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Abstract: An unmanned submarine commonly called an Autonomous Underwater
Vehicle (AUV) is one type of underwater robots used for underwater mapping. The
AUV is an underwater vehicle capable of automatically moving in the water, con-
trolled by humans on a vessel. Building an AUV is not easy as many components
play important roles in the operation of the AUV. One of them is the motion control
system. This paper develops the motion control system of the UNUSAITS AUV by
applying a Sliding PID (SPID) control to a linear model with 6-DOF. The linear
model is obtained through linearization of the nonlinear model with 6-DOF. The
SPID is a combination of the Sliding Mode Control (SMC) and PID. The results of
the study indicate that the SPID method can be effectively used as the motion control
system of the linear model with an error of 0.2% - 4.2%.

Keywords: autonomous underwater vehicle: control systems; sliding PID: 6-DOF;
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1 Introduction

Underwater vehicle technology plays an important role for archipelago nations such as
Indonesia. Since its water area is much larger than its land area, underwater technology is
required to explore and keep or maintain its natural resources. So, an underwater vehicle
is needed . Underwater rides widely developed by many researchers and practitioners
today ar@@nmanned underwater robots. This robot is known as the Autonomous Un-
dorwaterﬁhicle (AUV). The AUV is one type of underwater robots that have attracted
a lot of researchers in recent years . The AUV is a vehicle driven through water with
a propulsion system, controlled and driven by an onboard computer with six degrees
of freedom (DOL) maneuver, so that it can carry out its determined tasks entirely
itself. The benefits of the AUV are not only for exploring marine resources, but also for
underwater mapping and underwater defense system equipment .

Several studies on the AUV control system that have been conducted within the pe-
riod of 1990s up to now can be described as follows. Guo, Chin and Huang examined
the AUV motion control by using a Fuzzy Sliding Mode Control for 6-DOF @ Then,
Me Gann et al. used an adaptive control for 6-DOF underwater vehir.'les. ﬁiric dan
Stilwell applied PID to the Virginia Tech 475 AUV model with 2-DOF [7]. afianto
et al. developed a Sliding Mode Control (SMC) method for a 6-DOF linear model .
Herlambang et al. proposed a Particle Swarm Optimization (PSO) and Ant Colony Op-
timization (ACO) for controlling an AUV system

This study was carried out in the following stages. First, the equation of motion for
the 6-DOF nonlinear model was formulated. Then, the model was linearized using the
Jacobi matrix to obtain the 6-DOF linear model. Next, the Sliding PID (SPID) method
was employed to control the motion of the 6-DOF model to reach the desired set point
in the disturbance-free case (when the AUV is moving).

2 Autonomous Underwater Vehicle

Two important things are considered essential to analyze an AUV, that is, the axis
system consisting of the Earth Fixed Frame (EFF) and Body Fixed Frame (BFF) as
seen in Figuro (left) . The EFF is used to show the position and orientation of the
AUV, of which the r-axis position leads northward, the y-axis goes to the east, and the
z-axis heads toward the center @ff the earth. The BFF defines the positive r-axis leading
to the prowess of the vehicle, the positive y-axis leads to the gight side of the vehicle,
and the positive z-axis points downward ‘ The BFF system 15 used to show the speed
and acceleration of the AUV with the starting point at the center of gravity. The profile
of the UNUSAITS AUV is shown in Figure |1] (right). Figure 1| (left) and Table show
that the AUV has six degrees of freedom (6-DOVY), that is, surge, sway, heave, roll, pitch
and yaw. The equation of AUV motion is influenced by the outer force as follows:

T = Thydrostatic T Taddedmass T Tdy ag Tlift T Teontrol-

The movement of the UNUSAITS AUV has 6 degrees of freedom, that is, 3 (three)
degrees of freedom for the direction of translational motion on the z-axis (surge), y-
axis (sway), and z-axis (heave) and the other 3 (three) degrees Oﬁcedom for rotational
motion on the z-axis (voll), y-axis (yaw), and z-axis (pitch). e UNUSAITS AUV
specifications include, among others, weight of 16 kg, length of 1.5 m, and a diameter
of 20 em ‘ The general description of the AUV with 6 DOF can be expressed in the
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Figure 1: AUV motion with six degrees of freedom and pmﬁlt:gllNUSAITS AUV .

