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Guidance-error-based Robust Fuzzy Adaptive
Control for Bottom Following of a Flight-style
AUV with Delayed and Saturated Control Surfaces

Caoyang Yu, Xianbo Xiang, Philip A. Wilson and Qin Zhang

Abstract—This paper addresses the problem of robust bottom
following control for a flight-style autonomous underwater vehicle
(AUV) with both delayed and saturated control surfaces by
using a pair of rudders. First, the time-delayed dynamics of
rudders is considered, which renders a high-order nonlinear
dynamics analysis and design in the model-based backstepping
controller by utilizing guidance errors; Second, to overcome
the shaking control behavior resulted by the model-based high-
order derivative calculation, a fuzzy approximator-based model-
free controller is proposed, in order to online approximate
the unknown part of the ideal backstepping architecture. In
addition, the adaptive error estimation technology is resorted to
compensate the system approximation error, ensuring that all the
position and orientation errors of robust bottom following control
tend to zero; Third, to further tackle the potential unstable
control behavior from inherent saturation of control surfaces
driven by rudders, an additional adaptive fuzzy compensator is
introduced, in order to compensate control truncation between
the unsaturated and saturation inputs. Subsequently, Lyapunov
theory and Barbalat lemma are adopted to synthesize asymptotic
stability of the entire bottom following control system; Final-
ly, comparative numerical simulations among the model-based
benchmark controller, the unsaturated and saturated model-free
controllers are provided to illustrate adaptability and robustness
of the proposed bottom following controller for a flight-style AUV
with delayed and saturated control surfaces.

Index Terms—Autonomous underwater vehicle, Actuator sat-
uration, Delayed dynamics, Fuzzy adaptive control, Robust con-
trol.

I. INTRODUCTION

S an important branch of robotics, autonomous under-
water vehicles (AUVs) are being widely used in subsea
survey missions, such as seabed mapping and subsea cable
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inspection [1]-[5]. This type of survey-style AUV usually has
a torpedo-shaped body that is equipped with a stern propeller
and two pairs of control surfaces driven by rudders, which suit
the long-range flight-style operation at high speed [6].

Since control surfaces cannot independently generate the
heave and sway forces, the above flight-style AUV is seen
as a under-actuated system. The under-actuated configuration
means there are more degrees of freedom to be controlled than
the number of control input, which makes the controller design
difficult. Taking the vertical-plane path following mission as an
example, the horizontal control surface is adaptively adjusted
to reduce the pitch and heave errors simultaneously. In order
to address this under-actuated problem, a virtual target point is
usually introduced on the desired path to add a control degree-
of-freedom, and then a line-of-sight guidance law built on this
target point is designed to assist the AUV to reduce the pitch
and heave errors or the yaw and sway errors by only using a
pair of control surfaces [7]-[10].

In addition to the under-actuated problem for a flight-
style AUV, the external dynamics can change considerably
with the changes in water layers and external environmental
disturbances, such as wind velocity and ocean currents [11]-
[14]. These external dynamics with the body hydrodynamic
coefficients are normally difficult to measure or predict accu-
rately, which renders the model-based controller ineffective. To
address the problem of system uncertainties caused by fully
or partly unknown dynamics model, some advanced intelligent
controllers have been designed over the past few decades [15].
More precisely, in [16], the time delay control was employed
by an underwater inspection robot that is used to track a
trapezoid trajectory for nuclear reactor internal inspection. In
[17], the RISE-based controller was applied to an AUV to
reject system uncertainties in the helical trajectory tracking
control. In [18], the VideoRay PRO ROV was equipped with a
model-free control system that can achieve trajectory tracking
with prescribed performance in the presence of internal and
external uncertainties.

In addition, fuzzy logic control has been widely applied to
motion control of robots with system uncertainties [19]-[21].
For instance, the classic fuzzy logic was adopted to adjust
control gains of a low-layer PID dynamics controller, in order
to improve the system robustness [20]. An adaptive fuzzy con-
troller was designed to deal with trajectory tracking problem
of an autonomous surface vehicle with complex uncertainties
[21]. Owing to the strong learning and approximation abilities,
adaptive neural network controllers have been playing an
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important role in maneuvering and control of autonomous
marine vehicles [22], [23].

