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Abstract: The underwater vehicle has been developed by many countries to be
one kind of defense technology. This unmanned underwater vehicle is usually called
the Remotely Operated Underwater Vehicle (ROV). The ROV is commonly used for
underwater exploration and as a defense vehicle. The ROV can move by using six
degrees of freedom (6-DOF) and requires a control system in order for the ROV to
move as intended. In this paper, a controller was synthesized in the 6-DOF Evacuation
ROV linear model with the Sliding Mode Control (SMC) and Sliding PID (SPID)
methods. The contribution of the paper provides an analysis of numerical study and
stability analysis by using the Lyapunov function for the performance of both control
system methods. The focus of this paper is the comparison between the performance
of SMC and SPID on the AUV linear model, of which SPID is a combination of SMC
and PID. The simulation results show that the SMC and SPID methods have a good
stability and small error of about 0.1% - 4%. Further, the results show that the SPID
method is more stable than SMC.
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1 Introduction

Underwater robots are widely developed by many countries as one of their defense tech-
nologies. The underwater defense technology is very important for a country in keeping
and maintaining its marine wealth. This underwater robot is usually called the Remotely
Operated Underwater Vehicle (ROV). The ROV is commonly used for marine security
systems, assisting evaluation on at-sea accidents, and underwater exploration [1]. The
ROV has two kinds of motions, namely, the translational and rotation motions on the
x-, y-, and z-axes. Two parts of the ROV functioning to control the ROV motion are
the propulsion system and the fin system. The propulsion system is used to regulate the
angular velocity of the ROV, and the fin system is used to adjust the angle of the fin and
the rudder position. The development of the ROV was initiated in the 1970s together
with the initial investigation of the usefulness of the ROV system, and in 1970-1980,
the ROV technology development and experiments were carried out. In 1980-1990, the
experiments using prototypes were done, then in 1990-2000, the ICT-based ROV was
developed.

This encouraged researches to improve the technology for innovations, in particular
on the controller design of unmanned vehicles. The development of the controllers aimed
to organize the actuator such that the unmanned vehicle can be stable in its motion as
expected. Several studies related to the AUV control system began in the 2000s when
Chiu et al. [2] used a fuzzy control sliding mode with a 2-DOF model. In 2002, W.
Naeem [3] used a predictive control model for a nonlinear 2-DOF (surge and yaw) model.
Kim and Ura [4] used the R-One Robot AUV with a length of 8.3 meters, a diameter
of 1.2 meters, and a mass of 4400 kg with PID. Repoulias and Papadopoulos [5] used
partial state-feedback in nonlinear 3-DOF (surge, sway and yaw) models. Lapierre and
Soesanto [6] used the Infante AUV with a length of 4,215 m and a mass of 23 Kg with
path-following control. Akcaya et al. [7] used SMC in a 3-DOF linear model. Rezazadegan
et al. [8] used an adaptive nonlinear controller in the 5-DOF model. Oktafianto et al. [9]
used SMC in the linear model of AUV. Herlambang et al. [10] used the PID controller
method to control the movement of the 6-DOF linear model applied to UNUSAITS AUV,
Nurhadi et al. [11] used the SMC method to control the Surge, Heave and Pitch Motions
in the 3-DOF nonlinear model, in 2020, Herlambang et al. [12] used SPID Control in the
6-DOF linear model of the AUV, and also used the Linear Quadratic Regulator (LQR)
for the linear motion system of the AUV [14].

The focus of this paper was to compare two control methods: SMC and SPID for 6-
DOF motion control, of which the SPID controller is a combination of the SMC and PID
controllers. This study used the 6-DOF liner model, and the linear model was obtained by
linearization of the nonlinear 6-DOF model. The result of this study was the comparison
of the stability performance of SMC and SPID shown by numerical simulation on the
response results of both methods. The stability obtained by both methods was quite
significant with an error of 0.1%-4% with a settling time of 0.1-1 second.

In order to analyze an ROV, it is necessary to consider the axis system which com-
prises the Earth Fixed Frame (EFF) and Body Fixed Frame (BFF) that are displayed
in Figure 1 [14]. The motion of the ROV has 6 degrees of freedom (6 DOF) comprising
3 degrees of freedom in the direction of translational motions on the z-, y-, and z-axes
and 3 degrees of freedom in the rotational motions on the z-, y- and z-axes. The gen-
eral description of an ROV with 6 DOF can be expressed in (1), where _ represents the
position and orientation vectors over the EFF and v represents the linear and angular
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velocities over the BFF. The details have been described in [15].

