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Abstract
Autonomous underwater vehicle (AUV) is an uncrewed underwater robotic vehicle that operates independently of humans.
The present work illustrates an effective design of the biomimetic autonomous underwater vehicle (BAUV) model and its
trajectory control for the predefined path. The vehicle possesses a definitive biomimetic structure with specific lengths and
widths. Three trajectory tracking control methods are used here: conventional proportional–integral–derivative (PID) control,
H∞ control, and feedforward (along with feedback) control. The advantages and drawbacks of these would be governed
by examining the characteristics of the methods. Finally, the future development of AUV trajectory tracking scenarios is
discussed based on a comparison of control systems.

Keywords Control applications · Biomimetic model · Autonomous system

1 Introduction

An autonomous underwater vehicle (AUV) is a submerged
robotic vehicle that operates without the need for human
interaction. They are self-controlling and self-directing vehi-
cles with no actual connection to their administrators. The
development of AUVs began in the early 1970s. Many kinds
of research have been developed on different AUVs, focus-
ing on further expansion with improved performances. The
conventional AUVs use propellers, which are inefficient in
several applications. This led to the development of bio-
logically inspired propulsion mechanisms for underwater
vehicles. A substantial amount of research has been done into
this area, with most of them reproducing fish-like propulsion
[1]. The type of AUV has been chosen based on the propul-
sive efficiency of the fish locomotion mechanisms. It is the
ratio of thrust power to that of total mechanical power [2]
output.

An intelligent control system is needed to develop the
motion control algorithms of the AUVs. One of the problems
in controlling theAUV is how these vehicles can follow a pre-
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determined trajectory. Numerous control methods including
proportional–integral (PI) control, proportional–derivative
(PD) control, proportional–integral–derivative (PID) control
[3], sliding mode control (SMC) [4], fuzzy logic control
(FLC) [5], neural network-based control (NNC) [6], and pre-
dictive control have all been extensively investigated over the
last several decades for the trajectory tracking control prob-
lem of AUVs. The PID and PD control methods are the most
frequently used due to their simple structure and superior per-
formance. However, selecting acceptable gain parameters is
a challenging task. Sliding control methods produce accept-
able results when the designer can determine uncertainty
bounds on the AUV dynamics analytically. Elmokadem et al.
suggest an SMC scheme regulation for a three-DOF under-
actuated autonomous vehicle [7]. The control architecture is
validated by applying it to an AUV and simulating its output
under various reference trajectory scenarios. The simulation
results suggest that the proposed control scheme is effec-
tive in all three scenarios. The switching feature is critical to
SMC anti-disturbance capability and induces the chattering
phenomenon that causes to reduce the tracking efficiency [8]
of the system.

Adaptive linear control is themost frequently used control
approach for underwater vehicles. If the device charac-
teristics are uncertain and time-varying, adaptive control
automatically adjusts the controller parameters to maintain a
reasonable level of performance[9]. Nonetheless, the adap-
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tive control stability is not treated rigorously, and the system
relatively slows the convergence [10]. Fuzzy logic is also
a way to make the controller more intelligent and robust.
Remarkably, this method, based on Zadeh’s fuzzy set theory,
is extremely resistant to system non-linearity and uncertain-
ties [5]. The fuzzy logic control approaches can be broadly
categorized into the following types based on the differ-
ences in fuzzy control rules and their generating methods,
including CFLC (conventional fuzzy control), hybrid fuzzy
control, adaptive fuzzy control (AFLC), adaptive fuzzy con-
trol (AFLC), neuro-fuzzy control (NFLC), and fuzzy sliding
mode control (FSMC) [11,12]. The major drawback of this
kind of system is that it entirely depends on human exper-
tise and knowledge. Some other research works were also
conducted for trajectory tracking of marine vehicles that
uses control methods such as higher-order sliding mode [4],
H∞ controller, learning control, Lyapunov-based techniques
[13,14] and Lyapunov’s direct method. Nonlinear Lyapunov-
based techniques are used in [13,14] to develop trajectory
tracking controllers for under-actuated ships.

Though there is enough research in the underwater vehi-
cle field, studies related to dynamics-based modeling of the
flapping foil and the combined modeling of AUV-foil vehi-
cles are a few and relatively unexplored. Furthermore, the
research conducted on fish locomotion found that the thunni-
formmode of swimming is the most efficient, and there is no
completely built biomimetic AUV based on fish locomotion.
Various control methods have been extensively researched
over the last several decades for the trajectory control prob-
lems of AUVs, but those bring several difficulties while
employing different kinds of AUVs; hence, more exploration
is also needed in this area.

Statement of Contributions: The main contribution of this
paper is a practical design of biomimetic AUV (BAUV) and
its trajectory tracking control for a predefined path. The
proposed system possesses a basic Gertler geometric hull,
a flapping foil tail (caudal fin), and a pair of dorsal fins.
NACA63-015A foil is selected for the system design, which
can mimic a tuna fish caudal fin with high propulsive effi-
ciency. The same foil is chosen for dorsal fin design also. The
main innovations of this study are as follows.