Yet, the above research does not consider actuator saturation
of marine vehicles, which means that control input acting on
the vehicle is assumed to be unsaturated. In fact, actuator
saturation exists in the practical vehicle system and maybe
cause performance degradation even instability in the closed-
loop response [24]-[26]. To solve the problem of actua-
tor saturation, a slack variable was introduced to transform
the saturated fin angle control problem into the unsaturated
problem, and then a state-dependent Riccati equation-based
robust controller was designed for fixed-depth tracking of the
REMUS AUV [27]. In [28], a nonlinear model predictive
control-based tracking controller was designed so that the
entire AUV closed-loop stability can be guaranteed in the
presence of actuator saturation. In [29], a saturated neural
adaptive robust tracking controller was designed by using
generalized saturation functions to reduce the risk of actuator
saturations and improve the transient performance of the tra-
jectory tracking control system. In [30], direct adaptive fuzzy
control was adopted to approximate the difference between
the unsaturated and constrained control laws. In [31], a Gaus-
sian error function-based continuous differentiable asymmetric
saturation model was employed to handle the effect of non-
smooth asymmetric saturation nonlinearities.

Note that the above research does not consider time-delayed
actuator dynamics, which means that the actual control output
is assumed to be equal to the given command. Actually, there
exists an inherent time delay between input and response [32].
In [33], a state feedback controller that is locally optimal
near the origin and globally inverse optimal was derived
for path following control of an over-actuated marine craft
with actuator dynamics. Simulation results showed that thrust
outputs with actuator dynamics are smoother than that without
actuator dynamics.

To the best knowledge of the authors, there is no work on
the model-free control design of a flight-style AUV with both
delayed and saturated dynamics. In this paper, the objective is
to address the problem of robust bottom following control of
a flight-style AUV with unknown hydrodynamic coefficients,
time-varying environmental disturbances, delayed rudder dy-
namics and saturated control surfaces. As shown in Fig.
1, three controllers including the model-based backstepping
controller, the model-free unsaturated adaptive controller and
the model-free saturated adaptive controller are successively
derived, along with comparative numerical simulations to
clearly explain the challenges of the posed robust bottom
following problem.

The corresponding main contributions are summarized as
follows:

(1) First, considering the time-delayed dynamics of rudders
in the AUV dynamics model, a model-based high-order back-
stepping controller by utilizing guidance errors is designed
for the second-order nonlinear dynamics system. This back-
stepping controller also plays as a benchmark for model-free
unsaturated and saturated controllers, and meanwhile provides
an unified control architecture for the investigated bottom
following problem;
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model-free unsaturated and saturated controllers

(2) Second, to overcome the shaking control behavior re-
sulted by the model-based high-order derivative calculation, a
fuzzy approximator-based model-free control law is proposed
to online approximate the unknown part of the unified con-
trol architecture, which also relaxes the dependence on the
accurate AUV hydrodynamic coefficients and environmental
disturbances. The corresponding fuzzy approximation error is
compensated by the adaptive estimation technology, ensuring
that all the position and orientation errors of robust bottom
following control converge to zero;

(3)Third, to further tackle the potential unstable control
behavior resulted by control surface saturation, an additional
adaptive fuzzy control law is resorted to compensate negative
effects of control input truncation between the unsaturated and
saturated control commands in the sense of system stability.
Subsequently, asymptotic stability of the entire bottom fol-
lowing control system is formally synthesized by combining
Lyapunov theory with Barbalat lemma.

The rest of this paper is organized as follows. Section
IT describes mathematical models of the flight-style AUV
and the bottom following problem. In section III, the ideal
model-based backstepping controller, the model-free unsatu-
rated adaptive controller and the model-free saturated adaptive
controller are designed, respectively. Comparative numerical
results among the model-based benchmark controller, the
unsaturated and saturated model-free controllers are given in
section IV. Conclusions and future work are summarized in
section V.

II. MATHEMATIC MODELING

This section introduces mathematic models of a flight-style
AUV and the bottom following control mission. The time-
delayed dynamics of rudders and the inherent saturation of
control surfaces driven by rudders are included in mathematic
models, which increases the order and nonlinearity of the AUV
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dynamics system as well as the complexity of the model-based
controller design. Subsequently, the bottom following mission
of a flight-style AUV is introduced and formulated.