2 Remotely Operated Underwater Vehicle (ROV)

In order to analyze an ROV, it is necessary to consider the axis system which comprises
the Earth Fixed Frame (EFF) and Body Fixed Frame (BFF) that are displayed in Figure
. The motion of the ROV has 6 degrees of freedom (6 DOF) comprising 3 degrees of
freedom in the direction of translational motions on the z-, y-, and z-axes and 3 degrees
of freedom in the rotational motions on the x-, y- and z-axes. The general description of

an ROV with 6 DOF can be given as

n= [77’{777;],11’ m = [Z’,y,Z]T, e = [@,07\11]T’
= [U?/Ug]T) U1 = [uvvvw]Tv U2 = [p7 q, T]Ty (1)

=[]’ n=[X,Y,2]", n=[K MN]".
This study uses the prototype of the Evacuation ROV, and the specifications of the

Evacuation ROV are: the weight is 16 kg, the length is 2 meter and the diameter is 300
mm . The properties of the Evacuation ROV are displayed in Figure |2[ and Table

Earth-fixed frame

Body-fixed frame ’,’
- o W o
N groll)

{freave) plroll rate)
v{swap) N

8 pireh) k| Jwiran

gl pitch rate r{vawrate)

Figure 1: ROV Motion with Six Degrees of Freedom [20].

Figure 2: Profile of Evacuation ROV.
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Table 1: Specification of the Evacuation ROV.

Weight 15 Kg

Overall Length 900 mm

Beam 300 mm

Controller Wired Control ArduSUB with Joystick
Sensors Depth Sensor, Sonar

Camera TTL Camera

Lighting 1500 LM, 145° Beam Dimmable
Battery 11.8 V Li Po 5200 mAh

Material Carbon Fiber

Main Propulsion T200 Motor Thruster Include Propeller
Maneuver Propulsion = T200 Motor Thruster Include Propeller
Service Speed 1,6 knots

Operation Depth 5—10 m

Variable 1 represents the vector position and orientation w.r.t. EFF, whereas 7 rep-
resents the force vectors and moments that are working on the ROV w.r.t. BFF, namely
surge (u), sway (v), heave (w), roll (p), pitch (¢) and yaw (r). The total forces and
moments which are working on the ROV can be gained by combining hydrostatic, hydro-
dynamic and thrust forces. In this case, we assumed that the diagonal inertia tensor (1)
is zero, in order to obtain the total forces and moments of the whole model as follows.

Surge:
mlis — vr + wg — 26> + %)+ yo (1 — ) + 76(or + 8)] = Xres + Xjupuulul+

Xott + Xyqwq + Xgqqq + Xorvr + Xpprr + Xprop, (2)
Sway:
mlo — wp 4+ ur — yo(r® + p*) + za(qr — p) + va(pg + 7)) = Yres + Yiuov|v|+

Yopr|r| 4 Yo0 + Yer 4+ Yypur + Yypwp + Ypepq + Yyyuv + Yous, U260, (3)
Heave:

mw —ug +vp — 2¢(P* + ¢*) + xa(rp — §) + ya(rq + p)] = Zres + Zjwjww|w|+

Zaiq914] + Zu 4+ Z4G + Zuquq + Zypvp 4 Zpprp + Zywuw + Zyus, u?é,, (4)
Roll:
Lp+ (I, — L)gr + mlyg(w — uqg + vp) — 2g (0 — wp + ur)| Kyes+

Kpppplpl + Kb + Kprop, (5)
Pitch:

I+ (I — I)rp + m[zg (i — vr + wq) — v (W — uq + vp)] = Myes + Myjpjw|w|+
Mgiqiala| + My + MyG + Myquq + Mypvp + Myprp + Myuw + Muu5su26s. (6)

3 Linearization
In general, it is difficult to design a controller for nonlinear systems —@. Therefore,

the non-linear ROV model is linearized by using the Jacobi matrix. The general equations
of the non-linear ROV model can be written as
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(7)
y(t) = g(x(t)’ u(t)’ t)7
and the Jacobi matrix is defined as
rofi(z,u,t) of1(z,u,t) Of1(Z,u,t) ]
Oxq Oxo T oz,
Of2(Z,a,t)  Of2(3,4,t) Ofa(2,,t)
8f(f, a, t) oz Oxo t Oxp
sl 0
X
Ofn(Z,ast)  Ofn(Z,a,t) Ofn(Z,a,t)
L oz, Oxa te 0Ty _

When the Jacobi matrix shown in is used to linearize the ROV equation of motion
for 6-DOF, then we obtain the following equation:

