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Control of ROVs using a Model-free
2nd-Order Sliding Mode Approach

Tomas. Salgado-Jiménez, Luis G. Garcia-Valdovinos and

Guillermo Delgado-Ramirez
Center for Engineering and Industrial Development - CIDESI
Mexico

1. Introduction

Remotely Operated Vehicles (ROVs) have had significant contributions in the inspection,
maintenance and repair of underwater structures, related to the oil industry, especially in
deep waters, not easily accessible to humans. Two important capabilities for industrial
ROVs are: position tracking and the dynamic positioning or station-keeping (the vehicle's
ability to maintain the same position with respect to the structure, at all times).

It is important to remember that underwater environment is highly dynamic, presenting
significant disturbances to the vehicle in the form of underwater currents, interaction with
waves in shallow water applications, for instance. Additionally, the main difficulties
associated with underwater control are the parametric uncertainties (as added mass,
hydrodynamic coefficients, etc.). Sliding mode techniques effectively address these issues
and are therefore viable choices for controlling underwater vehicles. On the other hand,
these methods are known to be susceptible to chatter, which is a high frequency signal
induced by control switches. In order to avoid this problem a High Order Sliding Mode
Control (HOSMC) is proposed. The HOSMC principal characteristic is that it keeps the main
advantages of the standard SMC, thus removing the chattering effects.

The proposed controller exhibits very interesting features such as: i. a model-free controller
because it does neither require the dynamics nor any knowledge of parameters, ii. It is a
smooth, but robust control, based on second order sliding modes, that is, a chattering-free
controller is attained. iii. The control system attains exponential position tracking and
velocity, with no acceleration measurements.

Simulation results reveal the effectiveness of the proposed controller on a nonlinear 6
degrees of freedom (DOF) ROV, wherein only 4 DOF (x, y, z, y) are actuated, the rest of
them are considered intrinsically stable. The control system is tested under ocean currents,
which abruptly change its direction. Matlab-Simulink, with Runge-Kutta ODE45 and
variable step, was used for the simulations. Real parameters of the KAXAN ROV, currently
under construction at CIDESI, Mexico, were taken into account for the simulations. In
Figure 1 one can see a picture of KAXAN ROV.

For performance comparison purposes, numerical simulations, under the same conditions,
of a conventional PID and a model-based first order sliding mode control are carried out
and discussed.

www.intechopen.com



348 Sliding Mode Control

Fig. 1. ROV KAXAN; frontal view (left) and rear view (right).

1.1 Background

In this section an analysis of the state of the art is presented. This study aims at reviewing ROV
control strategies ranging from position trajectory to station-keeping control, which are two of
the main problems to deal with. There are a great number of studies in the international
literature related to several control approaches such as PID-like control, standard sliding mode
control, fuzzy control, among others. A review of the most relevant works is given below:

Visual servoing control

Some approaches use vision-based control (Van Der Zwaan & Santos-Victor, 2001)(Quigxiao
et al., 2005)(Cufi et al., 2002)(Lots et al., 2001). This strategy uses landmarks or sea bed
images to determine the ROV’s actual position and to maintain it there or to follow a specific
visual trajectory. Nevertheless, underwater environment is a blurring place and is not a
practical choice to apply neither vision-based position tracking nor station-keeping control.

Intelligent control

Intelligent control techniques such as Fuzzy, Neural Networks or the combined Neuro-
Fuzzy control have been proposed for underwater vehicle control, (Lee et al.,
2007)(Kanakakis et al., 2004)(Liang et al., 2006). Intelligent controllers have proven to be a
good control option, however, normally they require a long process parameter tuning, and
they are normally used in experimental vehicles; industrial vehicles are still an opportunity
area for these control techniques.

PID Control

Despite the extensive range of controllers for underwater robots, in practice most industrial
underwater robots use a Proportional-Derivative (PD) or Proportional-Integral-Derivative
(PID) controllers (Smallwood & Whitcomb, 2004)(Hsu et al., 2000), thanks to their simple
structure and effectiveness, under specific conditions. Normally PID-like controllers have a
good performance; however, they do not take into account system nonlinearities that
eventually may deteriorate system’s performance or even lead to instability.