A. AUV Model
Let (x,z,0) be the vertical-plane position and pitch angle
of a flight-style AUV in the earth-fixed inertial frame, and
let (u,w,q) be its surge, heave, and pitch velocities in the
body-fixed frame. Then, the vertical-plane kinematics model
that translates the body-fixed velocities into the earth-fixed
velocities, can be described as follows:
& = ucos(f) + wsin(6)
Z = —usin(f) + w cos(6) (1)
0=q
Define U = Vu? + w?, a = arctan (), and v = 6 — v as
the resultant velocity, angle of attack, and elevation angle of
the AUV, respectively [9], [30]. Then, the kinematics model
in (1) can be rewritten as,
& = U cos(v)
2 = —Usin(v) (2)
v=q— &
On the other hand, the AUV dynamics model for a flight-
style AUV in the vertical plane can be expanded as [33],

U= fu +gun2

Uf:fw (3)
q= fq"’gqé

Se=MN0+0

where f, = [—(W — B) sin(6) + Xy ulu| + Xgq0® + (Xuwg —
m)wq+7gd]/(m—X4), g = pD*K(1—t)/(m—X4), fu =
[mzGq® +muq + Zyquq + Zywuw + Zlwww| + Zgjqqlq] +
(W —B)cos(8)+Trw]/(m—Zy), fq = [-mazcug—mzgwy
+ Myquq + Mywuw + My w|w| + Mg qlq| — xaW cos(6)
— 2aWsin(9) + 7rq] /(Iyy — My), and gq = Muusu®/(Iyy —
M,) are compressed hydrodynamic coefficients originating
from the inertia, Coriolis, damping, gravity, and environmental
disturbance terms. n is the propeller velocity measured in
rev/min. ¢ and d. are the actual control surface deflection and
the deflection command of the flight-style AUV, respectively.
A denotes the time delay between them.

Remark I In the dynamics model (3), the delayed dynamics
model of actuators including the stern propeller and the
vertical control surface are introduced. Especially, the time
delay between the actual control surface deflection and its
command is considered because the stern control surface is
usually driven by a stepper motor.

Remark 2 For any marine vehicle, there exists inherent
actuator saturation. Therefore, the propeller velocity and stern
control surface deflection of the flight-style AUV should be
bounded, namely |n| < npax and |9 < d¢ max Where npax
and 0. max are known positive constants.

Assumption 1 [13] The environmental disturbances acting
on the AUV are assumed to be bounded but unknown, namely
|TEu| § TEu,max> 7_Ew| S TEw,max and |TEq| § TEq,max
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where Ty max> TEw,max and Tggmax are unknown positive
constants.

Assumption 2 [34] The surge velocity u is decoupled
from the other degrees of freedom and is assumed to remain
constant during the bottom following mission, which leads
to that g, is a negative constant by considering M,,; < 0,
Iy, > 0 and M; < 0. Further, the last two equations in (3)
can be rewritten as,

Ai+d— My~ fg = gq0e 4)

Remark 3 Under assumption 2, the dynamics model in
(4) becomes a second-order nonlinear system relative to the
original first-order dynamics system in (3). Therefore, the
stern control surface deflection command is also related to the
second-order pitch angular velocity ¢ and the first-order heave
linear velocity w, which makes the model-based controller
design more complex.

B. Bottom Following Mission

In the bottom following mission, the AUV is usually re-
quired to maintain a constant height over the subsea bottom
so that the position and orientation errors between the AUV
and the desired path over the bottom tend to zero. As shown in
Fig. 2, assume that the fixed-height path to be tracked by the
flight-style AUV is parameterized by pg(s) = [xa(s), za(s)]-
Similar to the AUV kinematic model, the tangential angle of
the point P(z4(s), z4(s)) on this path is given by,

/
z
— d
vg = — arctan (,) )
Taq
with =/, = a.%s(s) and 2/, = Z240) "and its derivative is,

Vg = Ké\/T 2 + 27 (6)

where x represents the curvature of the point P [35].
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III. CONTROL DESIGN

This section describes three different controllers including
the ideal model-based backstepping controller, the model-
free unsaturated adaptive controller and the saturated adaptive
controller. The first backstepping controller depends on the
accurate AUV hydrodynamic coefficients and environmental
disturbance model, but provides as a benchmark an unified
control architecture for the next two controllers. Under the
above control architecture, the subsequent unsaturated adaptive
controller employs adaptive fuzzy approximator and error
estimation technology to relax the dependence on the AUV
dynamics model, which also avoids the complex second-
order derivative calculation and the resulted shaking control
behavior in the backstepping control. Finally, the saturated
adaptive controller is proposed to reduce negative effects of
control input truncation in the unsaturated adaptive controller
and guarantee the asymptotic stability despite of the bounded
control surface deflection command.