[ofi(z,at)  Ofi(z,at) Ofi(z,at) Ofi(zat) 0Ofi(Za,t) Ofi(Z,a,t)T]

ou ov ow op dq or
of2(z,u,t) Of2(Z,4t) Of2(Z,ut) Of2(F,u,t) Of2(F,ut) Of2(F,ut)
ou v ow op dq or
afs(z,u,t)  Ofs(z,u,t) dfs(z,u,t) dfs(z,u,t) o fs(z,u,t) o fs(z,u,t)
8f(.’f, u, t) ou ov ow op dq or (9)
O |ofa@at) Ofa@at) Ofa(@ut) Ofa(Emat) Ofa(@at)  Ofa(@ut) |
ou ov ow op dq or
ofs(x,ut) Ofs(z,ut) Ofs(Z,ut) Ofs(Z,ut) Ofs(Z,ut) Ofs(T,u,t)
ou ov ow op dq or
Ofe(@,u,t)  Ofs(@ut) Ofc(@ut) Ofe(Tut) Ife(T,Ust)  Ofe(Z,Ut)
L ou ov ow op dq or i

where the functions f1, fo, f3, fa4, f5 and fg are

fl = {Xres + X|u\uu|u| + qu'LUq + quqq + Xyrvr + Xpprr + Xprop - m[*v"'+

wq — xa(q” + 1) + paye + praalt/{m — X}, (10)
f2 = {Yres + Yjopvlv| + Yo rlr] 4+ Yir + Yypur 4+ Yypwp + Yygpq + Yoo uv+

Yous, 4°6, — m[—wp + ur — ya(r® + p*) + qr z¢ + pq zc]}/{m — Y3}, (11)
f3 = {Zres + Z|w‘ww|w| + Zq‘q‘q|q| =+ Zq(j + Zuquq + va’l}p + ZTpr + Zywuw—+

Zuu55u265 - m[_uq +vp — ZG(p2 + q2) + P Ta + rq yG]}/{m - Zﬂ)}ﬂ (12)
fa= Kipes + Kp|p|p|p| + Kprop — ((Iz - Iy)Q'r + m[yG(_uq + Up) - ZG(_wp + ’U/I“)])

I, — K, ’
(13)

fs= {Mres =+ Mw\w|w|w| + Mq|q|‘]|Q| + Myw + Myquq + Mypvp + Myprp + My uw+

Muu5su25s = ((Iz = L)rp + mlzg(—vr + wq) — xg(—uq +vp)])} /{1, — Mq},( 2
1

Jo = {Nres + Nyjo|v[v| + Nyjp7|r| + Ny + Nypur + Nypwp + Npgpq + Nyyuv+

Nuws, u*d; = ((Iy = L)pq + mlze(—wp + ur) — ya(—vr +wq)])} /{1 — Nf-}-( :
15



524

T. HERLAMBANG, et al.

The linear model obtained from the above process is as follows:

where
A=J,
B=J,
1
0
0
= 0
0
0

aq
a2
ag
Gyq
as
ag

(1)

= Ax(t) + Bu(t),

y(t) = Cx(t) + Du(t),
1 O 0 O TYTLZZ)%Q
0 1 0 s 0
m (ma +Z4)
0 0 1 m—ygu-, - mEZUJ
0 - IT—ZI?,-, IT—yI?ﬁ 1 0
(m + M)
R
puie  (mre-th) 0 0 0
by an di er ¢
by co do ez go
bs c3 d3 ez g3
by ca dy es ga|’
bs c5 ds es gs
bs cc ds es ge
1 0 0 0 mzg_
0 1 0 —mzg 0
o o 1 mp (e
0 - IT—??p IT_?:}?{: 1 O
PR 0 SEpape o 1
m (mr —Ny)
T I = ]C\;f Llici N 0 0 0
B, ¢y D1 E1 Gy
By Cy Dy Ey Go
By (O3 D3 E3 G3
By Cy Dy Ei G4’
Bs Cs Ds E; Gs
Bs Cs Ds Es Gg
0 0 0 O
0 0 0 O
1 0 0 O
01 0 0 D=0
0 0 1 0
0 0 0 1

(16)

- —1
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4 Sliding Mode Control
SMC is a controller that is robust w.r.t. internal and external disturbances. As such,

SMC has been widely used in many applications. In order to apply SMC to a system,
we need to proceed according to the algorithm presented in Figure

[ Construct the function of switching S(x,t) based on the tracking error }

[ Construct the sliding surface J
[ Calculate the estimation of controller value a j
[ Apply the following control law a = & — Ksgn(S) j
[ Use the obtained value of a in the control law J
[ Calculate the value of K }
[ Replace the signum function by a saturation function }

Figure 3: Algorithm of Sliding Mode Control.