The paper (Lygouras, 1999) presents a linear controller sequence (P and PI techniques) to
govern x position and vehicles velocity u. Experimental results with the THETIS (UROV) are
shown. The paper (Koh et al., 2006) proposes a linearizing control plus a PID technique for
depth and heading station keeping. Since the linearizing technique needs the vehicle’s model,
the robot parameters have to be identified. Simulation and swimming pool tests show that the
control is able to provide reasonable depth and heading station keeping control. An adaptive
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control law for underwater vehicles is exposed in (Antonelli et al., 2008)( Antonelli et al., 2001).
The control law is a PD action plus a suitable adaptive compensation action. The
compensation element takes into account the hydrodynamic effects that affect the tracking
performance. The control approach was tested in real time and in simulation using the ODIN
vehicle and its 6 DOF mathematical model. The control shows asymptotic tracking of the
motion trajectory without requiring current measurement and a priori exact system dynamics
knowledge. Self-tuning autopilots are suggested in (Goheen & Jefferys, 1990), wherein two
schemes are presented: the first one is an implicit linear quadratic on-line self-tuning
controller, and the other one uses a robust control law based on a first-order approximation of
the open-loop dynamics and on line recursive identification. Controller performance is
evaluated by simulation.

Model-based control (Linearizing control)

Other alternative to counteract underwater control problems is the model-based approach.
This control strategy considers the system nonlinearities. On the other hand it is important to
notice that the system’s mathematical model is needed as well as the exact knowledge of robot
parameters. Calculation and programming of a full nonlinear 6 DOF dynamic model is time
consuming and cumbersome. In (Smallwood & Whitcomb, 2001) a preliminary experimental
evaluation of a family of model-based trajectory-tracking controllers for a full actuated
underwater vehicle is reported. The first experiments were a comparison of the PD controller
versus fixed model-based controllers: the Exact Linearizing Model-Based (ELMB) and the Non
Linear Model-Based (NLMB) while tracking a sinusoidal trajectory. The second experiments
were followed by a comparison of the adaptive controllers: adaptive exact Linearizing model-
based and adaptive non linear model-based versus the fixed model-based controllers ELMB
and NLMB, tracking the same trajectory. The experiments corroborate that the fixed model-
based controllers outperformed the PD Controller. The NLMB controller outperforms the
ELMB. The adaptive model-based controllers all provide more accurate trajectory tracking
than the fixed model-based. However, notice that in order to implement such model-based
controllers, at least the vehicle’s dynamics is required, and in some cases the exact knowledge
of the parameters as well, which is difficult to achieve in practice. In paper (Antonelli, 2006) a
comparison between six controllers was performed, and four of them are model-based type;
the others are a non model-based and a Jacobian-transpose-based. Numerical simulations
using the 6 DOF mathematical model of ODIN were carried out. The paper concludes that the
controller’s effort is very similar; however the model-based approaches have a better behavior.
In paper (McLain et al., 1996), real-time experiments were conducted at the Monterey Bay
Aquarium Research Institute (MBARI) using the OTTER vehicle. The control strategy was a
model-based linearizing control. Additionally interaction forces acting on the vehicle due to
arm motion were predicted and fed into the vehicle’s controller. Using this method, station-
keeping capability was greatly enhanced. Finally, other exact linearizing model-based control
has been used in (Ziani-Cherif, 19998).

