is assumed that the acceleration of a point on the surface of the Earth can be neglected
and earth-fixed reference frame XYZ can be considered to be inertial. Based on SNAME

notation given in Table 2.1, the general motion of the vehicle in 6 DOF can be described
by:

11



11
n=|p m=x v A% m=[6 6 Y
v=[""; vi=[u v w'; v,=p q 7
- -VZ— ’ 1 — ’ 2 —
_ [*1]. _ T _ T
T= g, ) T,.=[X Y Z]; T,=[K M NJ
where

e 1: positions and orientations in earth-fixed frame
e v: linear and angular velocities in body-fixed frame

e 1: forces and moments acting on the vehicle in body-fixed frame

The vehicle’s velocity vector relative to the earth-fixed frame is expressed by the velocity

transformation.

N =J1(12)v, (2.1)
where J;(n;) is transformation matrix which is function of roll (¢), pitch () and yaw
(y) angles. In order to find the transformation matrix, three basic rotation matrices are

defined for x, y and z axes.

10 0 cd 0 —s6 cp sP 0
Cip=|0 cd sd|; Cop=|0 1 0 |; Cop=|-sPp cp O (2.2)
0 —s¢ co s 0 @ 0 0 1

where s - = sin(-) and ¢ - = cos(-). The notation C; , represents a rotation angle a about

the i-axis. All C; , have the following properties:

e (isorthogonal.
e CCT=C"C=1I; detC=1
o C1=(T

2.1.1 Linear Velocity Transformation

Let X;Y;Z5 be the coordinate system attained by translating the earth-fixed coordinate
frame XYZ parallel to itself until its origin coincides with the origin of the body-fixed

coordinate frame. Then, the following rotational operations are applied one by one [21].

o X3Y;Z, is rotated a yaw angle y about Z; axis and this yields the coordinate

system X, Y, Z,.

12



e X,Y,Z, is rotated a pitch angle 8 about Y, axis and this yields the coordinate
system X, Y, Z,.

e X,Y,Z, isrotated a roll angle ¢ about X; axis and this yields the body coordinate
system XY, Z,.

J1(12) = C£,¢C§,9C£,¢ (2.3)

The inverse transformation can also be written as:

11_1(7’2) =]{(772) = Cx,d)Cy,HCz,lp (2.4)
Expanding expression (2.3) yields:
cpcld —syPcp + cPsOs¢p  sPse + cpcgpsO

Ji(py) = |syYcl  cpcp + spsOsyp  —cypse + sOsypcd (2.5)
—s6 cOsp clco

2.1.2 Angular Velocity Transformation

The body-fixed angular velocity vector and the Euler rate vector are related through a

transformation matrix J,(n,) according to:

1, =J,(M)v, (2.6)
The angular body velocity vector v, =[P g 7]" cannot be integrated directly to
obtain actual angular coordinates [23]. This is because fotvz(r)dr does not have any

physical meaning. However, the vector 5, =[¢ 6 ¥]T will represent convenient
generalized coordinates. The orientation of the body-fixed reference frame with respect

to the inertial reference frame is given by:

AN 0
v, =|[0]+ Cx,d) 6|+ Cx,¢>Cy,9 0 = ]2_1(712)772 (2-7)
0 0 Y

Expanding (2.7) yields:

1 0 —s60 1 s¢ptf copto
] (2.8)

151(172)=[0 cd 698¢]—> ]2(712)=[O cp  —s¢
0 —s¢ cOcp 0 s¢p/c8 c¢p/cO

where s - = sin(:), ¢ - = cos(-) and t - = tan(-)
It is seen from the (2.8) that J,(n,) is undefined for 8 = +90° and J51(n,) # JT ().

13



Finally, the kinematic equations can be written in vector form as given below.

Zﬂ :[]3(322) 1?(3:;2) MEREIOY (2.9)
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CHAPTER 3

MODELLING: DYNAMICS OF AUV

3.1 Rigid Body Dynamics

In this section the rigid body equations of motion are derived using Newtonian

Mechanics. When deriving the equations of motion the following assumption are made.

e The vehicle is rigid

e The earth-fixed reference frame is inertial

The 6 DOF nonlinear dynamic equations of motion can be expressed as:

MRBV + CRB(V)V =7 (31)
where
e Mgg - Rigid body inertia matrix

e Crz(v) :Matrix of Coriolis and centripetal terms (including added mass)

e T : Total external forces acting on the vehicle
The Newton-Euler formulation is based on Newton’s Second Law which relates mass m,
acceleration v and force f. according to:
mv. = f¢ (3.2)

Newton'’s Second Law is expressed in terms of conservation of linear momentum p. and
angular momentum h [24]. These results are known as Euler’s First and Second Axioms
as given below:

Pc=fo Pc & mvg; (3.3)

h; = mg; h; = I w; (3.4)
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where f. and m are the forces and moments referred to the vehicle’s center of gravity

(CG), w is the angular velocity vector and I is the inertia tensor about the CG.

Let us consider a body-fixed coordinate system X,Y,Z, rotating with an angular velocity
w = [w1 w; w3]T about an earth-fixed coordinate system XYZ as shown in Figure
3.1

X

Earth-fixed
reference frame

Z

Figure 3.1 The inertial, earth-fixed non-rotating reference frame XYZ and the body-
fixed rotating reference frame X,Y,Z, [21].

The inertia tensor I, referred to an arbitrary body-fixed coordinate system X,Y,Z, with
origin O in the body-fixed frame is defined as:

Ix _Ixy _Ixz
L2 |~Lx L, —Lg|;1,=13>0 (3.5)
_sz _Izy Iz

The time derivatives of an arbitrary vector ¢ in XYZ is given as:
c=c +wxc (3.6)

Where ¢ is the time derivative in frame XYZ and ¢ is the time derivative in the moving
frame X,Y,Z,. It is easily seen that the angular acceleration is equal in X,Y,Z, and XYZ
by using (3.6) as:

D=0+ WXW =0 (3.7)
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3.1.1 Translational Motion

From Figure 3.1 it can be written that:

T'C = 1'0 + T'G

The velocity of the center of gravity is:

‘UC == i'c = 1."0 + i‘G

The time derivative of r; can be written as:

. o

T'G = TG + wX T'G

We can write v, = ¢ and ?G = 0 for a rigid body,

o
Ve=Vyg+Tg+twxr;= v+ wxrg

By taking the derivative of (3.11) the acceleration vector can be found as:

i’C :i70+(erG +waG
- . o . o . -
Since vy =vy+wxv, ®=wandr; = wxr;the (3.12) yields

. o o
Ve=Vy+0xVy+wx1;+wx(wxT1g)

Substituting (3.13) into (3.3) finally yields

o o
m<v0+wxv0+w er+wx(wer)>=f0

(3.8)

(3.9)

(3.10)

(3.11)

(3.12)

(3.13)

(3.14)

If the origin of the X,Y,Z, is chosen to coincide with the vehicle’s center of gravity,

Yo = [O 0 O]T, fO = fC and Vo = V¢ y|e|dS

m(107c+wxvc) = fc

3.1.2 Rotational Motion

The absolute angular momentum in [21] about O is defined as:

ho £ frxvadV
\%

Differentiating (3.16) with respect to time yields:

ilo = frxvadV+fTX‘UpAdV
\% \%
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The first term on the right-hand side is the moment vector:

m, éfrxi)pAdV
'

From Figure 3.1 it is seen that:
V=Tg+T > r=v—1,

Substituting (3.19) into (3.18) for hy and vx v = 0,
hy = m, +f(v—v0)xvadV =m, + jvxvadV—jvoxvadV
v v v
h, =m0—vovapAdV
v
or equivalently

ho=m0—v0xf(v0+i‘)pAdV=mo—voxfi"pAdV
\ \

(3.18)

(3.19)

(3.20)

(3.21)

(3.22)

Expression (3.22) can be written by differentiating the vehicle’s center of gravity which

can be defines as:

1
=— dv
Te mfvr Pa
Differentiating (3.23) yields
14
Since r; = w x g, (3.24) can be written as
Ji‘ padV =m(wxrg)
14

Substituting (3.25) into the (23.22) yields

ilo =m, _vaX((I)XrG)

The absolute angular momentum (3.16) is written as

hoéjrxvadV=frvapAdV+frx(wxr)pAdV
\ \ \

The first term on the right-hand side of (3.27) can be written by using (3.23).
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J.TX‘UO pAdV = (frpAdV>X‘UO = er Xvo (328)
\% \%

The second term in (3.27) is recognized as the definition of inertia tensor which can be
written as

Iyw = frx (wxT1) pudv (3.29)
14

Thus, the expression (3.27) reduces to:
h, = I,w + mr; xv, (3.30)

Differentiating expression (3.30) assuming that I, is constant with respect to time yields

hy = 1,0 + @ x (yw) + m(@ x1g) X vy + mrg x (Vg + » X vy) (3.31)

Using the vector product property (w x ;) x v, = —v, x (w x ;) and eliminating h
from (3.26) and (3.31) finally yields

10(2) + wx (Iyw) + mrg x (1070 + wxvy) =m, (3.32)

If the origin O of the body-fixed X,Y,Z, is chosen to coincide with the vehicle’s center
of gravity, (3.32) is simplified to:

I+ ox U 0) =m, (3.33)

3.1.3 6DOF Rigid Body Equations of Motion

Equations (3.14) and (3.32) are written in component according to SNAME (1950)
notation as follows:

e fo =1, =[X Y ZI" external forces

e m;, =1, =[K M N’ moments of external forces about O
e v, v, =u v w]T linear velocity of X,Y,Z,

e w =v, =[p q " angular velocity of X,Y,Z,

o 1, =[x¢ Y¢ 2zg]"  center of gravity

Applying the notation to equations (3.14) and (3.32) yields:
mli—vr +wq —xc(q* +13) +ye(pqa — ) + zs(pr + Q)] =X
m[v—wp +ur —ye(r? +p?) + z;(qr —p) + x;(qp + )] =Y (3.34)

mlw —uq +vp —z;(P* +q*) +xc(rp — QD +y;(rq+p)] =Z
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Ixzj + (Iz - Iy)qr - (7; + pq}lxz + (rz - qz)lyz + (pr - C.I)Ixy
+ml[yc;(W —uq +vp) — z;(v — wp + ur)] =K

Iyq + (Ix - Iz)rp - (p + qr)lxy + (pz - T'Z)sz + (CIP - 7;')Iyz
+m|[z; (1 — vr + wq) — x;(W — uq + vp)] =M

sz + (Iy - Ix)pq - (CI + rp)lyz + (qz - pz)lxy + (rq - ?)sz
+m[x;(v —wp +ur) —ys (it — vr + wq)] =N

These equations can be written in vectorial form as:

MRBV + CRB(V)V =7 (335)

wherev=[u v w p q r]Tisthe body-fixed linear and angular velocity vector
andt=[X Y Z K M N]"isgeneralized vector of external forces and moments.

