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Abstract: The three-dimensional trajectory tracking of AUV is an important basis for it to complete
its task. Due to many uncertain disturbances such as wind, wave and current on the sea, it is easy
to cause problems such as slow convergence speed of the controller and saturation of the controller
output in the three-dimensional trajectory tracking control of AUV. And the dynamic uncertainty of
AUV’s own model will have a great negative impact on AUV’s trajectory tracking control. In order to
solve the problem of slow convergence speed of the above controller, the finite time control method
is introduced into the designed position controller. In order to solve the problem of AUV controller
output saturation, an auxiliary dynamic system is designed to compensate the system control output
saturation. In order to solve the uncertainty of AUV model, a reduced order extended observer is
designed in the dynamic controller. It can observe the motion parameters of AUV at any time, and
compensate the uncertainty of model uncertainty and external environment disturbance in real time.
The control method in this paper is simulated in a three-dimensional model. The experimental results
show that the convergence speed, control accuracy, robustness and tracking effect of AUV are higher
than those of common trajectory tracker. The algorithm is loaded into the “sea exploration II” AUV
and verified by experiments in Suzhou lake. The effect of AUV navigation basically meets the task
requirements, in which the mean value of pitch angle and heading angle error is less than 8 degrees and
the mean value of depth error is less than 0.1M. The trajectory tracker can better meet the trajectory
tracking control needs of the AUV.

Keywords: AUYV; trajectory tracking control; adaptive finite time control; reduced-order extended
state observer; filter integral sliding mode
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1. Introduction

More and more countries have begun to pay attention to the exploration and development of
marine resources, as well as to carry out work such as submarine rescue, marine topographic
mapping, optical cable and oil and gas pipeline maintenance; Therefore, we pay more attention to
low-cost underwater vehicles. The accurate tracking and control ability of underwater autonomous
navigation robot is an important technical prerequisite for the successful completion of the operation.
AUV is easily disturbed by ocean current and its dynamic parameters when working underwater.
When AUV performs three-dimensional motion underwater, it will face the coupling problem of
6-DOF control output and actual control; the reason is that due to the influence of unknown
environmental interference, controller output saturation, controller overshoot and other factors, the
design of AUV trajectory tracking controller becomes a difficult point. In reference [1], the author
proposed an improved integral action LOS steering control algorithm to counteract the lateral drift
effect of external environmental disturbances such as ocean currents, wind and waves. The
disadvantage is that it can only be used for AUV horizontal plane line tracking control. In
reference [2], based on the backstepping method and the Lyapunov stability theory, the author
proposed a path tracking control strategy under the disturbance of invariant ocean currents. But this
method has high requirements on the performance of the AUV. In reference [3], also based on the
backstepping method and the Lyapunov stability theory, the author proposes a three-dimensional path
tracking control rate. However, the uncertainty of the AUV model and external interference are not
considered, and the actual effect is not large. In reference [4], the author proposes a nonlinear robust
control based on the command filter backstepping method. This method is used to simplify the
calculation steps of the backstepping method, but also does not consider the uncertainty of the AUV.
In reference [5], the author proposes a three-dimensional space path tracking control based on the
improved backstepping method, and considers the uncertainty of the AUV model, but the calculation
is very complicated. In reference [6], based on the dynamic sliding mode control theory and
backstepping method, the author proposes a nonlinear control rate to realize the path tracking of
underactuated ships. But this method is only suitable for straight or piecewise straight lines with zero
curvature. In reference [7], the author considered the uncertainty of the AUV model and proposed a
second-order sliding mode control theory. But its disadvantage is that the disturbance is required to be
of known size and bounded, which is difficult to achieve in actual control. In reference [8], the author
designed a robust controller based on disturbance compensation, which solved the USV path tracking
problem with unknown environmental disturbances and improved the tracking performance. But
AUV model uncertainty is not considered. In reference [9], the author proposes a nonlinear robust
controller based on the backstepping method to solve the path tracking problem of underactuated
AUVs in a 3D environment. However, the model parameters of the AUV it considers are constant,
which is not the case in actual control. In reference [10], the authors propose a disturbance observer
to estimate unknown time-varying environmental disturbances, and also design a distributed dynamic
controller to receive the position and velocity of each device. But the disadvantage is that the device
can only run in a two-dimensional plane, and it is only verified in simulation, there is no actual device
experiment, and there is a lack of credibility. In reference [11], the author designed a command
filtering fuzzy control, which eliminated the filtering error by introducing a compensator for each
control signal, but this method could not eliminate the error in a short time. In reference [12], the
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author proposed a nonlinear robust control strategy based on the command filter inversion technique,
which also has the disadvantage of long convergence time. In reference [13], the author considers the
angle constraint and line-of-sight range of autonomous surface ship formation, and proposes a
fault-tolerant finite-time control, but due to the influence of the initial observation error, its
convergence time is long. The fuzzy control method [14,15] does not rely on the precise system
model, it is suitable for the uncertain system, has strong robustness to process and parameter changes,
and has strong anti-interference ability. But its drawback is that it can only be used in specific
scenarios. The neural network [16,17] method does not require the establishment of an accurate
underwater robot model, and has a nonlinear, self-learning function. But the disadvantage is that it is
difficult to obtain training samples, and online learning is required for a long time, and the real-time
performance is poor. In reference [18,19], the authors applied the improved sliding mode control to
the path tracking control of AUV to resist bounded disturbance. However, in practical applications,
the use of sliding mode control may generate chattering to excite unmodeled high-frequency
dynamics, resulting in degraded controller performance. The above sliding mode control method can
only guarantee that the tracking error is linearly converged, and the convergence speed is slow. If you
want to increase the convergence speed, you can only increase the control input. However, increasing
the control input may lead to saturation of the thruster, which is difficult to achieve in practical
applications. In reference [20], the author designed a non-singular terminal sliding mode controller to
shorten the convergence speed. But the disadvantage is that it is easily disturbed by the disturbance of
the uncertain upper limit of the outside world. In reference [21], the author proposed an adaptive
non-singular terminal sliding mode controller. Although the controller can effectively deal with the
time-varying external disturbance, its defect is that it can only guarantee the bounded tracking error,
which sacrifices the tracking accuracy. In reference [22], the author proposed a fast terminal sliding
mode control scheme based on a finite time-expanded state observer, which accelerated the
convergence rate of the system. But the disadvantage is that the convergence time of the system
depends too much on the selection of the initial state of the system.