First order Sliding Mode Control (SMC)

Sliding mode techniques effectively address underwater control issues and are therefore viable
choices for controlling underwater vehicles. However, it is well known that these methods are
susceptible to chatter, which is a high frequency signal induced by the switching control. Some
relevant studies that use SMC are described next. The paper (Healey & Lienard, 1993) used a
sliding mode control for the combined steering, diving and speed control. A series of
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simulations in the NPS-AUV 6 DOF mathematical model are conducted. (Riedel, 2000)
proposes a new Disturbance Compensation Controller (DCC), employing on board vehicles
sensors that allow the robot to learn and estimate the seaway dynamics. The estimator is based
on a Kalman filter and the control law is a first order sliding mode, which induces harmful
high frequency signals on the actuators. The paper (Gomes et al., 2003) shows some control
techniques tested in PHANTON 500S simulator. The control laws are: conventional PID, state
feedback linearization and first order sliding modes control. The author presented a
comparative analysis wherein the sliding mode has the best performance, at the expense of a
high switching on the actuators. Work (Hsu et al., 2000) proposes a dynamic positioning
system for a ROV based on a mechanical passive arm, as a measurement system. This
measurement system was selected from a group of candidate systems, including long base
line, short baseline, and inertial system, among others. The selection was based on several
criteria: precision, construction cost and operational facilities. The position control laws were a
conventional P-PI linear control. Last, the other position control law was the variable structure
model-reference adaptive control (VS-MRAC). Finally, in the paper (Sebastidn, 2006) a model-
based adaptive fuzzy sliding mode controller is reported.

Adaptive first order Sliding Mode Control (ASMC)

SMC have a good performance when the controller is well tuned, however if the robot changes
its mass or its center of mass, for instance, because of the addition of a new arm or a tool, the
system dynamics changes and the control performance may be affected; similarly, if a change
in the underwater disturbances occurs (current direction, for instance), a new tuning should be
done. In order to reduce chattering problems, ASMC have been proposed. These controllers
are excellent alternative to counteract changes in the system dynamics and environment,
nevertheless design and tuning time could be longer, and robot model is required. Following,
some relevant works are enumerated. In (Da Cunha, 1995), an adaptive control scheme for
dynamic positioning of ROVs, based on a variable structure control (first order sliding mode),
is proposed. This sliding mode technique is compared with a P-PI controller. Their
performances are evaluated by simulation and in pool tests, proving that the sliding mode
approach has a better result. The paper (Bessa, 2007) describes a depth SMC for remotely
operated vehicles. The SMC is enhanced by an adaptive fuzzy algorithm for
uncertainties/disturbances compensation. Numerical simulations in 1 DOF (depth) are
presented to show the control performance. This SMC also uses the vehicle estimated model.

Paper (Sebastian & Sotelo, 2007) proposes the fusion of a sliding mode controller and an
adaptive fuzzy system. The main advantage of this methodology is that it relaxes the required
exact knowledge of the vehicle model, due to parameter uncertainties are compensated by the
fuzzy part. A comparative study between; PI controller, classic sliding mode controller and the
adaptive fuzzy sliding mode is carried out. Experimental results demonstrate the good
performance of the proposed controller. (Song & Smith, 2006) combine sliding mode control
with fuzzy logic control. The combination objective is to reduce chattering effect due to model
parameter uncertainties and unknown perturbations. Two control approaches are tested:
Fuzzy Sliding Mode Controller (FSMC) and Sliding Mode Fuzzy Controller (SMFC). In the
FSMC uses a simple fuzzy logic control to fuzzify the relationship of the control command and
the distance between the actual state and the sliding surface. On the other hand, at the SMFC
each rule is a sliding mode controller. The boundary layer and the coefficients of the sliding
surface become the coefficients of the rule output function. Open water experiments were
conducted to test AUV’s depth and heading controls. The better behavior was detected in the

www.intechopen.com



Control of ROVs using a Model-free 2nd-Order Sliding Mode Approach 351

SMEC. Finally, an adaptive first order sliding mode control for an AUV for the diving
maneuver was implemented in (Cristi et al., 1990). This control technique combines the
adaptivity of a direct adaptive control algorithm with the robustness of a sliding mode
controller. The control is validated by numerical simulations.