The rigid-body inertia matrix My satisfies following properties:

® Mgz = Mgz >0

® MRB =0
where
M.. = mlz,3 —mS(rG)]
RE ™ |1mS(r) I,
m 0 0 0 mz; —myg]
0 m 0 —mz; 0 mxg
0 0 m my; —mxg 0 (3.36)
- 0 —mzg myq Ix _Ixy _Ixz
mzg 0 —mxg  —lyy I -1,
| —my; mxg 0 -1, —lyy I,

I, is the idendity matrix, I, = I > 0 is the inertia tensor with respect to 0 and S(r)
is skew-symmetric matrix which is generally defined as follows:

0 -3 A
_A‘Z /11 0
The 6x6 inertia matrix Mzg can be written as:
M11 MIZ]
Mprn = 3.38
RB M21 M22 ( )
The coriolis and centripetal matrix Crg(v) is found by using inertia matrix.
0 —S(M{,v, + M{,v,)
C V) = [ 3x3 11%1 12V2 3.39
ro(V) —S(My1vi+ My,v,) —S(Mp1vq + My,vy) (3:39)
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Since the M;; matrices are know from the (3.36), the coriolis and centripetal matrix
Crs(v) is found by expanding (3.39).

[ 0 0 0
0 0 0
0 0 0
CosW) =\ _m(ypq+267)  myep +w) m(zgp — v)
m(xgq —w)  —m(zgr +xgp)  m(zgq +u)
m(xgr + v) myer—u)  —mxgp +ysq)
(3.40)
m(yeq + z¢r) —m(xgq —w) —m(xgr + v)
—m(ygp +w) m(zgr + xgp) —m(yer —u)
—m(zgp — V) —m(zgq + u) m(xgp +¥6q)
0 —ly,q—ILgp+Lr  L,r+L,p—1q
]yzq + L,p — I, 0 — Ly, T — Ixyq + Ip
—ly,r —Lyp + L,q  Lyr+ Lyq— Lp 0

3.2 External Forces and Moments

It is assumed that environmental effects such as waves and water current are neglected
and do not affect the motion of underwater vehicle. The total forces and moments acting
on the vehicle can be written in terms of hydrostatics, hydrodynamics and actuator forces
[25].

T=Tys+T4++Tp+7T, +7Tp (3.41)
where

e T, : Hydrostatic forces and moments

o T, : Added mass forces and moments
e T : Drag forces and moments

o T, . Lift forces and moments

e Tp : Propulsion forces and moments

Following sections describes these forces and moments.

3.2.1 Hydrostatic Forces and Moments

The hydrostatic forces and moments are acting on the vehicle due to the effects of vehicle
weight and buoyancy [21]. Let m be the mass of the vehicle and g is the acceleration of
gravity, the weight of the vehicle is W = mg. The buoyancy force is expressed as B =

psVg, where the p; is the fluid density and V is the total volume of the vehicle.

The center of gravity is given in the previous sections as r; = [¥¢ Y¢ Zc]". Let the

coordinates of center of buoyancy be rz = [*s Y8 Zg]T. The gravitational force f;

21



will act through the r; and the buoyancy force fg will act through the 5. Gravitational
and buoyancy forces can be expressed in body-fixed coordinate system using

transformation matrices derived in kinematic analysis as given below:

0 0
fe() =J1 () 0]: fe(m) =J1 (1) [0 ; (3.42)
w B
The hydrostatics forces and moments on the vehicle can be defined as:
Fus=f¢c—fs
(3.43)

Muys=rsxfe—rpxfp

Equations in (3.43) are expanded to yield the nonlinear equations for hydrostatic forces

and moments:

XHS = —(W - B)S@
Yyus = (W — B)cOs¢
Zys = (W — B)cOco

Kys = (oW — ygB)cOcd — (zgW — zgB)cOs¢p (3.44)
Mys = —(zgW — zgB)sO — (xcW — xgB)cblcg
Nys = (x¢W — xpB)cbs¢p + (yoW — ypB)s6
Let us write the hydrostatic forces and moments in vector form:
_XHS_
Yus
- _ _ FHS] _|Zns
THS - g(nZ) - [MHS - KHS
MHS
| Nys
(3.45)
(W — B)s8
—(W — B)cOs¢
—(W — B)cOcg

9012) = —(ycW — ygB)clcep + (zgW — zgB)cOs¢
(zgW — zgB)sO + (xcW — xgB)cbOcg
| —(xgW — xgB)cOs¢p — (yoW — ygB)sO |
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3.2.2 Hydrodynamic Damping

Let use write hydrodynamic damping forces and moments z, as:

Tp, = —D(v)v; D(v): Hydrodynamic damping matrix

(3.46)

The hydrodynamic damping matrix D(v) will be real, non-symmetrical and strictly

positive matrix. In general, higher order terms in damping matrix D(v) are neglected

[26]. Thus, the damping matrix that includes linear and quadratic terms is written as:

~ <

<

D(v) =-—

:2 :E 5 :N s :X
Q:Z QE ﬁx ttN

_Xulul |u|
Yulul |u|
Zulul |u|
Kulul |u|
Mulul |u|
_Nulul |u|

~ <

S
=

< s><:
=< 73><

= 5 RN = <

EZ %E SR EN
'32 'GE 'Gk 'BN
EEE

levl |‘l7|
levl |U|

lewl |W|
lewl |W|
Zwlwl |W|
KW|W| |W|
MW|W| IWI
Nwlwl |W|

Zvlvl |‘l7|
Kvlvl Ivl
levl |17|
Nvlvl |‘U|

Xpipl P
Yol P
Arad
Kppi ]
My Pl
Npjpi [Pl

quqllQl Xrlrllrl_
quqllQl lerllrl
quqllQl Zrlrllrl
quqllql Krlrllrl
MqlqllQl Mrlrllrl
quqllQl errllrl_

(3.47)

Since the vehicle has xy and xz symmetry, the damping matrix in (3.47) is reduced to

following expression:

© o o o ozXx
o o ofNo

_XquI |u|
0]

o O O

0 0 0 07
0O 0 0 Y
Z, 0 Z; 0
0 K, 0 0
M, 0 M, 0
0O 0 0 N,
0 0 0
Y,,|,,||v| 0 0
0 ZW|W||W| 0
0 0 Kypilpl
0 Mwlwl lwl 0
Nv|v| |17| 0 0
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0 0

0 Yo7
Zqiqilql 0

0 0
Mgjqilql 0

0 errllrl-

(3.48)



Finally, drag forces and moment can be written using (3.46), and (3.48):
Xa = Xyu + Xy ulu

Yo =Y,v+Yr+ Y vlvl + Veprir|

Zg =ZyW+Zeq + Zypwlw| + Zg 4,914l

Kq = Kpp + Kpjp 0P|

My = My,w + Mgq + My, wilw| + Mg q,qlq|

(3.49)

Ng = Nyv + No7 + Ny v|v| + Npppy7| 7|

3.2.3 Added Mass

Added mass is a measure of the mass of the moving water when the vehicle accelerates

[27]. The forces and moments T, due to the added mass can be written in following form:

Ty = —Myuv — C,(V)v (3.50)

where M, is the added inertia matrix and C,(v) the hydrodynamic Coriolis and

centripetal matrix [25].

The 6x6 added inertia matrix M, is given as:

_Xu XU XW Xp Xq Xf-_
Y, Y, Y, Y Y, Y
u,  [An Alz] a_ (B B L Ly 2y I (351)
A,, A, K, K, Ky K; Ky K
My, M, M, M; M, M,
[Ny, Ny, Ny N; Ny N

The SNAME notation is used in (3.51); for instance the Y, is the hydrodynamic added

mass along the y-axis due to an acceleration u in the x-direction.