To sum up, in recent years, more advanced algorithms such as neural network, adaptive sliding
mode control and other algorithms have been used in AUV trajectory tracking, but these algorithms
have slow response speed, high requirements on hardware equipment, slow convergence speed, and
learning long time etc. In order to improve the convergence speed of the double closed-loop system,
a finite-time control method is introduced in the position controller. In the attitude controller, the
controller is designed based on the reduced-order extended state observer and integral sliding mode
control, which solves the problems of unknown environmental disturbance and model uncertainty.
An auxiliary dynamic compensation system is introduced to solve the problem of controller input
saturation. At the same time, based on the “virtual guidance”, the AUV three-dimensional trajectory
error model is established in the Serret-Frenet coordinate system.

2. AUV mathematical model and trajectory tracking error model establishment

In order to study the trajectory tracking control method of “sea exploration II” AUV, the dynamic
model and tracking error model of AUV need to be constructed, which is the basis of control method
research and simulation. The mathematical basis of the AUV model described in this paper is mainly
from the “sea exploration II"” AUV. In order to describe the hydrodynamic model of the “sea exploration
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II” AUV more vividly, first, we need to establish two coordinate systems: the geodetic coordinate
system (E—¢& n { static coordinate system) and the body coordinate system (O —xyz dynamic coordinate
system). As shown in Figure 1. Each coordinate system is determined according to the right-hand
system, and the symbol system adopts the symbols recommended by the International Towing Tank
Conference (ITTC). 6,¢, ¢ are the attitude angles, u, v, w, g, p, r are the linear velocities and angular
velocities of the robot in the body coordinate system.

Figure 1. Geodetic coordinate system {/} and body coordinate system {B}.

Table 1. AUV motion parameters and symbol definitions in the body coordinate system.

parameter X-axis Y-axis Z-axis
displacement Trim Heave Sway
speed u v w

angle ¢(Heel) 6(Trim) Yw(Head)
angular velocity p(Roll) q(Pitch) r(Yaw)

2.1. AUV kinematics model

The attitude angle is determined by the relationship between the body coordinate system and the
geodetic coordinate system. It is represented by three euler angles of heading, pitch and heel: the
heading angle ¢ is the X-axis in the body coordinate system on the horizontal plane. The angle between
the projection on the ¢ axis and the 7 axis in the geodetic coordinate system. The vertical tilt angle 6
is the angle between the Y-axis in the body coordinate system and the 7 axis in the horizontal plane
geodetic coordinate system. The heel angle ¢ is the body coordinate system.The angle between the
middle Z-axis plane and the {-axis in the geodetic coordinate system.

Assuming that the origin of the geodetic coordinate system coincides with the origin of the body
coordinate system, the transfrmation martix S can be expressed as:

cosyrcos cosysinfsing —sinycos @ cosysin fsin ¢ + sin iy sin 6
S =|sinycosf sinysinfsin g + cosycos e sin iy sin Gsin ¢ — cos ¥ sin ¢ (2.1)
—sin 6 cos fsin ¢ cos 6cos ¢
First, the coordinates are converted to:
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& X
n|=S|y (2.2)
’ Z

According to the above principles, it can be concluded that the derivative of displacement (x, y, z)”
in the carrier coordinate system has the following relationship with the AUV linear velocity (u, v, w)” :

X u
y|=S|v (2.3)
z w

The relationship between the derivative (¢, 6, ¢)" and angular velocity (p,q,r)’ of the AUV’s
attitude angle in the carrier coordinate system is as follows:

p 1 0 —sin§ ©®
g |=|0 cosg singpcos|| 6 (2.4)
r 0 —sing cosgcosf|| ¥

The transformation matrix T is as follows:

1 0 —sin 8
T=]|0 cos¢ singcosf (2.5)
0 —sing cosgcosé
Expanding the above Eqgs (2.3) and (2.4), the six-degree-of-freedom kinematics equation of AUV
can be expressed as:

X =ucosycos d+ v(cos Y sin fsin ¢ — sin Y cos ¢)
+ w (cos ¢ sin 6 cos ¢ + sin Y sin @)

y = usiny cos 6 + v (sin ¥ sin 6 sin ¢ + cos Y cos ¢)
+ w (sin i sin 6 cos ¢ — cos Y sin @)

Z=—usin 6@+ vcosfsin g+ wcos cos ¢

@ =p+gsinetan 6 + rcos ¢ tan 6

0 =¢gcosg—rsing

w __gsing rCcos ¢
~ cosf cos 6

(2.6)

2.2. AUV kinetic model

The underwater robot’s underwater motion state can be understood as the motion of a rigid body in
a fluid, which is mainly subject to rigid body and rigid body moments, hydrodynamic and
hydrodynamic moments, and therefore subject to the basic Newton’s laws, momentum conservation
and energy conservation laws. Based on this, we can express the space dynamics equation of the AUV
in the carrier coordinate system as:

Myv+CW)v+DW)v+g(n) =7+ Ten 2.7)

where, M = Mgp + My, A is the generalized mass matrix, C(v) = Cgp(v) + C4(v) is the sum of Coriolis
force matrix and Coriolis force, D (v) is the nonlinear fluid hydrodynamic damping matrix, g (1) is the
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restoring force vector generated by buoyancy and gravity, 7.,, is environmental interference and 7 is
the thrust and torque output of the propeller.

The rigid body inertia matrix Mgg is a symmetric positive definite matrix. The robot is symmetric
on the x = 0 and y = 0 planes, so the main components are distributed on the diagonal. Matrix Mgp
can be expressed as:

m 0 0 0 mzg — —myg|
( ) 0 m 0 —mzg 0 mxg
mlys  —mS (1} 0 0 m myc -mxg 0
Mg = 8/ = 2.8
kB [ S (ri,’) I() 0 —Mmzg myg Ix _Ixy _Ixz ( )
mzg 0 —-mxg —1ly I, —1I,,
L—mYyg MXg 0 =1 _[zy I

Among them, m is the quality of the AUV, x4, ys, z¢ are the coordinates of the center of gravity of

the AUV, and I,, I, I, are the moments of inertia of the AUV on the three coordinate axes.