1. Since trajectory tracking is challenging, three control
methods are used here to track the predetermined path. A
conventional PID controller with manual tuning method
has been introduced first in the presence and absence of
sea current disturbance to get the required trajectory in
this analysis. In order to enhance the performance of the
system, an H∞ controller and a feedforward controller
also have been implemented.

2. A comparative study on the performance of all the three
control methods in terms of time-domain specifications
such as rise time, overshoot, and settling time is included

in this work. Likewise, steady-state error analysis and
performance indices such as ISE, IAE, and ITAE are also
comprised for the evaluation.

3. As another contribution of this communication, we
demonstrate that, despite sparse benefits produced by
the PID and H∞ controller, the feedforward methodol-
ogy remains the most suitable technique for trajectory
tracking control design. An observation study of exist-
ing controllers in this area with the proposed ones is also
entailed to check the advantages, drawbacks, and future
improvements.

The remainder of this paper is organized as follows: Sect. 2
summarizes the whole system model of the biomimetic
autonomous underwater vehicle (BAUV). Section3 presents
the trajectory tracking control designs for BAUV, which
includes different controllers for the tracking purpose, such
as PID controller, H∞ controller, and the feedforward–
feedback controller combination. Simulation results are
addressed in Sect. 4. Finally, the conclusion is based on the
results illustrated in Sect. 5.

2 System description

Avirtual model of the biomimetic vehicle is used here for the
trajectory tracking applications. The design of the vehicle is
composed of a Gertler geometric-shaped hull with a flapping
foil tail. The tail mimics the caudal fin of a fish which can
produce a required thrust (say τX = 100N ). The inputs given
to the caudal fin are force and torque from the motor actua-
tor. The fin motions produce a forward thrust and the angular
moment, which are the inputs to the AUV hull sub-system.
The caudal fin and hull sub-system is taken as a cascade con-
nection, and the dorsal fin sub-system is connected parallel
to this. The inputs to the dorsal fin are sway thrust and yaw
moment, whereas the output from this system is sway and
heave velocities. The whole system is subjected to the tra-
jectory tracking application. Figure1 discusses the structure,
and Fig. 2 illustrates the MATLAB/Simulink model of the
proposed biomimetic system.

0.25 m

u0

2.14 m

Fig. 1 Biomimetic AUV model
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Fig. 2 Simulink model of
biomimetic AUV

Dmax = 0.53 m

L = 2.14 m

Fig. 3 Representation of gertler geometric hull (Mass: 320Kg)

2.1 Biomimetic AUV hull specification

Before deciding on a hull shape, it is necessary to describe
the requirements first. The essential function of the hull is
to provide the vehicle with a hydrodynamically efficient
structure. Form drag and skin friction drag should be min-
imized in order to reduce power demands. The proposed
system consists of a Gertler 4154-shaped hull [15,16] which
is axisymmetric with section radius [16]. Figure3 shows the
basic proposed geometry of the AUV hull, and it is possi-
ble to add modules at the midsection for batteries or other
equipment [16,17]. This geometry possesses an L/D ratio of
4, less drag, and an efficient hydrodynamic structure. All the
hydrodynamic coefficients are determined using commercial
CFD tools [18]. The total drag produced by the bare hull is
14.11N [18].

2.2 Caudal fin specifications

In the present study, a foil fitted at the backside of an AUV
hull resembles the caudal fin of a fish, which can produce the
required thrust. NACA63-015A foil is chosen [19] for the
analysis. The caudal fin tailwill undergo lateral and rotational
motion, and motors are used to actuate the foil [20] system.

Fig. 4 NACA63-015A foil-caudal fin tail

2.2.1 Performance parameters

The study was undertaken here to design a foil that can
produce a maximum thrust of τX = 100N . Flapping fin per-
formance is evaluated by using its Strouhal number (St =
f A0
U0

) where A0 is the double amplitude of fin oscillation, f
is the oscillation frequency, [21] andU0 is the velocity to the
fin. The dimension parameters and frequency of the foil are
illustrated in Table 1.

The thrust coefficient is obtained as;

CX = τX

0.5ρU 2
0 A

(1)

where A is the foil area and ρ is the water density. Similarly,
lift coefficient (CL) and average power coefficient (CP) are
also obtained [21] from the analysis. The flapping foil effi-
ciency is defined as the ratio of output power to input power.

η = τX.U

P
= Cx

CP
(2)

where P is the power required to oscillate the foil. All the
performance parameters are described in Table 2.
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Table 1 Dimension parameters of the flapping foil

Flapping foil specifications

Chord 0.16 m

Breadth 0.2285 m

Maximum thickness 0.03427 m

Area 0.0757 m2

Maximum frequency 5.27 Hz

Table 2 Performance parameters of the flapping foil

Strouhal number (St) 0.31

CX 0.40

CL 0.26

CD 0.0131

Foil Drag 3.28 N

CP 0.0376

Efficiency (%) 78.74

2.3 Dorsal fin specifications

A pair of dorsal fins are vertically arranged around the body,
which undergoes sway–yaw motion [22], described as:

s(t) = s0sin(ωst)

y(t) = y0sin(ωst + a)
(3)

where s0 and y0 are the sway and yaw angle of the dorsal fin,
a is the phase difference between the yawing and swaying
motions, and ωs is the flapping frequency. The angle a is
taken as π/2 in all experiments, thus:

y(t) = y0cos(ωst) (4)

The dorsal fin produces a net force and moment denoted as
Ff and Nf , which are equal to the sway force (τY) and yaw
moment (τN).

