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Abstract — Robotics technology for the defense of a country today is a necessity. One of such
defense technologies is an unmanned underwater 1:'5‘.’(3 or Autonomous Underwater Vehicle
(AUV). It is a type of underwater robots operated for underwater exploration or underwater
defense system equipment. AUV is controlled and able to move with six degrees of freedom (6-
DOF). To control AUV requires a motion control system to move as expected. In this research, the
motion control system was developed by applying a Iinlr 6-DOF model to UNUSAITS AUV,
resulted from linearization of the nonlinear model with 6-DOF, that is, surge, sway, heave, roll,
pitch and yaw with Proportional Integral Derivative (PID) method. Specifically, this study is a
make comparison the simulation between result of PID method and those of Proportional control
system without integral and derivative was made. The contribution of this paper is numeric study
regarding the performance of PID compared to proportional applied to AUV linear model. The
simulation results show that the PID method could be used as the motion control system of the
linear model 6-DOF with an error of 0.4 % - 13% and globally asymthotically stable with analysis
of stability using Lyapunov method, whereas the proportional controller still had a considerably
significant error. Copyright © 2018 Praise Worthy Prize S.r.d. - All rights reserved.
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Nomenclature

AUV

DOF
EFF
BFF
PID

n=[ni,nz1"

ny = [x,y.2]"

n, = [0,6,¥]"

_ [T ., TT
v = [v],v;

vy = [wv,w]"

Vz = [P- Q'- r]T

t= [, 2]

7, = [X,v,2]"

Autonomous Underwater
Vehicle

Degree of Freedom

Earth Fixed Frame

Body Fixed Frame

Proportional Integral Derivative
The position and orientation
vector in the earth-fixed
coordinates

The linear position vector in the
earth-fixed coordinates

The angular position vector in
the earth-fixed coordinates

The linear and angular velocity
vector in the body-fixed
coordinates

The linear velocity vector in the
body-fixed coordinates

(surge sway and heave)

The angular velocity vector in
the body-fixed coordinates (roll,
pitch and yaw)

The forces and moments acting
on the vehicle in the body-fixed
coordinates

The forces acting on the vehicle
in the body-fixed coordinates

Copyright © 2018 Praise Worthy Prize S.rl. - All rights reserved

1, = [K,M,N]T

[x6, Y6, 26]
£ 1y, 12]

fufofa far f5. o

aq, dy, ..., Js

Ay Ag, ., Gy

S

Y,

res:

4

res: rest

N,

+ HMresr Nres
vavaYrrlNrrl

Maq) Kpp

=

res

S
=
5

wwr

o
<5
= -
I o
38
=
S
ok
S ke
k
3

The moments acting on the
vehicle in the body-fixed
coordinates

The AUV’s center of gravity in
body fixed coordinates

The moments of inertia about
B: X.Y.Z axes respectively
Surge, Sway, Heave, Roll, Pitch
and Yaw for function in
Jacobian mdEJx

Component of matrix A (Result
of lineariz@Jon using Jacobian
matrix for equation of motion
with 6-DOF)

Component of matrix B (Result
of linearization using Jacobian
matrix for equation of motion
with 6-DOF)
Hydrostatic force for surge,
sway, heave, ra, pitch and yaw
Drag force for surge, sway,
heave, roll, pitch and yaw
Added Mass for surge

Added Mass for sway

Added Mass for heave

Added Mass of inertia moment
for roll

Added Mass of inertia moment
for pitch
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N, N: Ny, Added Mass of inertia moment
Ny, Npg yaw

