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1 Introduction

Unmanned Underwater Vehicles

Remote Controlled Vehicle (ROV)

B Mothership supported, easy power supply

» B Real time data transmission

=<l Underwater manipulation, resource exploration,
archaeology, search and rescue

= B Cable restricts the motion area

B Autonomous, without mothership supported

B Concealment and can move in large area

| B Environment monitoring, mobile reconnaissance
and surveillance

B Limited power supply




1 Introduction

Since 1970, nearly 200 AUVs have been developed by 20
countries towards the civil or military applications.
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1 Introduction

Domestic overview

B Shenyang Institute of Automation, CAS

B Harbin Engineering University

B Shanghai Jiaotong University

B The institutes affiliated to CSIC

B Northwestern Polytechnical University, etc




1 Introduction

Related technologies

B System design

B Energy and power

B Perception and detection

B Navigation and positioning

B Control and guidance

B Planning and decision making




2 AUV Model

Kinetemics

B Coordinate frames

B Rotation between frames
Dynamics

B Momentum theory

The AUV model can be divided into two parts: kinematics,
which treats only geometrical aspects of motion, and
dynamics, which is the analysis of the forces causing the
motion.




2 AUV Model

Coordinate frame

B Inertial frame {I}
B Earth frame {E}
B NED frame {N}
B Body frame {B}

-
-
-
-




2 AUV Model

6 Degree of Freedoms

DOF Definitions Forces/ Llnear/A.n.gular Positions/
Moments velocities Euler angles
Motions in the
surge . X u X
x-direction
Motions in the
sway .. Y v Y
y-direction
Motions in the
heave . . Z w z
z-direction
roll Rotation al?out the K p &
xX-axis
pitch Rotation al.)out the M g 0
y-axis
yaw Rotation al?out the N . Wb
z-axis
—_— T .
Generalized velocity V= _VlT V” v, =[u,v,w]' v, =[p,q,r]

Generalized position 7 =|7,n, ]T =[xy, 2], =[8.0.T




2 AUV Model

Rotation between frames

Inertia frame to Body frame (three times rotation)

(cosy —siny O
R,, =|siny cosy O
0 0 1

R, (7,) =R, ,R,,R,,
i cos & Cosy

[ cosd 0 sing |
R,=| 0 1 0

_—sin & 0 cosd |

cosdsiny

1

=| singsin@cosy —cosg@gsiny  COS@COSy +Singsindsiny  singcosé
 singsiny +cos@cosy sing  cosgsindsiny —sin@cosy  CoS¢PCosy |

0 0
CoOS¢ —sing
sing  cos¢ |

—sing |

It Is common to assume that the NED frame is an approximate inertial frame by

neglecting the Earth rotation.




2 AUV Model

AUV Kinematics

Linear velocity transformation
=Ry (m,)v,

[ cos@coSsy  Singsin@cosy —cos@siny  singsiny +cos@cosy sin g |
R (n,) =| cos@siny cosgcosy +singsingsiny  cosgsin@siny —sin gcosy
—sind singcosé cos¢coséd

Angular velocity transformation

772 :Tﬂ (772)V2 J (77) _ |:Rt? (772) O3x3 :|

~ _ O3><3 T77 (772)
1 singtand cosgtand

T,(1n,)=|0 COS ¢ —sing
|0 sing/cos® cosg/cosd n=J(n)Vv




2 AUV Model

AUV dynamics

Assumptions

B Rigid body

B NED frame is inertial
B Completely immersed

Body frame: the momentum theorem

mv, + mv, x I, +mv, xv, + my, x (v, xr,) =1,

| v, +v, x(l,v,)+mr, x (v, +v, xv,) =1,

m Mass |, Moment of inertia

r, =[Xs,Ys.2.]' Position of the center of gravity in {B}




2 AUV Model

AUV dynamics

MV +Cos(V)v=r1

Inertia Matrix Mg =

Coriolis and centripetal matrix C. () {

m 0 0 0 mz,
0 m 0 -mz, O

0 0 m mys,  —MXg
0 -mz, myg; |, —1,
mz, O -mx; —-l, 1,

mS(v,) -mS(v,)S(r5)
m3(rg)S(v,) =S(1,v,)

S(-) Cross product operator

|




2 AUV Model

AUV dynamics

B Hydrodynamics
»Added force
»Viscous force

B Restoring force

B Control force

B Environment force




2 AUV Model

AUV dynamics — Added force

Myv+C,(v)v=r,

Added inertial matrix

Xo X, Xy X, X,
(A A
v z, Z, Z, Z, Z,
K K K, KK,
M, M, M, M, M,
N, N, N, N; N,

Added Coriolis matrix

(Symmetric with respect to

the vertical plane)

X, (X, 0
Y, 0 v,
Z, X, O
K, 1o,
M, X, 0
N, 0 Y,
C\) { s
-S(AV +AL,)

Ca(v)=-Ca(v)

X, O Xq 0
0 Yp 0 Y,
Z 0 Zq 0
0 Kp 0 K,
Zq 0 |\/|q 0
0 K, 0 N;
-S(AW, + A12V2):|
=S(Av, +A,Y,)