0 0 0
0 0 0
0 0 0
—m(ycq + zZgr) m(yGp +w) m(zgp —v)
m(xgq —w) -m(zgr + XGp) m(zgq + u)
m(xgr +v) m(ygr — u) -m(xgp +Ycq)
CoW) =1 Geg+zer)  —mGag—w)  —m(ir+v) 29)
-m(yGp +w) m(zgr + XGp) —m (ygr — u)
-m(zgp —v) -m(z6q + u) m(xgp + ycq)
0 ~I.q—I.p+Lr IL.,r+1,p—1gq
L.q+1.p—1Ir 0 —I.r—1,q+1p
—Lr—1yp+1,q I.r+1,9—1p 0

When the underwater robot is in motion, it will be affected by factors such as hydrodynamic force

and torque.

Assuming that the hydrodynamic force and hydrodynamic torque received by the

underwater robot can be linearly superimposed, the radiation force 7, exerted by the hydrodynamic

force can be expressed as:

Ty ==Mav—=C,(V)v=DW)v-g()

(2.10)

Among them: M, additional mass matrix, C4 Coriolis force matrix, D (v) damping matrix, g (17)
restoring force matrix. The above matrix can be expressed as:

(X X Xo X, X, Xi
M=k & K K, K, K; (2.11)
Among them, % =Y,,% =Y, , the other symbols are the same.
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The expression form of the hydrodynamic Coriolis and centripetal force matrix C4 can be expressed
as:

[ O 0 0 0 —asj ar 1
0 0 0 az 0 -a
_ 0 0 0 —ay a 0
Ca(v) = 0 —as a O —by b (2.12)
as 0 —a b3 0 _bl
| —d) aq 0 —bz bl 0 ]
The damping parameter matrix D (v) can be expressed as:
[Kv):(ﬁag{X;,YmZQUK;,Aﬂrﬁh} 0.13)

+diag { X Yises Ziitw Kiplp» Migigs Nis}

The magnitude and direction of the AUV’s gravity and buoyancy do not vary with depth. Define
gravity: W = mg and buoyancy: B = pgV. Where g is the acceleration due to gravity, p is the density
of seawater, and V is the volume of the AUV. Generally taking the center of buoyancy as the origin,
the restoring force can be expressed as:

(W-B)sin 6
— (W -B)singcos 6
— (W —-B)cospcos
— (W —y,B)cosOcos ¢ + (ZgW — z,B) cos 8sin ¢
(ZcW — z,B) sin 0 + (XgW — x,B) cos 6 cos ¢
— (XgW — x,B) cos Osin ¢ — (yoW — y,B) sin 0

g(m = (2.14)

In the carrier coordinate system, the center of gravity and the center of buoyancy are defined as:

T
BG =BG, BG,. BGz| =[Xo ~%0.Y6 =Y Zo =] (2.15)

When the center of buoyancy and center of gravity of the robot satisfy W = B, Xg = x5,y =
Vb, ZG = Zp, it can be simplified to:

0
0
0
g0 = BG,W cos 0sin ©
BG,W sin 6
0

(2.16)

In order to study the motion law of AUV better, on the basis of the space dynamics in Chapter 2, the
influence of rolling motion of AUV and nonlinear hydrodynamic parameters higher than the second
order is ignored, and the 5-DOF dynamic model of AUV is established as shown in formula (2.10).

Mathematical Biosciences and Engineering Volume 19, Issue 11, 11086-11113.
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My it = My vr — mazwq —dju + 7, + W,
MV = —myur — dpv + w,
mazw = myuq — d33W + Wy, (217)
mssq = (m3z — myy) uw — dssq — BG,Wsin0 + T, + Wy
meei- = (M1y — mp) uv — der + 7, + W,

where, m;; (1,2,3,5,6) is denoted as the inertial hydrodynamic force of AUV, which is the force
generated by the inertia of the surrounding water flow in the acceleration process, it can be expressed
as:

my =m-—X,
My =m=1Y,
my; =m—2,;

2.1
m44:Ix—Kp ( 8)
Mss :Iy—Mq
mes = I, — N;

diy = Xy + Xyylulsdyn = Y, + YyyWids = Z, + Zyylwl;dss = My + My lqlides =
Ny + Nyglrl . X, Xuwts Yoo Yopis Zos Ziy)s Mg, Mg, Ny, Ny are hydrodynamic parameter and damping
term, B is the buoyancy of the AUV in the water, BG; is the longitudinal stability of the AUV.

T, . . . .
w = [a)u, Wy, Wy, Wy, wr] is constant external interference, which is specifically expressed as:

Wy = fipvr — fawq — Xyu — Xoyuut lu]

w, = —mur — Y, v — Yva [v|

W,y = Mg — Zyw — Zyuw (Wl (2.19)
Wy = (33 — M) uw — ﬁqq _~Mqlqlq lql

w, = (M — M) uv — Ny — Nyyr|rl

2.3. Trajectory tracking error model based on virtual guide

When using the virtual guidance method, the underwater movement of the AUV satisfies three
assumptions. First, the expected trajectory is the determined parameter curve and the related virtual
guidance parameters are always positive and bounded. Second, the heel angle and angular velocity of
the AUV affect the underwater robot. It is small and can be ignored. At the same time, the six-degree-
of-freedom mathematical model of the AUV is simplified to a five-degree-of-freedom mathematical
model. Finally, the longitudinal speed control performance of the AUV is good, and it will not reverse
when moving.

Schematic diagram of AUV space trajectory tracking, Geodetic coordinate system {/}, serret-Frenet
coordinate system {F'}, and body coordinate system {B}. As shown in Figure 2.

Mathematical Biosciences and Engineering Volume 19, Issue 11, 11086-11113.
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Figure 2. Schematic diagram of virtual wizard track.