Weight 16 Kg
Length 1500 mm
Diameter 200 mm
Controller Ardupilot Mega 2.0
Communication | Wireless Xbee 2.4 GHz
Camera TTL Camera
Battery Li-Pro 11.8 V
Propulsion 12 V DC motor
Propeller 3 Blades OD : 50 mm
Speed 3.1 knots (1.5 m/s)
Maximum depth 8 m

Table 1: Specification of UNUSAITS AUV,

equations :

n=[niml", m = [z,y.2]", e = [6,0,4]";
v=[v],ol7, v = [u, v, w] T, I P
r= [T, r17, v = [X,Y, 7], vy = [K, M, N|T;

In the equations above, 1 shows the vector position and orientation on the EFF. Then,
7 denotes the force vector and moment working on the AUV on the BFF, namely, surge
(u), sway (v), heave (w), roll (p), pitch (g) and yaw (r). The total force and moment
working on the AUV can be obtained by combining hydrostatic forces, hydrodynamic
forces and thrust forces. In this case, it is assumed that the diagonal inertia tensor (1,)
is zero, to obtain the total force and moment of the whole nonlinear AUV model .
The following equations represent the surge, sway, heave, roll, pitch and yaw motions,
respectively:

mli—vr + wq — zelg® + ) +yelpg— ) + za(pr + 7)) = Xres + Xjujuulu| + Xuts
+ Xuwqwg + Xqqqq + XorvT + XowrT + Xprop, (1)
m[p —wp +ur — ya(r® + p°) + za(gr — p) + za(pg + )] = Yoes + Yoo |v] + Yo7
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+ Yoo + Yer + Yur + Ywp + Yypg + Yyuv + Vs u?d g, (2)
mio — ug +vp = 26(* + ¢*) +26(rp = ) + (g + H)] = Zres + Zjupuwlul
n+ Zaqalg) + Zatb + Z5G + Zygug + Zyyvp + Zyrp + Zyuw + Z s 20,1, (3)
Lp+ (.- 1,)gr + myg(w —ug +vp) — 2g(0 —wp + ur)] = Koo + Ko piplpl + Kpp
+ Kamo, (4)
L+ (I; — L)rp + m[zg(it — vr + wq) — zg(w — ug + vp)] = Myes + My w|w|
+ Myqialal + My + Mg + Mygug + Myyvp + Myprp + Myguw + Moyys,,u?ds,
(5)
L7 + (I, — I.)pg + m[zg(t — wp + ur) — yg(it — vr + wq)] = Nys + Nyjwiolv|
+ Nypoir|r| + No® + Nier + Nupur + Nupwp + Npgpg + Nuwttt) + Novis u?bre.  (6)
The state variables of the model in are u (surge), v (sway ), w (heave), p (roll),
g (pitch) and r (yaw), i.e., z = [u, v, w, p q. r] . In this work, we assume th'it '1.11 St'itf'
variables are measured, i.e., y = . The input variables are X, o, 001, da1, },m,,
and o, le., u = [X;,mj,,O;l,d.sl,h?,m?,,O.s,z,d, o). Tt follows that the model in
can be formulated in the following state-space form:
gf) = flz(t),ul(t),t). (7)
y(t) = x(1), (®)

where

:
file,u) = (~m[—vr +wg — 2(q® + %) + payc + prac] + Xees + Xjupaul] + X uqug

+ X g9 + X7 + Xopprr + Xprop) /(M — X)), ” (9)
felz,u) = (—m[—wp + ur — ya (r* +p*) + qrza + paza) + Yies + Yiupulv| + Yopurlr|

+ Yir + Yarr + Yupwp + Youpg + Yo, uv + }’,A,Agrlugﬁ,.lﬂ'm - Y, (10)
falz,u) = (—m[—ug+vp— z(;(p2 + qg) +rprg +rqya] + Zees + Zwww|w| + Zgq9lgl

+ ZiG + &, q+Zyp1Jp+ZmTp+Zwmv+Z,m,j‘:luzd,,.l)/(m7Zﬁ_.), (11)
falz,u) = (:g* 1)qr — myg(—ug + vp) — zg(~wp +ur)] + Kyes + K, plp|

+Kpr0p)f( _Kﬂ)s (12)

filzou) = (=(Iz = L)rp — m[ze(—vr + wq) — za(—ug + vp)] + Moes + Mujuwjww|
+ My alql + M + Mygug + My, up+ Myprp+ My + M, 5,107 60)

(1, — M) (13)
falz,u) ? L)pg — mzg(—wp + ur) — yg(—vr + wq)] + Npes + Ny o]

- N,.|r|r\r| + Nptr + Nypur + Nypwp + Npgpg + Nuguv + Nous, o 126r2)