2 AUV Model

AUV dynamics — Viscous force

The viscous force f = _%PCD (Rn)D|UO|U0
[ Dlv_
T
v| D
6 DOF representation of v|' Dy
quadraticp drag Dy (V)v=| o+ ° D, e R™
v Dy
v D.v
T
B Symmetric configuration V] Dev |

B Ignore the small coupling
Dy (v) =diag{X,.Y,.Z,,K,,M,N,}

+liag{ X gy U], Y V] Zogg W], K [ P M g ] N ]}




2 AUV Model

AUV dynamics — Control force

Control force  y_[1,7,...TT n thrusters

T=LU L, L,
L21 L22

I =(L'L) L

| L61 L62

Generated by thrusters and rudders

T
z-c — |:Tf Ts Th Kéd 5d M 5e§e N5r 5r :|

c R6><n




2 AUV Model

AUV dynamics — Control force

Fully actuated AUV

Number of Control inputs is
not less than the DOFs

ODIN AUYV: designed by University
of Hawaii: 8 Thrusters

Underactuated AUV

REMUS AUV: controlled by one
thruster and three rudders




2 AUV Model

AUV dynamics — Restoring forces and moments

-2

0

fe(17,) = R: (7,)| O
W

W -- Weight
B -- Buoyancy

I's :[XB’yB’ZB]T

fe(n,)— t5(n,)

o x fo(n,) — 15 x 1, (772)} Ar=10.07 T

fB (772) =

g(n)=-

Position of the center

of buoyancy in {B}

G
1 =10.0.G]"
R(17,)| O :

—(W —-B)sind
(W —B)cosésin g
(W —B)cosécos¢
—(y ;W —y;B)cos@cos¢p—(z,W —z,B)cos@sing¢
—(z W —z;B)sin8 - (x;W —x;B)cosécos ¢
—(x ;W —x;B)cosésing —(y;W —y;B)siné




2 AUV Model

AUV dynamics — Environmental forces

Currents Ve =V +V, +Vo +V, + Ve VY4

set—up

Vi generated by tide

Viw  generated by wind
Vi generated by wave

V generated by ocean current

m

Vet generated by the motion of earth surface

V,  generated by the temperature variation along with depth




2 AUV Model

AUV dynamics — Environmental forces

Waves n(x.1) 1‘:

Ly 4 4
2N VAN

1(X,t) = Acos(kx —at + &)

—

P M max

Stochastic wave

n(X Y1)
= Reﬂ dA(w, y) exp[—ik(xcosy +ysiny) + ia)t]

S /mis
b

ﬂ:’n 1 o/ rad/s




2 AUV Model

6 DOFs model of AUV

MgV +Cpg (V)y =-M v —-C,(v) =Dy (v)v =D, (v)v —9() + 7 + 7,
the form of generalized vector

dynamics
Mv+C(V)V+D(V)v+g(n) =7 +,
B Nonlinear

M=Mg+M, B Coupling between DOFs

C(v) =Cprg(v) +C,(V) B Parameter Uncertainties

D(v) = Dy, (v) + D, (V)

kinematics
n=J(mv




3 Path Following of a single AUV

Outline

3.1 3D Straight-line tracking
3.2 2D Path following

3.3 3D Path following

In this talk, we focus on the control of underactuated AUVs




3.1 3D Straight-line tracking

Problem Formulation

Assumptions

B The forward speed U, is a positive
constant.

B Simplify the motion model from 6
DOF to 5 DOF by ignoring the roll
angle.

B Ignore the non-diagonal and quadratic
damping of the inertia and damping
matrix.

B The CG and CB are coincide and the
net buoyancy is zero.




3.1 3D Straight-line tracking

Problem Formulation

Kinematic model

X =U, COSy Cos@—Vvsiny +wcosy sinf
Yy = U, Siny cos @ +VvCcosy +wsingsiny

Z=-U.sin@d+wcosd
0=q

Dynamics model

m d
V=——2ur——2v
m22 m22
m d
W= 11 u,q 33 \v
m33 m33
m,, —m d 1
g=— 11 33UCW 55q+ M
m55 m55 m55
m11 o mzz d66 1
I = u.v————-r+——-N
m66 m66 m66

Control objective: Choose suitable controls M and N to make the

tracking errors y and z approaches zero exponentially.




3.1 3D Straight-line tracking

Control design overview

5 DOF model in 3D space

Decouple

Vertical plane | | Horizontal plane

Cascaded system
design techniques

Desired pith Desired yaw

Lyapunov analysis Backstepping

Backstepping Control M Control N

__________________________________________________________________________________




3.1 3D Straight-line tracking

Cascaded system review
‘ X, e R™, X, eR™
¥ {Zl =1 (6x)+9(6x %)X, f.(t,x,): continuously differentiable

X, %, =T, (t%,) f,(t,x,), 9(t,x,,x,): continuous and
locally Lipschitz

Assumption1: V(t,x):R,,xR™ —» R is continuous and differentiable.

Assumption 2: g(t,xl,x ) satisfies Hg X, X, H— ||X ||)+‘9 (”X ”)”X ”

Assumption 3: Systems Y., satisfies LO HX2 (t.t). %, (1)) Hdts¢(HX2 (to)H) .

Theorem: With the Assumptions 1-3, the cascade system{> >, lis globally
uniformly asymptotically stable (GUAS).