5 Sliding PID

The design of the Sliding-PID control system is a combination of SMC and PID. In this
study, the system first passes through SMC, then the result is optimized by the PID
controller. The process works as follows. The notation e represents the error signal, i.e.,
the difference between the output and the reference. The error signal is substituted into
the sliding surface equation S = é + Ae for some A € R. Then the value of S is used by
the PID to determine the input signal w. This scheme is shown in the block diagram in

Figure

6 Control System Design

Designing the SMC control system for the 6-DOF linear model involves creating control
equations for surge, sway, heave, roll, pitch and yaw, obtained by the SMC Algorithm
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O_e_ S=é+le

Figure 4: Block Diagram of SPID.

W

PID —u—

described in the previous section. From , the status of surge can be written as follows:

U = aaru + bbyv + ccyw + ddip + ee1q + ggir + AA1 Xprop + BB16,, + CCH6s,+
DD Kprop + EE16s, + GG106y,. (17)

To find the control of the surge, the tracking error of surge is determined as follows:
U= u— Uug,

where ug is a constant function. Since the system has order 1, the switching function is
formed as follows:

The derivative of S is _
S(u,t) =0 — dg. (18)

Since ug is a constant function, one has 7y = 0. By subtituting the equation into

, we get
S"(u, t) = aa1u + bb1v + ccw + ddip + ee1q + gg1r + AA1 X prop + BB19,, + CC10s,+
DD Kprop + EE16s, + GG10r,. (19)
Next, the value of )A(pmp is determined from the equation , when the value of S = 0,
as follows:

aa1u + bbiv + ccyw + ddip + eerq + ggir + AA1 Xprop + BB16y, + CCros,+
DD Kyrop + EE10s, + GG10y, = 0. (20)

Then the obtained X,,,, is

. _ (aaiu+bbyv+cew+ddip+eerg+ggr
AA,
(BBltsTl + CC10s, + DD1Kprop + EE155, + GG16,, >
AA, '

Xprop -

(21)

Since we require that the control law has to satisfy the condition of sliding, we have

Xprop = Xprop - Klsgn(s)a (22)
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then from the equation and , it is obtained that
aai1u + bbyv + ccyw + ddyp + eerq + ggrr
Xprop = - —

AAy
BB, 0s, + DD1 K o + EE1 O
1 1+CCL1+ 1488 prop + 1 2+GG1 5 lesgn(S). (23)
AAy
By substituting the equation into 7 it is obtained that
S(u,t) = —AA; Kysgn(S). (24)

Next, the value of K; is set up by substituting the equation into the following
equation to meet the sliding condition, that is,

SS S _77|S|a (25)
—SAAKisgn(S) < —nlS|,
—AA; Kysgn(S) < _Ugs|
K> (26)
— AA;sgn(S)
From the equation 7 the value of K is obtained as follows:
K = ’max A4, | (27)

Next, in order to minimize chattering, a boundary layer is used by replacing the function
of signum (sgn) into the function of saturation (sat) as follows:

Xprop = Xprop — K1sat (g) : (28)

Thus, the design of the SMC control of surge, obtained by substituting the equations
and into the equation , is as follows:

¥ _ (aa1u + bbiv + cciw + ddip + eeiq + ggir+BB16,, +CCh s, —&—DDlemp—&—EEldsg)
prop = —

AA;
_ GGy, n S
1A, A4 sat 5) (29)

Furthermore, the state equations for sway, heave, roll, pitch and yaw are as follows:

- ‘max

U = aagu + bbov + ccow + ddap + eeaq + ggor + AAs X prop + BB2dy, + CCods, +

DDsK prop + EE28,, + GGo3,, (30)
W = aasu + bb3v + ccaw + ddsp + eesq + gg3r + AA3 X prop + BB36r, + CC36s,+
DDsK pyop + EE36,, + GGsd,, (31)
D = aaqt + bbyv + ccaw + ddap + eeaq + ggar + AA4X prop + BB46y, + CCLo,, +
DDyK prop + EE4,, + GG4d,, (32)
4 = aasu + bbsv + ccsw + ddsp + eesq + ggsr + AA3 X prop + BBs6y, + CCs0,,+
DD;sK prop + EE56,, + GGsd,, (33)

7 = aagu + bbev + ccsw + ddep + eesq + gger + AAs X prop + BBsdy, + CCsds, +
DDgK prop + EEgos, + GGg6y, . (34)
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In the same way as obtaining the surge input control with the switching function, control
law, sliding conditions and applying the boundary layer, the input controls for sway,
heave, roll, pitch and yaw are as follows:

5. — _ [ aa2u + bbov + ccow + ddap + eeaq + ggar '\
o BB

AAQXprop + 002551 + DDZKprop + EEZ(;SZ + GG257‘2 n S
( BB, max BB, sat % s
(35)
5 ([ aasu + bbsv + ccsw + ddsp + eesq + ggsr\
ST CCs
AASXpmp + BBS(SM + DDSKprop + EE3(532 + GG35r2 n S
— t —
( oo max o, sa 5)
(36)
% _ aaau + bbav 4 ccaw + ddap + eeaq + ggar
prop — DD4 -
AA4Xpmp + BB4(ST1 + 004551 =+ EE4552 + GG457~2 n S
( DDs max AA, sat ) s
(37)
5 _ [aasu + bbsv + ccsw + ddsp + eesq + ggsT
s2 EFE;5
AAgXpmp + BB5($T1 + 005531 -+ DDstmp + GG5(5T2 n S
( PE max 0y sat %)
(38)
5. — _ (aasu+ bbgv + ccew + ddsp + eesq + ggeT |
2 GGs
AAGXprop + BB(;(ST1 + 006531 + DDermp + EE(;(SSQ n S
( reTeh max BB, sat P .
(39)

The design of the SPID control system for the 6-DOF linear model first passes the
SMC control system equation, then the result is optimized by the PID controller whose
proportional, integral and derivative values are shown in Table Once the control
system equations are obtained, they are connected to the 6-DOF linear model on the
block diagram shown in Figure [f] (right).

Table 2: Proportional, Integral and Derivative Values of SPID.

Ky K, Ky
Surge 2.1 0 0
Sway 201 O 0
Heave 201 O 0
Roll 2.01 0 0
Pitch 2.1 0 0
Yaw 2.1 0 0
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Figure 5: The Left Panel Displays the ROV Block Diagram Using the SMC Control System.
The Right Panel Displays the ROV Block Diagram Using the SPID Control System.

7 Computational Results

In the simulation, the response ratio of SMC and SPID control systems for surge, sway,
heave, roll, pitch and yaw motion was obtained. The setpoint of surge is 1 m/s, those
of sway and heave are 1 m/s, while the setpoint for roll rotation motion is 1 rad/s, and
those of pitch and yaw are -1 rad/s. From the simulation results, the comparison of time
delay, rise time, peak time and settling time was obtained. The simulation results by
SMC and SPID control systems are shown in Figure [6]

The comparison of the surge responses in Figure |§| (top left) is the result of AUV
simulation by SMC and SPID control systems. The results of both methods show simi-
larity of the delay time of 0.03 s, the rise time of 0.05 s, the peak time of 0.08 s, and the
settling time of 1 s. SMC and SPID are stable at the setpoint of 1 m/s at time of 1 s.
When viewed from the resulted error, SPID is 3.4%, while SMC is 4.15%. Figure[6] (top
right) shows the similarities for the delay time, rise time, peak time and settling time.
That is, the delay time is 0.037 s, the rise time is 0.065 s, the peak time is 0.07 s, and
the settling time is 0.1 s. SMC and SPID are stable at the setpoint -1 m/s at 0.1 s. In
terms of the resulted error, that of SPID is 0.09% and that of SMC is 0.11%. In Figure
|§| (middle left), it is shown that the results of both methods have similarity for a delay
time, that is, a delay time of 0.037 s. SMC has a rise time of 0.15 s and a settling time of
0.2 s, while SPID has a rise time of 0.25 s and a settling time of 0.25 s. SMC and SPID
are stable at the setpoint 1 m/s at 0.2 s. SMC and SPID on the heave response do not
have a peak time and maximum overshoot. As regards the error generated, that of SMC
is 0.19% and that of SPID is 0.8%.

The comparison of the roll response in Figure |§| (middle right) is the result of the
simulation of the AUV with SMC and SPID control systems. The results of both methods
show similarity of a delay time of 0.04 s, rise time of 0.12 s, and settling time of 0.12 s.
The response generated by the SMC and SPID methods is stable at the setpoint 1 rad/s
at 0.12 s. SMC and SPID on the roll response do not have a peak time and maximum
overshoot. In terms of the error generated, that of SMC is 0.42%, while that of SPID is
0.6%, so SMC is better than SPID for the roll response. Figure[6](bottom left) shows that
the response results by SMC and SPID methods are stable at the setpoint -1 rad/s, the
SMC settling time at 1.5 s, while that of SPID at 1.25 s. As regards the error generated,
that of SPID is 4.3% while that of SMC is 4.58%, so SPID is better than SMC but it
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has a higher overshoot. Figure |§| (bottom right) shows that the results of both methods
show similarity in a delay time of 0.002 s, rise time of 0.082 s, peak time of 0.07 s, and
settling time of 0.2 s. The results of SMC and SPID methods are stable at the setpoint
-1 rad/s at 0.2 s. As regards the error generated, that of SMC is 3.66%, while that of
SPID is 4.77%, so the the SMC method is better than the SPID one. And, the SMC
method has a lower overshoot than the SPID one.