N» Body and lift moment

Nous, Fin lift moment

Y Body Lift Force and Fin Lift
Yius, Fin Lift Force

6 Rudder Angle

I. Introduction

Robotics techm)l()gn'()r the defense of a country,
today is a necessity. One of the defense underwater
technologies is an unmanned underwater vehicle or
Autonomous Underwater Vehicle (AUV) [1], [2]. AUV
was first created by Applied Phyics Lia[ill()l}' (APL) at
the University of Washington, USA, in the late 1950s
because of the need for oceanographic data [3]. Some
AUVs developed include HUGIN AUV, HUGIN 1, and
REMUS AUV [4], and NPS ARIES AUV was developed
at the AUV research center [5]. AUV technology has
developed in several directions [19]-[20]. Its application
area has expanded gradually, covering areas such as sea
floor mapping, oceanographic monitoring, underwater
structural inspection, and underwater defense system
equipment [6]. Considering the usefulness and benefits
of AUV above, Indonesia really needs to develop AUV,
because more than 70% of Indonesian territory 1s ocean,
therefore AUV is an effective technology to maintain the
sea potential of Indonesia. AUV is indispensable to assist
Indonesia's undersea exploration survey [7], because
AUV is relatively flexible for ocean exploration without
having to use cables so that it can swim freely without
barriers [8]. Several AUV control system studies that
have been conducted within the period of the 1990s up to
now can be described as follows. Jalving and Storkersen
(1994) examined AUV motion control by using
Proportional Integrator Derivative (PID) focusing on 3
(three) subsystem speed, steering and diving [9], then Li
and Lee (2005) used adaptive non-linear control method
based on Lyapunov theory and backstepping technique
[10].

Wu et al (2008) used the Genetic Algorithm (GA)
method for several AUVs [11]. Oktafianto et al (2015)
used the Sliding Mode Control (SMC) method on a 6-
DOF linear model [12]. Jebelli et al (2013) used the
fuzzy controller for design and construction AUV [13].

In this research, the motion control system was
developed by applying a linear 6-DOF model to
UNUSAITS AUV, |n.|1led from linearization of the
nonlinear model with 6-DOF, that is, surge, sway, heave,
roll, pitch and yaw with Proportional Integral Derivative
(PID) method. Specifically, this study is a make
comparison the simulation between result of PID method
and those of Proportional control system without integral
and derivative was made.

The contribution of this paper is numeric study
regarding the performance of PID compared to
proportional applied to AUV linear model.

This study began with formulation of equation model

Copyright © 2018 Praise Worthy Prize S.rl. - All rights reserved

of non-linear motion with 6-DOF, and it was linearized
with Jacobi matrix to get the linear model with 6-DOF.
Then, Proportional Integral Derivative (PID) method
and the proportional control method were applied to
control the 6-DOF motion to be stable at the desired set-

Gim assuming no disturbance at the time of moving
AUV,

II. Autonomous Underwater Vehicle

There are two imp()rtal&hings to analyze AUV, the
axis system consisting of Earth Fixed Frame (EFF) and
Body Fixed Frame (BFF) as shown in Fig. 1 [3]. EFF is
used to explain the position and orientation of AUV,
where the x-axis position leads northward, the y-axis to
the east and the z-axis toward the center of the earth.

Earth-fixed frame

Body-fixed frame <

uiserge)

[_-LE _ < ) \l\,s(mra;.

e wiharw)
spuck) k| JeGa)

alpttch rata) r(yenw rare)

plroll rata)

Fig. 1. AUV motion with six degrees of freedom [15]

While the BFF defines the positive x-axis leading to
the prowess of the vehicle, the positive y-axis leads to the
right side of the vehicle, and the positive z-axis points
downward [14].

The BFF system is used to explain the speed and
acceleration of AUV with the starting point ahe center
of gravity. The profile of UNUSAITS AUV is shown in
Fig. 2.

¢ —a

532.37_,_ 54917 _,_, 98.45
17.01 u
630.39
1724
. 320 | 1081.55

Fig. 2. Profile of UNUSAITS AUV [16],[17]

1
Fig. 1 and Table I show that AUV has six degrees of
freedom (6-DOF) consisting of surge, sway, heave, roll,
pitch and yaw. The equation of AUV motion is
influenced by the outer force as follows:

International Review of Mechanical Engineering, Vol 12, N. 1]
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T = Thidrostatis ¥ Taddedmass ¥ rdru,g + rlift (N
+ Tcontrol
TABLE I
SPECIFICATION OF UNUSAITS AUV [16]. [17]
Weight 16 kg
Overall Length 1500 mm
Beam 200 mm
Controller Ardupilot Mega 2.0
Cnanunicatiou Wireless Xbee 2.4 GHz
Propulsion 12V motor DC
Propeller 3 Blades OD : 50 mm

Speed 3.1 knots (1.5m/s)
1

The movement of UNUSAITS AUV Eis 6 degrees of
freedom (6 DOF) consisting of 3 (three) degrees of
freedom for the direction of translational motion on the
X-axis (surge), y-axis (sway), and z-axis (heave) and the
other 3 (three) degrees of freedom for rotational motion
on x-axis (roll), y-axis (yaw), and z-axis (pitch). The
UNUSAITS AUV specifications cover, among others,
weight of 16 kg, length of 1.5 m, a diameter of 20 ¢cm
[18].

The general description of AUV with 6 DOF can be
expressed in the equation [14]:

n= Lol n = [xyzl" 9, = [0.6,%];
v=[wlvIl% v = [we,w]T v, = @,q17; @
=[], = XV, 217,75 = [K,M,N]"

in which n shows the vector position and orientation on
EFF, and, t denotes the force vector and moment
working on AUV on BFF, surge (u), sway (v), heave (w),
roll (p), pitch (¢) and yaw (r). The total force and
moment working on AUV can be obtained by combining
hydrostatic force, hydrodynamic force and thrust force.
In this case it is assumed that the diagonal inertia tensor
(f,) is zero, to obtain the total force and moment of the
whole model as follows [3]:

Surge:

mfi —vr + wq — xg(q* + r?) + ye(pg —7)
+ z5(pr + 4]
= Xies + Xpyuttluf + Xy 3)
+ Kypgwq + Xg0qq + X, vr
+ X rr+ ancm

Sway :

m[v —wp + ur — ys(r? + p?) + z;(qr — p)
+ x;(pq + 78
— Yrss + Ylvli:vlvl + lerlrlrl + Ya}ﬁ (4)
+ Yo+ Yur + Ywp + Youpq
Yoo + Vo5, u?6;

s

Heave :
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mw —uq + vp — z5(p* + ¢°) + x6(rp — 4)

+ Ys(rq + p)l
Zyes + Z|w|wWIWI + quqlqlql (5)
ZyW + Zyq + Zyquq + Bvp

+

+ ZyptD + ZyUW + Zyp 5 U6
Roll:
Lp+ (I, — L)qr
+ m[ye (W — ug + vp) ©)
— ZG(T} —Wwp + 11]"]] Krss
+ Kppiplpl + Kpp + Kprop
Pitch:

Lyg+ (Iy = IL)rp + mlzg(it — vr + wq)

— x50 = ug + vp)]

= Mres+ Mwlwlwlwl + Mq|q|fi’|ff| (?)
M, W+ Mq-r{}‘ + Muquq + M,,pvp
Myprp + Myttw + My 5, u* 8,

+ o+

Yaw:

L+ (I, — 1)pq

+ mlxg (v — wp + ur)

= ye(i—vr + wq)]

= Npes + Nv|u|v|v|+ Nr|r|r|r|
Npv + Nt + Nyyur + Nypwp
Ny q + Nyptiv + Ny 5 1?6,

(8)

+ o+

III. Linearization s

In this paper the AUV non-linear model can be
linearized by Jacobi matrix, and the common equations
of the AUV non-linear model are as follows:

#(t) = flx(e),ul), 0), y(0) = glx(t)u(t),t) (9
2

and Jacobi Matrix as follows [6]:

af(x,a,t)
dx

rdfi(x,u,t) 8fi(x,14,t) af,(x, @ )7

dx, dx, 0y
ifalxut) dfy(xut) Ify(%,1,t) (10)

= dx, dx, dx,

df,(x,14,t) df(x 1,t) af, (%1, t)

dx, dx, ox, |

If Jacobi matrix as expressed in equation (10) is
implemented to the linearization of AUV equation of
motion with 6-DOF, then the following equations are
obtained:

International Review of Mechanical Engineering, Vol 12, N. 1]
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af(5at) ofi(xat) 9A(nwt) dfilkut) 9filxut) 8fi(kit)]
du v aw ap dq ar
hETu) oL(xut) LERYD oLER) iLH(ELY) 2LEEL
du v ow ap daq ar
ofs(gt) f(%at) 0i(xu,t) afs(xut) dfi(Lut) dfs(xut)
af(x,,t) _ u v aw ap aq or (11)
dx dfy(xut) afy(x,ut) dfi(xut) ofi(kxut) df(x.ut) df(xurt)
5) v ow dp dq ar
fs(mat) ofs(mue) 6ELY afshut) dfslkut) fs(ut)
u v dw dp dq dr
f(x i) afg(xat) af,(Tit) dfs(Fut) f(rit) af(¥urt)
du av ow ap dq ar
Equations  (3)-(8) can  be  changed into Kios + Kppiplp| + Kprop —
fifor for far f50 [ as follows: _ _
1)z J3r Jar I5iJs (IZ_I)q“mya( ug + vp) ] (15)
Y zg(—wp + ur)
h fa= I —K.
Kres + Xpputtlu| + Xyqwq + Xgoqq + X,vr + x B
X ?7 4 Kprop = (12) Myos + Myppwlw| + Mgqqlgl+ My
— m[—vr + wq — Xs{fi’z + rZ] + PqYe + P?‘Za] + Muquq + MupVP + Mrprp +
m — X, My uw + My, 5 u?d; — a6
zg(—vr + wq)
res * Yiv[uvlvl i Y'r|r|r|r| o Y;:I" )“‘5 =
I, —M,
+Vur+ YVowp+ Yoopg + Yuv + ¥ 4
Yuuﬁruz'sr - (]3) Nres + Nu|u|v|v| + Nr|r|r|r| + NI'Jf’?
_ m[—wp + ur —yg(r? + p?) + qr z; + pq x;) + Ny ur + N, wp + Nyopq +
- m-—7Y, Nywti¥? + Ny, 1% 6, a
Xg(—wp + ur)
Zyes + Zwwww| + Zgq1qlql + _(Uy —L)pg+m [—ya{—vr + wq) )
Z¢¢+ Zuquq+ Z,,pvp+ Z,.prp+ fo = I —N.
Zuwuw + ZumS 11.265 - (14)
2 5 The linear model can be obtained as follows [2]:
f, = m[-uq+ vp —z5(p* + ¢°) + 1P x5 + Tq ¥5]
3 m—2Z, x(t) = Ax(t) + Bu(t), y(t) = Cx(t) + Du(t) (18)
with:
A=y
0 mzg my; 7!
1 0 0 m-—X, m— X,
0 i 0 __mzg 0 (mx — ;)
m=Y m =1 a; by ¢ dy er g
0 0 1 myg _ ‘(me + Z‘i') 0 a, by ¢ dy e; g
_ m-—Zy, m-—Zy, a; by ¢35 dy e3 gs
= 0 _mz myg a, b, ¢y di es g
L= K I — K 1 0 0 as by ¢ ds es gs
mz; 0 (mx; + M) ag by cg dg es gs
I, — M, I, — M, ! 0
__Myg (mx; = N;) 0 0 0 1
I, — N; I; = Ny

Copyright © 2018 Praise Worthy Prize S.rl. - All rights reserved

International Review of Mechanical Engineering, Vol 12, N. 1]