E. Panteley, A. Loria. On Global Uniform Asymptotic Stability of Nonlinear Time-Varing Systems in Cascade.
System and Control Letters, 1998, 33(2), 131-138.




3.1 3D Straight-line tracking

Definitions GKES: globally /C-exponential stable

GES: globally exponential stable

Consider systemx = f(t,x) f(t,0)=0, vVt >0 where f(f,x) is piecewise
continuous in t and locally Lipshitz in x.

The system is GES of there exists k>0 and g>0 such that for any
initial state ||x(#) |[< |[x(2) || kexp[-~(t-t,)].

A slightly weaker notion of the GES is GKES if there exists k>0
and a class of KC function k(-) such that g>0 such that |[x() |/<

ke ( " x(t) [|) expl-~(t-t,)]-




3.1 3D Straight-line tracking

Control design

Decoupled motion model U_siny cos@+Vvcosy +wsingsiny |
_y_ _&u r_dﬁv
Horizontal plane v My, My,
T Zn il | = —1 r
xw=[y v v 1] ! cos 0
/
- m, —M,, ucv_d66r+ 1 N
| m66 m66 m66 _
i —U, sin & +wcosé |
: [ 7| m d
Vertical plane —yug-—2w
. T Wi My My
x,=[z w 6 q] vl g | T g
] ] ~ My —Mgg UCW—%CH-LM
m55 r]‘]55 m55




3.1 3D Straight-line tracking

Control Design - vertical plane

Choose the desired pitch angle ¢, =arctan(k,z), k, >0

20, =—2 _(—u_sind+wcosé
o =% =17 k.z° (=, )
Define the error variables 0,=60-6, q.=9-q,

Introduce two equations

sin(a + ) =sina +,BJ‘01cos(a +sf)ds  cos(a+f)=cosa —ﬁjolsin (a+spB)ds
—sina + A7, (. B) =cosa + S, (a, B)

where nc(a,ﬁ)zj‘:cos(aﬂﬂ)ds, ns(a,lg):_ﬁsin(aﬁﬂ)ds.
n, (e, B)| <1, |, (e, B)| <1.

Then, we have cos(8)=1+fn,(0,5), sin(B)=pBn.(0,5).




3.1 3D Straight-line tracking

Control Design - vertical plane

Cascade form of vertical plane tracking model

______________________________________________________________________________________

_______________________________________________________________________________________

0 .
sz:{.e}: My, — My dss 1 M_éd

% m m

55 55

_my,u, K, m

_ My
Where gZ,Qe = —UCUC(@d ,99)+W773 (gd ’He)’ gWﬂe o m33 1+k9222 gzﬂe’ gW,CIe - m33 uc.

Theorem: If the coefficient k, satisfiesk, < 3d¢ , then the nominal
m,,u
system is GKES. o




3.1 3D Straight-line tracking

Control Design - vertical plane

Proof:
Lyapunov function candidate v =tz sz, A, > &ufkj
2 2 My,
v S_ucké,/lZ z° d., "

z

2 \/1+(k6,z)2 2my,

_uckeﬂ“z Z 2 _( d33 i m11 u kejWZ + 2 |W| |Z|
2 \/1+(k6,z)2 2Mgy My \/1+(kgz)2

If k9< d33 ’ Uckg(dss _2m11 Uckej>iy V < Ucké,ﬂ«Z 72 _ d33 W2

2m11Uc m,, m,, : _2 /1+(k92) 2m33

Then V,<-¢V,, c=min Uoky4, 2,d33 .
\/1+(k9R) M




3.1 3D Straight-line tracking

Control Design - vertical plane
Control design for System 2.,

Choose M =m0, —Ky,Mgs6, — Ky ,Mesl, + (M — Mgy JU W+ sl KyggiKyyp >0

Then we have {861 = { e } GES
qe _kM 10e B kM qu

Theorem: with the control designed, the vertical subsystem is K-

exponential stable.
Proof:
(1) The nominal system is GKES, and the Assumption 1 holds.

(2) The item
0 2 2 2
{gw& } guc\/1+(ﬂucng +(ﬂJ +||xV1||\/1+£%uck6j
gw,¢9e gw,qe m33 m33 m33

Assumption 2 holds.




3.1 3D Straight-line tracking

Control Design - horizontal plane

_______________________________________________________________________________

| 22
z 2
0 0 g,, Of|w
0O 0 0 0}@
4.
Ve | _
ZHZ |:re:|_ (mll mzzucv_ 66 + N—I‘dj/COSQ
Meg 66 Mes |

o Qd = N




3.1 3D Straight-line tracking

Control Design - horizontal plane

Step 1: Design control N for 2., ,

m

Lyapunov function candidate V, = %l//j + %(re -a, )2 , & ==Ky

Te

N = Cos@(—kN2 (r =, )+ (=(muy =My, UV + dggr + Mgk, ))— MKyl — W,

r

\/W = —kNll//e2 — kN 5 (I’e —a, )2 {ZH o Zv } global /IC-exponential stable

As the same techniques used as the vertical control design, we
ignore the proof here.
d22

3m,, U,

, 2., is global K-exponential stable.

Step2: If k, <

Theorem: with the control M and N designed, system {>, >, } is K-

exponential stable.