2.3.1 Parameters of the dorsal fin

For the proposed dorsal fin, the thrust τY = 50N andmoment
τN = 1Nm. The dimensional and performance parameters
of the dorsal fin are given in Tables 3 and 4.

2.4 Mathematical modeling

Mathematical modeling of the proposed system includes the
dynamics and state-space representation of the hull, cau-
dal fin, and dorsal fin sub-systems. Figure5 illustrates all
the forces and hydrodynamic coefficients of the biomimetic
AUV system.

Table 3 Dimension parameters of the dorsal fin

Dorsal fin specifications

Chord 0.0796 m

Breadth 0.1592 m

Maximum thickness 9.5588 × 10−3 m

Maximum frequency 6 Hz

Table 4 Performance parameters of the dorsal fin

Strouhal number (St) 0.6

CX 1.519

CD 0.0131

Foil Drag 3.66 N

CP 2.044

Efficiency (%) 74.30

Fig. 5 Mathematical model diagram of Biomimetic AUV

The detailed explanation of forces incorporated in this
system is explained in the following subsections.

2.4.1 Caudal fin dynamics

The approach is inspired and borrowed by Lighthill [23].
Lighthill has modeled the thunniform tail, which produces
lateral and rotational motions. The forces and moments pro-
duced by the foils are complicated, which is derived using
unsteady aerodynamic theory [24,25]. The proposed system
is a motor-driven oscillating foil system. It experiences lat-
eral displacement angular rotation. Theodorsen [25] derived
the expression for the moment and lift, which act on the foil
at the constant velocity free-streamwhere the foil is harmon-
ically oscillating. Let La and Ma are the hydrodynamic lift
and moment acting on the foil [20], respectively. According
to the unsteady aerodynamic theory [24],
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m(Z̈a + α̈b) = La + Fa (5)

where Fa is the driving force, Za is the vertical position and
m is the mass.

J α̈ = Ma + τa − Fab (6)

where τa is the applied torque, J is the moment of inertia,
α is the angular position (pitch angle), and b is the position
of the axis of rotation along the chord. Harper et al. have
done a complete derivation of lift and moment [20] including
added mass, wake effect, quasi-steady lift and moment, and
thrust and drag based on unsteady aerodynamic theory [25].
Therefore,

La = 2πρaU
(
−Ża +Uα +

(a
2

− b
)

α
)
C(iω)

+πρa2(−Z̈a +U α̇ − bα̈) (7)

Ma = −2πρaU
(a
2

)2
α̇ + πρa2U

(
− Ża +Uα

+
(a
2

− b
)

α̇
)
C(iω) − π

8
ρa4α̈ (8)

where ρ is density, a is half chord length of tail [26], U
is free stream velocity and C(iω) is Theodorsen function
[20,26]. A third-order transfer function obtained for the good
approximation of Theodorsen function [25] in this study is

C(iω) = a3(iσ)3 + a2(iσ)2 + a1(iσ) + a0
(iσ)3 + b2(iσ)2 + b1(iσ) + b0

(9)

where σ = ωa
U which is a non-dimensional reduced fre-

quency.
State-space representation of the caudal fin system Consider
the dynamic equations of the fin (5) and (6). Substitute the
lift and moment equations (7), (8) in (5) and (6).

m(Z̈a + α̈b) = 2πρaU (−Ż +Uα + (
a

2
− b)α)C(iω)

+πρa2(−Z̈a +U α̇ − bα̈) + Fa (10)

J α̈ = −2πρaU (
a

2
)2α̇ + πρa2U (−Ża +Uα

+(
a

2
− b)α̇)C(iω) − π

8
ρa4α̈ + τa − Fab

(11)

In this model the forces (Fa = 127N , τa = 10.16N ) are
directly transmit from the actuators to the foil. Collecting
coefficients of equations (10), (11) is written as,

E1

[
Z̈a

α̈

]
= E2

[
Ża

α̇

]
+ E3Tf + B0

[
Fa
τa

]
(12)

The coefficient matrix of the equation 12 is obtained as,

E1 =
[
m + πρa2 mb + πρa2b

0 J + π
8 ρa4

]
(13)

E2 =
[
0 πρa2U

0 −2πρ a3
4 U

]
(14)

E3 =
[
2πρaU
πρa2U

]
(15)

B0 =
[

127 0
−127b 10.16

]
(16)

where Fa and τa are the control inputs. The common
term in both the equations (10) and (11) is [(Ża + U α̇ +
( a2b)α̇)C(iω)], which taken for the analysis as,

Tf(s) = Cf(s)C(s) (17)

in which C(s) is the Laplace transform of Theodorsen func-
tion (9) by substituting iσ as as

U . The Theodorsen function
treated here as a linear filter in time domain.