Hydrodynamic Coriolis and centripetal matrix C,(v) is skew-symmetric and defined as:

_ 0353 —S(A11v1 + A1V, _ T
Ca0v) = —S(A1 v +Apv,) —S(Ayvy + Apvy)lY €)= =G (3.52)

Substituting 4;; from (3.51) into (3.52) yields the following expression for €, (v).
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_ _az a1 O
CA(V) - —as a, 0 _b3 bz (353)
as 0 —a; bs 0 -bh
_az a1 O _bz b1 O
where
a; = Xgu+ Xpv + Xyw + Xpp + Xgq + X1
a, = Xpu+Yv+YVuw+Yp+Yq +YVer
as =Xpu+YVyv+Zyw+Zyp+Z4q + Zpr (3.54)

b, = Xyu + Y3v + Zyw + Kyp + Kyq + Kir
b, =Xqu+Yv+Zsw+ Kyp + Myq + My
b; = Xpu+Yv+Zw+ Kip+ Mpq + Nz
Due to the xy and xz symmetry of the vehicle, the added inertia matrix given in (3.51)

reduces to following expression:

X, 0 0 0 0 0
0O ¥ 0 0 0 Y
wo_ |0 0 Zy 0 Zy 0 555)
AT710 0 0 Ky, 0 0 -
0 0 M, 0 M; O
(0 N, 0 0 0 N

Using the simplified expression in (3.55), the hydrodynamic Coriolis and centripetal

matrix C(v) can be written as:

0 0 0 0 —(Zow+2q) Yov+Yir
0 0 0 Zyw +Z4q 0 —Xu
0 0 0 —Yv+Yr) Xau 0 3.56
Cav) = 0 —(Zyw +24q) Yyv +Ypr 0 ~(Yv + Ner)  Zgw + Myq (3.56)
Zyw +Z4q 0 —Xuu Y,v+ Nyr 0 —Kyp
[—(Yl-,v + Y1) Xyu 0 —(z,w + M;q) K;p 0 ]

Substituting the matrices (3.55) and (3.56) into the (3.50) gives the forces and moment

due to the added mass.

XA = qu + ZWWC[ + quz - YI‘,UT' - Yf-T'Z

Zy =ZyWw + Z4q + Yyup + Yepr — Xyuq
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My = Myw + Myq + (Xy — Zy)uw — Zyuq — Yzvp + (Ky — N;)pr

3.2.4 Body Lift and Fin Lift

The lift forces and moments t;, can be separated into the two parts as:

T, =T, T Ty, (3.58)
where the 7, defines the body lift and 7, defines the fin lift forces and moments.

Vehicle body lift results from the vehicle moving through the water at an angle of attack,
causing flow separation and a subsequent drop in pressure along aft, upper section of the
vehicle hull. This pressure drop is modeled as a point force applied at the center of
pressure. As this center pressure does not line up with the origin of the vehicle-fixed
coordinate system, this force also lead to a pitching moment about the origin [25]. Body
lift forces and moments are defined as:

0
Y uv
Z i UW
T, = ”Wé (3.59)
M, iuw
| Nuvluv |

where the Y1, Z,wi, My and Ny,,; are called the body lift coefficients and theoretical

expressions for these coefficients can be found in [25].

The attitude of the underwater vehicle is controlled by two horizontal fins, or stern planes,
and two vertical fins, or rudders. It is known that the pairs of fins move together. The fin

lift forces and moments is given as:

0
Yiwpuv + Yy pur + Y5 u?6,

ZywpuW + Zyyqruq + Zyy s U8
T, = 0 (3.60)

My puw + Myqpuq + My s 0?85

| Nyypuv + Nyppur + Nyys u?6, |

The total lift forces and moments are obtained substituting (3.59) and (3.60) into the
(3.58) as given below:
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0
Yiiuv + Yyppuv + Yy pur + Y5 u?S,

ZywtUW + Zyyyy pUW + Zyyq e uq + Zypyy 5, u* 8

Myyiuw + My, puw + My qruq + My s u® S

| Nyyiuv + Ny puv + Ny pur + Nyys 6, |

3.3 Total Forces and Moments

Substituting the equations obtained in the previous sections into the (3.41) gives us the

total forces and moments acting on the vehicle as given below:

T=Tys+ T, +Tp+T4+7Tp =

= XX N <X

X =—-W —=B)sO + Xyu+Zy,wq + Zyq* — Yyur — Yir®* + Xu
+ Xu|u|u|u| + XpTOp
Y =W —B)cOs¢p + Yy + Yi7 — Zy,wp — Zgpq + Xyur
+ Y, v+ Yr + Y vlvl + Yo rlr| + Yyuv + Yy puv
+ Yyrpur + Yyus, u?6,
Z =W —B)cOco + ZyWw + Zzq + Yyvp + Yipr — Xyuq + Zy,w + Zyq
+ ZywwIwl + Zg119191 + Zyyiuw + Zyypuw + Zyyqruq (3.62)
+ Zuu55u26s
K = (oW — ypB)cOcp — (zgW — zgB)cOsp + Kyp + (Zy, — Ypy)vw + (Z4
+ Kyrop
M = —(zcW — zgB)s — (x¢W — xgB)cOcd + Myw + Msq + (Xy
= Zy)uw — Zzuq — Yyvp + (Ky — Np)pr + M,w + Myq
+ My jwwiw| + My 14191q] + My uw + My, puw + My qruq
+ Muu(gsquS
N = (xgW — xgB)cOs¢ + (yoW — ygB)s6 + Nyv + N1 + (Y — X, )uv
+ Yiur + Zgwp + (My — K3)pq + Nyv + Npv + Ny v| v
+ Ny 7|7 4 Nyppuv 4 Ny puv + Ny pur + Ny s u>8,

3.4 Equations of Motion
In (3.35) the dynamic equations are defines as

MRBV + CRB(V)V =T
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Here T consists all forces acting on the vehicle’s body and can be written as sum of three
components as given in (3.41), that is:

T:THS+TA+TD+TL+TP

where T is hydrostatic forces and moments and moments defined in (3.45), T4 the forces
and moments due to the added mass defined in (3.57), T, the hydrodynamic damping

defined in (3.49), T, the body and fin lift forces and moments defined in (3.58) and 7.

propulsion forces and moments.

Substituting the equations (3.46), (3.46) and (3.50) into the (3.41) yields the following
expression:

Mgpv + Crg(W)v=—gm,) —Muwv—-C,(v)Vv—-DW)v+1, +1Tp (3.63)

The (3.63) can be written in general form as:

Mv+Cv)v+D(v)v+gn) =1, +1p (3.64)
where
e M - Inertia matrix including added mass, M £ My ; + M,

e (C(v) :Coriolis and centripetal terms including added mass,
C(v) 2 Crp(v) + C4(v)

e D(v) :Hydrodynamic damping matrix

e g(m) :Hydrostatic forces and moments

o T, : Forces and moments due to the body and fin lift
o T, : Propulsion force and moment

The body-fixed frame is chosen in order to coincide with the center of buoyancy. Thus,
the position vector of the CB implies that r; =[0 0 0]7 and inertia tensor

becomes I, = diag{l,, I, 1,} [28].

Rigid-body inertia matrix can be written in simpler as given below.

m 0 0 0 mz; —myg

[ 0 m 0 -mzg; 0 mxc]

|1 0 0 m my; —mxg 0 |
MRB—| 0  -mzg my; I, 0 0 (3.65)

| mz 0 -mx; O L, 0 |

[—myG mxg 0 0 0 I, J

The inertia matrix M is written as sum of rigid body inertia matrix M,z and added mass

matrix M, as follows:
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m — X, 0 0 0 mz; -my,
0 m-—Y, 0 —mz; 0 mx; — Yy
M= 8 0 m-—2Z2, my, —mxg — Zg 0 (3.66)
—mz; my. I, — Ky 0 0
mz; 0 —-mx; — M, 0 I, — M, 0
| —my,  mx;— N, 0 0 0 I, — N, |

The rigid-body Coriolis and centripetal matrix Cgg(v) defined in (3.40) is simplified as:

0 0 0
0 0 0
0 0 0
CosW) = | _m(yeq +267)  mOep+w)  mlzep —v)
m(xgq —w)  —m(zgr +xgp)  m(zgq +u)
m(xgr + v) m(yer —u)  —m(xsp +ysq)
(3.67)
m(ygq +zgr) —-m(xgq—w) —m(xer+v)]
—-myYep +w) m(zgr +xsp) —m(yer —u)
—m(zgp —v) —-m(zgq+u) mxgp +ysq)
0 I,r —1,q
—I,r 0 L,p
Iyq —IxD 0

The Coriolis and centripetal matrix €(v) can be written as sum of Crp(v) defined in
(2.67) and C4(v) defined in (2.68).

C(v) = Crp(v) + C4(v)

0 0 0
0 0 0
0 0 0

) = -m(yeq + zgT)

m(xgr +v) — (Ypv + Y1)

m@yep +w) — (Zyw +Z3q) m(zgp —v) + Vv + Yer
—m(zgr + x¢p) m(zgq +u) — Xyu
m(yer —u) + Xyu —m(xep + ¥6q)
(3.68)
—-m(xgq —w) — (Zyw +Z3q9) —m(xgr +v) +Yv + Yr-r]
m(zgr + xgp) —-myer —u) — Xu
-m(zgq +u) + Xzu m(xgp + ¥6q)

m(yeq + zs7)
—m(ygp +w) + Zyw + Z4q
—m(zgp —v) — (Vv + Y;1)

0 Lr — (Yyv + Ny1) —l,q+Z;w+ Myq
—L,r + Y;v + Ny 0 Lip — Kpp J
l,q— (Zgw + Myq) —Ip + Kyp 0

The simplified form of the hydrodynamic damping matrix D (v) in (3.48) due to the plane

symmetry properties of the vehicle is used in the implementations.