931




T. Herlambang, Subchan, H. Nurhadi

B =],
0 Mmzg my; 7'
1 0 0 m—X,-‘ m—Xﬁ
§ 1 6 o _MmZg 0 (mxg - ¥;)
o me%ol A B 6D B G
0 0 1 myg _(m-’fs+ Z,) 0 A, B, C; D, E, G
_ m—Zy m—Zy, Ay By €3 Dy E; Gy
- 0 _ mzg myg A, B, Cy D, E, G,
Iy — Ky Iy — Ky 1 0 0 As Bs Cs Ds Es Gs
mzg (mxg + M,;) 6 Bs Cs Ds Es Gg
TR 0 - 1 0
I, — My 1, — My
MY (mxg — Ny) 0 0 0 1
I, — N; I, — Ny ]
10 0 0 00 o
010000 < ™ T
] et i gratar :
c=(0 01 0 00 3
000100 D N
00 0O0T10 [ S y " i
000001 o -
and: L S hu-z
D=0 o .
- — : z
IV. Computational Result S N ;
O] o wo ¢
Before the application a PID control system, the
system was tested without a controller with a block
diagram of Matlab simulink as shown in Figs. 3 and 4.

After the block diagram was formed, the results of the
AUV system simulation without a control system was
seen in Figs. 5 and 6. The design of PID control system
was made to overcome the instability of translational and
rotational motions of AUV. Here is a block diagram of
AUV using PID and prB)rti()mll control system in Fig.
7. The method used to determine the proportional,
integral and derivative values was a trial and error
method.

Tyrrry
i

;5:

J

0 id

[0

arF

il
;

=)

i

Fig. 3. Block diagram of AUV

Copyright © 2018 Praise Worthy Prize S.rl. - All rights reserved

932

Fig. 5. Responses of the translational motion
of AUV without control system

In the PID simulation, some comparisons between
simulation result of the PID and those of the proportional
controller were made. Here are the proportional, integral
and derivative values of both PID and proportional
control. After the block diagram was formed, the
simulation was carried out. We got the simulation results
of AUV system with PID control system. Discussion on
the comparison of the responses of the control systems
by PID and proportional control was made as the block
diagram made and simulated resulting in the responses of
the translational motion (surge sway, heave) as shown by

International Review of Mechanical Engineering, Vol 12, N. 1]
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Figs. 8 and those of the rotational motion (roll, pitch and
yaw) as shown by Figs. 9.

Rall
YIRS SRS S SO SN SIS U R I ST
1{\[\1(\&!?\]”“‘““\5(\/\)%\;1 _\_[_\(\M(WE,HHE
. A L A TR TR
UEI ‘\IIJ ZIO JIEI -‘-IID I I I I I :
s - .
P P S W
i ;%‘U“\.r”u”\fJ aler Y luf' T
&

L L
0 10 20 30 4

rad/s

[N

EE— [

[eY—=

(a)

Figs. 7. Block Diagram of AUV using (a) PID method
and (b) Proportional method Control System

TABLEII
PROPORTIONAL, INTEGRAL AND DERIVATIVE VALUES OF BoTH PID
CONTROLLER AND PROPORTION AL CONTROLLER

PID Proportional
K, K; Ky K, K; Ky
Surge 10 18 3 24 0 0
Sway 2 8 2 205 1] 0
Heave 3 15 2 205 0 0
Roll 2 12 001 205 0 0
Pitch 4 1 001 22 1] 0
Yaw 2 1 001 23 0 1]

Copyright © 2018 Praise Worthy Prize S.rl. - All rights reserved
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Figs. 8. The results of the simulation by both PID and Proportional
Control System for (a) surge. (b) sway and (c) heave

In the comparison of the surge responses in Figure
8(a), the result shows that the surge r@ponses by the PID
were more stable at a set-point of 1 m/s, managed to
reach a settling time of 80 seconds with a maximum
overshoot of 34 m / s, and had an error of 4.2%. While
in Figure §(b), the result shows that the sway Iapouscs
by the PID were more stable at setpoint of -1 m / s,
managed to reach a settling time of 76 seconds with
maximum overshoot of -3.4 m / s, and had an error of
12%. And in Figure 8(c), the result shows the hea\a
responses by the PID were more stable at setpoint of -1
m / s, managed to reach a settling time of 80 seconds
with maximum overshoot of -3,6 m/ s, and had an error
of 13%. For the responses by the PID in surge, sway, and
heave motion, the results show the responses were
unstable and did not reach a settling time at the setpoint.
In this case, overshoot was not the main priority setting
for autonomous platform performance. The preferred
ones were the settling time and the resulting error. The
simulation results for rotational motion can be seen in
Figs. 9. In the comparison of the roll responses in Fig.
9(a), the result of the simulation by PID shows Bdt the
roll responses were more stable at setpoint of 1 rad/s,
managed to reach a settling time of 40 seconds with
maximum overshoot of 1.2 rad/s, and had an error of
0.4%. While in Fig. 9(b), the result shows that the pitca
responses by the PID were more stable at setpoint of -1
rad/s, managed to reach a settling time of 70 seconds
with maximum overshoot of -2.8 rad/s, and had an error
of 8.9%. In Fig. 9(c), the result shows that yaw responses
by PID were more stable at set-point of -1 rad/s,