C(s) = ac + a2s2 + a1s + a0
s3 + b2s2 + b1s + b0

(18)

where ac = a3. From the equation, system is realized to
controllable canonical form.

⎡
⎣

φ̇t1

φ̇t2

φ̇t3

⎤
⎦ =

⎡
⎣

0 1 0
0 0 1

−b0 −b1 −b2

⎤
⎦

⎡
⎣

φt1

φt2

φt3

⎤
⎦ +

⎡
⎣
0
0
1

⎤
⎦ψt

γ = [
a2 − a3b2 a1 − a3b1 a3 − a3b0

]
⎡
⎣

φt1

φt2

φt3

⎤
⎦ + a3ψt

(19)

The term in Cf is;

Cf = Ża +U α̇ + (
a

2
b)α̇ (20)

Cf = Cfk

[
Za

α

]
+ Cfd

[
Ża

α̇

]
(21)

where Cfk = [
0 U

]
and Cfd = [ a

b −1
]
.

Letφt = [
φt1 φt2 φt3

]T
, Ṫf = φ̇t = [

φ̇t1 φ̇t2 φ̇t3
]T
, the equa-

tion (17) will be;

Ṫ f =
⎡
⎣

0 1 0
0 0 1

−b0 −b1 −b2

⎤
⎦φt +

⎡
⎣
0
0
1

⎤
⎦C f

= �f1

[
Za

α

]
+ �f2

[
Ża

α̇

]
+ �f3φt

(22)
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where �f1 = [
0 0 1

]T
Cfk and �f2 = [

0 0 1
]T

Cfd. Substi-

tuting realization of Tf in (12) and solving for
[
Z̈ α̈

]T
,

[
Z̈a

α̈

]
= F1

[
Ża

α̇

]
+ F2

[
Z
α

]
+ F3φt + B1Uc (23)

where F1 = E−1
1 (E2 + Kfφf2), F2 = E−1

1 φf1, F3 =
E−1
1 E3φf3, B1 = E−1

1 B0 and Uc = [
Fa τa

]T
. Thus, the

state space representation of the caudal fin system is,

ẋ =
⎡
⎣
02x2 I2x2 02x3
F1 F2 F3

� f 1 � f 2 � f 3

⎤
⎦ x +

⎡
⎣
02x2
B1

03x2

⎤
⎦Uc

ẋ = Ax + BUc

(24)

where the system coefficient matrices are A ∈: R7×7 and B
∈: R7×2. The output equation:

Y =
[
100 0 0 0 0 0 0
0 2 0 0 0 0 0

]
x

y = Cx

(25)

where the values in the C matrix are the output thrust values
(τX = 100N and τK = 2N ).

2.4.2 Vehicle dynamics

The dynamics of the body of a biomimetic vehicle is mod-
eled using well-known theories of Fossen [27,28]. A marine
vehicle with 6 degrees of freedom (6-DOF) involves six
independent linear and angular rigid-body motions. Linear
motions of the system are surge, sway and heave, and angular
motions are roll, pitch, and yaw. Table 5 lists all the motions
and the notations used for forces and displacements of the
rigid body motions.

The general motion of AUV can be given for a system
by SNAME (1950) in which η is the position and orienta-
tion vector concerning Earth fixed frame, v is the linear and
angular velocity coordinates, and g(η) is the gravitational
and buoyancy matrix for the body-fixed frame.

η = [
η1 η2

] = [
x y z φ ψ θ

]T

V = [
ν1 ν2

] = [
u v w p q r

]T

τ = [
τ1 τ2

] = [
τX τY τZ τK τM τN

]T
(26)

Designing the AUV system is completely based on dynamic
equations. The dynamic model of the vehicle on the horizon-
tal plane is as given below:

M v̇ + C(v)v + D(v)v + g(η) = τ (27)

where M is the inertia matrix, C(v) the Coriolis and cen-
tripetal matrix, D(v) the damping matrix and τ the input
vector. The above equation is is derived from the Newton–
Euler equation of a rigid body in fluid.

From the dynamic equation (27),we get the 1-DOF system
equation of surge velocity as,

(m − Xu̇) u̇ − Xuu = τX (28)

where Xu denotes the rate of change of surge force per unit
velocity u and Xu̇ denotes the added mass coefficient asso-
ciated with acceleration u̇. The τX is the thrust generated at
the x-direction. The caudal fin model is connected in series
with the aforementioned AUV hull dynamics model. This
sub-system will produce a steady speed of u0 = 2.57m/s
for the proposed biomimetic AUV.