3.1 3D Straight-line tracking

Whole system stability
2 h1n GKES
2120 GES %{ZH,ZV} GKES
210 GKES >[{Zn2: 2y | GKES
5| 2., GKES
2y, GES

GKES: globally /C-exponential stable
GES: globally exponential stable




3.1 3D Straight-line tracking

Simulation results

3D straight-line
trajectory

® o A~ N O N

100

Position tracking | Attitude tracking

5 15 0.6 1

o / 10 \ 04 //\\ O /\
E s E s B 02 g
= / N \\ = \ <
10[— 0 0 *
-15 5
0.2 2
0 t50 100 0 t 100 0 50 100 0 50 100
(s) (s) t(s) i(s)
1 1
0.3 0.6
o5 __ 05 0.2 0.4
v Y —~ —
E E 3 = \
. 5 S o1 3 02
N LASN
0 0
0.5 0.5
0 50 100 0 50 100 01 02

1(s) t(s) 0 50 100 0 50 100
t(s) 1(s)




3.2 2D Path following

Problem formulation

We consider the case that the AUV moves in horizontal plane.

X =UcoSsy —Vsiny

Kinematics y = USiny +VvCcosy
w=r
m d 1
U=—22vyr——Lu+ X
mll mll mll
. . m,, d,, No control input iny
Dynamics v =——tur——2v direction, i.e., Y=0.
22 22
po MMy o 1y
m33 m33 m33




3.2 2D Path following

Problem formulation

Serret-Frenet Coordinate Frame: {SF}

Error 7, =-U_ +rn, +ucosy, —vsiny,
dynamics N, =-rz, +usiny, +vcosy,
W,="r—r,

Path following Problem:

Design the control inputs X, N and the N ,
5 P : Up:wJsz(w)+yp2(w) ’
parameter update law @ to ensure (T e ne) : .
globally asymptotically stable, the forward § v, (@) =arctan [ Yy (@ )j i
| p ' :

velocity u converges to the desired velocity 4. | X, (@) )




3.2 2D Path following

Control design

Define the velocity error U, =U—U,

-U +r.n, +U, COSy, —Vsiny, +U,COSy,

;=
Error dynamics .e _ _
N, =—r,7, +UySiny, +vcosy, +U,siny,
B, =arctan(v/u,)
Y=y-y,+p i, =-U, +rn,+U,cos\¥ +u,cosy,
Ud:,/u§+\/2 N, =-rz, +Ugsin'¥ +u,siny,

Backstepping design W =-arctan(kn,), ¥, e(_%%)

heading error Y, =VY-Y, Qz‘P:I’—rp+,3d




3.2 2D Path following

Control design

Error dynamics in cascaded form

. [f’e} :[—Up +r,n,+U, cos¥, :|+|:Ud77$ (¥,.¥.) coswe}{‘l’e}
17 :

f, —r,z, +Ugsin P, U, (P4, P,) siny, || u,
""""""""""""""" >,
_ 0. _
] _ .
¢ My mzzuv—d33r+ L N—r + 5, -,
2, ! Q. |= M, My, M,
_ue_ hvr_hu_Fix_ud
| mll mll mll A
(cosW —cos'Y, ¥ 20 (sin¥ —sin¥, ¥ 20
7, =1 ¥, = ¥, ‘
1, LI”e — O L 11 LI’e —




3.2 2D Path following

Control design overview

Tracking errors in {SF}

Cascaded system design
techniques

Backstepping design and
Lyapunov analysis

Position errors

Velocity and
attitude errors

Control inputs




3.2 2D Path following

Control design
Step 1: Stability of X,

Lyapunov function candidate V = %(rez + nez)
V=-r,(U,-Uy)+7U,(cos¥, -1)+nU,sin¥,

Choose U, =U, +kz,

kr eZ Udkn 2 &z-ez_udkn N 2+Udkn |Te||ne|
2\/1+ 2 2 \/1+ i \/1+(knne)2

k. >U k.
k 2 UK,

_T

nf We can prove that %, is GKES. The proof is
2\/1+ omitted here.




3.2 2D Path following

Control design
Step 2: Stability of %,

Choose control X =m,, (—k,u, +U, )—m,,vr +d,,u

N =My, (K Q, —ky W, + 1y = By + W )= (M, —my, Juv +dyr
Y, is globally asymptotically stable

Udns (LPd ’qje) COSl//e

Cross item g= _
Ud77c (\Pd ’LPe) Sml//e

ol <v2(1+U,)

Assumptions 1-3 for the cascaded system are all fulfilled.

{Z,,%,} is GKES

Loria A, Cascaded nonlinear time-varying systems: analysis and design, lecture notes, Minicourse at ECTS,
France, 2004.