The comparison of delay time, rise time, peak time, maximum overshoot, settling
time, and error in responses, respectively, by the default PID control system, identical
PID, SMC and SPID is shown in Table [3| for surge, sway, heave response. Meanwhile,
the comparison for responses in roll, pitch, and yaw is shown in Table 4l From this
comparison of responses, it can be concluded that the best control system for the AUV is
seen from the error and the settling time. The SPID method is more stable for the surge,
sway and pitch motion, while the SMC method is more stable for the heave, roll and
yaw motion. Next, it can be checked by making stability analysis using the Lyapunov
method.

T T T T T T T
18y H i ikt -
Y H Sy
| : —a
—== s
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0 2
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Figure 6: Response of the Surge, Sway, Heave, Roll, Pitch and Yaw Motions by Using SMC
and SPID Control Systems.
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Table 3: Specifications of the Transient Responses in the Surge, Sway, and Heave Motions.

Surge Sway Heave

SMC SPID SMC SPID SMC SPID
Delay Time 0.03 s 0.029 s 0.037 s 0.037 s 0.045s 0.045s
Rise Time 0.05 s 0.046 s 0.065 s 0.065 s 0.15 s 0.25 s
Peak Time 0.08 s 0.08 s 0.07 s 0.07 s 0s 0s
Maximum Peak 1.7m/s 185 m/s -1.1m/s -12m/s Om/s 0m/s
Settling Time 1s ls 0.1s 0.1s 0.2s 0.25s
Error 4.15% 3.4% 0.11% 0.9% 0.19% 0.8%

Table 4: Specification of the Transient Responses in the Roll, Pitch, and Yaw Motions.

Roll Pitch Yaw

SMC SPID SMC SPID SMC SPID
Delay Time 0.04s 0.04s 0.01s 0.01s 0.002 s  0.002 s
Rise Time 0.12s 0.12s 0.2s 0.2s 0.082s 0.082s
Peak Time 0s 0s 0.075 s 0.074 s 0.07 s 0.07 s
Maximum Peak Om/s Om/s -52m/s -58m/s 18 m/s 21 m/s
Settling Time 0.12s 0.12s 1.5s 1.25s 0.2s 0.2s
Error 0.42% 0.6%  4.58% 4.3% 3.66%  4.77%

8 Stability Analysis

A candidate of the Lyapunov function for the ROV linear system with 6-DOF is

1 1 1 1 1 1
V(u,v,w,p,q,7) = §u2 + 5112 + §w2 + §p2 + §q2 + 57“2. (40)

We will show that V' (u,v,w,p,q,r) is a Lyapunov function that satisfies the stability
criteria.

For the Lyapunov candidate function in equation , it will be proven that the
candidate function with the SMC and SPID control system in the linear model is the
Lyapunov function and the equilibrium point is asymptotically stable.

1. For (u,v,w,p,q,7) = (0,0,0,0,0,0), we obtain V(u,v,w,p,q,r) = 0, whereas
for (u,v,w,p,q,7) # (0,0,0,0,0,0), we obtain V(u,v,w,p,q,7) > 0. Then
V (u,v,w,p,q,r) has been proven to be positive definite for SMC and SPID.

2. The function V is continuous and it has a continuous first partial derivative at
S. The function V in is a quadratic function, then it is easy to see that the
quadratic function is continuous. As a consequence, the partial derivative is also
continuous.
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3. The third requirement of the SMC method is as follows:

V(u7 v,w,p,q,T ) -

ov. oV ov ov ov ov .

U+ =0+ o+ P+ G+ 7

u ov ow op dq or
= ut +vv + ww + pp + qq + rv
= u(aai1u + bb1v + ccrw + ddip + ee1q + ggir + AA1 Xprop + BB16r, +

CC10s, + DD1Kprop + EE1 s, + GG16r,) + v(aa2u + bbav + ccow+
ddap + ee2q + ggor + AA2 X prop + BB20r, + CC2ds, + DD2Kprop+
EFE36s, + GG26ry) + w(aasu + bbsv + ccaw + ddsp + eesq + ggsr+
AA3 X prop + BB36ry + CC30sy + DD3Kprop + EE30s, + GG30ry )+
p(aasu + bbav + ccaw + ddap + eeaq + ggar + AAs Xprop + BBadr, +
CC40s;, + DD4Kprop + EE4ds, + GG46r,) + q(aasu + bbsv + cesw+
ddsp + eesq + ggsr + AA3 X prop + BBs50r, + CC50s, + DDsKprop+
EFE56s, + GG56ry) 4 r(aasu + bbev + ccsw + ddep + eesq + gger—+