Among them: O represents the center of gravity of the AUV, O = [&,7,]" , the velocity at point O
can be expressed as: V =|| O ||= VOT O, the center of gravity of the AUV coincides with the origin of
the motion coordinate system O , the origin of the {F'} coordinate system is any virtual reference point
in the desired trajectory of the AUV, the speed relative to the AUV is v, and the origin P is the “virtual
guide” on the expected underwater robot trajectory. The Serret-Frenet coordinate system with point
P as the origin can be understood as the coordinate system {/} first rotates ¥ degrees around the
axis, and then rotates 6 degrees around ¢, and translates within the coordinate system {/}. So that the

origin £ and point P coincidence, the rotation angle can be expressed as: ¥y = arctan ( ; ), and the

displacement P is the point p. The coordinate vector in the coordinate system; the dlsplacement q is the
displacement variable of the point O in the coordinate system {/}, the displacement d is the coordinate
variable between the point p and the point O in the coordinate system {I}, U = Vu? + v> + w? is the
synthetic velocity vector of the AUV.

The heading angle v,, and the pitch angle y,, can be expressed as:

v, = arctan (g) ,Xw = —arc tan ( \/;;Jr_;ﬁ) (2.20)

When the AUV is affected by the underwater environment, the angle of attack « and the angle of

drift 8 always exist. The heading angle ¢ and the pitch angle 6 of the existing AUV can be expressed
as:

V=yw—-B0=xw—« (2.21)

where @ = arctan( ) u>0,p8= arctan(m)
In the AUV kinematics equation under the geodetic coordinate system, the velocity vector U, the
heading angle y,, and the pitch angle y,, can be expressed as:

Mathematical Biosciences and Engineering Volume 19, Issue 11, 11086-11113.
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& =Ucos vy, cos x,
n = U sin y,, cos x,,

{=Usiny, (2.22)
Xw=qg+«a
Yw = 0029 +ﬁ

Rotate the motion coordinate system {B} along the yp axis by an angle of y,, then rotate y,, angle
along the zz axis. Finally, the fluid coordinate system {W} can be obtained, and the y,, direction of the
fluid coordinate system {W} is consistent with the direction of the composite velocity vector U of the
AUV. Define Wgy (x\w,Y.w) as the rotation matrix from the motion coordinate system {B} to the fluid
coordinate system {W}. Assuming that the desired path is a continuous smooth curve, represented by
the parameter s, any point P on the desired path can indicate that it is located on the AUV path. The
virtual reference point Vp has a certain speed, which is the so-called “virtual guide”. For a virtual guide
at any point on the desired path, there must be a unit vector 7" in the tangent direction of the desired
path and a unit vector N along the normal direction of the desired path, and there mustbe B =T * N,
the curve described by the expected path parameter s, according to the corresponding relationship
of the instantaneous speed of the origin of the Serret-Frenet coordinate system, the moving speed of
the virtual guide is: Vp = s, ¢1(s) and c,(s) represent the curvature and torsion of the virtual guide
on the desired path, the two are continuously derivable and bounded with respect to the desired path
parameter s. The angular velocity of the AUV in the fixed coordinate system {/} is expressed in the
fluid coordinate system {F'} as : Wr(xy, Yw) = (c2 (5) s, c1(5)$).

Define the displacement & from point P to point O in the fixed coordinate system {/} as the trajectory
tracking error of AUV. Its projection in the 7', N and B directions can be represented by x,, y., z.. Then
the relative speed between point P and point O can be expressed as follows in the coordinate system
{F}: [fd—f = (xe,ye,ze)T, the velocity of point P in the coordinate system {/} can be expressed in the
coordinate system {F} as: ((Z_I;)F = [s,0,0]". Define R to represent the rotation matrix between the
coordinate system {W} and the coordinate system {F'}, which can be expressed as:

RWir=Vr+% +wrxe (2.23)

cos B, cos ¥y, —siny, sin6,cos iy,
R =|cos@,siny, cosy, sinf,siny, (2.24)
—siné, 0 cos 6,

Among them: W;r = (U,0,0)7 is the vector represented by the synthetic velocity of the AUV in
the {I} coordinate system in the {F} coordinate system. Vi = (5,0, 0) is the vector represented by the
speed of the virtual guide AUV in the {I} coordinate system in the {F'} coordinate system. i, and 6, are
the heading angle error and the pitch angle error between the coordinate system { W} and the coordinate
system {F}.

0 Xe 2 (8) $2, — €1 (8) 8y,
wpXe=| (s |X] y |= c1 () sx, (2.25)
C1 (S) s Ze —C1 (S) SYe

Therefore, formula (2.23) can be rewritten as:

Mathematical Biosciences and Engineering Volume 19, Issue 11, 11086-11113.
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Xe = YeC1(8)s — z.¢c2(s)s + Ucos . cos O, — s
Ve = —X.C1(85)s + U sin ¢, cos 6, (2.26)
Ze = XoC2(8)s — U sin 6,

In the definition of the coordinate system {W}, —— + 8 and g + @ can be used to represent the lateral
and vertical angular velocities of the AUV. In the coordinate system {F}, c;(s)s and ¢, (s) s can be used

to express the desired angular velocity of the AUV, which can be expressed as:

0, = q+a—cys)s (2:27)

{ Ve = g TB—c1(s)s

Based on the above formulae (2.24) and (2.25), the AUV trajectory tracking error model can be
expressed as:

Xe =YeC1(8) s —2.2(5) s+ Ucosy,cosb, —s

Ye = —X.C1 (5) s + Usin ¢, cos 6,

Ze = X.C2(8)s — U sin 6, (2.28)
Ve =Ly +B - ci()s

0. =q+a—cys)s

3. Design of AUV trajectory tracking controller system

According to the time scale of control, it is divided into position controller and attitude controller.
The position controller is designed using adaptive control law and finite time method, and the controller
is designed for the depth and longitudinal direction of the AUV respectively. The attitude controller
uses dynamic surface control idea, integral sliding mode, reduced order state observer and new reaching
law to design the controller with other methods.

3.1. Position controller design

Compared with infinite time asymptotically stable control, finite time control requires the system
state to be stable within a specified time. From the perspective of control time, finite time control is the
optimal control method for its convergence time, and finite time control has a fast convergence speed.
The control accuracy is higher, and it has good robustness to the control performance of the AUV itself
and the disturbance of the external environment.