3.2 2D Path following

Simulation results - Straight-line path following

x(m)

u(m/s)

100

80

60

40

20

20 40 60 80 100
y(m)

(a) path

7

!

|
|
|

50 100 150 200
t(s)

(c) Surge velocity

z(m)

n,(m)

T,(N)

T,(N)

-10

10

0 50 100 150 200
t(s)
40
20
0
0 50 100 150 200
t(s)
(b) tracking errors
50 H
O ol
V%
-50
0 50 100 150 200
t(s)
50
. N
-50 r
0 50 100 150 200
t(s)
(d) Thrust forces




3.2 2D Path following

Simulation results - circle path following

- — 10
o D B - i
Vs ) . RGN N
/ \ -5
/ A 0 50 100 150 200
E o (s)
X
/ 40
/ \E/w 20 \
0
50 0 50 100 150 200
-50 0 50 t(s)
y(m)
(a) path (b) tracking errors
1 -
50
0.8 \ / z ﬁ
/ ./ = NG o
—~ 06 -50 —
@ J 0 50 100 150 200
‘E’ 0.4 t(s)
50 — .
0.2 / gN 0 f/
|_
0 -50
0 50 100 150 200 50 100 150 200
t(s) t(s)
(c) Surge velocity (d) Thrust forces




3.3 3D path following

Problem formulation

Two more Velocity Coordinate Frame (0Xyz) W}
coordinate frames | {SF}in 3D (cx, Y.z, ) {SF}

Some definitions
The velocity in {W} Vg =[V, 0 0]' The velocity in {SF} Vi =[# 0 O]

The velocity vector: {W} relative to the {SF}

dPSF
S0 0,

The angle velocity vector: {SF} relative to {N}

wy =[tz 0 ko]

Angle of attack: o

Angle of sideslip: 3




3.3 3D path following

Problem formulation

Coordinate transformation matrix : from {W} to {SF}

COSy/, COS O, siny, cosd, —sin 6,

CoSy/, Sin Bsy, COSy/, COS @,
—siny, COS ¢, siny, sing, sin g,

RV?/F (¢e’9e’l//e) =

cos . sin @,

siny, sin —CoSy, sin
( Vel j ( VoS j C0s 6, CoS @,
CoSsy/, SIin 6, cos g, siny, Sin g, cos g,

Design the control to let the path following errors converge
to zero neighborhood as time goes infinity.




3.3 3D path following

Control design overview

Tracking errors in {SF}

Loop of the positions

Backstepping and
Lyapunov analysis

Neural network based
adaptive control

Attitude errors

Loop of the attitudes

Control inputs




3.3 3D path following

The kinematics model

.V, cosd, cosy,
1-kI.
| =V, cosé,siny, + 7l &

N

-

|, =V, cosd,siny, +

7l

” V, cosd, cosy,

n

. . ’Z' n
| =-V.sing, -7l & |, =-V,siné, — - kVt COS @, Cosy,
The Non-affine Nonlinear model

Xlz fl(xl’ul) X1:[In’|b]T ulz[ge’We]T

_ | | _

V., cosd,siny, + . le kVt cos &, cosy,

where T (x) = |
-V, sin@, — I” kVt CoS @, cosy,




3.3 3D path following

Dynamics of the attitude errors

W

By s :[¢e 0, W'eiIT = @y, — O

@y =@y g + Oy
(0] [cosp sing Of O]
@y g=|0|=|-sing cosp 0| -a
Bl | O 0 1] 0|
[ cosacosf sinf  sinacosf |
w) =Ry (o, B)wg =| —cosasinB cosf —sinasin B
| -Sina 0 cosa
0] [k [az a3 aze
0, =k |+| 0 a% aZ|q
Vol |k |0 ay ay | r]




3.3 3D path following

Dynamics of the attitude errors

X, = f,(%,) +9,(x,)u,

where
A
X2 = He
| Ve |

fz (Xz) —

e
0

7

gz(xz) —

Dynamics of the rotary motion

%
k3

ks

a)
0
0

0
q
ChY,

0

0 [[6,
0| s,
a; || O, |
5
56
_5r_

¢ P
d, a5
0 0
Ay, Ay
7 W
dy a3

X, = f5(%;) +95(%;)u,

k/
K3
Ks

f3(X3) -

gs(xs) =




3.3 3D path following

Neural network adaptive control

Out-loop -- position control

Inner-loop - attitude control

0] re—mmmmem————
| Neural Network |
—Q)

Path following Robust
Adaptive Controller

| I Neural Network
T > Adaptive —D®—.® » Adaptive
gl Controller 1 y'y A Controller 2

- | I |

i i

| Adaptive Contro | 1

LS e

I [

: L Heo Robust

i H== Robust i i obus

- » iv - daptive

i > adaptive i i adap

i controller 1 I i controller 2

I [

I [

i [

Outer-loop Robust
Adaptive Controller

! Adaptive
Controller 3

— MRS
Law 1

He= Robust
> adaptive
controller 3

Inner-loop Robust
Adaptive Controller

X =.f;(x3)

+g3 (‘xS’uS)

Y

X, =f2(x2)
+g:(x2’“2)

¢e_x1= 1(x1)

+g] (‘xl’ul)




3.3 3D path following

RBF neural network adaptive control design for the inner-
loop

Consider the following MIMO uncertain nonlinear systems
2 U,
=) +g(x)| : [+d(X)

If the functions f(x),g(x) are known, then we have a nominal controller

ul I fl(x) ] Vl
=97 ()| -| ¢ |+
u f.(X) | |V




3.3 3D path following

If f(x),g(x) are unknown, then RBF neural networks can be applied to
approximate f(X),g;(X) as f(x|w),g;(x|w).