High Order Sliding Mode Control (HOSMC)

In order to avoid chattering problem and system model requirement a new methodology
called High Order Sliding Mode Control (HOSMC) is proposed in (Garcia-Valdovinos,
2009). HOSMC principal characteristic is that it keeps the main advantages of the standard
SMC, removing the chattering effects (Perruquett & Barbot, 1999).

The methodology proposed in this chapter was firstly reported in (Garcia-Valdovinos, 2009),
where it is proposed a second order sliding-PD control to address the station keeping
problem and trajectory tracking under disturbances. The control law is tested in an under-
actuated 6-DOF ROV under Matlab-Simulink simulations, considering unknown and abrupt
changing currents direction.

2. General 6 DOF underwater system model

Following standard practice (Fossen, 2002), a 6 DOF nonlinear model of an underwater
vehicle is obtained. By using a global reference Earth-fixed frame and Body-fixed frame, see
Figure 2. The Body-fixed frame is attached to the vehicle. Its origin is normally on the center of
gravity. The motion of the Body-fixed frame is described relative to the Earth-fixed frame.

Fig. 2. Reference Earth-fixed frame and Body-fixed frame.

The notation defined by SNAME (Society of Naval Architects and Marine Engineers)
established that the Body-fixed frame has components of motion given by the linear velocities
vector v, =[u v w] and angular velocities vector v, =[p q r] (Fossen, 2002).. The
general velocity vector is represented as:

v=[n vz]Tz[u v wp q r]T

where u is the linear velocity in surge, v the linear velocity in sway, w the linear velocity in
heave, p the angular velocity in roll, g the angular velocity in pitch and r the angular velocity
in yaw.
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The position vector =[x y Z]T and orientation vector 7, =[¢ 0 l//]T coordinates
expressed in the Earth-fixed frame are:

77=[771 772]T:[x y z ¢ 0 ‘//]T

where x, y, z represent the Cartesian position in the Earth-fixed frame and ¢ represent the roll
angle, 6 the pitch angle and y the yaw angle.

Kinematic model. It is the transformation matrix between the Body and Earth frames,
expressed as (Fossen, 2002):

n=](n)v
{fh}z{h (72)  Oss M‘ﬁ} (1)
mn O35 J2(12) ][ 72

where ], (7,)is the rotation matrix that gives the components of the linear velocities v; in
the Earth-fixed frame and ], (7, ) is the matrix that relates angular velocity v, with vehicle's
attitude in the global reference frame.
Well-posed Jacobian: The transformation (1) is ill-posed when 6= #90°. To overcome this
singularity, a quaternion approach might be considered. However, the vehicle KAXAN is
not required to be operated on &= #90°. In addition, the ROV is completely stable in roll and
pitch coordinates.

Hydrodynamic model: The equation of motion expressed in the Body-fixed frame is given as
follows (Fossen, 2002):

My +C(v)v+DWV)v+g(n) =1 (2)

where veR™*!, peR™ ,and reR"’*'. rdenotes the control input vector. Matrix
MeR"™", is the inertia matrix including hydrodynamic added mass, CeR""",is a
nonlinear matrix including Coriolis, centrifugal and added terms, DeR"*", denotes
dissipative influences, such as potential damping, viscous damping and skin friction, finally
vector g € R 1 , denotes restoring forces and moments.

Ocean currents. Some factors that generate current are: tide, local wind, nonlinear waves,
ocean circulation, density difference, etc. It's not the objective of this work to make a deeply
study of this phenomena, but only to study the current model proposed by (Fossen, 2002).
This methodology proposes that the equations of motion can be represented in terms of the
relative velocity:

Vr:V_Vc (3)

where V. =[u, v, w. 0 0 O]T is a vector of irrotation Body-fixed current velocities.

