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Software Architecture
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II. NGC Control Structure
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Where am I?
Where am | going to?

The Navigation System provides
estimates of the vehicle states based on
a set of motion sensor suites.
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Where am I?

Where am | going to?
Guidar

The Navigation System provides
estimates of the vehicle states based on
a set of motion sensor suites.
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Where am I?

Where am | going to?
Guidar

The Navigation System provides
estimates of the vehicle states based on
a set of motion sensor suites.

L ocal

viission Cg

Architectu



Guidance

Average Windx@m» SHIFT

Fast-Wally
Target 2L
7/

!

Slow-Wally




Guidance

~ GUIDANCE

Navigatioc, Control
\ J
4 How approaching the objective? )

The Guidance system processes Navigation/Inertial reference trajectory data and output
set-points for desired vehicle’s velocity and attitude

Desired Position (Objective) { % ) Error Function
7 (Guidance Reference)

\ Measured Position (Navigation) /
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4 How approaching the objective? )

The Guidance system processes Navigation/Inertial reference trajectory data and output
set-points for desired vehicle’s velocity and attitude
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Guidance
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4 How approaching the objective? )

The Guidance system processes Navigation/Inertial reference trajectory data and output
set-points for desired vehicle’s velocity and attitude
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Control

How should | move
THAT way ?

The Control system generates actuator
signals to drive the actual velocity and
attitude of the vehicle to the values
provided by the Guidance system.
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Control

How should | move
THAT way ?

The Control system generates actuator
signals to drive the actual velocity and
attitude of the vehicle to the values
provided by the Guidance system.
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Control

How should | move
THAT way ?

The Control system generates actuator
signals to drive the actual velocity and
attitude of the vehicle to the values
provided by the Guidance system.
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Mission Control

" HowDol manage my objectives, my mission? )
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NGC control structure
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Sensorial Layer

GUIDANCE
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Physique des
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Sensorial Layer
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Actuation Layer

Non-holonomic

Iso-actuated




Control functions

Mission Control:
— Define and sequence objectives, sub-objectives...

Sensorial layer:

— Build current model of the environment
Navigation:

— Estimate system state

Guidance:
— Strategy of approach to the objective

Control:
— Compute actions to be applied on the environment

Actuation layer :
— Compute actuators inputs, manage redundancy (if exists)



I1l. Guidance and Control Design



1. Define Kinematic Strategy

The wheel, the Unicycle and the AUV

I . . . : X cosy —siny 0 u
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The transposition of Unicycle solution to AUV depends on the system shape. <]



2. Choose movement control type

Stabilisation b Trajectory Tracking

Objectif de stabilisatid
Jectit de stabrlisahgn Vitesse de la cible

Singular objective

A small error induces a large manoeuvre
The linearized model is not controllable
Trajectory : Space & Time reference



2. Choose movement control type

Stabilisation b Trajectory Tracking

Objectif de stabilisatid
Jectit de stabrlisahgn Vitesse de la cible

Singular objective

A small error induces a large manoeuvre
The linearized model is not controllable
Trajectory : Space & Time reference

The vehicle may turn back in its attemp to
be at a desired reference at a prescribed
time




2. Choose movement control type

Stabilisation b Trajectory Tracking

Objectif de stabilisatid
Jectit de stabrlisahgn Vitesse de la cible

Singular objective * >

A small error induces a large manoeuvre <

The linearized model is not controllable
Trajectory : Space & Time reference
The vehicle may turn back in its attemp to be at

a desired reference at a prescribed time .
Actuators may easily be pushed to saturation «

Courant marin




2. Choose movement control type

Stabilisation b Trajectory Tracking

Objectif de stabilisatid
Jectit de stabrlisahgn Vitesse de la cible

Singular objective @ =mosssoooss *_—_)_

A small error induces a large manoeuvre

The linearized model is not controllable
Trajectory : Space & Time reference

The vehicle may turn back in its attemp to be at
a desired reference at a prescribed time —>
Actuators may easily be pushed to saturation Ocean current

D f stalli .
anger ot Stalling Null Velocity / water =» Stalling




2. Choose movement control type

Path Following

- The linearized model is not controllable
- Path Following : Space & Fime reference

a! Gesied 'e'e'e"ee.laf ? p'esle”bl ee-time .
—DBanger-of- Stalling

Decoupled control u and r

Remove temporal constraint

Autonomous system

‘smooth’ convergence to the path

Keep control on actuator saturation

Global and Uniform Asymptotic Convergence
Can be extended to RDV tracking

Can be extended to formation keeping
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3. Choose Guidance Strategy