The restoring forces and moments g (n) can be reduced sincery, = [0 0 0].
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(W — B)s6

—(W — B)cOs¢

_ —(W — B)cOco

9(nz) = —(ycW)clcp + (zgW)cOsep
(zgW)sO + (xgW)cOco

| —(xcW)cOsp — (yoW)s6 |

Let us write the lift forces and moments defined as (3.58) in following form:

0

T, = LWV + 15, = 0

0 0 0 0 0 0

0 Yypu 0 0 0 Y,u

0 0 Zywu 0 Zyu 0
Lvv=—15 0O 0 0 0

0 0 My,u 0 Myqu 0

0 Nybu 0 0 0  Nyul
where

Yo = Yuur + Yuwrs Yar = Your

Zyw = Zuwi Y Zuwss  Zuq = Zugss
Myyw = Mywi + Myws; Myg = Mygy;
Nyy = Nyp + Nyyr; Nur = Nygpgs

Yumiuv + Yypuv + Yy pur
ZywUW + ZyysuWw + Zyqruq

Myyiuw + My puw + My qruq
[ NyyuV + Ny suv + Nyppur |

0
Yuué‘,,u2 67’
ZuuSSu2 65

0
IVqué‘Su2 65

2
_Nuu6ru Sr_

(3.68)

(3.69)

The fin deflections &, and &, will be used as the control variables for the system. There

are four identical control fins as control surfaces, two in xy plane and two in xy plane.

The pair of fins in a plane works together.

When we look at the zp, the thrust and rolling moment produced by propellers can be

considered as inputs along x-axis and around x-axis, and can be denoted as X,,,, and

K

prop- These quantities depend on the many parameters such as, torque coefficients,

propeller diameter, number of blades, blade pitch angle etc. The T, vector can be written

as.

Tp = [Xprop 0 0 Kprop 0 0]

Substituting the equations (3.69) and (3.70) into the (3.64) yields:

Mv+CV)v+DW)v+gm) = —-LOW)v+ 14, + Tp
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0 1 . -
X
Yuué‘ru26r p(?)"op
Zyus u?8

Mv+Cv)v+DW)v+L(v)v+g(n) = uuéa *+ K 0
2 prop

Muué‘su Js 0

-NuuSTuZSr- - 0

Let us define T as control input for the system which includes propulsion force and

moment and fin deflections.

[Xprov]
K
r=| Hor | (3.72)
S
Or

Then the (3.71) is transformed into the following representation using u.

Mv+CW)v+DW)v+LWw)v+gm) =Tu,

1 0 0 0

00 0 Yoo, U2

0 0 Zysu? 0 (3.73)
T=1o 1 0 0

0 0 Mysu? 0

0 0 0 Nypes, U2}

The following relations exist for the fin lift coefficients in matrix T

YuuST = _ZuuSS

MuuSS = _xfinZuu85 (3.74)

}Muuds = Nuuér
Nuué'r = xfinYuu(Sr

where the parameter x;;, is the axial position of the fin post in body-referenced coordinate

system.

Finally, the all equations of motion of the system can be written as follows:

n=Jmv
Mv+CV)v+DW)v+LW)v+gm) =t +Tp =TT

(3.75)
J1(m2) 0343

J) = 0553 J2(m2)
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[cpcd —spce + cypsOsgp  syPsp + cpcpsO
Ji(ny) = |sYcl  cpcp + s¢psOsyY  —cpsd + sOspcd
[ —s60 cOs¢ cOc

(1 s¢td  cotd
J.(n2) = (0 co —s¢
[0 s¢/cO cp/cO

M= My; + My;
m — X, 0 0 0 mz; —my.
0 m-—Y, 0 —mz, 0 mx; — Y
0 0 m-—2Z, my, —mxg — Zg 0
M= 0 —mz my, I — Ky 0 0
mz 0 —mx; — M, 0 I, — M, 0
| —my,  mx;— N, 0 0 0 I, — N; |
C() = Crg(v) + C4,(v)
0 0 0
0 0 0
0 0 0
) = —m(Yeq + zgT) mep +w) — (Zyw +Z4q) m(zgp —v) +Yyv + Vir
[mCeeq —w) + Zyw + Zyq —m(zgr + xgp) m(zgq +u) — Xyu
m(xgr +v) — (Vv + Ypr) m(ygr —u) + Xyu —m(xep +Ycq)
m(yeq + zgr) —m(xgq —w) — (Zyw +Zzq) —m(xgr +v) +Yv + Yor
—m(ygp +w) + Zy,w + Z4q m(zgr + xgp) —m(ygr —u) — Xgu
—m(zgp —v) — (Vv +Y;1) -m(zgq +u) + Xyu m(xep + Y6 q)
0 I,r — (Yav + Ny1) —lyq+ Zyw+ Myq
—L,r + Y, v+ Nyr 0 Lp — Kyp
Xy O 0 0 0 0
O Y, 0 0 0 VY
0 0 %, 0 Z, 0
DM==to 0 0 kK, 0 o
0o 0 M, 0 M, 0
0 N, O 0 0 N,
Ky lul 0 0 0 0 0
0] levllvl 0 0 0 lerllrl
_ 0 0 ZW|W||W| 0 quqllql 0
0 0 0 Ky I 0 0
0 0 My (W] 0 Mg q 19l 0
0 Nvlvl |v] 0 0 0 errl 7]
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Lv) =

gm) =

Tfin =

c oo o oR

The following parameters of REMUS vehicle [25] are used in order to perform the vehicle

c oo ooco

0 0 0
Yiou 0 0
0 Zyu 0

0 0 0

0 Myu 0
N,u 0 0

(W — B)s6

—(W — B)cbOs¢
—(W — B)cbcg

—(yeW)cOcd + (zgW)cbOso
(zgW)sO + (xcW)cOco
| —(xcW)cOsp — (yoW)sO |

0 0

0 Y u
Zyqu 0

0 0
Myqu 0

0 N, ul

0 1 _ ;
Yuu8ru26r Xp(;Op
Zuu85u26s . - 0
0 ' a KPTOP
Muu85u26s 0
_Nuu6ru25r_ 0
0 0 0 7
0 0 Yysul Xprop
0 Zuussuz 0 e [Kpmp]
1 0 0 85
0 Ivluutssu2 0 l 6r
0 0 Nuu(gruz_

simulation using the equations in (3.75).

Table 3.1 Physical Parameters

Parameter Value Units

m +3.05e + 001 kg

W =B +2.99e + 002 N
I, +1.77e — 001 kg - m?
L, +3.45e + 000 kg - m?
1, +3.45e + 000 kg - m?
Pr +1.03e + 003 kg/m3
Xg +0.00e + 000 m
Ve +0.00e + 000 m
Zg +1.96e — 002 m
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Table 3.2 Added Mass Coefficients

Parameter Value Units
Xy —9.30e — 001 kg
Y, —3.55e + 001 kg
Y +1.93e + 000 kg -m/rad
Zy —3.55e + 001 kg
Zg —1.93e + 000 kg -m/rad
Ky —7.04e — 002 | kg-m?/rad
M, —1.93e + 000 kg-m
M, —4.88¢ + 000 | kg -m?/rad
N, +1.93e + 000 kg-m
N; —4.88¢ + 000 | kg -m?/rad

Table 3.3 Hydrodynamic Damping Coefficients

Parameter Value Units
Xujul —1.62e + 000 kg/m
Yol —1.31e + 003 kg/m
Yoir| +6.32e — 001 | kg-m/rad?
Zywiwl —1.31e + 002 kg/m
Zglq| —6.32e — 001 | kg -m/rad?
Kpip| —1.30e — 001 | kg -m?/rad?
My +3.18¢ + 000 kg
Mgq) —1.88e + 002 | kg -m?/rad?
Nypo, —3.18e + 000 kg
Nyjy| —9.40e + 001 | kg -m?/rad?

Table 3.4 Control Fin Coefficients

Parameter Value Units
Yius, +9.64e + 000 | kg/(m-rad)
Zyus, —9.64e + 000 | kg/(m-rad)
Myys, —6.15e + 000 kg/rad
Nyus, —6.15e + 000 kg/rad
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The detailed information about derivation of the parameters and calculations can be found
in [25].

Table 3.5 Body & Fin Lift and Moment Coefficients

Parameter Value Units
Y —2.86e + 001 kg/m
Yor +6.15e + 000 kg/rad
Zuw —2.86e + 001 kg/m
Zuq —6.15e + 000 kg/rad
M, —1.06e + 001 kg
Myq —3.93e + 000 kg -m/rad
N, +1.06e + 001 kg
Ny —3.93e + 000 kg -m/rad

Figure 3.2 REMUS AUV [25]
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CHAPTER 4

DECOUPLED SURGE AND ROLL MOTION CONTROL

It is suggested that the equations of motion in 6DOF can be divided into non-interacting

(or lightly interacting) subsystems [21].

Starting from this chapter, the equations of motion derived in the previous section are
decoupled in order to design control systems for different subsystems and simulated using
MATLAB/Simulink. The parameters of REMUS vehicle given in the previous section
are used in order to perform the vehicle simulation and controller implementation.
Following assumptions are made while decoupling the equations and designing

controllers.

e The system is neutrally buoyant which means the buoyancy force acting on the
vehicle is equal to the vehicle’s weight, W = B.

e The body fixed inertia frame is selected to coincide with the center of buoyancy,
rg=[xs Y8 zg]T=[0 0 0]

e The inertia tensor is diagonal,
Iy = diag{ly, 1, 1,}

e The vehicle is top-bottom (xy — plane) and port-starboard (xz — plane)
symmetric. These symmetry properties cancel most terms in matrices expressed
in vehicle dynamics.

e Any damping terms greater than second-order are neglected.