2.4.3 Dorsal fin dynamics

The hull with dorsal fin vehicle moving in x-y plane, and
the coordinates of the center of gravity of the vehicle
[xg, yg, zg] = [0.075, 0, 0]. The sway and yaw equation of
the neutrally buoyant vehicle [22] with a pair of dorsal fins
is described below:

Izṙ + m[xg(v̇ + ur) + ygvr ]
= ρ

2
l5(Nṙ ṙ + Nr |r |r |r |) + ρ

2
l4(Nv̇ v̇ + Nurur)

+ ρ

2
l3(Nuvuv + Nv|v|v|v|) + N f

(29)

Table 5 Motions of AUV

Motions Forces and moments Linear and angular velocities Positions and Euler’s angles

Motion in X direction (surge) X u x

Motion in Y direction (sway) Y v y

Motion in Z direction (heave) Z w z

Rotation in x axis (roll) K p φ

Rotation in y direction (pitch) M q θ

Rotation in z direction (yaw) N r ψ
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m(v̇ + ur + xgṙ + ygr
2)

= ρ

2
l4(Yṙ ṙ + Yr |r |r |r |) + ρ

2
l3(Yv̇ v̇ + Yurur)

+ ρ

2
l2(Yuvuv + NYv|v|v|v|) + Ff

(30)

ψ̇ = r (31)

Here v is the sway velocity, ψ is the yaw angle, and Ff and
N f are the net force and moment produced by the dorsal fin.
A control mechanism keeps the forward velocity constant,
and the heave is taken as zero. Nonlinear coefficients are
eliminated from the analysis, and then the system will be

[
(m − ρ

2 l
3Yv̇) (mxg − ρ

2 l
4Yṙ )

(mxg − ρ
2 l

4Nv̇) (Iz − ρ
2 l

5Nṙ )

] [
v̇

ṙ

]
+

[
mur
mxgu

] [
v

r

]

=
[
N f

F f

]
(32)

The equation (32) is written as,

[
v̇

ṙ

]
= −

[
(m − ρ

2 l
3Yv̇ ) (mxg − ρ

2 l
4Yṙ )

(mxg − ρ
2 l

4Nv̇ ) (Iz − ρ
2 l

5Nṙ )

]−1 [
mur
mxgu

] [
v

r

]

+
[

(m − ρ
2 l

3Yv̇ ) (mxg − ρ
2 l

4Yṙ )
(mxg − ρ

2 l
4Nv̇ ) (Iz − ρ

2 l
5Nṙ )

]−1 [
Ff

N f

]

(33)

This equation of the form of state space representation, ẋ =
Ax + Bu, and the output equation will be,

y = [
50 1

] [
v

r

]
(34)

where the values of C matrix is the value of τY = 50N and
τN = 1Nm.

2.5 Ocean currents disturbances

For AUVs, ocean currents can be assumed to be the primary
disturbance of the vehicle motion. Using Fossen’s methodol-
ogy in marine disturbance modeling [27,28], ocean currents
can be represented in the equation of motion in terms of rel-
ative velocity (vr ) [28].

vr = v − vc (35)

Ocean current velocity is taken as a disturbance in the trajec-
tory tracking control applications.

3 Trajectory tracking control design

AUV trajectory tracking or path following is a laborious
field, and not many studies are conducted in this aspect [29].

An underwater vehicle must track the time parameterized
trajectory, which is a geometric path with an associated tem-
poral specification. In the proposed scenario, the plant/AUV
system, ocean currents model, and hydrodynamics model
blocks are only used to simulate trajectory tracking. Figure6
describes the tracking system with the disturbance effect of
AUV.

3.1 PID controller-based trajectory tracking

PID controller is a linear and conventional controller used
for trajectory tracking applications. The control deviation in
the proposed system, a position error, is generated using the
reference trajectory and actual trajectory [29]. The error e(t)
is represented as

e(t) = TD(t) − To(t) (36)

where TD(t) is the desired or reference trajectory and To(t)
is the actual trajectory. The control law of PID control is
specified as follows:

u(t) = KPe(t) + Ki

∫ t

0
e(t)dt + KD

d

dt
e(t) (37)

where KP, KD, and Ki are the gain parameters of the con-
troller. PID controller with manual tuning method is used to
obtain the systemgain values. This is done by setting the reset
time to itsmaximumvalue, and the rate to zero and increasing
the gain until the loop oscillates at a constant amplitude [30].
The attained equation with gain values (37) with the absence
and presence of current ocean disturbances using the manual
tuning method is given as:

y(t) = 1031.4e(t) + 766.14
∫

e(t)dt

+ 11.75
de(t)

dt
without disturbance

y(t) = 1830.54e(t) + 781.04
∫

e(t)dt + 18.81
de(t)

dt

(38)

y(t) = 2807.53e(t) + 264.84
∫

e(t)dt

+ 27.92
de(t)

dt
with disturbance

y(t) = 1937e(t) + 592.95
∫

e(t)dt + 16.95
de(t)

dt

(39)

A schematic diagram of PID tracking control for AUVs is
illustrated in Fig. 7. The system generates the desired trajec-
tory from the user inputs.
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Fig. 6 Block diagram of
trajectory tracking system with
disturbance

Fig. 7 Schematic diagram of
PID controller-based trajectory
system

3.2 Design of H∞ controller

The H∞ controller is a robust control technique that deals
with improbability in its controller design approach. This
controller design is based on the mixed-sensitivity method
according to the control object model given by system rep-
resentation equations. The main objective is to find the
controller K that meets the requirements that minimize the
disturbance output using minimum control energy.