Wp. | u; X; i €
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3. Choose Guidance Strategy
Virtual Target Path Following

3.a Express kinematic model in the Frenet frame

S, =—s'-(1—cc-y1)+u-cost9
y,=—c,-$-s +u-sinb
9:r—cc~$

3.b Choose an approach angle

O(y,) = —sign(u)-arctan(K - y,)

3.c Consider the Lyapunov Candidate
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3. Choose Guidance Strategy
Virtual Target Path Following

3.a Express kinematic model in the Frenet frame

|
I . .
: slz—s-(l—cc-yl)+u-cost9
: y,=—cC,-$-s +u-sinf
1 .
! O=r—c.-s
[
| 3.b Choose an approach angle
[
I O(y,) = —sign(u)-arctan(K - y,)
1
: 3.c Consider the Lyapunov Candidate
' 1 1 )
I ——.(¢? 2 Y 2
! V== (S1+y1)+2.y (6-6) >0
( S=u-cosf+k, s,
. l NP 3.c.2 ChOOSE j=§_ry.y .y SN0=SIN0 g §
Vi=s1561+ 101 +—-(0 —0)(0 — 0) Oy 0-6 ko (0-08)+c, S
5 u=u,>0

l &
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3. Choose Guidance Strategy
Virtual Target Path Following

3.a Express kinematic model in the Frenet frame

S, =—S-(1—cc-y1)+u-cost9
y,=—c,-$-s +u-sinb
ézr—cc~s'

3.b Choose an approach angle

O(y,) = —sign(u)-arctan(K - y,)

3.c Consider the Lyapunov Candidate
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S=u-cosf+k, s,

3.d Then, the following control: r=5—7/-y1-u-smg_zm5—kz-(9—5)+cc-j
u=u,>0
e ) -
V<0 . :
= - - and V bounded ———— >lim(y,,s,,0) =0
V(oo) — oo arbalat's Lemma oo




3. Choose Guidance Strategy
Virtual Target Path Following

3.a Express kinematic model in the Frenet frame

S, =—s'-(1—cc-y1)+u-cost9
y,=—c,-$-s +u-sinb
9:r—6C~$

3.b Choose an approach angle

O(y,) = —sign(u)-arctan(K - y,)

3.c Consider the Lyapunov Candidate

1 2
|
v :5-(sf+y12),then v,=(0-8)| >0
S=u-cosf+k, s,
, - —sind .
3.d Then, the following control:y r=86—¥-y,-u- ,(0-06)+c, s
V <0
=> < - and (if S 18 autonomous) —————— >lim( yl,sl,H) =0
VZ V=0 < O LaSalle Inv. Princ. f=>ee

. J
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3. Choose Guidance Strategy
Virtual Target Path Following

3.a Express kinematic model in the Frenet frame

S, =—S-(1—cc-y1)+u-cost9
y,=—c,-$-s +u-sinb
Q:F—CC~S

3.b Choose an approach angle

O(y,) = —sign(u)-arctan(K - y,)

3.c Consider the Lyapunov Candidate

Y =s(2432).then V, =(0-6)] >0
. 2 V=0
r S=u-cos@+k, s,
3.d Then, the following control: 3 r=58—k, (0-0)+c,-s
L u=u,>0

V, <0
%Vﬁ<0

J

>lim(y,,s,,0)=0

[—>o0

> and (1f S 1s autonomous)

Barbalat's Lemma &
LaSalle Inv. Princ.




Extentions

Virtual Target Path Following

mt):leﬂwheewel {rad/s) wi(t) - right wheel vel (rad/s) ! mt)'leﬂwreelve:(radm w(t) - nght wheel vel (rad/s)
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4. Dynamics Backstepping

4.a Augment system model with its dynamic state

| X | Cosvy, 0 v Fu =m, u+du
\d" Yy |=| siny, 0 [ t,B O=m, -v+m, -u-r+d,
+ /A W r+
y RN | F=m, i+d,

4.b Consider previous kinematic solution as a reference

I
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!

!

I .

l v 0 1
!

I

!

!