AAGXpmp + BB(367-1 + 006551 + DDSKp'mp + EE6632 + GG65r2)~

(41)
We take
aa1u + bbiv + ccyw + ddip + ee1q + ggir
Xprop = AAl
(B 10r, + CC10s, + DD1Kprop + EE1 s, + GGl(S”) — Kisgn(S)
AA, ’
(42)
5 — aagu + bbyv + ccow + ddap + eeaq + ggar |
LE BB,
( AAs X prop + CCobs, + Dgéf(pmp + EE56,, + GG26 ) ~ Kasen(S),
2
(43)
5 — aazu + bbsv + ccaw + ddsp + eesq + ggsr
s1 7 CCs
( AA3X pyop + BBsb,, + DgéKpmp + EE36,, + G035r2> ~ Kysen(S),
3
(44)
aaqu + bbyv + ccqw + ddap + eesq + ggar
Kprop = DD,
AAsXyrop + BBibr, + OCsbuy + EEibey + GO\ _ g oy
DD4 458 )

(45)
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aasu + bbsv + ccsw + ddsp + eesq + ggsr
552 = - EE5 B

AA3Xprop + BBsdy, + CCs05, + DD5Kprop + GG36r, \ Kssan(S),
EFE;5
(46)
aacu + bbgv + ccgw + ddgp + eesq + gger
GGg
AA prop + BBﬁém + 006681 + DDGKPTOP + EE6632 _ KGSgn(S)'
GGg
(47)

Substitute equations — into equation , then we obtain

V(u,v,w,p,q,7) = u(—AA1 K1sgn(S)) + v(— BB2Kasgn(S)) + w(—CC3 K3sgn(S))+
p(—DD4Kysgn(S)) + ¢(—EEsKssgn(S)) + r(—GGs Kesgn(S)) <
(—AA1K1)u+ (—BB2K2)v + (—CC3Ks)w + (—DD4Ka)p+
(—=EE5Ks)q + (—GGsKe)r.

;s K4: ’ﬁ’na K5: ‘ELE5 7,

et £ 5 .

Kg = ’%%‘ 7. Then we obtain

(=l + (=n)lv| + (=n)|w| + (=n)lp| + (=n)lg| + (=n)||
=n(lul + o] + [w] + |p| + [g] + Ir])-

V(u,v,w,p,q,7)

[VANVAN

From the above requirements, the function V is the function of Lyapunov and the
system is asymptotically stable.

The third characteristics of the SPID method is as follows:

aa1u + bbiv + ccyw + ddyp + ee1q + ggrr
Xprop = — B

AA,

BBy6,, + CC164, + DDy K prop + EE10,, + GG16,,
AA, M

1u—|—K217u +Kd1u> 5 (48)

BB,
AA prop + 002631 + DDQKp,mp + EE2632 + GG26T2
BB, +

(aagu + bbov + ccow + ddap + eeaq + 9927‘>
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p2U + KZQ ’U + Kdz’l)) (49)

aazu + bbgv + ccsw + ddsp + eesq + ggsr\
CCs

AA prop + BBg(STl + DDngmp + EE3(552 + GGg(Srz
CCs *

p3W + Kzs w? + Kddw> (50)

aaqu + bbyv + ccqw + ddap + eeqq + 9947“>
Kprop =

DDy

AA Pmp + BB457’1 + 004591 + EE4592 + GG4(5M
+
DDy

aasu + bbsv + ccsw + ddsp + eesq + ggsr\
EE5
AASXpropBBB(Srl + 005551 + DD5Kpmp + GG56 ro
EE; *

p5quKz5 q JrdeQ) (52)

aagu + bbgv + ccgw + ddgp + eesq + gger
GGs
AA prop + BBG(ST1 + 006651 + DDGKprop + EEG(SSz
GGs -

(x
(
(*
(x
3}
(*
( Kpap + Kia P +Kd4p> (51)
(
(
(
“
(=

(K;DGT + Ki6§7'2 + Kd(s?'”) : (53)

Then equations 1' will be substituted to Xprop, 0ry, 015 Kprop, 0s, and 6y,
in equation . The following equation is obtained:

. aaiu + bbiv + ccrw + ddip + eerq + ggir + AAL (Kpiu + Ki 2u?)
V(u,v,w,p,q,7)=u *

1—-AAKan
BBl(Srl + 001631 + DDlernp + EE1632 + GG15r2 +
1 - AAlel

o [ 202t ~+ bbav + ccow + ddap + eeaq + ggor + AA2 Xprop
1 — BB2Ka2

BB (Kp2v + Kingv?) + CC20s; + DDaKyrop + EE0s, + GGadr, ) n

+

1 — BB2Kg2

w [(2asu + bb3v + ccaw + ddsp + eezq + ggsr + AA3 X prop +
1—-CC3Kg4s
BBs36,, + CC3(Kpzw + KiS%U/Q) + DDsKprop + EE30s, + GG3p,
+
1—-CC3Ky3