In this chapter, forward speed dynamics (surge) of the vehicle along x-axis will be
derived. In addition to surge dynamics, the effect of roll motion around x-axis, which is
generally neglected in literature, will also be calculated. Linear and non-linear controllers

will be designed in accordance with the surge and roll dynamics. The dynamic equations
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and controllers will be implemented using MATLAB/Simulink and simulation results

will be shown.

4.1 Forward Speed (Surge Speed) Control

In forward speed control, the decoupled surge model is used. By neglecting the other

dynamics of the system, the decupled surge model can be obtained as follows.

m — X1 __Xulul |u|‘ [ 0 1 _Xprop_
0 0 0 0
0 . 0 (B-wW)| _ 0
o |&t 0 u+ “wye T | o 4.2)
mzg 0 WXG 0
L—mYyg - 0 0 0

In (4.1), most of the terms will be zero since B = W,x; = y; = 0 as given in Table 3.1.
In this chapter and following chapters, the equations will be given symbolically as given

in (4.1). The (4.1) is written in simpler form as follows.

M+Nu+g,=T, (4.2)

Finally, the decoupled surge state equation is obtained.

u= (MEMu)_lME(_Nuu —Ggu Tt L) = fut quprop (4.3)
where

_ (m = X)) Xypulul — mxgzeW (m — Xy)
fu= u

(m — Xo)? + m*(y2 + z2) T m— X2 +m2(y2 +22)

4.1.1 Linearization of Forward Speed Dynamics and Proportional Control

The nonlinear forward speed dynamics in (4.3) can be linearized around operating speed

uy, = 1.5 m/s and following linear state equation can be obtained.

u= fuLu + buLXprop (4.4)

where

£ = (m — X)Xy _ _ (m — Xy)
Bom=X)?2+mEyE+25) T (m=Xy)? +m2(yg + 28)

The transfer function of the forward speed system is
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U(s) by
Xprop(s) B S — fuL (4'5)

Gu(s) =

It is seen from the transfer function that the system is Type 0 which means the system
has a constant steady-state error e, for the step reference input [29].

1 by,

_ = U~ 00741
s T 1y im G, () —fa
S—

L

The steady state error calculated above is very small and acceptable value for the forward
speed of the vehicle. Based on the transfer function in (4.5), a proportional (P) controller
can be designed.

Xprop(s)
———=Kp ; e, =uz—u
ew(s) i U (4.6)

The proportional controller has been applied to the nonlinear forward speed system using
MATLAB/Simulink [45] and the value of K is chosen to achieve an acceptable level of

performance. Figure 4.1 shows the step response and steady state error for the surge

speed.
Forward Speed

7 2 -
E. L ——— Speed Command |_|
2 1.5 Feedback
a
e 1
k=
T 0.5
g
(=]
T . . . . .

0 10 20 30 40 50 60

Time (s)
Speed Error
2 T
E ———Speed E
pes rror
E st :
S
o !
ks
o 0.5
j=1
0
1]
0 10 20 30 40 50 60
Time (s)

Figure 4.1 Forward speed step response and steady state error
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Figure 4.2 indicates that forward speed can be controlled with a small steady state error
using linearized model with proportional control. The steady state error can be reduced
by increasing the proportional gain and/or adding an integrator to the controller.
Increasing proportional gain is not an efficient solution since the system has limits due to
the actuator dynamics in real life applications. Thus, adding an integrator to the controller
will be better solution to remove the steady state error. In following section, a nonlinear
controller will be designed in order to control forward speed and proportional-integral

terms will be used in error dynamics.

4.1.2 Forward Speed Control Using Feedback Linearization

By considering the surge dynamics, it is easy to apply feedback linearization method to

control the forward speed [30]. The surge dynamics is given in (4.4)
u=f,+ quprop
where

_ (m — X)) Xypulul — mxgzeW ' y (m—X;)
Yy - m2m2g +23) Tt (X - m)2+m2(E +25)

Let us define and differentiate the speed error.
e u=uU—uU; o €,=u-—1U,

Substituting the error dynamics into the forward speed equation yields
ey +uqg = fut quprop 4.7

The control variable X;,,.,,, can be selected as

t

1
Xprop = b—(—fu + g — Ky ey — Kiuj;) eu(t)dt> (4.8)

u

Selecting the X, as given above and substituting (4.8) into the (4.7) yields the

following error dynamics.
éu + Kpuéu + Kiueu =0

Controller gains K, and K; are appropriately selected using second order system

properties K, = 2{w, and K; = w? while considering the dynamic performance of the
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vehicle and actuator limits [31]. The block diagram for the surge speed control is given

in Figure 4.2 and the response to the step input is shown in the next figure.

/
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Forward Speed (m/s)
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Ma
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Figure 4.2 Forward speed controller block diagram
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Figure 4.3 Forward speed step response and steady state error

It is seen from Figure 4.3 that the forward speed of the vehicle can be controlled using

feedback linearization method with adjustable parameters K,, and K; . Using the speed

state error e,, and selecting the X,,,.,,, as given in (4.8) the 2"¢ order linear error dynamics

is obtained. Controller gains are selected by considering the desired system performance
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and actuator limits and appropriate gain values can be found using Simulink Response
Optimization tool.

In this and the previous sections, proportional control method with a linearized dynamics
and feedback linearization control method with nonlinear dynamics have been applied.
Both methods are easy to design and implement in real applications. The first method
uses linearized dynamics so nonlinear terms are converted into the linear terms or
neglected. The speed of the vehicle can be controlled just using a proportional gain and
integrator if it is required. In feedback linearization method, the obtained control rule
includes nonlinear terms and then provides linear error dynamics. There are two
adjustable gain that is used to achieve desired performance specs. Feedback linearization
method has an advantage since the nonlinearity is considered in control rule and a linear
dynamics is obtained at the end of the derivations. However, if there are too much
nonlinearities which are difficult to identify in the system, the linearization can be a better
choice and PID-like controllers are easily designed and tuned.

4.2 Roll Dynamics and Backstepping Control

In general, the roll position and velocity are neglected in control system design or
passively stabilized due to the mechanical properties of the AUV [32],[33],[34].
However, the roll effect can be actively controlled using fins, internal mass, counter
rotating propellers and etc. [35],[36]. Depending on the system properties, the thruster
force and moment, X,,,.,,, and K,,,,, can be related to each other. For example, the
revolution speed of the counter rotating propellers has effects on both X,,,.,,, and K.,
On the contrary, the internal mass just affects the rolling moment K,,,.,,,. Here, the control
system is designed for roll subsystem by assuming that the vehicle has independent
control input K., to stabilize the roll motion. It is also assumed that the vehicle has
constant surge speed u, = 1.54 m/s. Itis easy to obtain the dynamic equation for the roll

angle in earth-fixed frame.
¢ =p + rcosp tand + gsing tand where @ =r = q = 0;

ey (4.9)

The roll velocity is derived similar to process in surge speed.
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0 1 [ 0 1 T 0 -0

—mz —my.p sp(B—W) 0

my. |, 4 —mzgp 4 cp(B—W) | o
L= Ky |P T | =Kol [P | (5926 = chpy )W | = (Koo (4.10)

0 0 xXccpW 0

0 - L0 L —xgsoW 1 L0

Similar to the surge dynamics, the equation can be written in simpler form according to
(4.10).

M,p+Nyp+g,=T, (4.11)
Finally, the decoupled roll equations of motion is obtained.

¢=p

. (4.12)
p= (MgMp) M;(—Npp —9pt Fp) = fp + bpKprop

where

(I = Ky) (Kpppiplp| + e — 25590)W) + (B = W) (mzgsp — myged)
(L= Kp)" +m2 (2 +22)

fo=
(Ix r zi)

(I, — K3)" +m2(y2 + z2)

p

Backstepping method can be applied to control the roll motion [37]. Let us consider the

following equations of motion given in (4.12).

¢=p

P = fp + bpKprop

In the first equation, the p is considered as a virtual controller as follows:

¢ = u, (4.13)
Let u, be chosen as

U= —A¢; A>0 (4.14)
The state equation of roll position becomes

¢ =—1¢ (4.15)
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This equations means that the roll angle ¢ goes to zero with the required decay rate

according to the value of A. Lyapunov function can be selected as

1 . .
Vi = Ed’zi Vi =¢p = —/1¢2;

The second variable p is choosen to be equal to the virtual control u. in order to ¢ to be

asymptotically stable. The control K,,.,,, can be designed to regulate the following output:
Yp=P—U =p+AP (4.16)
Differentiating the y,, yileds

Yo =P = Uc = fp + bpKprop — Uc (4.17)
where 1, = —1¢ = —Ap. The Lyapunov function can be chosen as

1 . 1 3 1 )
Va=Vitsy; =56 +5y5 >0 v (¢,y,) = (0,0);
VZ:¢¢')+ypyp:_A¢2+yp(fp+bpl(prop_uc);

Let us select the K., as

1.
Kprop = E (G = fp — ayp) (4.18)

Then the (4.17) becomes

Yp=—ayp; a>0 (4.19)
The derivative of final Lyapunov function is

Vo= + ypyp = —A¢% — ay? < 0 V (¢,y,) # (0,0)

The y,, goes exponentially asymptotically zero as time goes to infinity. As y,, approach zero,

then p goes to u,. Finally the control law is obtained as

1
Korop = (=20 = f, = @+ 19)) (4.20)
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The control parameters A and « are need to be positive to satisfy stability criteria. The block
diagram for the roll motion control is given in Figure 4.4 and the response to the given

initial condition is shown in the next figure.
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Figure 4.4 Roll motion control block diagram
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Figure 4.5 Roll motion response to the initial condition ¢, = 30°

Figure 4.5 shows that the roll dynamics goes to equilibrium point [¢, p] = [0,0] under

the backstepping control for the given initial condition. Since only the roll motion has
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been examined here, the initial condition has been given in order to see if the controller
Is working. On the other hand, the main task of the controller is to stabilize the roll angle
and velocity due to the change of fin angles during vehicle motion. The controller gains
A and a can be arbitrarily selected using the simulation results or optimization algorithms
can be used to find optimal parameters for desired performance criteria depending on the

system.