1 £ () T
equivalent nonlinear Ui = G (x|w. ) [_ F(xJwg) +y " + K - uri]
robust adaptive controller ! i

U, = _BiT Pe /' n,
RBENN fL(x W) =w} o, (%)
approximation §. (x| W, )= W;n 2. (%)

Wy = —14,005 (X) B/ Pe,
NN weight update law

Wi = — 4Py (X) B/ Pe,




3.3 3D path following

RBF neural network adaptive control design for the out-loop

- yl(rl) — Fl(X,U)

() _
MIMO Non-affine Nonlinear System Y27 = !:2 (x,u)

(rm) —_
Corresponding affine system Y™ = Fn(x,u)

oF (x,u)

F(x,u)=F(x,u’)+ _eu=u)+0((u-u’)?)

oF (x,u) g(X):aF(x,u) u d=0(u-u)?)

f(X)=F(x,u)— U
( ) ( ) ou u=u ou u=u

Then we can use the nominal affine system to design the control.

Through the Lyapunov analysis, we can prove the stability of
the path following system.
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3.3 3D path following

v, W

Linear velocity, u,
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0.5
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Angular velocity, p, g, r
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4 Formation control of multiple AUVs

A Single AUV

B cannot perform complex tasks
B low efficiency, such as oceanography, counter mine
B task defeat if broken

Multiple AUVs Cooperation

B information sharing, enlarge the sensing range
B more efficiency, robust
B more low cost AUVs instead of a complex and costly AUV




4 Formation control of multiple AUVs

Outline

Formation of underactuated AUVs

4.1 Leader follower formation control

4.2 Consensus based decentralized formation control




4.1 Leader-follower formation

Problem formulation
The AUVs formation in horizontal plane at a constant depth.

Myv+C)v+DW)v+g(n)=7t+w

v=[uvrl'n=[xyyl.9() =0, r=[7,0,7,]

. T
disturbances w=[w,,w,,w,]

Technical challenges

B the AUVs are underactuated “f 5 y
B model parameter _‘_‘_—'.r_r/ w11y o
uncertainties ,f’:/ﬂj,/ ; ¢
el r
B disturbances are unknown _‘{ﬁ,ﬂ‘/{‘\ 9 reference

but bounded |U$H ; \’ /Efn
T

b b
follower Y




4.1 Leader-follower formation

Control design overview

——————————————————————————————————————————————————————————————————

Reference trajectory design

Unknown model parameters

NN forward approximation

and adaptive control Unknown disturbances

Cascaded system design and

Underactuated AUV

backstepping




4.1 Leader-follower formation

Preliminaries

Definition 1 : Uniform semi global practical asymptotic stable
(USPAS): Consider the following parameterized nonlinear time-
varying systems ¢ = f(t,£,0), where & is a constant parameter and

f(t,£,0) islocally Lipschitz in and piecewise continuous in ¢ for
all 6R"™. [Chalillet and Lori'a, 2008)]

Lemma 1: For bounded initial conditions, if there exists a C!
continuous and positive definite Lyapunov function V(&)
satisfying «,(|&[) <V (&) <x,(|£]), such thatV (&) < -V (&) + ¢ , where Kk,
and k, are /C class functions and c is a positive constant, then the
solution £=0 is uniformly bounded . [Ge and Wang 2004]

Property 1: The function f (¢) = log(cosh(¢)) has the following
property: f (&)= ¢£tanh(&)




4.1 Leader-follower formation

Reference path design

N, =1, +R(y)I

n. = R(w,)V,

v, =[u. —d

1=[d,.d,,0]
d, =dcosé
d,=dsind

yFm

1P /’
‘r’;,f

| 42
s
o pP
T

< b
follower Y

reference




4.1 Leader-follower formation

Path following of the follower

The kinematic equations in the velocity frame

. . . . : 2 2
X, =U cosy,, Y, =U,siny,,,w, =+ L, U, =u +Vv,

We have following equations

p:\/(xf _Xr)2 +(yf _yr)2
X; =X, =—pcCos(p+ )

1 Yi =Y, =-psin(p+a) . Sina coS U, siny
a=——U, ——V, — T, —

yf_yr) P P P
Xe = X,

p=-U.Ccosa—V,sina+U,cosy

@ + o = arctan(

\

Control objective: o converges to zero and p converges to a small positive

constant d as f approaches infinity.




4.1 Leader-follower formation

Path following of the follower - Kinematic control

Sina COS & U sin
rh=——~u ———v, —— Z+k4a, k, >0

P P P

Kinematic control ;
22

m

U
u, =—k;(p—9)+U, cos y, 0 <k, <—==— V’;ax 0 eR*

11
Define p=p—0

Cascaded form p=-k;p+[n,(0,2)U, cos y —n,.(0,a)v; Ja

a=—K,«a

Clearly, the assumptions for the cascaded system are fulfilled, then
the system is UGAS.




4.1 Leader-follower formation

Trajectory tracking of the follower - Kinematic control

Dynamics of the uncontrolled sway velocity

Vf = —h1 (-)Vf + h2 (),0 + h3 () + W; Expressions of |’11 (), h2 (), h3 () are omitted here.

Lemma: With the designed kinematic control, for any bounded
initial conditions, p and v, are uniformly bounded.