A. Model-based Backstepping Controller with Delayed Con-
trol Surfaces

In this subsection, a model-based backstepping controller is
designed for robust bottom following control of a flight-style
AUV with delayed and saturated control surface, as shown in
Fig. 3. After building the tracking errors in the path frame,
the line-of-sight-based guidance is resorted to construct the
virtual velocity law of the target point on the path and the
reference pitch angular velocity of the AUV. Assume that the
accurate hydrodynamic coefficients can be solved by using the
CFD simulation or the towing experiment method, and the
environmental disturbances are also measured online. Then,
a backstepping-based control law is proposed to complete
the robust bottom following mission. The following are main
results of this model-based backstepping controller.

The control objective of the bottom following mission is to
let the position and orientation errors between the AUV and
the desired path over the bottom be zero. As shown in Fig. 2,
the tracking errors are built in the path frame that uses the
tangent of the point P as the x-axis direction and the normal
as z-axis direction as follows:

Ze = (x — x4) cos(vg) — (z — zq) sin(vg)
Ze = (x — xq) sin(vg) + (2 — zq) cos(vq) 7
Ve =V — U4

In terms of (2), (5) and (6), differentiating (7) yields,

fe=—5(1+Kze)\Jaf + 2,7 + U cos(ve)
Ze = Kxe$y/a 2 + 2,7 — Usin(v,) ®)

Ve =q— & — K$\/T 2 + 27
Theorem 1 Consider a flight-style AUV with the kinematics
equations in (1) and the dynamics equations in (3), and assume
that the surge velocity u remains constant. Let the stern control
surface deflection command 4. and the virtual velocity control
law s be designed as,

1 . : . 1
60 = ;q ()‘q_ )‘fq - fq +qd) +97q (_ka% — Ve +UU) (9)

4

and

5o kixze + U cos(ve)

/.02 2
Ty + 24

where k1 > 0 and k3 > 0, the guidance pitch velocity ¢4 is
updated by,

(10)

sin(ve ) — sin(wv,)

qd =0y + 2.U — ko (Ue 71}1})4’0.5

Ve — Uy

. /2 12
+ ns\/md + 2

with a positive constant ko, and the corresponding pitch
velocity guidance error is,

Y

Ge =4 —qad (12)

In addition, the time-varying line-of-sight guidance angle is
given by,
z
o = arctan (17
v arctan | o

with a positive constant k. Then, the equilibrium point
(Ze, Zes Ve) = (0,0,0) of the entire bottom following control
system is globally asymptotically stable.

Proof Define the radically unbounded and positive definite
Lyapunov candidate function V; as follows:

(13)

1
V= 5[335 + 22 4 (Ve — vy)? + 7

Substituting (9) into (4) yields,

(14)

q._q.d = _k3QE — Ve + Uy (15)
Combining (8) with (11) leads to,

sin(v,) — sin(vy)

Ve — Uy = @o + 2eU — k2 (Ve —vy) (16)

Ve — Uy

Resorting to the error dynamics (8), (15) and (16), the
derivative of V] is,

Vi =, (—s’ (14 Kze)\Jo P+ 27+ Ucos(ve)>
+ Ze <mfe$\/x;2 + 27— Usin(fue))

sin(ve) — sin(vy)

Ve — Uy

+ (ve —vo) (qe + 2.U — kK (ve — vv)>

+ qe (71{:3(18 — Ve + Uv)

=—z, (s'\/x/f + 27— Ucos(vv)> — z.Usin(ve)

Ze — kQ(Ue - Uv)2 - k3qg

a7
which implies that the derivative of V) is negative definite. It
is concluded that lim;_, o (¢, 2¢, ve) = (0,0,0) based on the
Lyapunov’s second method for stability. This concludes the
proof of theorem 1.

Remark 4 It can be seen from (9) that the second-order
derivative of velocities is required but cannot be unmeasured
by sensors. In addition, the first-order and second-order deriva-
tives are prone to induce the shaking signal [36]. On the other

Page 4 of 12
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Fig. 3. Block diagram of the model-based backstepping bottom following control system

hand, it is difficult to obtain both the accurate hydrodynamic
coefficients and the environmental disturbance model by using
the simulation and experiment methods. Therefore, using the
above ideal model-based backstepping control law in (9) is
impossible in real application. The following is a model-free
adaptive control law with the same control architecture.