The average current velocity V. is related to Earth-fixed current velocity components

[uf ok wf] by the following expression:

uf = V,cos(a,)cos(f)
vr = V.cos(B,) (4)
wf = V.sin(a,)cos(5.)
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where ¢, is the angle of attack and f. the sideslip angle.
Finally, the Earth-fixed current velocity could be computed at the Body-fixed frame, by
using

u, u;

E
UC = ]1 (772 ) UC (5)
wc ZUE

In order to simulate the current and their effect on the ROV, the following model will be
applied

My + CRB (V)V + cA (Vr )Vr + D(Vr )Vr + 8(77) =7 (6)

where Cgg is the Coriolis from rigid body inertia, and Cj is the Coriolis from added mass.
Assuming that Body-fixed current velocity is constant or at least slowly varying,
0.=0 = 0,=9.

Control input vector. The 7, comprises the thruster force applied to the vehicle. KAXAN has
four thrusters, whose forces and moments are distributed as:

e  F; Thruster located at rear (left).

e  F; Thruster located at rear (right).

F; Lateral thruster.

e  F,; Vertical thruster.

F; and F, propel the vehicle in the x direction and generates the turn in y when Fi# F» , F3
propels the vehicle sideways (y direction) and F; allows the vehicle to move up and down (z
direction). Then the control signal 7, must be multiplied by a B matrix comprising forces
and moments according to the force application point to the center of mass.

FE +F
F
F,
= —Fd,, + Fydy, @)
Fydy; + Fydy, — Fydy,
| —hdy, + Bdy, —Fyds, |

Rewriting (7) gives rise to

B'd 1 1 0 0
Y 0 0 1 0 [F
7 0 0 0 1 ||F,
BT o0kl T 0 0 —dy, dy, || B ®)
M dlz dZZ 0 _d4x F, 4
| N | —dyy, dy, dyy 0
Control Force %
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3. Control systems

In this section the PID control and model-based first order SMC laws are reminded, later the
model-free 2-order sliding mode control technique is introduced (hereafter called HOSMC).
These control laws behavior are shown in the next section.

3.1 PID control
The Proportional-Integral-Derivative control law is (Ogata, 1995):

k !
o er(kAT)+K;ATze(hAT)+e2((h 1A,)
I h=1

©)
+K,T, [e(kAT )_ e((k - 1)AT )]
where Ar is the sample time, e(kA4r) is the error measured at the sample time kAr. Kp is the

proportional gain, T; is the integral time and Tp is the derivative time. The PID control gains
are shown in Table 1.

- Gains

x y z ¢ ¢ Y
1600 1800 1300 0 0 18000
3000 15000 3000 0 0 70000
0.5 10 0.5 0 0 0.25

Table 1. PID control gains.

3.2 Model-based first order sliding mode control (SMC)
Using the methodology given in (Slotine & Li, 1991), the sliding surface is defined as

s =1 —af (10)
where 77 = -7, .
The SMC control law is given by

T =1, + Ksign(ps) (11)

where 7, is the equivalent control given by the system estimated dynamic. Parameters S

and K; are constants, sign denotes the sign function. Table 2 lists the control gains used in
the simulation.

Gains
x y 4 [ 0 1%
530 700 10 0 0 40
530 500 25 0 0 15

Table 2. SMC control gains.

3.3 Model-free 2nd-order sliding mode control (HOSMC)
To analyze the proposed controller is necessary to introduce the following preliminaries. Let
the nominal reference 7, be:

www.intechopen.com



Control of ROVs using a Model-free 2nd-Order Sliding Mode Approach 355

7, =ﬁd—aﬁ+5d—Kijsign(Sq)da (12)
0

where ¢, K; are diagonal positive definite nxn gain matrices, function sigrn(x) stands for sign
function of x e, and

¥p)
Il

S-s,
i a (13)
Sq = S(to) e !

for k¥ >0. S(ty) stands for S(t) at t=0.
Now, let the extended error variable be defined as follows:

wn
I

5 r= n- ﬁr (14)
and substituting (12) into (14) yields,

S, =S, + Kijsign(sq)da (15)
0

Notice that the task is defined in the Earth-fixed frame for the sake of simplicity.
Controller definition

The control design and some structural properties are now given.
Theorem. Consider the vehicle dynamics (2) in closed loop with the control law given by

7, =—K,S, (16)

where K; is a positive nxn feedback gain matrix. Exponential tracking is guaranteed,
provided that K; in (15) and K, are large enough, for small initial error condition.