Proof: Choose Lyapunov function candidate V (p,v,)= % p°+ %v?
After some calculations, we have
V, <-2¢cV, + o | M
20 244
g, . h -
where c and + are positive constants.

21 24




4.1 Leader-follower formation

Path following of the follower - dynamics control
Define the errors Z,=U;—a,,7,=I —a,
Select Lyapunov function candidate
1 1 1

_ 1
V,(t) :Epz +§a2 +§m11212 +§m3325

We have , , B ,
V,(t)=-k;p" +9 (')Pa —k,a

d . Sinax

tZ, [(mu — My, )UgVy —dgsly +7, + Wy —a — m33dr:|

where 9()=[7.(0,a)U, cos y —n. (0,x)v,]




4.1 Leader-follower formation

Trajectory tracking of the follower - dynamics control

. Sina _
= _mzzvf rf + dlluf + mllau o a — k6 Z _Sgn(zl)wl

Model based control
T, =—(My =My )u, v +dgr +a+mya, —K,z, —sgn(z, )W,

Noted that the model parameters m,,, m,,, etc and the disturbances w;, are
all unknown, NN approximation is used to compensate for these
uncertainties.
. T
: sin ~
r=—duag[k6,k7]z+{——“,a} WS (2)
Adaptive control P

.
~

W =-T(S,(2)z,+ oW, )

T = [2'1,2'2]T 2=[z, 22]T
W*TS(Z) :{ —My Vel + dlluf + mlldu _Sgn(zl)V_V1

}—E(Z)

_(mll _ mzz)ufvf + d33rf + m33dr —sgn(zz)v_vg




4.1 Leader-follower formation

Path following of the follower - dynamics control

Lyapunov function candidate

1_2 1 2 1 2 1 2 1 2 T _]\/\7
V3(t):§p +§a +§m1121 +Em3322 +EiZ:;Wi Fi i

where V\~/i :V\A/i ~W,",

We have

V,<—uV,+C

2k, —1 2k, 1

U= min{Zk5 -9,2k, -5,
mll

o, . 1., _
C=3 2 W IF+5I1ZIF

i=1,2

,min(
m33

O.

Ao (T7)

)




4.1 Leader-follower formation

Path following of the follower - dynamics control

Theorem: With the desired adaptive control, for each compact set Q,
where (n. (0),v, (O),V\A/1 (O),V\A/2 (0)) e Q, , the trajectories of the position tracking
closed-loop system are semiglobally uniformly bounded. The tracking error[p, o]

converges to a compact set Q,; ={|[p,a]| <~/2C/ u}

Proof: Following the methods found in [Ge and Wang 2004], we
can completes the proof.




4.1 Leader-follower formation

Extended to multiple leader-follower pairs.

0 0+
M Series connection @ s \(“ P Leve, (%1
B Parallel connection 40/ (]\(’] v e %1
B series-parallel connection ﬂﬂ ______ (“J _____ (M el nq

Consider leader-follower formation of n AUVs, each AUV using the
designed control to regulate its position relative to its leader, for eacl?,
compaéh &), v, (O)W‘i}g(@),V\AIZ, j (0)) € Q) ; , the trajectories of
the closed-loop system are semiglobally uniformly bounded. The tracking

error of the formation is bounded and coﬁ)zfser:%ﬁﬁtgkcgmﬁ)ﬁg}set C
, where and are positive constants.




4.1 Leader-follower formation

Simulation results

250

200 r

150 +

y [m]

100

50 r

Trajectories

Tracking error of each AUV [m]

12

-
La=]
T

oo

100 200 300 400 500
100 200 300 400 500
time [s]
Errors




4.2 Consensus Based Decentralized Formation

Problem formulation - decentralized formation

/ Velocity convergence
L

|h lim,_, @; (t) = v (1), Vie{l,...,n}
/ — ]'Reﬁ:rem:t‘ point
ho % Path parameter consensus

/
/ Path following

lim,_, . |7 (1) = 77iq (@; (1))| = 0, Vi e{L,...




4.2

Consensus Based Decentralized Formation

Control design overview

Tui> Tri
- AUV -
Control methods for lf_ Ui
a Slngle AUV Reference trajectory/ Trai followi ]
desired velocity % rajectory following I
T & TIE Y
T

Synchronization of T_

path paramater

Cooperative control
J g’

Communication topology




4.2 Consensus Based Decentralized Formation

Path following control
Mv, +SMvr + Dv, =u, +R' (¥,),

171

Model .
Mgali 4 (Myy — My Juv; + dagry = T, + w4

. . T T

M = dzag{mlpmgg} D= dzag{dll,d22} Ny = [xz’yz] Vi = [ui’vi]

& =R (i) — i) & =—S(r)e +vi —Vi R mig —ER iy
the first Lyapunov function candidate

1 :
Vli :EeiTei V.. =e

Define the virtual tracking error 2|, =V, — UTRZ-T UZZ' + kM _162-

: Tea1 T >
Vii = —Keiei M6+ Z; + i d;




4.2 Consensus Based Decentralized Formation

the second Lyapunov function candidate V,; =V;; +% ' M 2 Ui +%5iTAl5i
Vai =Vyi + 4 M -Mzg; +" Ajfy
= ki M e+ 5 + & +0 Ay (b — ATIMR; 14)
+ﬂiTM (M _1ei + hZi +VrFil‘i + S(M 5|)r| + Uy + RiTBi)
A,