B. Model-free Adaptive Controller with Delayed and Unsatu-
rated Control Surfaces

Recall (9) and let 6y = - (Aq’ My~ fa+ q'd), 6 =1L
and A = —k3qg.—ve+v,. Then, the model-based backstepping
control law in (9) can be expressed in a simplified form:

0 =0d0+ 1A (18)

To address the problem of system uncertainties and unmea-
sured derivatives, a model-free adaptive controller is proposed
based on fuzzy universal approximation theorem and adaptive
error estimation technology, as shown in Fig. 4. The universal
approximation theorem is used to approximate the ideal rudder
control law, which deals with fully unknown dynamics model
uncertainties and unmeasured second-order derivatives. Then,
the adaptive estimation law is further designed to tackle the
fuzzy approximation error, which guarantees the asymptotic
stability. The following are main results of this model-free
unsaturated adaptive controller.

First, the following universal approximation theorem is
reviewed:

Lemma 1 [37], [38] For a real continuous function u(e)
whose analytic expression is unknown, there exists an optimal
fuzzy control system such that,

ule) =w* € +¢ (19)

where @w* = [w}, @, -+ ,w}]" is a parameter vector,
€=1[6,8,-+,&]" is aregressive vector, and ¢ is the fuzzy
approximation error.

According to Lemma 1, there is,

So+01A=w ¢+ 1A+ enn (20)

Assumption 3 [21] The system approximation error eg;
satisfies |ep1| < F with an unknown upper bound E > 0.

Theorem 2 Consider a flight-style AUV with the kinematics
equations in (1) and the dynamics equations in (3), and assume
that the surge velocity u remains constant. Let the virtual

control law $ be updated by (10) and the stern control surface
deflection command 6. be updated by,

6o = wlto+ wle1 A+ Esgn(q.) Q21

where ©og, ©o1, and E are adaptive estimations of =, w7y,
and E, respectively. They are governed by,

@, =15 'gebo
@y =1 g€ A (22)

E:n2_1|QG|

with 779 > 0, 71 > 0 and 12 > 0. Then, the equilibrium point
(Ze, Ze, Ve) = (0,0,0) of the entire bottom following control
system 1is stable.

Proof Define a new radically unbounded and positive defi-
nite Lyapunov candidate function as follows:

1 o o -
Vo=V, — igq (nowgwo + nlw?wl + 772E2> (23)

where & = @y — @}, @1 =@, —w, and E = E — E.
Note that the positive definite function is guaranteed by g, < 0
as mentioned in assumption 2.

Substituting (20) and (21) into (4) yields,

q._q.d:_RBQE_Ue'i_UU

. . - (24)
+ 9q (w§§0 + @l € A+ Esgn (q.) — 601)

Resorting to the error dynamics (8), (16) and (24), the
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derivative of V5 is,

22 — ka(ve — ’Uv)2 — k3q?

+ egq (@060 + T €A+ Bsgn (g.) — o1

— 90T} Ty — Gem 1 @y — ggeE(E — E)

U
22 - kQ(Ue - U1))2 - k3q3

+ 940 (qe€o - no%o) +g,@1 (qe&A - 1711%1)
+ ng <|Qe| - 772é> — GeJq€o1 T ngnzé
\/ZESTUQZS — ka(ve — vy)? — ksq?

+ 9q (B |ge| — ge€o1)

_ 2
—7]{311’67

_ 2
——klxe—

< — klfbi — — k2(ve - UU)Q - kqu

v,
V22 R0
(25)

Assumption 4 [30] Assume that the depth error z. is
bounded and the resultant velocity U of the vehicle keeps
positive. Namely, |ze| < Zemax and U > Upin > 0 where
Ze,max 1S @ positive constant.

Under Assumption 4, there exists a positive constant kg such
that ko = Lo . Then, -k~ < ——-Y

V22 max+R2 Unin \/22+k2U? <
—ko. By choosing ki, = 2min{kg, k1, k2, k3}, (25) can be

rewritten as,

Vo < ~kuinV1 (26)
which implies that Vyisa negative semi-definite function and
Va(t) is non-increasing. Therefore, for all ¢ > 0, Va(t) is
bounded because V5(0) is bounded.

Define the term,

P(t) = kpinV1 < —Va 27)

Since V3(0) and V3(c0) are bounded, it can be concluded
that,

/ " Pl)dt < Va(0) — Va(oo) < o (28)

Moreover, V5(t) is bounded implies that e, ze, Ge, Ve,
50|, ||[€o1]| and E are also bounded. Here, | - || denotes the
Euclidean norm of a vector. Further, E and A are bounded. In
addition, there are ||&y]] < 1 and ||&1|| < 1. Therefore, there
is,

P(t) = kminvl

v 22— kQ(Ue - Uv)2 - kqu

NEEN N
+ aegq (B4 €0+ @14+ Bsgn (a.) — eon )}

<0

== kmin{*klxi -

(29)
According to Barbalat lemma, it can be concluded that
lim;_, o P(t) = 0, namely z, = 0, z. = 0, and v, = 0. In
summary, the model-free adaptive control laws composed of
(10), (21) and (22) ensure that all the bottom following errors
in (7) tend to zero in spite of fully unknown hydrodynamic
coefficients and environmental disturbances. This concludes
the proof of theorem 2.