H∞ Mixed sensitivity approach: The aim is to synthesize a
controllerwhichwill ensure that the normof the plant transfer
function is boundedwithin limits. The formulation of a robust
control problem [31] is depicted in Fig. 8. In the figure, G is
the generalized plant, v is the measurement variables vector,
u is the vector of all control variables,w is exogenous inputs,
and z is the error variable.

The H∞ controller synthesis uses two transfer functions,
sensitivity (S) and complimentary sensitivity ( T ), in which
the former explains stability and the latter says about perfor-
mance. The S and T are given as,

Fig. 8 Robust control problem

S = 1

1 + GK

T = GK

1 + GK

(40)

Now objective becomes minimizing the infinite norm; Ws

and Wt are the weights given by the designer. Since the ulti-
mate objective of the robust system is to avoid disturbance
effect at the output, reduce S and its complementary func-
tion T [31]. It is achieved by making | S( jω) |< 1

Ws ( jω)

and | T ( jω) |< 1
Wt ( jω)

. The weight functions are lead-lag
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compensators that can alter the system frequency response.
Another method of limiting controller bandwidth and pro-
viding high-frequency gain is using high pass weight on an
un-modeled dynamics uncertainty block. It may be added
from the plant input to the plant output. The properties of
this weighting function Wks are quite similar to the comple-
mentary sensitivity function. The mixed sensitivity problem
is written as

P =
⎡
⎣

WsS
WksK S
WtT

⎤
⎦ (41)

To find the controller K (s) and to make the closed loop sys-
tem stable, the following expression is considered

min‖P‖ = min

⎡
⎣

WsS
WksK S
WtT

⎤
⎦ = γ (42)

where P is the transfer function from w to z;

| Twz |= γ (43)

where | Twz |= P is the cost function. In order to make
the H∞ norm of | Tzw | less than unity [31], minimum gain
theorem will be applied, i.e.,

min‖Tzw‖ = min

⎡
⎣

WsS
WksK S
WtT

⎤
⎦ <= 1 (44)

Solving the algebraic Riccati equations and reducing the cost
function γ can achieve the stabilizing controller K (s). The
weights Ws , Wks , and Wt are the tuning parameters that typ-
ically require some iterations to obtain proper values, which
yields a suitable controller.

In this study, the trajectory tracking plane dynamics of the
vehicle are considered in the third order. Thus, the weighing
functions WS and WT are designed as second-order low-
pass and high-pass filters, respectively. The values areWS =

58
s2+8s+13

, WT = s2+15 s+21
268 in the absence of disturbance,

and the control signal weighing function WKS is small in all
the cases. Trajectory systemwith the presence of disturbance
case, WS = 207

s2+11 s+23
and WT = s2+24 s+15

391 . Algorithms
are coded in MATLAB, and the result are obtained. Figure9
shows the schematic of H-infinity controller based trajectory
tracking.

3.3 Trajectory tracking using feedforward controller

A feedforward controller also can be used in the trajectory
control system. Usually, a feedforward control mechanism is

Fig. 9 Schematic diagram of H∞ controller based trajectory tracking
system

Fig. 10 Combined feedforward–feedback controller block diagram

used to prevent problems before they occur. It acts when
a disturbance happens without waiting for a deviation in
the process variable. In order to do this, the controller pro-
duces its control action bymeasuring the disturbances. These
controllers are always used along with feedback control
because the feedback control system is required to track
set point changes and suppress unmeasured disturbances in
any natural process. There are different configurations for
the feedforward control system. These configurations are
used to find out suitable and most efficient trajectory for the
AUV system [32]. Let the plant model be Gp, and distur-
bance model be Gd . Feedforward controller C f f = −(

Gd
Gp ).

Figure10 shows the feedforward–feedback controller com-
bination.

4 Results and discussion

The simulations are implemented and validated using Math-
Works MATLAB/Simulink. In order to verify the efficacy of
the proposed trajectory tracking control system, simulations
are carried out considering different predefined trajectories.
The parameters of the model used in the simulation are listed
in Table 6.

The parameters of this table are obtained from the CFD
analysis [18] of the proposed underwater vehicle. All simula-
tions take the initial value as zero, assuming that the vehicle
is at rest.
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Table 6 Parameters of the model

Parameters Values

Moment of inertia, Ix 8.8 Kgm2

Moment of inertia, Iy 76.8 Kgm2

Moment of inertia, Iz 76.8 Kgm2

Xu − 11.91 Kg s−1

Xu̇ − 81.81 Kg

Yv − 32.05 Kg s−1

Yv̇ − 235.62 Kg

Nr − 49.55 Kgm2

Nṙ − 83.23 Kgm2 s−1

In thefirst test scenario, a lemniscate (eight-shaped) trajec-
tory in x-y has been generated with and without disturbances
using PID controller manual tuning method illustrated in
Fig. 11a and b. The blue curve is the desired trajectory,
and the red curve is the actual trajectory of the proposed
system. Reference trajectories are selected as of the form,
[Acos(ωt); Asin(ωt

2 )] for a lemniscate path system scenario
where A is the amplitude of the sine wave, which is taken as
5 units and the frequency, taken as 1 rad/sec.