/(1= Ny). 14)

Notice that the nonlinear AUV model in - is quite complicated. Thus, it is diffi-
cult to design a controller for the nonlinear model. Therefore, we linearize the nonlinear
AUV model - around a solution by using the Jacobi matrix. The linearized AUV
model is given by

(t) = Az(t) + Bu(t), (15)
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Ef) = C'z(t) + Du(t),

0 0 0
1 0 T
0 N
__mzg M 1
I.—Kp I —Kjp
(mzg+My)
0 S e v
T 0 0
di er g
dy ey go
d; e g3
di €1 ga
ds e gs
de e 9o
0 0 0
1 R
0 R
__mzeg e 1
I.—Kp I.—Kp
(meg+Muy)
0 - L:—M,2 0
Sl 0 0
D, E; G
D, By, G,
Dy Es Gy
D.; E.; G.;
Dy E; Gs
Dy Eg Gg
0 0 00 0 0
00 00 0 0
0 0 00 0 0
00 D= 00 0 0
1 0 00 0 0
0 1 00 0 0

where
(1
0
0
A:
0
Mg
T, M,
TR
L .—N:
ay ? c1
s 2 Cg
az by e
as bs a4
a5 ? €5
ag U Co
M1
0
0
B =
0
Mg
T,— M,
_IHV}(,’
LT N,
Ay 9 (o
Ay 2 L2
Ay By (4
Ay By Ca
g, By Cy
6 Bs Cs
1 0 0 0
01 0 0
. {00 1 0
= 00 0 1
00 0 0
00 0 0

3 Sliding PID

mzg —mye 71
m—Xg m—Xg
mag—Ys
0 m=—Y,
(meg+Z;) 0
m—Zi
0 0
1 0
0 1
mzg —mye 71
m—Xg m—Xg
mee—Y:
0 m—Y,
(magt+Zy) 0
m—Z
0 0
1 0
0 1
00
0 0
00
0 0
00
0 0

55

(16)

(17)

(18)

The giding-[’ll_) control system design is a combination of the SMC and PID. In the
first stage, the error signal (the difference between the set point and the output) is used
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as an input to the SMC. The SMC produces a signal that will gnarantee that the error
becomes zero in finite time. Then, the signal generated by the SMC is used as an input
to the PID. Finally, the PID generates a signal that will be sent to the model as the
input signal. The above process can be compactly displayed as a block diagram of the
Sliding P1D in Figure[2]

L Serop o oo . "
FID Coniroller Xprop u (Surge)

v dr Cantrol dr v >
PID Controller dr v (Sway)

» ds Comtrol FID ds | »
PID Controller ds w [Heave)

- Karap Cantrol PID Kprop >

Ll >
PID Controller Kprop P Rell)

> ds1 Control dsi q L]
PFID Controller ds1 q {Pitch)

— drl Cantrol PID drt ' -;]
FID Contoller dri F(Yaw)

Hubsystem Translational and Rotational motion Control Plant AUV

Figure 2: The block diagram of SPID.

Next, we design the SMC control system of the 6-DOF linear model for surge, sway,
heave, roll, pitch and yaw. The SMC algorithm is used to compute the control input for
those motions. Without going into the details, the control law produced by the SMC for
each motion is as follows:

X B (aalu + bbyv + coyw + ddip + eer g+ ggir + BB16, + C'C'lﬁsl)
prop = —

AAy
DDLI{?J?U]J o EEla.s2 e GG].[JEI'2 1 . o ; S
( A, jmax a4, sat 2] (20)
P aagu + bbyv + cegw + ddyp + eeng + ggor + AA X, + CCR
rl — BBQ
UDQK;m;;; + EEaben + GGadyy | U S
_ — |lmax laat [ Z ). 21
55, [max 55, sa 5) (21)
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5 (aa;m + bbyv + ceaw + ddap + eeaq + ggar + AAz X0y + Bb’;;d,.l)
sl =