Remark 5 It can be seen from (21) that the model-free
adaptive control law relaxes the dependence on the accurate
AUV hydrodynamic coefficients, environmental disturbance
model and high-order derivatives. However, it generates an
unsaturated rudder command. As mentioned in remark 2, the
inherent control surface saturation will lead to control input
truncation even affect the system stability. The following is an
improved model-free adaptive control law, which guarantees
the asymptotic stability of robust bottom following control
system in the presence of delayed and saturated control
surfaces.

Page 6 of 12
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C. Model-free Adaptive Controller with Delayed and Saturat-
ed Control Surfaces

Due to the existence of inherent saturation, the saturated
adaptive control law for the control surface deflection com-
mand of a flight-style AUV has to be updated as follows:

6c,max; 5ca > 5s,max
5c - Sat(éca) = 6ca7 |6ca| < (Ss,max (30)
- 5c,maxa 5ca < _5s,max

where d., is the stern control surface deflection calculated by
the adaptive controller and is usually unsaturated.

Define the difference between the unsaturated output and
the constrained one as,

¥ =0 — deq (31)

To address the above difference between the unsaturated
and saturated outputs and avoid the potential unstable control
behavior, an additional fuzzy compensator is inserted into the
unsaturated control law, to compensate the control truncation,
as shown in Fig. 5. The following are main results of this
model-free saturated adaptive controller.

According to Lemma 1, there exists an optimal fuzzy
compensation system such that,

=1t} &+ e (32)

where € is the compensation error.

Assumption 5 [21] The compensation error e, satisfies
leo1| + |e2| < E with an unknown upper bound E > 0.

Theorem 3 Consider a flight-style AUV with the kinematics
equations in (1) and the dynamics equations in (3), and assume
that the surge velocity u remains constant. Let the virtual
control law $ be updated by (10) and the stern control surface
deflection command §. be updated by,

0. = sat (‘z%oTﬁo +olg A+ Esgn (ge) — @552) (33)

where ©oq, 1, ©o and E are adaptive estimations of =,
wi, ws and E, respectively. They are governed by,

@y =10""gebo
A -1
w =N g1 A

L (34)

E= 772_ |QG|
@y = —13"  qeba

withng > 0,17 > 0,72 > 0 and n3 > 0. Then, the equilibrium
point (Z., ze,ve) = (0,0,0) of the entire bottom following
control system is stable.

Proof Recalling d. in (33) yields,

6. = sat (@ & + @7 &1 A+ Bsgn (a.) - w1 €2)
= le) + @l A+ Bsgn (q.) — L€y + 0
=wl& + ol €A+ Esgn(q.) — @ié + e

(35)

with ©oy = @y — 3.
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Substituting (20) and (35) into (4) yields,
4 —qa=—kzge — Ve + vy
+gq (% &0 + w1 £14 — @ &)
+ 9q (Esgn (ge) — €01 + 62)

Define the final radically unbounded and positive definite
Lyapunov candidate function V3 as follows:

(36)

1 - T~
Vs = V2 = 5qm3%3 (37)

Resorting to the error dynamics (8), (36) and (16), the
derivative of V3 is,

Vs =— k22 — 22 — ko (ve — vy)” — ksg?

+ qegq (0 €0 + @] ©1A — @1 &)
— GqT0TIG Wy — Gy T Ty — GqllsTs Wy
* dedq (Esgn (¢e) — €1 + 62) - gqu(E —FE)

U )
Nerne
+ 9055 (060 — Mo + 9,7 (4.614 - meo, )

+ 9455 (qe£2 + 713152) +g,E (\qe\ - n2E>

_ 2
——kll‘e—

— geqleor — €2) + g En B
9 U

+ 9q (B |ge| — ge (€01 — €2))
< —ka? - 22 v ko (ve — ’UU)Q — k3q?

VAR
(38)

Similar to the proof of theorem 2, it can be obtained
that limy_, o0 (z¢ (%), 2e(t), ve(t))=(0,0,0). This concludes the
proof of theorem 3.