= —keigi' M e + 6 6 + oz + BT A (b — ATIMR 1)
1 Tiu A

+ lLliTM (|:|:O:| ,VrFi + S(M 5|):| 4 0 |+ M _1ei + h2i + Rini)
Tir

- -

A

Al - Tag Lo o aT z T
b, = A, MR p, Voi =—Keigi M 76 +€ 6 + a6 —K i My




4.2 Consensus Based Decentralized Formation

Angular velocity tracking error Zo; =T, — T

the third Lyapunov function candidate Vg =V,; + % m3325i n %Gi ngi

Vai =V +Mg32yi25; + 07\W; Wa;
= —kei&' M e +6' 5 + g — K My
+ 25 (Mg [0 0 1U;) + oV W
= —kei&i' M e +¢' 5 + oy & —K i M gty + o\ (W _G%ZZi)

+ Zpi (—(Myy — My )U;V; — dagl + 75 +Wg — (0 0 1)U;)

Update for the current estimation Wsi =—125;
Oj
Control moment Tir = (Moy —My)U;V; + daali —Wg; +(0 0 1)Ui —K,2iZ5;

; T -1 T z T 2
Vai =—kei€i M 76 + & 6 + 26 — K izl M gy —Ky0i25




4.2 Consensus Based Decentralized Formation

The path following errofe;; 14, %,;)  is Input-State-Stable (ISS)
respect to), andézi .

The cascade connection of cooperative controller and path following
controller

"I"I.-." L "I"I. |.l -'LI."..':

Input L yi= Tpi ;i V;

Cooperative

—— Path Following Controller —w AUV RN
Controller = ' -

J _ i T
.8




4.2 Consensus Based Decentralized Formation

Path parameter consensus design

Fixed communication topology
n n
o =—a ), &j(@ —@;) - fsgn[ ) & (@i —@;)]
j=0 j=0

Lemma: Assume the communication topology G is connected and
fixed, and at least onea;; is non-zero, if thereisf >@;, then we
have @;(t) =@ (t), t>T .

T (O M)F(0) s (M)

(ﬁ _ yl)/lmin (M )

V <—(f-w)|Ma|,

Proof;:

After some calculations

=—(B-wo, )\/zﬁTiriin (M)a <—(f-w, )\//Iriin (M )”w~”§
\/Eﬂ’min (M ) N
j’max(M)

=~(B-@) e M) ], < (8-




4.2 Consensus Based Decentralized Formation

Path parameter consensus design

Time varying communication topology

ai=-a ), bj@i-a@;)-pson[ ) bj(@ -o;)]

jeN, () jeN, (1)
Lemma: Assume the communication topology is time varying, and
at least one follower can connect to the virtual leader all the time,

if /> then we have a;(t) > @y(t) t>ow .
Proof: av.. n [ av. .
ZZ | ij w._j +Z{8V,O .i 8V|O ZD'O:|
o ij | 0w, o,
Vo+ >V . 2 ~ NS fen ~
;; i Z 0 <-ai' M(t)_ & — S+, M(t)y”l

<-ad' [MW)] 5-(6-a)|M®)7

1




4.2 Consensus Based Decentralized Formation

Path parameter consensus design

Communication with time delay

”{ 'j('t—r)—[zvi —wj(t—z')]}

ZJO'JJO

Lemma: If the communication topology contains a spanning tree,

1=1,....n

converges to zero as time goes infinity.
V(@) = (25,) ' [-a(t) + Ad(t —7) + Ry

neutral functional differential equation-NFDE — (%t)T(%t) -+ (%t)Rfﬁ

then © =w —w,,
1 1 0

Proof: V(@) = = &

V (25, < |26, (|26, - Ry

If |2a, | > HRﬁtH . we haveV (2a,) <0 .




4.2 Consensus Based Decentralized Formation

Stability proof of the formation system

n
17, >
V = Zv&. + & M¢

Lyapunov function candidate ¢

= S
path following coordination
. n 1 , :
v<—Z§ | T S N )
1
FALIG] = Hfﬂ
2 2
~ |2
(A _(ﬁ w) min(M))Z fz
1=1
n {1 ) | 2
V.<->" Ekezm el ok —|—k222 ) +)\1 IFl<o
1=1




4.2 Consensus Based Decentralized Formation

1 1 = : . . ALV 1
Simulation results R A
= ' i ' - AUV 3
< 20 100 150 200 250
L&) t(s)
4 \1’ =
) | = ! ! ! —— ALV 1
S R E op4 : et e ALY 2
g P R 20 100 150 200 250
g 5 ! ! ALV 1
< g o ; ; : —e- ALV 3
Communication topology = 5 e

ti=)

Velocities

NEAVAVAVAVAVA

NIQVAVAY = W
}\ 400 1:\ 7
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X / m tls tls

Y/m
o
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4.2

Consensus Based Decentralized Formation
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5 Conclusions

Modeling of AUV
Straight line trajectory tracking in 3D space
Path following in 2D and 3D space

Leader follower formation

gk W=

Consensus based decentralized formation

Cascaded system
Serret-Frenet Coordinate Frame

Lyapunov analysis and backstepping design

Neural network approximation










Thank you!
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