Proof. A detailed analysis shows that the above Theorem fulfills, see (Garcia-Valdovinos et
al. 2006) and (Parra-Vega et al., 2003) for more details ™.

Remark 1. Since the control (15) is computed in the Earth-fixed frame it is necessary to map
it into the Body- fixed frame by using the transpose Jacobian (1) as follows:

r=]'r, (17)

Remark 2. Expanding the control law (16) can be rewritten as follows:

t
r, =—Kqaii =K ji— KK, [sign(S, ) do (18)
5D 0
Sliding part

which gives rise to a sliding PD-like controller.

3.3.1 Comments on HOSMC

How to tune the controller: The stability proof (see (Garcia-Valdovinos et al. 2006) and
(Parra-Vega et al., 2003) for more details) suggests that arbitrary small K; and small a can be
set as a starting point. Increase feedback gain K, until acceptable boundedness of S, appears.
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Then, increase gradually K; until the sliding mode arises. Finally, increase o to achieve a
better position tracking performance. Notice that K; is not a high gain result since a larger K;
does not mean a larger domain of stability.

Robustness: The system has inherent robustness of typical variable structure systems, since
the invariance property is attained for all time, whose convergence is governed solely by
(13) when S,(t)=0 for all time, independently of bounded disturbances.

Smooth Controller: Higher-order sliding modes, in this case second order sliding mode
(SOSM), have emerged to solve the problem of chattering, which is induced by first order
sliding modes (FOSM). Besides preserving the advantages of FOSM, the scheme SOSM
totally removes the chattering effect of FOSM, and provides for even higher accuracy. In our
case, SOSM is induced, and chattering is circumvented by integrating the sign function of S,.
Finite time convergence: Since sliding mode exists for all time, it is possible to attain finite
time convergence of position tracking errors by means of well-posed terminal attractors.
Finite time convergence can be tuned arbitrarily via a time-varying gain a(t) so as to drive
smoothly Ax(t) toward its equilibrium Ax(t)=0. Gain «a(t) is tailored with a Time Base
Generator (TBG), which may be a fifth order polynomial that smoothly goes from 0 — 1, for
more details see (Garcia-Valdovinos et al. 2006).

4. Numerical simulations

Performance of the controllers is verified through some simulations with a 6 DOF
underwater vehicle (2), where only 4 DOF are actuated, that is (x, y, z, ¥). Evidently, ¢ and &
are not actuated, though these are bounded (stable). Position tracking simulations are
presented. Matlab-Simulink has been used to perform the simulations with ODE Runge-
Kutta 45, variable step.

4.1 Controller’s gains
Feedback gains for the controller are show in Table 3.

x y z ¢ 0 1'%
30 30 30 0 0 50
1000 1000 1000 0 0 1000
0.05 0.05 0.05 0 0 0.05

5

Table 3. Model-free 2-order sliding mode contol gains.

4.2 Ocean current parameters

The current starts flowing to the north and after some time, it suddenly changes to east. In

all cases the current is V.=1.1 m/s. According to (2) and (4) one has the following;:

1. North: When flowing to the north, parameters are the following: a. =0 rad and £ =0 rad.

2. East: When flow is in the east direction, parameters are the following: o =0 rad and . =
/2 rad.

4.3 Position tracking
Now, the proposed controller is evaluated for tracking tasks, under ocean currents. The task
is divided into two stages. First stage consists of moving the vehicle smoothly from an initial
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position [x;, yi, zi, wi] = [0, 0, 0, 0] to a final position [xf y5 z;, w]=[1, 0, 0.5, ©/2], see the linear
path in figures 3, 7 and 11, for the PID, SMC and HOSMC, respectively. This stage lasts 15
seconds, from =0 s to t=15 s.