=— klxﬁ —z ka(ve — U’U)Q - kscﬁ

IV. NUMERICAL SIMULATION

In order to illustrate the effectiveness of the designed robust
adaptive bottom following controller, two kinds of comparative
numerical simulations are conducted by using the REMUS
AUV model [39]. One is the comparative analysis between the
model-free and model-based controllers, and the other is the
robust analysis of the designed saturated adaptive controller
in different initial states. The REMUS AUV hydrodynamic
coefficients used in the simulation are listed in Table I.

In the simulation, assume the REMUS AUV is exposed
to the following unknown time-varying environmental distur-
bances:

Ty = 0.15(m — X;)d(t)
TEw — 015(m — Zw)d(t)
Teq = 0.1(Lyy — My)d(t)

with d(t) = 1 + 0.1sin(0.25¢t), and the desired bottom
following path is parameterized by,

z4(s) = 1.5s

zd(s) =20 + 1.5sin(0.1s)

(39)

(40)
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Fig. 5. Block diagram of the model-free saturated bottom following control

where the initial value of s is s(0) = 0.

The parameters of the designed model-free saturated adap-
tive bottom following controller are chosen as follows: k1 =
1.5, ks = 5, ks = 12,5, k = 13.5, ny = 110, n; = 0.01,
12 = 1000, n3 = 10.75.

A. Case I - Comparative Performance Analysis of the Model-
free and Model-based Controllers

To demonstrate the superiority of the designed ro-
bust bottom following controller, the model-based back-
steppping control, the model-free unsaturated controller
and the model-free saturated controller are tested, re-
spectively. The AUV initial position and posture are
[2(0),2(0),0(0)] = [—4m, 15m, Orad], and its initial velocities
are [u(0),w(0),¢(0)] = [1.25m/s,0m/s, Orad/s].

TABLE I
REMUS HYDRODYNAMIC COEFFICIENTS

Coefficient Value Unit
m 30.48 kg
w 299 N
B 306 N
Iyy 3.45 N - kg m?
2a 0.0196 m
My 488  kg-m?-rad”!
Mo, -1.93 kg-m
M| 3.18 kg
Mgjq| -188  kg-m?-rad~?
Mugq -2 kg-m- rad—1
Moy 24 kg
Myus -6.15 kg -rad—!
Zi -35.5 kg
Zw| -131 kg-m~!
Zglql 0632 kg-m-rad™?
Zuw -28.6 kg -m~!
Zuq -5.22 kg -rad~!
Oc,max 30 °
A 0.1 s

system
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Fig. 6. Bottom following paths of three different controllers

Fig. 6 shows the bottom following paths of three different
controllers, where the black dashed line is the desired bottom
following path, and the other three colorful lines represent
the simulated paths of the REMUS AUV. The corresponding
errors including the depth error and the orientation angle error
are depicted in Fig. 7. Although all of them quickly converge
to the desired path, the model-based backsteppping controller
leads to the shaking angle error, which likely results from the
first-order and second-order derivative calculation. Obviously,
the pitch angular velocity also suffers from the similar shaking
behavior in Fig. 8. This shaking behavior occurs in the first
5 seconds because the error between the AUV and the path
is relative large and the corresponding control law is such
updated that the AUV can quickly converges to the desired
path.



Page 9 of 12

SUBMITTED TO IEEE TRANSACTIONS ON CYBERNETICS

Model-free Saturated Control

Model-free Unsaturated Control ~ H

== Model-based Backstepping Control
n n n n

-6 i i i n
0 10 20 30 40 50 60 70 80 90

v, (rad)
o
=2
/{

Fig. 7. Bottom following errors of three different controllers

8 T T T T

| Model-free Saturated Control

1' Model-free Unsaturated Control

: == Model-based Backstepping Control
f

il

N
=

g(rad/s)
m—%
¢
|
|
|
|
|
|
|
|
l
|
|
|
|
|
|
|
|
|
|
|
1

-2 1
—4f v . . . . . i

-6} 4

0 10 20 30 40 50 60 70 80 90

Fig. 8. Pitch angular velocities of three different bottom following controllers

As shown in Fig. 9, three stern control surface deflection
commands are totally different. Note that the control surface
deflection of the model-based backsteppping controller is
divided by 200 in order to clearly show three command curves
of robust bottom following control in one figure. Obviously,
the model-based backsteppping controller generates a shaking
and unsaturated stern control surface deflection curve in the
first 5 seconds. Although the command of the model-free
unsaturated controller does not shake, it is twice outside of the
permitted range in the first 10 seconds. Therefore, the above
two controllers cannot be directly applied to the actual AUV
control system. Only the command of the model-free saturated
controller has no shaking transition and well settles into the
saturated control surface.

