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Abstract—This work deals with guidance and control of an
unmanned surface vehicle which has the mission to monitor au-
tonomously the water quality condition in Peruvian sea onshore.
The vehicle is a catamaran class with two slender bodies propelled
by two electric thrusts in differential and common modes in order
to maneuver in surge and in yaw directions. A multivariable
control approach is proposed in order to control these two
variables and a fuzzy logic-based guidance tracks predefined
trajectories at the sea surface. The conjunction between robust
control and guidance algorithms is validated numerically and the
results show good stability and performance despite the presence
of disturbance, noise sensors and model uncertainties.
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I. INTRODUCTION

The growth, industrialization and concentration of mass
population in metropolitan cities have produced risks to vul-
nerable areas. The Peruvian big cities are close to the Pacific
sea, lagoons and rivers, vulnerable to the human activity or
natural disasters. Therefore, water quality monitoring is vital
for understanding the dynamics of these water bodies. Peruvian
public institutions monitor regularly the ocean and lagoons
using manned craft and ships through local instrumentation,
remote sensing and sampled data analysis [1]. These activities
demand steady and high financial support and the use of un-
manned surface vehicles (USVs) is becoming more attractive
for research institutions due to low-cost, autonomy, and to
reduce human risks.

Nowadays, there are many unmanned surface vehicles
operating in the world. In [2], the authors present the DELFIM
USV designed to carry out mission tasks of data acquisition
of marine environment and to serve as a communication hub
between a terrain base and multiple autonomous underwater
vehicles. The DELFIM has integrated guidance, navigation
and control to carry out straightforward its tasks. In [3],
the CaRoLime USV presents integration between electronic
hardware in order to execute missions for limnology studies
in ocean and rivers. The paper also presents a mathematical
model obtained using system identification approach and least
square estimation optimization. In 2017, the Shanghai Univer-
sity has developed an USV to carry out validation of algorithms
applied to hydrography of coastal areas [4]. There are more
information about the development and the application of these
vehicles that can be found in [5].

The unmanned vehicles is commonly designed with an

architecture composed of embedded electronic hardware and
software to make possible its maneuvering autonomously
or semi-autonomously. The guidance and control algorithms
allow the vehicle to move in maritime environment following
predefined trajectories set remotely or through an embed-
ded digital memory. The control system of these vehicles
should guarantee better performance and stability despite the
presence of disturbances, electrical sensor noise and model
uncertainties. There are many robust control strategies applied
to these unmanned maritime vehicles. An H., robust mixed
sensitivity approach is applied to an autonomous underwater
vehicle in [6], an Ho robust control approach is applied to
an autonomous underwater vehicle (AUV) characterized by
output disturbances and time delay in [7], a nonlinear robust
control is applied to other unmanned maritime vehicle for hull
ship inspection in [8], and another modified robust control
algorithm for an USV is proposed in [9].

Relative to the guidance, the work of [10] has been a source
of inspiration for nowadays trends. A robust guidance control,
based in H, control and Fuzzy guidance, is proposed in [11]
to carry out three-dimensional inspection maneuvers of an
AUV. Other authors propose a waypoint guidance using fuzzy
logic to generate controller command signals [12]. In [13],
the authors proposed an improvement to the classical line-
of-sight (LOS) guidance algorithm with and integral action
and adapting to different cruise speeds. Path following based
in LOS is still an active research area to evaluate the USV
performance subject to disturbance, noise sensor, parameter
variation, and nonlinear constraints imposed by actuators and
other unmodeled dynamics [14], [15], [16].

This paper deals with H, robust control and fuzzy logic
guidance system for the EDSON-J vehicle, an USV of the
UNSA (Universidad Nacional de San Agustin de Arequipa).
A multivariable and centralized controller is synthesized using
mixed sensitivity approach and a guidance system based on
Mamdani type fuzzy logic rule. The main contribution of this
paper is to combine the robustness properties of an advanced
controller synthesized according to frequency domain require-
ment with a conventional guidance algorithm based on LOS.
The organization of this paper follows: section I presents the
introduction over guidance and control in unmanned maritime
vehicles, section II presents the mathematical model represen-
tation of the EDSON-J USV, section III presents the robust
and multivariable control approach, section IV presents the
guidance based on fuzzy and LOS approaches, section V
presents the numerical results using a simulator and section
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VI provides the conclusions.