According to the AUV kinematic equation and dynamic equation, assuming that the AUV heave
velocity satisfies w ~ 0. The trim angle 6 is within a small range of change. Basically satisfy sinf ~
0, cosf ~ 1. Regardless of the small terms of the second order and above, the dynamic equation of the
vertical plane is as follows:

mssq = (ms33 —myy) uw — dssq — BG;W sin 0 + 7, + w,
0=4 3.1)
Z = —u sinf

Set the desired depth of the AUV to z,; and the actual depth to z, and the depth error can be re-
expressed as: z,; =z — Z4.
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The first step is to define the Lyapunov function V_; as follows:

Vi =124 (3.2)
Derivatives on both sides are available:
V.1 = Zot (—ut 5ind — uk,1z,1 + ud;) = —ukzlzﬁl — UZ,1Ze2 (3.3)
Define a virtual control quantity:
61 = kzet — 124 (3.4)

The coefficients k., k.», k.3 are all constants greater than zero, then:

Za = u(k;1ze1 — 01) (3.5)

The second setp is to define the Lyapunov function V., as follows:

Vo =124+ Vo (3.6)

Derivatives on both sides are available:

_— ) oy ) )
Vo = —uk, 1z, — UZe1Ze2 + 22 (9 - 51) = —uk;1z;, — kazy, + ZoZes (3.7)

The third setp is to define the Lyapunov function V3 as follows:

Vi =124+ Vp (3.8)
Derivatives on both sides are available:

Ze3 ((m33 —mi)uw—dssq—BGzW sin 6+1;+w, +65 —Zez) (3 9)
mss

Define z,3 = g —ms50,, the state variable z.3 is designed with a finite time control method, the rudder
angle controller is as follows:

' — 2 2
Vzg = —ukzlzel - kZzZeZ +

T, = [(mn — m33) uw + dssq + BG,W sin 0 + 6 — 2. — k3sign (2.3) | zegl“] * Mss (3.10)

The error derivative calculation of the state quantity g can be obtained:

3 = q =61 = 2 (1) 5 = keasign (23) 1zesl” — 22 = —ke38ign (ze3)] 23" + wy (1) (3.11)

Assuming that the equilibrium point of the system is the origin, the state of the system converges
to Q. in a finite time, where the finite extreme value of the vertical interference function w,() is

L120,Q: =z : ksl < (%), K >0,0<a<1,

Proof: Choose the Lyapunov function V (z.3) = %zé.

1
V (ze3) = —keasign (ze3) [resl ™! + 23w (1) < =K 23l + 1za] S ka2l < ()" <0 (312)
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Substituting Eqs (3.10)—(3.12) into Eq (3.9), the following expressions can be obtained:

VZ3 = —Mkleil - kz2Z§2 + Ze2Ze3 + Ze3Ze3 < _ukzlzgl - kzZZ§2 - kz3Sign (Ze3) |Ze3|a+1 + Ze3wq(t) <0
(3.13)
The proof of system stability is completed. According to the finite-time controller design decision
theorem and the proof of inequality (3.12). It can be seen that the designed finite-time position
controller (3.9) is finite-time stable, and the vertical error in the system can effectively converge to the
equilibrium point. The robustness and anti-interference of the system are excellent.

3.2. Design of AUV attitude controller

The controller will use the integral sliding mode control method to design the longitudinal control
moment 7, the pitch control force 7, and the heading control moment 7,. Use the reduced-order
expansion state observer to approximate the disturbance, and introduce the dynamic surface technology
and new reaching law to avoid the design explosion of virtual control rate calculation and the lack of
system compensation.

Compared with the nonlinear state-expanded state observer, the linear reduced-order expanded state
observer has a simpler structure and higher practicability when certain quantities can be measured.
Among them, the parameters of the linear reduced-order state observer are related to the concept of
bandwidth in practical engineering applications, and the engineering practicability value is higher.

pr=—wipi = wiu—GL) = (7, + F,)
p1+wiu w; >0
P2 = —W2P2—W§V—Fv(ny:—;2
Wy, =pr+wav , wy >0
. 2 w3
= —wsp3 —wiw — F,,(==
{ b3 = mWaps =Wy G (3.14)
Wy =p3+wsw , w3 >0
{P4=—W4P4—Wi(]—(w—4 *(Tq+Fq)

May4
Wy = pst+twag ,wy>0
{ pS = —Ws5PDg _Wgr_ (,‘:_;5) * (Tr +Fr)

W, =ps+wgr ,ws>0

where, w;(i = 1,2,3,4,5) is the gain of the reduced-order extended observer, p;(i = 1,2,3,4,5) is
the auxiliary state of the extended observer, w;(i = u,v,w,q,r) is the estimated value of the mixed
uncertainty. The initialization value is set: p; (ty) = —wqu, p, (to)) = —w,v, p3(ty) = —wsw, p4 (ty) =
—w,q. Make the mixed uncertainty estimate D; always equal to zero. Appropriately increasing the
observer’s wy, wo, Wz, Wa, ws can reduce the actual error.

The idea of introducing the dynamic surface simplifies the controller, where the error variable is
defined as follows:

[ter Gerre]” = [t = theas G = Gear 7 — Tea] (3.15)

where, u.4, q.q and r,, are the desired velocities on the three degrees of freedom on the desired trajectory
of the AUV respectively.
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In order to obtain high-quality tracking response and ideal virtual control input, obtain the derivative
information of u.4, Geq, req, thereby simplifying the calculation of the controller, new state variables
Y4> ¥r» Yu are introduced. Their mathematical expressions can be expressed as:

qu.ed tGeda =Yg = 0 sGed (0) =%Yq (O)
Triﬁed+red_’)/r:0,red(0):rr(o) (316)
Tul;ted t Ued — Yu = 0 s Ued (O) =ry (0)

where, T is the filter time constant, y, = .0 — kg1 (0= 0ua)s ¥r = Yea — ket (W — Yog) cOSO, 7y, =
0 Yq~ e / r—'ed g u " Ueg
UCOSH@dCOSwed7 ed = qT d’ Ved = YT:la Ueg = 7T_:¢l