Second stage, once the vehicle is correctly oriented, it is requested to follow a circumference of
radio r=1 m, centered at (h, k) = (0, 0). The circumference is executed at a rate given by ©=0.628
rad/s, that is, in =10 s. Notice that the circumference is designed in plane x, y, and y is always
tangential to the circumference, see the circular path in figures (3, 7 and 11, for the PID, SMC
and 2-order sliding mode control, respectively). This stage lasts 10 seconds, from #>15 s to =25 s.
From t=10 s to t<15 s (first stage) the ocean current flows to the north (u.). The lasts 15
seconds, from #>10 s to t=25 s, current flows to the east (v.).

4.4 Description of results

Figures 3 (PID), 7 (SMC) and 11 (HOSMC), depict the complete trajectory tracking by the system.
Figures 4 (PID), 8 (SMC) and 12 (HOSMC), show the system position tracking comparison x
vS X4, Y vs Yy and z vs zg.

Figures 5 (PID), 9 (SMC) and 13 (HOSMC), give the robot inclination behavior; notice that
the angular position tracking in y is attained (even under currents influence). As it was
mentioned ¢ and @ are not actuated, however they are stable, they present a slight deviation
from zero, due to the changing current.

The control signal behavior is described in Figures 6 for the PID control, 10 for the SMC and
14 for the HOSMC. The figures show the propulsion force in the x, y and z directions (from
top to bottom), and the last box represent the momentum around in the yangle.

Finally the control performance is compared by using the Mean Square Error (MSE). Figure
15 represents the MSEs values for the three control techniques. The figure show two bars for
each control technique, the first represents the MSER and the second is the MSE,,. Where the
MSER is defined by:

MSEj = \/(MSEx)Z +(MSE, )2 +(MSE,)? (19)

4.5 PID control

—x

—x

z[m]

Fig. 3. Position tracking performance under PID control.
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[mis]

t[s]
¥ Vs ¥

[mis]

Lms |

Fig. 4. Position tracking performance (x vs x4, y vs y; and z vs z;) under the PID control.
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Fig. 5. Angular inclinations behavior (¢, #and y vs y;) under the PID control.
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Propulsion in x direction ()

50 Al
= \ /
—
: 0 \_/ V
[
(=]
w
-50
-100
[} 5 10 15 20 25
t[s]
Propulsion in y direction ()
100 \
50 \orer—
=
- /\
a8 o
e _/
o
w
-50
-100
0 5 10 15 20 25
t[s]
Propulsion in z direction ()
l he /
—
w
7]
[
Q
e
Y I S—
-100
0 5 10 15 20 25
t[s]
Turn in psi angle (1)
100
50 —-
£
: ———— N\
o 0
7]
[
Q
w
1 —
=100
0 5 10 15 20 25
t[s]

Fig. 6. Control signal behavior. From top to bottom propulsion force in the x, y and z

directions, and the last box represent the momentum around the yangle (PID control).
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4.6 Model-based first order mode control (SMC)

Real vs. Desired trayectory

— Xd

N

&

t[s]

Fig. 8. Position tracking performance (x vs x4, y vs ya and z vs zz) with the SMC.
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Fig. 9 Angular inclinations behavior (¢, #and yvs ;) with the SMC control.
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Fig. 10. Control signal behavior. From top to bottom propulsion force in the x, y and z
directions, and the last box represent the momentum around in the y angle (SMC).
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4.7 Model-free 2nd-Order sliding mode control
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Fig. 12. Position tracking performance (x vs x4, y vs y; and z vs z;) with the HOSMC.
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Fig. 13. Angular inclinations behavior (¢, 8and yvs y;) with the HOSMC.
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Fig. 14. Control signal behavior. From top to bottom propulsion force in the x, y and z
directions, and the last box represent the momentum around in the y angle (HOSMC).
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4.8 Control performance comparison by Mean Square Error (MSE)
An MSE study reveals that the proposed controller (HOSMC) exhibits the best performance
in terms of position tracking.
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Fig. 15. Mean Square Error (MSE) values for the three control techniques.
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