International Review of Mechanical Engineering, Vol 12, N. 1]
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managed to reach a settling time of 60 seconds with

maximum overshoot of -3.4 rad/s, and had an error of
5.8%.

D) Cortrole for ol

0z Progorbonsl Corole f 1ol
I I I I
Ei] ] G E] ] [E] a ] E]
(a)

—— PID) Corlsoler fx pich
------ Propational Certrolle ox g

(b)

P Gt o o
Proportional Controlier o pss

L L
] 20 0 &0 i

(e

=
.
-4
=

Figs. 9. The result of the simulation by both PID and Proportional
Control System for (a) roll, (b) pitch. and (c) yaw

For responses by proportional controller in roll, pitch,
and yaw, the results show that the responses were not yet
stable and did not reach a settling time at set-point. The
comparison of delay time, rise time, peak time,
maximum overshoot, settling time, and error shows
responses of each by either PID or proportional controller
for translational motion, that is, surge, sway and heave
can be seen in Table I1I.

TABLE I
SPECIFICATIONS OF THE TRANSIENT RESPONSES IN SURGE,
Sway, aND HEAVE MOTIONS

Surge Sway Heave
PID  Proportional PID Proportional PID  Proportional

Delay 5 5

Time (s) 16 1.8 12 2.6 1.6 1.5
R“‘ig"“e 18 22 15 3 18 18
Peak Time 3 2 35 28 22

(s)
Maximum
2 - - - 5

Peak (5) 34 42 34 K] 36 38

Settling ) . .
Time (s) 80 s Inf 80 inf 80 inf
Emor (%) 42 Inf 12 inf 13 inf

Based on the response comparison, it could be
concluded that the best control system for AUV shall rely
on the error and settling time observation. The

Copyright © 2018 Praise Worthy Prize S.rl. - All rights reserved

specification comparison between the transient responses
in surge by PID and those by proportional controller in
Table IIT shows that the results by proportional controller
had an error of infinity due to the inability to be stable.

Those by PID had an error of 4.2 %. For sway motion,
the results by proportional controller had an error of
infinity due to the inability to be stable, and those by PID
had an error of 12%. For heave motion by proportional
controller, the results show an error of infinity due to the
inability to be stable, while those by PID had an error of
15%. The specification comparison between the fransient
responses in roll motion by PID and those by
proportional controller in Table IV shows that the results
by proportional controller had an error of infinity due to
the inability to be stable, whereas those by PID had an
error of 0.4 %. For pitch motion, the results by
proportional controller had an error of infinity due to the
inability to be stable, whereas those by PID had an error
of 89 %. For heave motion by proportional controller,
the results show an error of infinity due to the inability to
be stable, whereas those by PID had an error of 5.8 %.

TABLEIV
SPECIFICATION OF THE TRANSIENT RESPONSES IN ROLL.
PITCH, AND Y AW MOTIONS

Roll Piich Yaw
PID Proportional PID Proportional PID  Proportional
Delay 22 22 2 2
Time (s) 1.05 1 22 22 125 1.2
R”e[:l;"“e 13 L1 25 25 14 14
Peal;g"“e 28 3 38 35 28 25
Maximum
2 2 3.2 - -
Peak (s) 12 1.3 28 32 34 34
Settling .
Time (3) Inf 70 inf 60 Inf
Emor (%) 04 Inf 35 Inf 58 Inf

V. Stability Analysis

Analysis of Stability, for PID method, employing
Lyapunov stability analysis, shall meet 1 definition and 2
theorema as follows.