The advantage of backstepping compared with other control methods lies in its design
flexibility, due to its recursive use of Lyapunov functions. The key idea of the
backstepping design is to select recursively some appropriate state variables as virtual
inputs for lower dimension subsystems of the overall system and the Lyapunov functions
are designed for each stable virtual controller [37]. Therefore, the designed final actual

control law can guarantee the stability of the total control system.
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CHAPTER 5

LONGITUDINAL DYNAMICS AND DEPTH CONTROL

Depth control is one of the significant part in AUVs since many practical application such
as underwater pipeline checking and oceanographic mapping depends on the performance
of the depth changing and depth keeping. Various control methods have been utilized for
depth control of AUVS, such as PID control based on the linearized model [25], sliding
mode control [38], etc. In this chapter, the decoupled equations of motion for depth plane
are obtained similar to calculations in the previous sections. Linear and nonlinear
controllers are designed and implemented using the obtained dynamic equations.
Controlled systems are implemented and simulation results are shown using
MATLAB/Simulink.

5.1 Equations of Motion In Diving Plane

The decoupled longitudinal dynamics of the AUVs is obtained assuming that the vehicle
is neutrally buoyant and moving with constant surge speed u,. The depth and pitch angle

dynamics can be simply obtained by takingp =y =v=p=r = 0.

z = wcos(0) — usin(0)

b=q (5.1)

Similar to the previous section, the longitudinal state equations of body velocity states

would be derived as follows.

w
M,y [q] + hion = Tionds (5.2)

where
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0 mz;
0 0
m-—=Z, —mxg — Zg
M, . =
lon myG 0
-mxg; — M, L, — M,
0 0
hlon -

0
(B — W) — q(Zuqfu = Xou + Zgglgl + m(u + ZGq)) - W(ZW‘W‘lwl + u(Zqu + Zuwl))
—y;(Wch + muq)
u(qu + Zyw — m(w — qu)) - W(qu + My lw| + u(Muwf + Muwl) - m(u + ZGq)) - q(Muqfu + Mq|q||q|) + x;Wceh + z;Ws6
—y;(Wsb + mwq)

—q(qu + Zyw — m(w — qu)) - s6(B — W) — X ulul ]
|

—_——

0

0
Zuu(SSu2

0
Muu(?SuZ

0

Tion =

According to (5.2), the state equations is written as

4 - -1
[q] = (M{oanon) 1Iwgwon(_hlon) + (((MgwonMpitch) M{on) Tlon) 65 (53)

Since the calculations above include very long terms, the equations are given in following

form and their values are calculated using MATLAB with parameters given in Chapter 3.

Z [WCOS(Q) — usin(6)] 0

6] q 0 5

w| = foo [y | % (5.4)
q fq bq

where

[IJ(”Z] = (MionMion) ™ Mion (—huon)

b
[b‘:] = ((M{oanon)_leon)Tlon

5.2 Depth Control Using Linearized Depth Plane Equations

This section discusses the linearization of the depth plane equations of motion and linear

control system design in order to reach the specific depth value.
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5.2.1 Linearized Depth Plane Equations

It is assumed that the linear speed w is considered as very small when compared to
angular speed g so linear speed w is set to be zero and depth plane equations are simplified
[39].

Z = —uySsinf

9=q (5.5)
(Iy — Mq)q — Mgiq1qlql — Myquq + Wzgsing = Muu,gsugds

The nonlinear terms in (5.5) are linearized and following equations of motion for depth
plane are obtained.

Z - _uOQ

6=a (5.6)

(I, = My)q — Myq + Wz,60 = Ms 65

The linear equations can be rewritten in matrix form and given in generalized linear

system representation as follows.

10 0 121 [0 uw 0 ]z 0
[01 o |lg|+]o o -1 H:[o]ss
0 0 I,-Mllgl [0 wz, —m,|lal [Mms,

(5.7)

x=Ax+Bu; x=[z 6 q]F; u=26;

where
10 0 170 —u O 0 —1.54 0
0 0 I,—Myl |0 Wz, M, 0 —0.6892 —0.8247

—_

1 0 0 1'ro 0
0 0 ] OH 0 ]
0 0 I,—Myl [Ms —4.1537

N
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5.2.2 Transfer Functions and Linear Controller Design

In this section, a PID controller which consist of an inner proportional and derivative (PD)
pitch loop and outer proportional depth loop will be designed using the transfer functions

that will be obtained using state equations derived in the previous section.

The first step is to find the inner loop transfer function that defines the relation between

the input stern angle &, and output pitch angle 8 [25]. Taking derivative of 6 yileds

6=gq
, : 5.8
(I, —My)8 — My0 + Wz,0 = Ms b5 (8)
Taking Laplace transform of (5.8)
[(1y, = My)s? — Mys + Wz, |6(s) = My, 65(s) 9
The open loop transfer function Gy (s) is finally found as
Ms,
9(5) Iy - Mq
Go(s) = =
9( ) 55(5) o2 q iy WZg (510)
L, — M, L, — M,

Then the transfer function between the vehicle pitch angle 6 and the vehicle depth

position z is easily written such that

Z
s Z(s) = ~uo0(s) = G,(s) = % = —% (5.11)

Let us now design the controller parameter for pitch and depth loops. Firstly, the pitch

error is defined as
Eg(s) = 04(s) — 0(s)

where the 8, is the desired pitch angle. The PD control law for inner pitch loop can be

written as

85(s)
Eg(s)

= Ko, (19,5 + 1) = (Ko, + Kg,5) (5.12)

where the Kgp is the proportional gain and 7y, the derivative time constant.
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Secondly, let us define the depth position error that is:

E,(s) = Za(s) = Z(s)

Now the control law for the outer depth loop can be expressed as:

0(s)
E,(5) (5.13)

where the K, is the proportional gain.

Substituting the linearized parameters into Go(s), the following transfer open-loop

transfer function is found.

—4.1537

. s, = —0.4123 + 0.7205i
SZ 1082475 1 06892 Sve = —0-412310.7205

Go(s) =
The open loop step response for Gy (s) is

Pitch Angle Open Loop Step Response

1
—— Pitch Command
Feedback
=
[1h]
=
fib]
™
=
=T,
=
2
o
8 | | | | |
0 5 10 15 20 25 30

Time (s)

Figure 5.1 Pitch angle open loop step response

The desired specs for the pitch loop are selected as follows.

- %0S =5;
- T,=07s
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The damping ratio for the given overshoot values is

%0S
—In(T55 —In(5
(= (103) = Zn(g = 0.6901
Jro e (55O

The natural frequency is

T

s
T,y1—¢% 0.7V1-0.6901%

W, = = 6.2014 rad/s

Desired poles for the closed loop controller system are

Sy = —{wn & (a)m/l — (2) i = —4.2796 + 4.4880i

Oa Eq / Js 9(8) 6

Ko + Kp.5 >
A I 8s(s)

Y
A 4

Figure 5.2 Closed loop pitch control block diagram

Co(s) = (Ko, + Kgds)

W C(s)Ge(s)
S2+2{wps + wZ 1+ Co(s)Gg(s)

Go,, (s) =
Equalizing the characteristic equations yields
5% +8.5592s + 38.4572 = 5% + (0.8247 — 4.154K,,)s + (0.6892 — 1.154K, )

The pitch controller gains finally found as

Ko, = —9.0920 and K, = —1.8619

The pitch controller transfer function is

Co(s) = Kg, + Kg,s = —9.0601 — 1.8947s = —9.0920(1 + 0.20915)

Closed loop step response for the pitch is given below.
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Pitch Angle Closed Loop Step Response

1.2

Feedback

\ ——— Pitch Command

=
o

Pitch Angle (deg)
=
=]

0.4 F

0.2F

0 5 10 15 20 25 30
Time (s)

Figure 5.3 Pitch angle closed loop step response

There is approximately 2% steady state error which will be compensated when the outer

loop is added. The integrator term can also be added to eliminate the steady state error.

Similar design procedure can be applied in order the find the depth controller gain. The
pitch loop poles must be at least five time further away from the origin than the depth
poles in order to ensure that the pitch loop response is sufficiently faster than the depth

loop response.
The proportional depth gain and closed loop poles for depth response are selected as

Ky, = =0.7; Sci,, = —0.4124 + 1.8512i

The control system block diagram for depth control including the position and fin

saturation limits is given below.

02! Eg 5| 8(s) |g! u |,
j‘C . K9 +Kg,s _,jC_,S I
| fp * "a 85(s) s

Figure 5.4 Closed loop depth control block diagram
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The closed loop response to 30 meters reference depth and related fin angle are given
below.

Depth Step Response, z y 30 m

4D T T T T T
Depth Position Command
Feedback
30
£
= L i
= 20
i
()
107 1
D 1 1 1 1 1
0 20 40 a0 80 100 120
Time (s)
Depth Fin Angle (deg)
ZD T T T T T
| Stern Fin Angle
10 y
=
]
=2
o 0
=]
c
<
-10 1
—ZD 1 1 1 1 1
0 20 40 &0 80 100 120
Time (s)

Figure 5.5 Closed loop step response and stern fin angle (z; = 30 m)

5.3 Nonlinear Switched Depth Control

In this section, nonlinear switched depth control is designed in order to drive the vehicle
to dive as fast as possible to the reference depth value in the case of avoiding the

appearance of stall.