Similarly, the three-dimensional reference trajectory is
taken as the form [Acos(ωt); Asin(ωt); t]with amplitude A

is 1 unit and frequency taken as 1 rad/sec used for the analy-
sis. Figure12a andbdescribes x-y-z plane, three-dimensional
trajectory with and without disturbances.

As the second test, an H∞ controller has been imple-
mented for the same reference trajectories such as lemniscate
and 3D curves. Closed-loop response simulation result of the
H∞ controller for trajectory tracking, with and without dis-
turbances, is illustrated in Fig. 13a and b.

Figure14a and b describes x-y-z plane, three-dimensional
trajectory with and without disturbances using H∞ con-
troller.

Feedforward controller is used for trajectory tracking sys-
tems to eliminate disturbance before it happens. It takes some
anticipatory action to suppress the disturbance effect in the
system. Figure15a and b describes the trajectory scenario
with andwithout disturbance ofAUVusing feedforward con-
troller combined with a feedback controller.

Since the feedback controller is suitable for set-point
tracking in general, the combined action of feedforward–
feedback controller leads to enhanced performance. Fig-
ures16 and 17 depict the combined action of feedforward–
feedback controller. The two designs have identical per-
formance for set-point tracking. However, the addition of
feedforward control is beneficial for disturbance rejection,

Fig. 11 Trajectory tracking
scenario of AUV using PID
controller

Fig. 12 Trajectory tracking 3D
curve scenario of AUV using
PID controller
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Fig. 13 Trajectory tracking
scenario of AUV using H∞
controller

Fig. 14 Trajectory tracking 3D
curve scenario of AUV using
H∞ controller

Fig. 15 Trajectory tracking
scenario of AUV using
feedforward–feedback
controller

where Rsp1 and Rsp2 represent the set point, and d shows
the disturbance in the figure below.

Figure18a and b illustrates x-y-z plane, three-dimensional
trajectory with and without disturbances.

A comparison study of proposed controllers: The time-
domain specifications such as the rise time, settling time, and
overshoot play a significant role in the analysis of control sys-
tem performance. A comparison of performancemeasures of

manual tuning PID controller with respect to H∞ controller
and feedforward–feedback combination is provided in Table
7.

The values of settling time and overshoot are less in the
feedforward controller compared to other controllers in both
with and without disturbance cases. Similarly, the rise time
is also low in the feedforward controller compared with the
other controllers. Thus, it is clear from the results given in
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Fig. 16 Disturbance rejection scenario for AUV (sway motion)

Fig. 17 Disturbance rejection scenario for AUV (yaw motion)

Table 7 that the performance of the vehicle is excellent while
using feedforward controller compared to PID and H∞ con-
trollers.

The parameter steady state error is the difference between
the desired value and actual value when response has reached
to steady state. This error representation using different con-
trollers with and without sea current disturbance is given in
Figs. 19, 20, 21. That is, the time history of steady-state errors

of sway displacement (y) and yaw displacement (ψ) can be
seen in the following figures.

All the controllers in this study have acceptable transi-
tion characteristics and overshootwhen the desired trajectory
changes abruptly. Nevertheless, the proposed feedforward
controller can obtain a better tracking accuracy after trajec-
tory convergence.
Another comparison measure introduced in this work is per-
formance indices such as ISE (integral square error), IAE
(integral absolute error), and ITAE (integral time absolute
error). Each of these indices calculates over some time inter-
val, 0 < t < T . The time T is chosen to span much of
the transient response, and here it is taken as T = 10s. The
obtained settling time of the proposed system is less than
this T value. The performance index ITSE is not included in
this analysis because it is less sensitive and computationally
not comfortable. The illustration of performance indiceswith
and without disturbance cases is given in Table 8.

The observations of indices from Table 8 show that the
feedforward controller can produce exemplary results com-
pared to all other controllers.

Comparison study of existing trajectory tracking AUV
control systems:Severalmathematicalmodel controlmethod-
ologies have been implemented in the trajectory tracking
system of AUV, such as PID control, back-stepping control,
slidingmode control, model predictive control, adaptive con-
trol, robust control, intelligentmethods, etc. The efficiency of
AUV trajectory tracking determines its operation accuracy.
The main control performance indicators include accuracy,
system response speed, stability, and robustness. Table 9
shows the performance comparison of different controllers
in the field of AUV trajectory tracking.