The error integral sliding mode surface designed for stabilizing longitudinal, pitch and heading
velocities can be expressed as:

Su=u+ A, ) u(r)dr
Sy =4+ A, [, q.()dr (3.17)
S, =r.+ 4, fo r.(t)dr

Taking the derivation of both sides of Eq (3.17) without considering the saturation effect and
combining with Eq (2.17), the equation can be obtained as:

S,=F,+ 2+ D, — ity + A,u,

. £ .
Sq=Fq+ 7s ¥ Dg = Gea + 44qe (3.18)

m.
S;=Fr+ 3=+ Dy —Feg + e

m

Setting Eq (3.18) equal to 0, the equivalent control rate can be obtained as:

T, = —my Fy, —myw, + myiteg — Aymyu,
Ty = —MysFy — MWy + MysGeq — AgMasqe (3.19)
T, = _mSSFr - my,Ww, + mrried - /L'mSSre

where, w;(I = u,q,r) is the estimate of the uncertainty in the system by the reduced-order extended
state observer.

In the case of parameter perturbation and external interference in the system, the designed equivalent
control law cannot guarantee the control effect of the AUV. It is necessary to further introduce a specific
reaching law to compensate for the disturbance of the external AUV itself. At the same time, the AUV
will generate discontinuous signals when turning. The introduction of the reaching law can guide the
AUV to drive along the desired path. The reaching law is selected as follows:

Si=—kS;—aisig" (S)(i=u,q,r) (3.20)

where, 0 < p; < 1,sig” (S;) = |5, sign (S ;) parallel and a; > 0.
So the control law we designed can be expressed as:

Ty = mll (_Fu - Wu + ued - /luue - ku (Sl _Xu) - auSigpu (Su))
T, = My (—Fq — Wy + Gea — Agqe — ky (Sz —)(q) — a,sigh (Sq)) (3.21)
Tr = Mss (_Fr - Wr + iﬁed - /lrre - kr (SS _Xr) - arSigpr (Sr))
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When the AUV travels along the desired trajectory underwater, the controller we designed may
experience saturation of the controller output during the steering of the AUV. In order to eliminate the
influence of the saturation value on the control performance, the following auxiliary systems can be
expressed as:

1o lgSiAgi+0.5(Ad)? . > 7
o o AT AT bl 2 (3.22)
0 |Xl'| < li

where, g, = mL“,gq = m44,g, = e ,b; >0 =u,q,r),Aoc; =0, -1, (i=u,q,1r),xi(i = u,q,r) is the
state variable of the auxiliary dynamic system.
The control input we actually designed can be expressed as:

Ty = My (_Fu - Wu + Ueq — /luue - ku (Sl _Xu) - auSigp“ (Su))
Ty = mas (=Fy = Wy + Gea = Agde — kg (S2 = xy) — agsig’ (S,)) (3.23)
Ty = M55 (_Fr - Wr + i‘ed - /lrre - kr(SS _/\/r) - arSigpr (Sr))
Proof: In the case of considering input saturation, formula (3.18) can be rewritten as:

Su=F,+ 2 4w, —itpg + Au,

mll

S =F,+ =+ Wy = qeqa + Aqe (3.24)

m44
S, =F, + ,;55 + W, — Feqg + AT,

Constructing the Lyapunov preselection function:

2
V1:0.5*[)é+y?+z§+(9—96d)2+(t//—wed)2] “+ +r+X”+Xq++X'+y7q+y7% (3.25)

Taking the derivative of both sides of Eq (3.25), the equation can be obtained as:

Vi = XeXe + YeVe + ZeZe + (0 = 009) (9 - éed)
+ W = Vea) (= rea) + S.uSu+$4Sq +5,S,
+Xqul+Xqu+XrXr+Zqu +yryr (326)
= -Ucosb,cos¥, — y,Ucosb,siny, — z,U sind,
+ 84Sy +8,S,+ 8,8+ xuXu + XoXg
+ X Xr + 242q + ViVr
Simultaneous formulae (3.16), (3.18) and (3.22) can be obtained as:

Vi = =UcosO,cosyr, — y,U cosb,siny, — z,Using,
+ Su(Fy + TE585% s, — g + At
+Sy(Fy + 20 4w, — Goa + 4G
+S, (F + T’*“’f F W, = Fog + /lrue)

+Xu(=bu - 'g“@'b'(#x +A0,) (3.27)
S Aoy |+0.5( Ao,
+Xq(_bq)(q _ |8q q ‘1|+2 ( ‘1) Xq + Ao_q)
q
+Xr(_br)(r - |grSrAU'L|Y':|2‘5(A(T,_)2Xr + AO’,)

1.2 : 1.2 :
- T_qzq —Z2¢Yq — T_,yr = YrYr
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Substituting Eq (3.21) into Eq (3.27) yields:

Vi =-Ucosb.cosy, — y.UcosO,siny, — z,U sinb,
+ Su(_ku (Su _Xu) - auSigpu(Su) + %) - Tqug - Zq’)./q - Tlryz - yr’)./r

mpy

£ 8,k (S, = xr) = asigh (S,) + 52)

mss

. Ao
+ 8 (kg (Sy = xy) = agsigh(S ) + o2) + S (=K, (S, = x1)
M [ ud uRA0y . O-uz
—asig’ (S.) + 52) + Yu(=bux, — BREHEEEI 4 Ay

48 40y |+0.5(A0,)?
2

(3.28)

+ Xq(=Dgxy Xq+Aoy)

q
S Ao |+0.5(Ac,)?
+Xr(_br/\/r - & (TLLrIZ Cut Xr + AO’,)

Further simplification can be obtained as:

Vi < =Ucos8,cospr, — y.Ucosb,sinp, — z,U sinf, — ky(6 — 6,4)*
= kg = Yea) = kS5 = kgSG = kST — bux — boxg
- br/\/z + ku/\/uSu + kq/\/qu + kr/\/rSr - OS(AO-M)2 (329)
—0.5(Ac,)? = 0.5(Ac,)? — a,sig’ (S.) + ATux — agsig™ (S )
- ClrSigp’ (S r) + Ao-q)(q + AO-r)(r - quzj - qu’q - Tl'y% - yrj/r