It is assumed that the critical value for the pitch angle 6 is 8. The pitch angle 8 needs to
satisfy the condition |@| < 8 in order to aovid the appearance of the stall. Let us consider

the depth dynamics of the vehicle.

zZ=—ub
6 =
q:fq+bq5s
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where
fq = —0.70465sin(8) — 0.50715q — 22.603q|q| — 0.018872q% — 0.033384;
bgs = — 1.6733,;

We let z; and z, represent the desired depth and switch point respectively. The control

strategy is divided into two part [40].

Case 1: |z(0)- z4| < z

The design of &, can be given based on the backstepping method in three steps [37].
Step 1: Consider

z=-ub

if taking x; =z —z; and x, = pyx; — ub

Xp = —H1X1 + X (5.14)
where y; is a positive design parameter. Let V; = 0.5x%, then the derivative of V; with
respect to time t along the trajectory of the system is:

Vi = —uxf + %1%, (5.15)
Step 2: Consider

X = —HX X

Xy = WXy — ub = —pfx; + pyx; — uq

Let x3 = (g + py)x, — u2x; — uq, We can get

X1 = —H1X1 + X3

. (5.16)
Xy = —HaXp T X3

where p, is a positive design parameter. Take Lyapunov function V, = V; + 0.5x2, we

can get
Vz = V1 + XXy = — X} + X1 X5 — faX5 + XpX3 (5.17)

Step 3: Consider

X1 = —H1X1 T X;
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Xy = —HpXp + X3

X3 = [uixy — (U + wapo + p3)x; + (g + up)x3] — ufy — ubgyds

if taking
5. = i 3 _ 2 2 _
s=bu ([ﬂ1x1 (U1 + uapg + p3)xz + (py + pp + p3)xs] ufq) (5.18)
a
we can get
Xy =~ X1 + X
Xy = —UpXp + X3 (5.19)
X3 = —U3X3

where p5 is a positive design parameter.

We take Lyapunov function V; = V; + V, + 0.5x3, then

V = =X — 1%, + fpx5 — Xpx3 + U3x3
1
M1 ) 0
1 1|[™ 1 (5.20)
= —[Xx1 X2 ][ pu, —=[[x2=-[1 x2 x3]4|x
2 . 2], X3
0 —=
i 5 M3

where the matrix A can be made positive definite based on the choice of design
parameters y; such that

1 1

1
M > 05 papy =7 > 03 papats — 7 i — 7 13 > 0 (5.21)

Hence according to Lyapunov’s stability theorem [41] we can get the equilibrium point
(0,0,0)T of the system (5.19) with the control (5.18), hence the equilibrium point

(z.,0,0)T is asymptotic stable under the control input with the form

Gy + paps + papz)ub — papaps(z — 20) + (g + pp + p3)uq + fyul
B b,u
q

5, (5.22)

and design parameters y; satisfy condition (5.21).
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Case 2: |z(0)- z4| > z,
In this case, the total diving process is divided into two stages to design controllers:

First, the control law is designed to drive the pitch angle to the desired point and then let
the vehicle dive to the neighborhood {z : |z — z,4| < z,} of the desired depth with the
desired pitch angle.

Step 1: Consider Z = —uf with Z = z -z, it is not difficult to get that the AUV is
diving only if 82(0) > 0. Hence if define the absolute value of desired pitch angle as 6,

in order to drive the vehicle to desired depth z; we need to drive its pitch angle to
sign(2(0))6,.

Step 2: Consider 6 = q, if taking %, = 6 — sign(2(0))6, and %, = q + fi; %, we can
get

0 = —fi1 % + X, (5.23)

where ji; > 0 is the design parameter. If let 7, = 0.5%%, we have V= — [ X2 + %%,
Step 3: Consider
9 = _ﬁlfl + Xz

9%2 =q+ ﬁ19%1 = fq + bq5s - ﬁ%@ + [1%;.

If taking
5, = (%, — 1%, — fq — B2X; _ — % — fq — (E1 + 2)q (5.24)
b b
and V, = V; + 0.5%2
9 = _ﬁlfl + fz
(5.25)

Xy = —H2X

and 172 = —[, X2 + %, %, — [i,X3, where I, > 0 is a positive design parameter. We can
make the right-hand side of above equation negative definite by selecting design
parameters f; > 0 and fi; i, > 0.25 suitably. Figure 5.6 shows the depth step response

of the system, corresponding pitch motion and fin angle.
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Depth Step Response, z q= 30 m
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Figure 5.6 Nonlinear switched depth control step response, pitch angle and stern fin

angle (z; = 30 m)

The pitch angle is firstly reached to its maximum value that is defined as 20 degree using
the control rule found in (5.24). Then the (5.22) let the vehicle dive to the desired depth

position.
In Section 5.2, the linearized equations of motion have been obtained and PD type
controller has been designed and implemented. The PD type controller is easy to apply

and controller parameters can be calculated using analytical methods. However,

linearization and/or negligence of nonlinear terms can cause unpredictable behaviors in

real applications.

The nonlinear switched control designed in the section 5.3 has been used to drive the

AUV to desired depth as fast as possible on the basis of avoiding the appearance of stall.
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The simulation results shows the effectiveness of method. The difficulty in this method
iIs to find the optimal controller parameters. This problem can be achieved using
optimization tools and algorithms which are available in literature and actively used in
many applications. This method has also advantages in terms of considering nonlinear

effects and switching between pitch and depth controls.

Figure 5.7 shows the comparison between linear and nonlinear depth control of AUV.

The vehicle’s surge velocity u, has been changed from 1.54 m/s to 2.5 m/s.

Depth Step Response, z g = 30 m
40 - - -

Depth Position Command
35 t = Response with Linear Controller
Response with Non-Linear Controller

PN WAV AW AT AW AL AWLWAV WAV WAY.LY
L T A TR T A T A T T A T T L T

30 7

0 20 40 60 80 100 120
Time (s)
Figure 5.7 Comparison between Linear and Nonlinear Depth Control of AUV
It is clearly seen from the figure that the system shows better performance with nonlinear
controller when the velocity of the AUV changes. The nonlinear controller, in other

words, is more sensitive to parameter changes in the system when compared to linear

controller.
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CHAPTER 6

LATITUDINAL DYNAMICS AND HEADING CONTROL

In this section, horizontal plane dynamics of the AUV is derived and nonlinear controllers
are applied in order to reach the desired heading (yaw) angle with respect to earth-fixed

coordinate frame.

6.1 Horizontal Plane Equations of Motion

The horizontal plane dynamics can be obtained similar to processes given in the previous
sections. The linear position and yaw angle equation is found easily by taking ¢ = 6 =

W:p:q:()_

y = usin(y) + vcos(y)

: (6.1)
Y=r
Linear and angular body velocity equations is written as:
M [U] + h;y = Ty 0 6.2
lat 7 lat latYr ( . )
where
0 -my,
m-Y, mx;—-Y;
0 0
Mlat - —mz; 0
0 0
mx; —N;, I,—N;
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[ r(YT»r + Y,y — mw + x(;r)) = Xypulul
| _r(Xﬁu + Yurfu + lerllrl - m(u- yGr)) - U(levllvl + u(yuvf + yuvl))
hlat = B-w
—ycW - mzzur
| xcW - mzgvr |
|_— u(YTvr + Yyuo-m(v + xGr)) - U(N,,|,,||v| - X,u + u(Nu,,f + Nu,,l) + m(u- yGr)) - r(Nurfu + NT|,||r|)J

N

0
Yuu(?ru

0
Tyaw 0

0
N uud, uZ_

2

According to (6.2), the state equations is written as
v - _
[T] = (M’{atMlat) 1M’{at(_hlat) + ((M?atMlat) 1M{atTlat)6r (63)

Since the calculations above include very long terms, the yaw equations is given in

following form and values are calculated using MATLAB.

Y1 Tusin(@) + vcos@)] [0

2= A || o (6.4)
P fr br

where

fo

ﬁ*] = (M;atMlat)_lM?at(_hlat)

b -
|| = (leeMie) ML T

Using the parameter values, which are the parameters of the REMUS vehicle in [25],

the dynamics of horizontal plane is obtained.

f,,] B [—0.8024317 — 20.0v|v| — 0.604561 — 0.32267r|r|] o
f-1 ~ |- 0.50996r — 11.359r|r| — 4.6135v — 5.0125v|v|
[bv] _ [0.29728

b, —1.6821

Finally, the total dynamics of the horizontal plane is:
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y usin(y) + vcos(y) 0
| r 0

5 = |- 0.80243v — 20.00|v| — 0.60456r — 0.32267r|r| | T | 0.29728 Or (6.5)
#1 [-050996r — 11.3597|r| — 4.6135v — 5.0125v|v|] |- 1.6821

6.2 Proportional Yaw Position Control Using Feedback Linearized Angular

Velocity

The control of yaw angle can be performed using cascaded position and velocity
controllers [42],[47]. It is assumed that the linear velocity of the vehicle is stable while
controlling the angular velocity of the AUV. State equations for the angular position y

amd velocity r can be written from (6.5).
b=t
7 =—0.50996r — 11.359r|r| — 4.6135v — 5.0125v|v| — 1.68214, = f, + b, 5,

The velocity error between de desired velocity and feedback is defined as e, = r — 1.