The analysis of the existing technology shows that the
control strategies play a crucial role in trajectory tracking,
which also affects the accuracy of underwater operations.
In this analysis, the latest literature on the methodology of
modeling methods and control strategies aimed at trajectory
regulations has been systematically studied. It is concluded

Fig. 18 Trajectory tracking 3D
curve scenario of AUV using
feedforward–feedback
controller
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Table 7 Comparison of performance measure of controllers

System without disturbance effect
Performance parameters Controllers

PID controller H∞ controller Feedforward controller
Gp1 Gp2 Gp1 Gp2 Gp1 Gp2

Rise time (sec) 1.12 1.38 0.0844 0.0532 0.0064 0.01

Settling time (sec) 1.35 1.31 0.1503 0.1859 0.004 0.16

Overshoot (%) 24.30 12.18 2.1099 11.24 1.24 1.59

System with disturbance effect

Rise time (sec) 2.36 1.81 1.81 0.13 0.0065 0.0084

Settling time (sec) 1.81 1.76 1.76 0.65 0.05 0.21

Overshoot (%) 25.10 18.36 18.36 11.24 1.32 1.82

Fig. 19 Trajectory tracking
errors using PID controller

Fig. 20 Trajectory tracking
errors using H∞ controller
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Fig. 21 Trajectory tracking
errors using feedforward
controller

Table 8 Performance indices comparison of controllers

Performance Indices PID Controller H∞ controller Feedforward controller
Gp1 Gp2 Gp1 Gp2 Gp1 Gp2

Without ocean current disturbance

ISE 19.4819 13.9860 11.9308 10.4638 4.5983 4.0198

IAE 29.7815 27.8201 10 10.1219 3.6890 3.1517

ITAE 22.7735 23.7815 8.0115 7.6890 1.9637 2.4844

With ocean current disturbance

ISE 19.5813 15.1166 11.9308 11.1166 5.2286 5.5234

IAE 33.9661 30.5564 10.4833 11.1200 3.7875 3.1426

ITAE 27.8054 25.0063 9.8342 9.9843 2.4261 2.5761

Table 9 Comparison of trajectory tracking controllers

Controller Advantages Disadvantages Future Improvements

PID Simple, good performance Tuning of gain parameters is
difficult

Developed by combining other
control algorithms.

SMC Robust under bounded
disturbances

Chattering effect The filtering or development of
fuzzy sliding mode controller

MPC Robustness, stable output,
Effectively overcome the
uncertainty of controlled objects

Computational complexity Offline estimation and pre-
computation of parameters [33],
event triggering strategies, and
digital continuations.

Adaptive control Consistent results under
hydrodynamic parametric
uncertainties, Ability to re-adjust
controller parameters

Trouble in adapting arbitrary
disturbances

Combined with other control
methods

Robustness control Achieve robust performance,
ensure stability while retaining
particular level of dynamic
performance.

Slight oscillatory behavior,
difficulty in controlling moving
process with time delays

The combination of different
methods can make the control
scheme more efficient.

Backstepping control Ensuring the internal stability and
robustness, control system does
not experience jitter.

Speed jump problem in vehicle
tracking, inherent disadvantage
of “explosion of complexity”.

The dynamics surface control
technique
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Table 9 continued

Controller Advantages Disadvantages Future Improvements

Fuzzy Control Improved robustness than other
control schemes under
measurement noises, parameter
uncertainties, external
disturbances

Based on designer’s ability, no
single systematic approach to
solve the problems

Combination with neural network

NN Strong data processing capabilities,
great fault tolerance, gradual
corruption

Unexplained behavior of the
network, dependent on the
hardware

Minimum learning parameter
(MLP) algorithm [34] to reduce
the computational burden of the
system.

Biomimetic AUV and control Enhanced capabilities such as
efficiency, maneuverability, and
stealth

Vehicle design complexity is high,
selection of appropriate design

Combination with artificial
intelligent methods, use of other
suitable, biomimetic designs

that most of the approximated models reported are an over-
simplification of the AUV trajectory tracking systems, which
are not useful for testing the behavior of the controllers under
realistic conditions. Several control designs are producing
modeling or tuning difficulties and precision errors. Accord-
ing to this study, a biomimetic underwater vehicle with a
feedforward controller can improve outcomes comparedwith
existing techniques. This theoretical contribution of control
helps to boost operational performance and can also pro-
vide a steady speed of u0 = 2.57m/s [35] with a propulsive
efficiency of 78.74% [35]. However, the appropriate selec-
tion of biologically inspired models for underwater vehicles
and the addition of more emerging technologies in this area
for exceptional efficacy are still open problems that must be
addressed in the short term.

5 Conclusion

This paper has considered the mathematical modeling and
control of a Gertler geometric-shaped biomimetic AUV to
produce a reference trajectory. Simulation results showed
that the closed-loop system follows the different trajecto-
ries of distinct magnitudes, regardless of howPID controllers
structured by the conventional technique give a slightly lousy
performance. They also create poor robustness and high
exceeding. A feedforward controller with feedback PID con-
troller configuration and H∞ controller configuration is used
for the system, producing more accurate results with minor
errors even when current ocean disturbances are injected into
the AUV system to overcome this problem. The feedforward
controller configuration is giving a much better result.
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