II. EDSON-J MODEL

The EDSON-J is a catamaran class vehicle, which is under
development at the UNSA since 2019 to carry out inspection
and monitoring tasks in the Pacific sea coastal and lagoons of
Arequipa (south region of Peru country). The vehicle has a
length of 3m and width of 1.6m, draft and free-board of 0.6m.

The unmanned vehicle has been modeled using the rigid
body dynamics and hydrodynamics forces interaction between
the hull structure and the fluid according to the nomenclature
given in [17]. Fig. 1 shows the EDSON-J USV reference
frames, an inertial-frame fixed at earth and other body-frame
attached at the geometric center of the vehicle. The inertial-
frame considers three longitudinal position (x,y, z) and three
angular displacements (¢, 6, ), the body-frame considers
three linear velocities (u,v,w) and three angular velocities
(p,q, 7). Unlike underwater vehicles, it is assumed the USV
has motions constrained to the water surface and are neglected
heave z, roll ¢ and pitch # motions. Then, the EDSON-J
nonlinear model can be summarized in kinematic and dynamic
equations, respectively:

n=Jv, ey
Mv+ C(v)v + D(v)v = br, (2)

where the n = [z y w]T is the earth frame position vector,
the v [w v 7] is the body frame velocity vector.

The control input vector is representing by 7 = [n. nd}T
indicating the common mode n. and differential mode ng4
propeller actions. J(n) is the coordinate transformation matrix
between the earth and body frames, M is the rigid body mass
plus the added mass of the vehicle, C'(v) includes rigid body
and Coriolis force terms, D(v) is the damping matrix, b is the
coefficient related to the control input 7. These matrices are
expressed following:

costy —siny 0
J(n) = lsinlﬁ cos O] , 3)
0 0 1
m — X,‘L 0 0
M:[ 0 m—Y; mxg — Y|, @
0 mrg — Y;ﬂ Izz - NT
0 Clg(V) Clg(v)
C(v) = |Car(v) 0 Cs3(v)| , Q)
031(1/) 032(1/) 0
Dll(”) 0 0
D(V) = — 0 DQQ(V) 0 ] 5 (6)
0 0 Dgg(V)
where:
012(1/) = —mr,
Ci3(v) = —magr + Yyou + w,
C21(v) = mr,
023(1/) = —qu, (7)
C31(v) = maegr — Yyu — Y: ; N T,
032(1/) = qu,
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TABLE I. EDSON-J USV NONLINEAR MODEL PARAMETERS.

Parameter Value Unit
m 250 kg
I, 204.1000 kg/m?

X 2.4706 kg
X -0.2912 ke/s
Xulu 27.6262 kg/m
Yy -247.0649 kg
Y, -123.5324 kg/s
Yy -370.5973 kg.m
Yio|o -38.9275 kg/m
Ny 27483102 kg.m?
Ny -370.5973 kg.m
N, -741.1947 || kg.m?/s
Niyr | -2627609 || kgm?

Dll(V) — Xu + X\u|u|u‘v
DQQ(V) =Y, + Yv\v|v|a (¥
D33(V) =N, + N|T|T|T|.

The EDSON-J model parameters can be obtained using the
rigid body dynamics and the slender body theory through
empirical and semi-empirical relations [18]. The computed pa-
rameter values for the EDSON-J nonlinear model are presented
in Table 1.