CCy
DD3Kyrop + EE3ds2 + GGy | n | S
— — |max ——{ sat | — | , 22
( oc; T G ) (22)
. aage + bbyv 4+ ceqw + ddyp + eeyq + ggar + A X, + BBydyy
K prop — DD,
CCyds1 + EEd2 + GGybro | n | s
— ( iy ) — |mnax A4, | sat E y (23)
- aasu + bbsv + cesw + ddsp + eesq + ggsT + AA3 X op + BBsd + CCs0,1
P2 = EE,
DDs K on + GG, | | S
54 prop 5Ur2 N Ui . A
— — |max —— | sat | — |, 24
( EE:’, ) _mﬂ(;(;ﬁ_kﬁ, (@) ( )
5 o LG bb[;‘i,‘ - CCRW 4 dd[}p - eegq T+ GgaT + AA[;XM-”?, - B.B[jfs,-]_ - (J‘C‘[id‘.\j]_
e GGy
DD[iI\’?J?'rJ]J + EEgds | no| S _
— — |max | sat | — |. 21
( GGo 'mme’g'“ p (25)

As shown in Figure |2| the signals generated by the SMC I| are fed to the
PID controller. In the PID controller, the coefficients for the proportional, integral and
derivative terms are shown in Table

K, | K; | Ka
Surge | 3.1 0 0
Sway | 2.5 | 0 0
ave | 2.0 0 0
Roll | 2.04 | 0 0
Pitech | 22 | 0 0
Yaw | 2.2 | 0 0

Table 2: The coefficients of the proportional, integral and derivative terms.

The designing the SPID control system on the 6-DOF linear model first passes the
SMC control system equation then optimized by the PID controller, of which the pro-
portional, integral and derivative values are shown in Table[2] Once the control system
equations are obtained, then they are connected to the 6-DOF linear model on the block
diagram shown by Figure[2]

4 Computational Results

In this section, we present the simulation results of the closed-loop system by using the

1D controller designed in the previous section. First of all, we define the set point for
surge, sway, heave, roll, pitch and yaw. The set point of surge, sway and heave is 1 m/s.
The set point for roll rotation motion is 1 rad/s, whereas those ol pitch and yaw are
—1 rad/s. For each simulation result, we compare the time delay, rise time, peak time
and settling time. The simulation results by using SPID control systems are as shown in

Figure
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Figure 3: The results of the simulation by using the Sliding PID control system for surge

SWay.

and

Figureshows that the surge responses by the SPID were more stable at a set point
of 1 m/s, reaching a settling time in 6 seconds with a maximum overshoot of 3.5 m/s, and
had an error of 3.2%. The sway response is stable at the set point of —1 m/s, reaching
the settling time in 0.1 of a second, and having an error of .1%. The heave response is
also stable at the set point of —1 m/s, reaching a settling time in approximately 0.2 of a
second, and having an error of 0.2%. These results show that the responses generated by
the SPID in surge, sway, and heave motion were stable for surge, sway and heave motions.
In this case, the overshoot was not the main consideration for the antonomous platform
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performance. The prioritized ones were the settling time and the resulting error.

The results of simulation for rotational motion are shown in Figure[3] For the roll
response, the result of simulation with the SPID shows that the roll responses were stable
at the set point of 1 rad/s, reached a settling time in 0.15 of a second with a maximum
overshoot of 1.2 rad/s, and had an error of 0.5%. The pitch responses by the SPID were
also stable at set point of —1 rad/s, reached a settling time in 1.5 of a second with a
maximum overshoot of —4.8 rad/s, and had an error of 4.1%. Finally, the yaw responses
by the SPID were stable at the set point of —1 rad/s, reached a settling time in 0.25 of a
second with a maximum overshoot of —5.6 rad/s, and had an error of 4.2%. In summary,
the responses by the SPID in roll, pitch, and yaw were stable. The complete results of
the transient responses are shown in Table[3] which shows that the error is very small.

Surge Sway Heave Roll Pitch Yaw
Delay time 0.04 s 0.042 s 0.043 s | 0.045 s 0.09 s 0.003 s
Rise time 0.06 s 0.07 s 0.3s 0.18 s 145 0.09 s
Peak time 0.1ls 0.01s 0s 0s 0.3s 0.1s
Maximum peak | 3.5 m/s | -1.08 m/s | O0m/s | Om/s | -4.8 m/s | -5.6 m/s
Settling time 6s 0.1s 0.2s 0.15s 1.5s 0.25s
Error 3.2% 0.1% 0.2 % 0.5 % 4.1 % 4.2 %

Table 3: Specification of the transient responses in surge, sway, heave, roll, pitch, and yvaw
motions.

5 onclusion

Based on the results of simulation and discussion about designing the Sliding Propor-
tional, Integral, and Derivative (SPID) control system, regarding the linear model of
6-DOF, it could be concluded that the SPID method could be used as a motion control
system of the 6-DOF linear model with a significant accuracy and an error of about
0.2% — 4.2%.
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