Differentiating the error and substituting into equation above yields:

é-,- =7 — f.d
(6.6)
e, +74 = f + b6,

Rudder angle is chosen to obtain the error dynamics that goes to zero with time to infinity.

= (3-)  + 7~ Kre)
r ©67)

e, +Kee. =0

where K,. is positive design parameter.

The control rule in (6.7) will be used in the inner loop of the horizontal plane controller.
Velocity command is created from the outer loop controller which is proportional position
controller. The general block diagram for the cascaded position and velocity controllers

is given below.

61



Body Angular Velocity - r {deg/s)

A4

O E, Ta _:; er b o f Sr A -
" E r !—> g —
b, ()

d T4

Iy

) f()

v
&
=
é
|
y

Figure 6.1 Cascaded heading position and velocity controllers
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Figure 6.2 Angular velocity tracking response around z axis
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Yaw Position Step Response, psi L, = 30 degree
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Figure 6.3 Yaw position step response and corresponding rudder fin angle (4 = 30°)

Figure 6.2 shows that feedback linearized speed controller is successfully tracking the
reference speed values. Proportional yaw position controller is added as outer loop and
step response to the constant reference position value is given in Figure 6.3. These figures
imply that cascaded position and velocity controllers are working successfully in order to

control the yaw angle of the vehicle.

6.3 Single Input Multiple States (SIMS) Sliding Mode Control

In heading control, single input multiple states (SIMS) sliding mode control defined in
[21],[38],[46] is used. The nonlinear damping terms are neglected and following linear

equations of motion in lateral plane are obtained from the (6.5).

% —0.80243 —0.60456 0][V 0.29728
7|l=|-46135 -0.50996 O0||"|+|-1.6821|6;, 6.8)
Y 0 1 ol ¥ 0

The linear lateral system can be written as generalized linear system.

x =Ax + Bu + f(x) (6.9)
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where

—0.80243 —0.60456 0] [A1n Az O
A=|—-46135 —050996 0|=|A4y A, 0]
0 1 0 0 1 0
10.297281 [B:
B =|-1.6821| = |B,|,
0 0

f(x) is considered as a nonlinear function that describes the deviation from linearity in
terms of disturbances and unmodelled dynamics [38].

The set of sliding surfaces based on state variable errors is defined.

o(X)=h"% (6.10)
where X = x — x, is the tracking error and h € R™ is a vector of known coefficients
which are not arbitrary and calculated later. The control law for the heading control
system is given below:

u=u+1u (6.11)
where @t = —Kx and  is the sliding controller. Substituting these inputs to (6.9) yields
x=(A-BK)x+Bu+ f(x)=A.x+ Bu+ f(x) (6.12)
The gain vector K can be calculated by pole placement specifying the closed loop state
matrix A, [45]. The nonlinear part u is selected as:

i = (h"B)! (thd — h"F(x) = 1sgn(0)),n > 0 (6.13)
where f(x) is the estimate of f(x). The vector of h can be chosen as the right eigenvector
of AT for the eigenvalue A = 0. The sliding dynamics finally reduces to

6 =-nsgn(o) +h™f; f=f—f (6.14)

The Lyapunov function candidate can be chosen as energy like function [46] and

differentiation the Lyapunov function yields

V = 0.502

) _ (6.15)
V=06 = -nlo|+oh™f

Selecting the 7 according to condition 1 > ||k|| - ||f]| ensures that V <0 and o
converges to zero in finite time. In implementation, sgn(o) is replaced with tanh(a/¢)

in order to remove chattering and discontinuities [48],[49]. Here the parameter ¢ is called
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the sliding surface boundary layer thickness. Finally, the following control law for

heading system is obtained:

u= —Kx + (h"B)~'[hTx4 — h"f(x) — n tanh(c /)] (6.16)
The control system block diagram for heading subsystem is given in Figure 6.4.
fx)
WB) (hxa | x
PN et Ul Y B AUV
~ntanh(o/$)) 1
~ u
X A <
K |«

Figure 6.4 Heading Control System Block Diagram

Yaw Position Step Response, psi = 30 degree
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=
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Figure 6.5 SIMS yaw position control step response and corresponding rudder fin angle,

($a = 30°)

Figure 6.5 shows the step response of the heading angle to constant reference position
value. The single input multiple states sliding mode control has been successfully applied

to the decoupled heading dynamics.
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In Section 6.2, cascaded proportional yaw position and feedback linearized speed
controllers have been performed. The obtained results show that vehicle has reached to
the reference values. The implementation of controllers and finding the controller

parameters are easy if the parameters are known.

Single Input Multiple States (SIMS) sliding mode controller has been designed in Section
6.3. The sliding mode controller is more difficult to implement compared to previous
controller. Controller parameters can be found using simulation results and/or
optimization methods similar to the previous sections’ controllers. The most important
property of the sliding mode controller is robustness with respect to parametric

uncertainties and disturbances.

Figure 6.6 shows the comparison between cascaded and sliding mode heading control of

AUV. The vehicle’s surge velocity u, has been changed from 1.54 m/s to 2.5 m/s and

unmodelled dynamics f(x) has been added to the system input as 0.2 sin((O.Zn)t).

Yaw Step Response, [:usi'j = 30 deg, f(x} = 0.2*sin(2*pi*0.1*t)
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Figure 6.6 Comparison between Cascaded and Sliding Mode Heading Control of AUV
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It is inferred from the figure that the system has better performance with sliding mode
controller after changing parameters and adding disturbance. The sliding mode controller,

in other words, is said to be more robust with respect to parametric uncertainties and

disturbances as mentioned before.
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CHAPTER 7

6-DOF SIMULATION WITH DECOUPLED CONTROLLERS

In previous chapters, the 6-DOF equations of motion have been obtained and different
decoupled controller have been designed and implemented separately. It is expected that
the vehicle shows similar behavior when decoupled controllers are applied to the 6-DOF

dynamics at the same time.

In this chapter, 6-DOF model in (3.75) is implemented using MATLAB/Simulink and
decoupled controllers are applied to the system simultaneously. The block diagram
including decoupled controllers for the 6-DOF AUV in Figure 7.1 shows the inputs and

outputs of the vehicle and controllers.

Surge Speed Xyrop
“ ., Controller
¢.0 | Roll Motion Kprop R
| Controller
AUV
Ovza 6-DOF Dynamics
Depth 5
26,9 Controller
Y
" Heading &
vvr | Controller
nv

Figure 7.1 6-DOF block diagram including decoupled controllers

In previous chapters, many controllers have been designed and implemented. Table 7.1

shows the selected controllers that are used in 6-DOF simulation.
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Table 7.1 Selected Decoupled Controllers

Decoupled System

Control Method

Surge Motion

Feedback Linearization

Roll Motion

Backstepping Control

Nonlinear Switched Control
SIMS Sliding Mode Control

Depth Motion
Heading Motion

The reference speed of the vehicle is constant value which is u = 1.54 m/s. The roll
motion controller is used to make the roll angle and velocity zero. Other reference values

for depth and heading angles are given in Table 7.2.

Table 7.2 Reference Values For Depth And Heading Angle

Time Range (s) Depth (m) Heading Angle (deg)
0-10 0 0
10-40 5 0
40-100 5 60
100-140 5 -30
140-180 1 0

Using the controllers and reference values given in Table 7.1 and Table 7.2, following

system responses are obtained from the 6-DOF simulation.
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Figure 7.2 Forward speed response in 6-DOF simulation
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Fhi- Roll Angle (deg)

p - Roll Velocity (deg/s)

psi- Yaw Angle {deg)
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Figure 7.3 Roll position response in 6-DOF simulation
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Figure 7.4 Heading angle response in 6-DOF simulation
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Figure 7.6 6-DOF motion of AUV
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Initial conditions are set to the zero for all states in the simulation. Simulation results
shows that the system has successfully reached the reference values in forward speed, roll
position and velocity, depth position and heading angle. When the heading angle changes,
the vehicle starts moving around x-axis and then the roll controller makes the roll position
and velocity zero in a short time. These results also imply that the equation decoupling is
an applicable method in order to design and implement separate controllers for AUVs.
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CHAPTER 8

CONCLUSION AND FUTURE WORK

In this study, decoupled control design for dynamically modeled AUVs has been
examined. The dynamic equations are decoupled in order to control speed, roll, depth and
heading motion of the vehicle. Linear proportional control and feedback linearization
methods are used to control the forward speed. The roll effect is not neglected here and
backstepping method is applied to stabilize the roll motion. The depth of the vehicle is
controlled using cascaded proportional and proportional-derivate control and nonlinear
switched control. Single input multiple states (SIMS) sliding mode control and cascaded
position and velocity controllers are designed to reach the desired heading angle.
Simulation results obtained by MATLAB/Simulink environment have been reported in
the corresponding sections. The simulation results show that designing independent

controllers for decoupled systems gives successful results.

After designing decoupled controllers, the 6-DOF AUV model is simulated by applying
the controllers simultaneously. The obtained results show that the vehicle can reach the
desired values using decoupled controllers in forward speed, roll motion, depth position
and heading angle. It is also verified that decoupling of equations is an applicable

approach in order to design and analyze controllers for the 6-DOF AUVs.

Adaptive and intelligent controllers will be designed and implemented in the next study
since the hydrodynamic coefficients are difficult to calculate and measure. State
estimators will also be proposed in order to obtain unmeasured states of the vehicle and

disturbances due to the subsea environment.

The output of this study is planned to be used in TORK system, an anti-torpedo torpedo
system developed by ASELSAN Inc., Turkey.
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