Definition I. Function V(x) is said to be a Lyapunov
function if on a ball By, V(x) is positive definite and has
a partial derivative of negative semi definite V(x) < 0

Theorem 1. If on a ball By, there is a scalar function
V(x)of which the first partial derivative is continuous in
which:

1. V(x) is positive definite (local on By )
2. V(x) negative semi definite (local on Bg)

Then the system equilibrium point is stable, if V(x) is
negative definite (local on Bg). Then the system is
asymptotically stable.

Theorem 2. If on a ball By, there is a scalar function
V(x) of which the first partial derivative is continuous in
which:

1. V(x) s positive definite (local on By )
2. V(x)is negative semi definite (local on By, )
3. V(x) = oo and||x|| = oo
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Then the system equilibrium pouint is globally, (19) will be proved that the candidate function with the

asymptotically stable. SMC control system in the linear model is Lyapunov
Candidate Function of Lyapunov for AUV linear function and asymptotically stable.
system with 6-DOF is: 1. lﬂ’
(w,v,w,p,q,7) = (0,00,0,0,0), V(,v,w,p,q,r) =
1 1 1 1 0. whereas for (w,v,w,p,q,r)# (00,0000,
V(u,v,w,p,q,1) = =u?+ =v? + —w? + —p? ° ( p.q.1) # )
2 2 2 2 (19) V(u,v,w,p,q,7) > 0.
. lqz +oy2 It is proved that V(u, v,w,p, g, ) positive definite
2 2 2. Function V is continuous and has its first partial
) def§ative mwhich is continuous on . Function
Showing that the function: Vi, v,w, 2.4 ) = %uz a %vz a %Wz + %pz +
" ) 1, 1, 1. , 1, %qz + %rz is a quadratic function, it is clear that the
w,v,w,p,q,r)=cu"+ vt + -wh + - + - . . . . . .
Pq 2 2 2 Zp 2 q quadratic function is continuous. Then the partial
5 lrz deeltive is also continuous.
2 3. Vwrwpgr) = Zar Lo Lyps Ly
du av dw dap
is a Lyapunov function conforming to definition 1 and ?q + Z—Vf
the stability criteria in accordance with Theorem 1 and 4 g
Theorem 2. The candidate Lyapunov function in equation
V(w,v,w,p,q,7) = uit + v+ ww + pp+ qg + (20)

V(i v,w,p,q,1) = ulag, u+ bby v+ coyw+ dd;p+ ee; q+ gg, v+ AAX
+ DD, K, + EE; 8, + GG16,,)) + -

prop * BBy 8, + CC,8,

prop
v{aaz u+ bbyv+ co,w+ ddyp+ eey g+ gg, v+ AApXy,,, + BB, 6, + CCy8;, + DDyK), ), + EE, G,
+ GG,6,,) + -
w{aa3 u+ bbyv+ cogw+ ddyp+ ee; g+ ggs v+ AdzXp,op + BBy 8, + CC36, + DD3Kpyp + EE3 &, @)
+ GG36;,) + -
q{aas u+ bbsv+ cosw+ ddsp+ ees g+ ggs v+ AldzXp,o, + BBs 6, + CCs8;, + DDK,y o + EEs G,
+ GG56,) +
r{aaﬁ u+ bbgv+ ccgw+ ddgp + eeg g+ gge 7+ AAgXypop + BBg 8, + CC585 + DDGKypop + EEg 6,
+ GGgbr,)

choosing:
1
Xoprop = Koy + Kﬂi u? + Kyt
1
8, = Kppv + Kizi v?+ Kgpv
1. .
631 = Kpaw + K‘sf w? + KyqW
1
Kprup = Kpd-p + Kial-E P2 + Kaap
1 .
8, = Kpsq + Ka‘sz q* + Kysq