III. EDSON-J ROBUST CONTROL

This section presents the multivariable robust control ap-
proach based on H ., mixed sensitivity. The nonlinear EDSON-
J model expressed in (1) and (2) is linearized using Taylor
expansion series around the cruise speed of u = 2 m/s. To
guarantee the linear controllability and observability system
properties, some states are neglected and the reduced system

. 1T . .
has the state variables X = [u v 1/)} , control input variable

U = [n nd}T and output variable Y = [u 1/;]T The
linear EDSON-J model is expressed in the state space form
as follows:

| X=AX+BU
G'_{Y:CX+DU ©)

where the matrices are as follows:

—0.3294 0 0
A= 0 0.0800  0.0858 |, (10)
0 —2.3951 —1.5949
0.2109 0
B:[ 0 0.1145], (11)
0 —0.8347
1 0 0
=y o 1) (12)
o o
D_{O 0]. (13)
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Fig. 1. Coordinate Frames for the EDSON-J vehicle.

Fig. 2 presents the two ports structure used to synthesize
the robust controller through mixed sensitivity approach, where
G is the linear model, W, are the weighting functions, R is the
reference pre-filter and K is the synthesized robust controller.
The extended plant P and the controller K form the closed
loop system T,,; which has the exogenous input w composed of
reference signal ¥, input disturbance d;, output disturbance d
and sensor noise fi; and has the exogenous output z composed
of tracking error & and output response ¥.

A closed loop matrix T, is measured using H., norm to
guarantee good performance and stability [19], [6]:

7l = H W H , (14)
o0

where S = (I + KG)™! is the sensitivity matrix, 7' = (I —S)
is the complementary sensitivity matrix, and I is an identity
matrix, Ws is the weighting sensitivity matrix and Wy is
the weighting of complementary sensitivity matrix. Assuming
that the matrices involved satisfy necessary detectability and
stabilizability conditions, and based on well-known results,
there is an optimal controller K (s) so that a closed loop
function between w and z satisfies [19]:

”Tzw”oo =, (15)

where 7 is a real number associated to a suboptimal control
problem.

The H., mixed sensitivity approach was formally used in
former work to control an autonomous underwater vehicle [6].
In this paper, the authors uses the same approach applied to
the EDSON-J USV where the input pre-filter and weighting
matrices R, W;, W, and W, are identity matrices of I2x5. The
output weighting sensitivity matrices are diagonal matrices:

0.5s+1 0.5s+ 1
— di 1
Ws = diag { s+ 0.0001 s + 0.0001 } ’ (16)
. s+1 s+ 1
Wi =d .7
T =g { 0.0001s + 5 0.0001s + 5 } a7
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Fig. 2. Two Ports Configuration to Ho Synthesis [6].

IV. EDSON-J GUIDANCE

The structure of the robust guidance control for EDSON-J
vehicle is described in Fig. 3 where the robust control guar-
antees a good tracking of the cruise speed command ug and
a good tracking of the yaw rate command 4. This last signal
will be generated by the guidance algorithm composed of
two subsystems. This section presents the guidance algorithm
of the vehicle that integrates the Lookahead-based steering
approach and a fuzzy logic controller to generate yaw rate
command considering information of LOS.

A. Lookahead-based Steering

The goal of this subsystem is to generate the steering
command (yaw angle) using the definiciton of LOS and
Lookahead-based sterring algorithm. The geometric represen-
tation of line of sight (LOS) is as shown in Fig. 4, where
(z,y) is the actual position of the vehicle, (xx,yr) and
(Tk+1,Yr+1) are waypoints that define a straight-line path.
The path-tangential angle can be expressed as follows [10]:

ag = atan2(Yry1 — Yrs Tht1 — Tk, (18)

where the atan2 is the four-quadrant version of arctan con-
strained to [—7 /2, 7w/2]. The USV coordinates in the path-fixed
reference frame (z.,y.) can be written as:

Ze|  |cos(a) —sin(a) e — x(k) 19
ye| = [sin(a) cos(a) | |y-yk)] 1P
where z. is the along-track distance and . is the cross-track
error. If the vehicle follows a path, only the cross-track error
is relevant because the vehicle converges to the straight-line
when y. — 0. Considering the second row of expression (19),
the cross-track error can be re-arranged as:

Ye = —(z — x1) sin (o) + (y — yx) cos(ag),  (20)

After defined the LOS guidance, a lookahead-based algorithm
can be expressed as:

Xd = o + arctan( Aye) 21)

where the second term of expression is the velocity-path
relative angle, which ensures the velocity towards at point
located ahead a distance A > 0. The angle x4 is transformed
to the yaw angle command 4:

g = Xa— B (22)
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Lookahead
ased Steering

Fig. 3. USV Robust Guidance Control.