According to Young’s inequality, the equation can be obtained as:

kixiSi < 0.5¢2 + 0.5k2S2 (3.30)

Aoy < 0.5)(1.2 +AO'[2 (3.31)

where, y; (i = u,q,r),7;(i = u,q,r).
Substituting Eqgs (3.30) and (3.31) into Eq (3.29), then the equation can be obtained as:

Vi < =UcosB,cosy, — y.Ucosb,sing, — z,U sinf, — k(6 — 6,4)*
— kg = Wea)® = (ky = 0.5k2) 82 = (k, = 0.5k2) S 2
— (ke = 0.5k2) S2 = (by = D)2 = (by = 1) 2 = (b, — D X2 (3.32)
- 2= 2y - Y - v — asig (S)
— a,sigh (Sq) —a,sig’ (S,)
By selecting appropriate controller parameters, namely 2 > k, > 0,2 > k, > 0,2 > k., > 0,
b,>1,b;, > 1,b, > 1. V; can be kept less than or equal to zero, and the closed-loop controller is

asymptotically stable, so that the control speed and angle of the AUV can keep up with the desired
trajectory.

4. Simulation experiment
First, the performance of the reduced-order state observer designed in this paper is verified by
simulation. Figure 3 shows the simulation diagram of the estimated value and actual value of the

mixed uncertainty item. The simulation results show that the reduced-order state observer designed in
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this paper can effectively estimate the mixed uncertainty disturbance in the trajectory tracking process
quickly and accurately.
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Figure 3. Performance of reduced-order state observers.

In order to verify the effectiveness and feasibility of the control algorithm, the three-dimensional
trajectory synchronous tracking and stabilization control of AUV are numerically simulated based on
the mathematical model of “’sea exploration II” AUV.

Table 2. AUV simulation conditions.

Parameter name parameter
Initial attitude  x = Om y=0m z=0m
AUV initial 6=0 v=0 =0
state Initial linear u=0.1 v=0 w=0
ve-locity qg=0 r=0
k=1 ko, =0.8 ks =0.5 k=02 k;,=06 k=1
Controller A,=02 A,=05 A, =0.5 a, =005 a,=001 a,=0.1
parameters w =5 wy =5 w3 =5 wy =1 ws=05 T=
b,=0.5 b, =0.8 b, =0.3 =05 p,=01 p.=1
Model ;€ (—0.5m;;, 0.5m;;) m;(i = 11,22,33,44,55)
uncer-tainty X, € (-0.5X,,0.5X,) Y, € (-0.5Y,,0.5Y,)
Interference interfer-ence Z, €(-0.52,,0.5Z,) Mq € (-0.5M,,0.5M,)
conditions N, € (-<0.5N,,0.5N,)
Input saturation 7, € (0, 1000) 74 € (=200, 200)

constraint 7, € (=100, 100)
Ocean current  f;, = 5 + 5sin(0.05/)N

fv=tw=0N
fq = 0.5(sin (0.057) + cos(0.03¢))N
[ = 2(sin (0.03¢) + cos(0.021))N
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The algorithm proposed in this paper
Desired trajectory

Adaptive sliding mode algorithm

Staring point

Figure 4. Three dimensional trajectory tracking diagram of AUV.

Figure 4 shows the simulation results of AUV 3D trajectory tracking. The model uncertainty and
complex disturbances in the ocean are simultaneously simulated in the simulation environment. It can
be seen from the simulation results that the ESO state observer and finite-time controller can reach the
desired path quickly and stably. Compared with the adaptive sliding mode algorithm, its diving and
inflection point fluctuations are smaller, and the robustness is better.
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Figure 5. AUV control input response.

Figure 5 shows the output response of the controller for the heading thrust, vertical thrust, and
longitudinal thrust. It can be concluded that in the process of eliminating the initial position error of
the adaptive sliding mode controller, there is a large output overshoot oscillation in the pitch angle of
the AUV at the beginning of the control. However, under the action of the finite-time controller, the
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algorithm in this paper has no obvious overshoot oscillation, and the output of the AUV vertical thrust
is stable.

——— The algorithm proposed in this paper
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Figure 6. AUV angle change.

Figure 6 shows the change of maneuvering angle of AUV along the desired trajectory. Compared
with the adaptive sliding mode algorithm, the controller designed in this question is significantly better
than the comparison algorithm in lateral stability, the angle transition is smooth, and it also reflects
that the designed saturation function plays a role. During the initial dive and steering, the designed
controller does not have too much oscillation, the contrast algorithm has serious oscillation and poor
stability and robustness.

The algorithm proposed in this paper
Adaptive sliding mode algorithm

s PSS B

Degree of depth(M)

0 50 100 150 200 250 300 350 400
time[s]

Figure 7. AUV depth variation.

As shown in Figure 7, when adding random interference and model uncertainty, combined with
the position controller and attitude controller designed in this paper, there is no large depth fluctuation
when diving and reaching the desired depth, and the error is within 5%, which can be adjusted to
the expected value in a short time and remain stable. The adaptive sliding mode algorithm has large
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overshoot and is easy to shake. From the curve in the figure, it can be concluded that compared
with the algorithm in this paper, the adaptive sliding mode algorithm has a larger overshoot and a
larger jitter amplitude. The large disturbance in the simulated environment is the water flow rate.
The simulated water flow rate is shown in Table 2. Under the large disturbance of water flow in the
simulated environment, the algorithm in this paper reaches a stable state in about 31 s. Compared with
the adaptive sliding mode control algorithm, the time required by the proposed algorithm to control to
a stable expected state is shorter, and the maximum relative error of the two algorithms can reach 10%
after reaching the expected depth.

Comprehensive analysis shows that the controller designed in this paper has relatively high
trajectory tracking control accuracy, strong robustness to the model uncertainty of AUV itself and the
composite disturbance of ocean current. At the same time, the output of the controller is relatively
smooth and stable, has low requirements for AUV itself, and has good adaptability and feasibility.