1
6, = Ko+ K

2 p
T2 p 165 ro 4 Kl

50 that the following eq. (22) are obtained:

aa, u+ bbyv+ ceyw+ ddyp+ee g+ gg,r+ AAl(Kp1u+ Kn% uz)
1—AA, K44

Viw,v,w,p,q,7) = u

BB1 6,-1 + CC1531 + DDleer + EE1 652 + GG-IIS,-Z)
+ +
1- 44, K,y
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aa;u+ bb,v+ cow+ ddyp+ ee;q+ gg, v+ AAX

prop

1—- BB, K,

B8, (%,

U+ KQ% v?) + CC6,, + DD,K

prop

+ EE, 8, + GGzé‘rZ)
1- BB, K,, *

aazu+ bbsv+ cczw+ ddsp + eesq+ ggsr+ AldzXpop

1—CCs Kas

BB, 8, + CCs (Kp3w + K
N

1 2
Ew.r)+mﬂ31<

aa,u+ bbyv+ co,wr ddyp+ ee,q+ gg,r+ AAX

prop + EE3 0, + 0036,2) .
1-CC, Kys

prop

1—DD, Ky,

1
BB, 8, + CC48, + DD, (Kp4_p + K p2) + EE, 8, + GG,5y,

+

aas w+ bbs v+ cesw+ ddsp+ eesq+ ggs v
1—EE.K

AA3Xprop

+

+ BBy 8, + CCs8,, + DDSK,

).

1— DDy Kys

1
prop + EE; (Kpsq + Kisi qz) + Gasérz

).

1—EE Ky

adgu+ bbg v+ ccgw+ ddgp+ eegq+ gge T

1 - GGeKaa
AAgXprop + BBy 8, + CCo8s, + DDgKpryy + EE, 85, + GG, (Kpﬁr - Kl-ﬁ% rZ))
+
1—GGKye

Since the value of 1 —AA; K41 < 0, 1= BB; Kgp < [lull = =, llv]l = =, llwll = =, llpll = =, llgll = =, Il
0,1—CC3Kz< 0, 1=DD, Ky, <0, 1—EEKys< ->®
0 dan 1- GGzKys < 0, then it is obtained that Since:
V(w,v,w,p,qr)<0.

Meeting the condition above and the requirements by V(w,v,w,p,q,1) = luz + lvz + lwz + lpz + lqz
Theorem 1, then the function is as follows: % 2 2 2 2

1 1, 1 i
V(w,0,w,p,q,7) = su? + =0+ Swh+ SpP o+ =g
(w,v,w,p,q,7) FUSHSvi e Swie opteog

1
+ =
Zr

2

is a Lyapunov function and asymtotically stable.

In Theorem 2 there is one requirement V(x) — o with
|lx|| = oo if fulfilled, the Lyapunov function is globally,
asysmthotically stable. Lyapunov Function above is:

1

1 1 1 1
V(w,v,w,p,q,1) = su?+ EUZ + sz + Epz + qu

2

[ R oS

+=r

It will be proved that:
4

V(w,v,w,p,q,1) =«
with:
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is quadratic function, so if ||u|| = o, [|v|| = =, ||w| =
o llpl == llgl = and [l >, then
V(w,v,w,p,q,1) = o. So, Lyapunov Function:

1 1
—uf s s =
2u+2v+z

2
+ =7
2

1 1
V(w,v,w,p,q,7) = whe Sp? e o g

1s globally asymthotically stable

VI. Conclusion

Based on the computational results and discussion on
the design of the Proportional, Integral, and Derivative
(PID) Control System, regarding the linear model of 6-
DOF, it can be concluded that the PID method can be
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used as a motion control system of 6-DOF linear model
with a significant accuracy. For translational motions
(surge, sway and heave) the PID method has an error of
0.4% - 8.9%, and for rotational motions (roll, pitch and
yaw) it has an error of 42% - 13%. Whereas, the
Proportional control remains to have a considerably big
error. If viewed in term of its stability analysis, the PID is
considered globally asymptotically stable by employing
Lyapunov method of stability analysis. In Conclusion,
the PID method can be used as the motion control system
of AUV.
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