NONLINEAR DYNAMICS AND SYSTEMS THEORY, 23 (5) (2023) 535

» (aa4u + bbav + ccaw + ddap + eeaq + ggar + AAs X prop

1—DDsKgy
+BB457‘1 + CCuds, + DDs(Kpap + Kia5p*) + EEsSs, + GGady, .
1—DDysKgy
aasu + bbsv + ccsw + ddsp + eesq + ggsr + AA3 Xprop +
4 1 EEsKas
BB567‘1 + 005651 + DD5Kprop + EE5(Kp5q + K7,5%q2) + GG56T2 +
1—- FEE5Kgs
, aasu + bbgv + ccsw + ddep + eesq + ggsr + AA6 Xprop + BBe0r, n
1 - GGeKas
CCé8s, + DDsKprop + EEs0s, + GGo(Kper + Kic3r?) (54)
1-— GGeKdG

Next, we take

1
K7 = |aaiu + bbiv + ccrw + ddip + ee1q + ggrr + AAx ( p1U + K”E 2) + BB16r, +
001651 + DDle'rop + EE1652 + GG15T2 | m,
1
Ks = |aazu + bbav + ccow + ddap + ee2q + ggor + AA2 X prop + BB2 (Kpgv + Ko 51)2) +

002631 + DD2Kprop + EE2632 + GGQCer | 7]27
Ko = |aazu + bbsv + ccsw + ddsp + eesq + ggsr + AAs X prop + BBsdr, +

1
CCs (Kpgw + K3 §w2) =+ DDngmp + EE3552 + GG35T2 n3,

Kio = |aaau + bbav + ccaw + ddap + eeaq + ggar + AAy Xprop + BB4dy, + CCuds, +

1
DDy <Kp4p + Ki4§p2) + EE4632 + GG467“2 T4,

K11 = |aasu + bbsv + ccsw + ddsp + eesq + ggsr| ns,
K12 = |aasu + bbv + ccsw + ddep + eesq + gger + AAs Xprop + BBsdr, + CCsds, +

1
DDﬁKpmp =+ EE6552 + GG (Kp(;?" + Kis 57‘2) 76,

1 _ 1 _ 1 _
where m = 41_AA1Kd1 , 12 - T—BB2Kas’ 3 = m un =
i-D 1%4 Ka: B = ﬁ and ng = % Furthermore,
AAl, Kdl, AAQ, Kdg, AA3, Kdg, AA4, Kd4, AA5, Kd5, AAﬁ, Kd6 > 1. It follows that
1 - AA 1Kg1 < 0, 1— BByK o < 0, 1— CCngg < 0, 1 - DDsKy < 0,

1-FE;K4 5 <0and 1 —GGgKg6 < 0. Then we obtain that V(u,v,w,p, q,7) <0.

According to the above requirements, the function V (u, v, w,p, q,r) = %uQ + %’UQ +
%wZ + %pQ + %qQ + %7’2 is the Lyapunov fuction and the system is asymptotically
stable.

If V(z) = oo when & — oo, then the Lyapunov function is globally asymptotically
stable. The above Lyapunov function is V (u,v,w,p,q,r) = éuz + %vz + %wz +
ip? + 1¢% + Ir?. It will be proven that V(u,v,w,p,q,7) — oo when u — oo,

v — 00, W % 00, p — 00, ¢ — oo and r — oo. Since V(u,v,w,p,q,r) = %u2+
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%1)2 + %wQ + %pQ + %qQ + %7"2 is a quadratic function, if u — oo, v — 0o, W — o0,
p — 00, ¢ — oo and r — oo, then V(u,v,w,p,q,r) — oo. Thus, the Lyapunov
function V (u, v, w,p,q,r) = %uz + %vz + %w2 + %pQ + %q2 + %7"2 is asymptotically
stable. In conclusion, the stability analysis of the SMC and SPID control systems
has the stability property of being globally asymptotically stable.

9 Conclusions

Based on the simulation analysis of the SMC and SPID methods, it can be concluded that
both methods have good stability for the ROV linear model with an error of about 0.09%
- 4.5%. In terms of the delay time, rise time, peak time, maximum peak, and settling
time, both methods have similarities. As regards the stability ratio for each motion
performed, the SPID method is more stable for the surge, sway, and pitch motion, while
the SMC method is more stable for the heave, roll and yaw motion.
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