North . (Th41,Yrr1)

Fig. 4. LOS Guidance Geometry.

where, v
8= arcsin(ﬁ) (23)

B. Fuzzy Logic Yaw Rate Controller

The fuzzy logic rule reads the yaw angle command 14 from

the LOS block and the actual yaw angle ¢ from the inertial
sensor, and computes the error ¢ = 14 — 1 as one input. The
second input is the actual yaw rate ¢ from the inertial sensor.
This block uses a Mamdani fuzzy inference to generate the
yaw rate command 14 which feeds the robust control system
as reference signal (Fig. 3).
Fig. 5 and 6 present the membership functions relative to
the two inputs. These inputs use five Gaussian membership
function defined as: negative medium NM, negative small NS,
zero ZE, positive small PS, and positive medium PM. The one
output uses seven triangular membership functions defined as:
negative big NB, negative medium NM, negative small NS,
zero ZE, positive small PS, positive medium PM, positive big
PB (see Fig. 7). It uses the centroid defuzzification which is
represented by the surface in Fig. 8.

V. RESULTS

The proposed alternative for good tracking and robust
performance is validated numerically using the EDSON-J non-
linear model simulator considering three degree of freedom.

A. Robust Controller

The suboptimal gamma value achieved is v = 1.0067 and
the value of the K controller is reduced to nine states. Fig.
9 presents the surge sensitivity S response with low value

Y NS
o N\ /N
< /
0.8 \ /
@
£
£06-
£
6 0.4
@ )
502 /
AN \

0 -

I I I
1 0.5 0 0.5 1
g — P (rad)

Fig. 5. The Yaw Error zZ = 14 — v Input Membership Functions.
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Fig. 9. Sensitivity S and its Weighting Inverse 1/Wg for Surge Velocity u.
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Fig. 10. Sensitivity S and its Weighting Inverse 1/Wg for Yaw Rate ¢v

at low frequencies with slope of 20 dB/dec and it does not
cross its weighting given by 1/Wy. Fig. 10 presents the yaw
rate sensitivity .S response with low value at low frequencies
with slope of 20 dB/dec and it does not cross its weighting
given by 1/Wg. Both results achieve crossover frequencies of
1.12 rad/s and is considered as good tracking and rejection
to environmental disturbances, such as waves, currents and
wind. Fig. 11 presents the surge complementary sensitivity 7’
response with low value at high frequencies with slope of -20
dB/dec and it does not cross its weighting given by 1/Wr. Fig.
12 presents the yaw rate complementary sensitivity S response
with low value at high frequencies with slope of -20 dB/dec
and it does not cross its weighting given by 1/Wr. Both results
achieve crossover frequencies of 6.2 rad/s and is considered as
good stability and robustness to model uncertainties and noise
rejection.

The closed loop matrix given in (14) achieves the desired
shaping. Fig. 13 and 14 shown that the H,, norm is limited
to values less than 1.

Vol. 11, No. 8, 2020

20

0

-20

-40

-60

Amplitude (dB)

-80

-100 - 7

-120 - 1

140 | | | | I
10 102 107 10° 10' 102 10°
Frequency (rad/s)

Fig. 11. Complementary Sensitivity 7" and its Weighting Inverse 1/Wr for
Surge Velocity .

Yaw Rate
T

20

e =
20 ¢ 1
40 . 1
-60 4

-80 [ \ J

Amplitude (dB)

-100 A 7

120 v

140 H

160 I I I I |
107 102 107 10° 10' 102 10°
Frequency (rad/s)

Fig. 12. Complementary Sensitivity 7" and its Weighting Inverse 1/Wr for

Yaw Rate 1.
IWsS <1
1 :
0.95 F
R e e e e
0.85

Magnitude
o o
> © g 9
(5,1 ~ o (e

o
o
T

0.55

05 s s
103 102 107 10° 10" 10? 10°
Frequency (rad/s)

Fig. 13. Transfer Matrix Wg S.

www.ijacsa.thesai.org

770 |Page



(IJACSA) International Journal of Advanced Computer Science and Applications,

[[WitT|l <1
0.3 .