5. Experiments conducted by the “ocean exploration II”’ AUV in the lake

In order to verify the operation stability of “sea exploration II” AUV equipment and the effectiveness
of the designed three-dimensional trajectory tracking controller, a lake test was carried out in a lake in
Suzhou. The water surface temperature was 29.5°C, and the wind speed was almost no wind. The lake
water velocity is about 12 cm/s. Before the lake test, the relevant equipment was debugged and the
AUV self-test was carried out. The “sea exploration II” AUV is an all-drive AUV equipped with two
lateral thrusters, two vertical thrusters and one main thruster. Table 3 lists the appearance and other
technical parameters of AUV. Tables 4 and 5 list the technical parameters of the thrusters. Figure 8
shows the side view of AUV.

Figure 8. Structure diagram of “sea exploration II” AUV.

Table 3. Technical parameters of “sea exploration II” AUV.

The main parameters Performance

Size length:2135 mm diameter:200 mm
Weight 42,5 kg

Top speed 2.9 knots

Maximum working depth 50 m

Battery life 8h

Material Aluminum alloy
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Table 4. Technical parameters of side thruster/vertical thruster.

The main parameters Performance

Speed constant 549.0 rpm/v

Power 25W

Rated current 14 A

Maximum output current 6 A

Speed limit 18000.0 rpm

Operating mode Speed closed loop controller
Sensor type Hall sensor

Table 5. Technical parameters of main thruster.

The main parameters Performance

Speed constant 179.0 rpm/v

Power 100 W

Rated current SA

Maximum output current 15 A

Speed limit 6000.0 rpm

Operating mode Speed closed loop controller
Sensor type Hall sensor

The “sea exploration II” AUV uses fiber inertial navigation, ultra-short baseline(USBL), Doppler
log and depth sensor for combined navigation, enabling the AUV to navigate accurately in the water.
The technical parameters of the navigation equipments used are shown in Tables 6-9.

Table 6. Technical parameters of fiber inertial navigation parameters.

Parameter Index

Position accuracy  horizontal direction/high: 2.0 m
Attitude accuracy  heading angle/attitude angle: 0.15°
Interface Type RS232/RS422(output)

Speed accuracy 0.02 m/s

Operating Voltage 18 V 36 VDC
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Table 7. Technical parameters of USBL.

Parameter Index
Working range 0-1000 m
Positioning accuracy (100 m) 0.2 m
Roll/Pitch accuracy 0.1°

Speed accuracy 0.01 m/s
Heave accuracy 5% or 0.05 m

Table 8. Technical parameters of Doppler log.

Parameter Index

Model NavQuest600micro
Frequency 600 kHz

Accuracy 0.1% + 1 mm/s
Maximum speed =+ 20 knots

Depth 800 m

Table 9. Technical parameters of depth sensor.

Parameter Index
Model PX633A1
Range 0-50 m
Precision 0.01% x Max range
Output signal 4-20 mA

Figure 9. AUV path planning.
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The lake test site is a test site in Jiangsu province. The test water depth is up to 40 m, and the lake
bottom is flat and the water quality is clear, which is conducive to the AUV movement experiment. The
test was carried out in September 2021. The underwater trajectory was set by the upper computer, and
the underwater trajectory was tracked by dead reckoning and trajectory path tracking control algorithm.
First, make mission planning: the target depth is -1m, the AUV speed is 0.5 knots, the initial point
coordinates are (120.317750, 31.109933), the target point coordinates are (120.319405, 31.109317),

and the mission duration is 25 minutes. AUV path planning is shown in Figure 9. Figure 10 shows the
experiment of AUV in Suzhou lake.

Figure 10. AUV experiments in Suzhou lake.
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Figure 11. GPS change curve of underwater track autonomous navigation control.
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As shown in Figure 11, the AUV gradually approaches the preset track point according to the
combined navigation information. The specific implementation method is to obtain the desired heading
angle through dead reckoning and use it as the input of closed-loop control for track tracking control.
Due to the poor navigation accuracy of GPS in combined navigation under water, the trajectory has
a small fluctuation, and AUV cannot move completely along the desired trajectory. However, the
trajectory tracking algorithm adopted by this AUV completes the underwater trajectory tracking task
better.
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Table 10. Trajectory error of AUV.

AUV control parameters

Mean absolute error

Standard deviation

Depth/m
Heading angle/°
Pitch angle/°
Roll angle/°

0.012
0.186
0.209
0.590

0.014
1.831
0.393
0.635

As shown in Table 10, the statistics of AUV trajectory error are derived from the 200-1000 s control
data in the trajectory tracking control experiment. The statistics of AUV and control error after reaching

Mathematical Biosciences and Engineering

Volume 19, Issue 11, 11086-11113.



11111

the specified depth. When the AUV moves according to the expected hexagonal path, the heading angle
will change, and the AUV will also change when it is disturbed by the direction of the water flow. The
interference of water flow in different directions has a greater impact on the roll angle of the AUV, so
the error of the roll angle is slightly larger than that of the heading angle, pitch angle and depth. The
experimental data show that, the trajectory tracking controller has excellent control performance in the
depth and attitude of AUV. Compared with the expected value, the average value of the vertical thrust
and heading thrust error is less than 8 degrees, and the average value of the depth error is less than
0.1 M.

After entering the underwater, the position calibration is carried out through combined navigation,
which can better track the hexagonal trajectory, and the trajectory curve has high identification degree.
The course curve and depth curve are shown in Figures 12—15. It can be seen from the figure that there
1s a certain overshoot in the course angle of AUV during path tracking, which is caused by large angle
bow turning and certain water flow interference when AUV switches the course. In terms of depth
curve, there is a certain fluctuation, which is due to the shaking caused by poor metacentric stability
during AUV path tracking. Generally, AUV can track the target depth well.

6. Conclusions

Considering the unknown environmental disturbance and the control overshoot and slow
convergence of conventional sliding mode controller, finite time control and reduced order ESO
dynamic integral sliding mode control are proposed for three-dimensional trajectory tracking control.
Dynamic assistant system and virtual wizard with adaptive law are introduced. The simulation results
show that the controller can better combine the advantages of reduced order ESO and finite time
control, suppress chattering and weaken external interference. At the same time, the controller has the
advantages of fast response and good robustness. It overcomes the problem of controller overshoot at
the inflection point.
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