From comparative analysis of three different controllers,
it can be concluded that the saturated adaptive controller
without a prior knowledge on hydrodynamic coefficients and

Transactions on Cybernetics
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Fig. 9. Control commands of three different bottom following controllers

environmental disturbances avoids the shaking behavior of the
model-based backstepping controller and guarantees the robust
bottom following performance in spite of the saturated control
surface deflection command.

B. Case II - Robust Analysis of the Delayed and Saturated
Controller in Different Initial States

To further demonstrate the performance of the designed
model-free saturated bottom following controller, four differ-
ent REMUS initial positions and postures are considered in
Table II and all the initial velocities are [u(0),w(0), ¢(0)] =
[1.25m/s,0m/s, Orad/s]. Note that all the control parameters
are the same for these four states.

The corresponding bottom following response paths under
the saturated control laws are described in Fig. 10, where the
red dashed line is the desired tracking path that has a height
of 1.5 m over a undulating bottom profile, and the other four
colorful lines represent the simulated paths of the REMUS
AUV. From Fig. 10, it can be observed that the REMUS
AUV converges to the desired path and moves along this path
regardless of the initial position and posture.

For state 1, the position and orientation errors in the entire
following period are drawn in Fig. 11, which shows all of them
stabilize at zero after 14.8 seconds. It can be concluded that the
designed bottom following controller approximates the optimal
control law and guarantees that all the errors including the
position error and the orientation error are bounded and tend
to zero by using the robust fuzzy adaptive controller without a

TABLE I
DIFFERENT INITIAL POSITIONS AND POSTURES

State Value
1 [z(0), 2(0), 6(0)]=[—4m, 15m, Orad]
2 [2(0), 2(0), 6(0)]=[—12m, 16m, 0.15rad]
3 [z(0), 2(0), 6(0)]=[8m, 17m, Orad]
4 [2(0), 2(0),0(0)]=[6m, 18m, —0.15rad]
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Fig. 11. Position and orientation errors

priori knowledge on the AUV hydrodynamic coefficients and
environmental disturbances.

Fig. 12 gives the simulated stern control surface deflection
and the deflection command with respect to time. Obviously,
the simulated stern control surface deflection and deflection
command changes within the permitted range. In addition,
there exist differences between them at the same instant due to
the time delay. Especially, the time delay leads to a smoother
transition of the stern control surface deflection acting on the
AUV.

From analysis of the saturated adaptive controller in dif-
ferent initial states, it can be concluded that the designed
saturated fuzzy controller has a similar robust and adaptive
performance regardless of the AUV initial states. Combining
case A with case B, the designed model-free saturated fuzzy
controller is proved to be qualified for the robust bottom
following control mission of a flight-style AUV.
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Fig. 12. Stern control surface deflection versus deflection command

V. CONCLUSION

In this paper, a novel model-free robust bottom following
controller for a flight-style AUV with both delayed and
saturated bottom is presented with theoretic and numeri-
cal analysis. First, a model-based second-order backstepping
controller by utilizing guidance errors is designed for the
second-order nonlinear dynamics while considering the time-
delayed dynamics of rudders, which also plays a benchmark
for robust adaptive controllers and meanwhile provides an
unified control architecture for the robust bottom following
problem; Second, inspired by the benchmark control archi-
tecture, a fuzzy approximator-based model-free control law
is proposed to online approximate the unknown part of the
ideal backstepping control architecture, which overcomes the
potential shaking control behavior resulted by the model-based
high-order derivative calculation. In addition, the approxi-
mation error is online estimated by the adaptive estimation
technology, in order to drive all the position and orientation
errors of robust bottom following control converging to zero;
Third, an additional adaptive fuzzy control law is resorted to
compensate control truncation between the unsaturated and
saturation inputs and tackle the potential unstable control
behavior. Asymptotic stability of the entire bottom following
control system is synthesized by adopting Lyapunov theory
and Barbalat lamma. Finally, comparative numerical results
with two case studies illustrate the adaptive and robust perfor-
mance of the designed delayed and saturated bottom following
control system. Future work will be extended to the three-
dimensional bottom following problem of a flight-style AUV
by using two pairs of delayed and saturated control surfaces.
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