025

0.2

Magnitude
o
o

0.1 F

0.05

0 | | |
10° 102 107! 10° 10! 102 10°
Frequency (rad/s)

Fig. 14. Transfer Matrix WpT.

B. Fuzzy Logic Guidance

The guidance of EDSON-J is validates with LOS ratio of
5m and with zigzag and circular trajectories. The cruise speed
command is keeping to uy = 2 m/s meanwhile the vehicle
follows the desired path and Fuzzy logic controller generates
the yaw rate command 14 feeding the Robust controller.

Fig. 15 shows the vehicle follows a desired circular path
starting at (0.0) and has a maximum tracking error of 3.52
m, an acceptable value assuming that the LOS ratio is 5 m.
The reduction of LOS distance can cause degradation in the
Fuzzy logic controller performance and may require more
energy consumption of the propellers. Fig. 16 presents the
state variables responses u, v and v during the performance of
this path following. The surge velocity u achieves the desired
value set by ug4, the sway velocity v has transitory oscillation
due to the fuzzy logic rules and steering command given by
Lookahead-base steering algorithm. However, at steady state
the oscillatory behavior is limited keeping the vehicle velocity
at values of 0.08 m/s. The way rate response ¥ has similar
oscillatory transition and in steady state goes to a constant
value of 0.013 rad/s. These values are suitable considering the
circular path with 150m of ratio.

Finally, a zigzag path of 20m amplitude is considered in
Fig. 17. The vehicle follows the desired trajectory with good
performance and the maximum tracking error is 0.5 m. Fig.
18 presents the u, v and ) responses during the performance
of this path following. The surge velocity u achieves the
desired value set by ug, the sway velocity v has transitory
oscillation due to the fuzzy logic rules and steering command
given by Lookahead-base steering algorithm. Unlike the last
test, this sway velocity oscillate in order to do the turning
maneuver in both directions. The yaw rate response v has
also an oscillatory behavior, a maximum value of 0.48 rad/s
is achieved in transitory response.

The frequency domain analysis of the robust control ap-
proach achieves all the specifications for the USV, a multivari-
able and coupled system. The Fuzzy guidance, in conjunction
with the robust controller, guaranteed good tracking of straight
and curved trajectories. The time domain responses show good
performance without compromising stability and maintaining

Vol. 11, No. 8, 2020
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Fig. 15. Circular Path Following.
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Fig. 16. Nonlinear Model Responses u, v and 7,[) during circular path
following.

the effort control level between its physical limitations. These
initial results validate the proposed guidance and control
schema to be implemented in the EDSON-J USV, which
has the main mission to carry instrumentation and measure
periodically water quality of the Peruvian sea.

VI. CONCLUSION

A robust guidance control is presented for the EDSON-
J, an unmanned surface vehicle under development at the

0 100 200 300 400 500 600 700 800
X (m)

Fig. 17. Zigzag Path Following.
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Fig. 18. Nonlinear Model Responses u, v and W during Zigzag Path
Following.

Universidad Nacional de San Agustin de Arequipa (Peru).
The approaches are a Mamdani type Fuzzy logic guidance
and an H-infinity mixed sensitivity robust control. To increase
performance of the path following, the fuzzy logic approach
received the steering command using the Lookahead-based
algorithm. A suboptimal gamma of 1.0067 guaranteed control
robustness in performance and in stability, and the line of sight
ratio of 5Sm guaranteed good guidance maneuvers considering
a constant cruise speed of 2 m/s. This original guidance
and control schema, validated numerically here, will serve to
confront with experimental tests. Further works are in progress
sensing and estimating the environmental disturbances in order
to keep similar good performance at sea.
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