: Ss=u-cos@+k, s,
|

: B = arctan(v / u)
____________ |.___________________________

X

4.c Consider Lyapunov Candidate

Ugny Teaw :5—ﬁ—k2-(9—5)+cc(s)-$

Uy =u,; >0

{0}

1 1 1 1
:5'(312+)’12)+ﬂ'(9_5)2+§'(’”"’1<1N)2+5'(”_”K1N)2 >0

4.d Then the following control

S=u-cos@+k, s,

ke (r=rg )=k, (06 -
F:mr°(ﬁDYN 3 (7" rKIN) 4 ( ))+dr — ) V<0 ‘ >1im(y1’sl,9,u_ud):0
Upwn g 1— m, cos? B V bounded Laalle Tvrine. 10
mv
F;:mu(ud_kS(u_ud))—qu .. aCC

-2
)

( Frow =0—ky-(6=8) =k, (6-8)+c(s)-§+ ;

A



4. Develop Adaptive / Switching scheme



6. Actuation layer robustness

6.2 Consider the redundant system

866 —.866 .866 .866
FB =A°Fm A=il 8 5 5 —_5

(Concentrator) 226 —.226 226 —.226

6.b Consider the yaw control (simple PD)

o
=]
T

r,
Fi=| F |= 0

!
~
Ren
—_~
<
U
|
<
N—
I
P<n
[\
~
Yaw angle:y [}
g

6.c Compute Actuator Forces (classic Moore-Pensose |
Pseudo-inverse)

Il i i I
1] 100 200 300 400 500 800

_ ATt d . | s
F =A"-F;

C|assic Dis atcher €:~ Ny s e s ifaaransan apandaahafanne

( P ) 550 AU I LN

6.d Classic reflex : Compress dead-zone o QWHM“}T — " "
0 Dead zone t(10xs)
100723 ' L J Moters2and 4

50~ 160 170 180 190 200 210

MoanaanhndsnhoAnnll nn 5 ]

0 Lh 1 - -

snpReie sl
-100~ 4

e w ow m o mo o6 w © Hw w w om0 s ow ~150; 700 200 200 w00 500 500
C, (Input. PWM) ! C, WN) t (10xs)

- F, (Theust, N) 3

" e o 0 o :
F, (Theust, N
Motorinput {-)




6. Actuation layer robustness

6.2 Consider the redundant system

—.866 —.866 .866 .866

FB=A°Fm A=| -5 5 5 -5

226 —.226 .226 —.226

(Concentrator)

6.b Consider the yaw control (simple PD)

F, 0
Fo=| F |= 0
T, kl'(Wd_W)_kz r
6.c Use redundancy _ _ |
Fd , , . e
_ + B [i] 100 200 t;?:;s] 400 500 600
Fm—[ A* M, } )
(Dispatcher) - m =™ |
% 5:— annAnoaafifiaaaanann AL U&UQU{]UUDUQER%AU JnUf:
g v
M_ecker(A)=A-M_=0 BBk o s |
S e | e T
FB — A ° A+ ¢ E‘I;l + A ° Mm * rm 1:2_1? 160 170] 780 lusl‘ loo 2«0, J
% , Moana nhﬂﬂ_hﬂﬁnﬂhn& ]nLnH (}Pnﬂnmnnﬂi\ ]
B I i uum%%ﬂu
F.=A A" F!=F! Vr U '
B B B ’ m -100- J

15 !
0 100 200 200 400 500 600

(for some nice properties of A)



6. Actuation layer robustness

6.a Consider the motors’ characteristic uncertainty and disparity
_ A
F =Q(_ ) ¢ =Q (F,)
F,=A-Q(Q7" (A" F+M,, 1, ))=A-Q-Q" (A" F} +M,, 1, ) Fy
=>» DOF Coupling effect P e e I

o

e © ©
G

K o

Forces ganerated by the acluators [N
5 o o
m

§ Linear velocities evolution Heeading angle evolution
Q. y 1 " Thruster 1 (PWM) Thruster 2 (PWM)
- . 51 51
— 3
— 08'
@ T
=] = =] 0.6+
g = 3 o0 0% 20 w
- - time [s) time [s]
R g g 04 oy Thuuster3PWM) . Thusterd (PWM)
= =
O ]
b £ 0.2-
[ e 50 50
Il 1
S 0% 10 20 30 40 % 10 20 30 40 493 = i - - ®
time [s] time [s] time [s] time [s]
Linear velocities evolution 4 Heading angle evolution system trajectory
1 15k .
s o £ 0.5 4 T
5 0. 10 K=l 01 0] wedNy
o - o 5]
I Ry F| . % =
Il Ty o
~ 8 =
S -0.5 '9--2- 0
mn ' J T
£ 58 B =[ 1 0 0] (bluenN)
-]
_1 1 L 1 _4 1 1 1 i i i i i i
0 10 20 30 40 0 10 20 30 40 -10 -5 0 5 10 15

time [s] time [s] x[m]



6. Actuation layer robustness ¢ s

6.2 Consider the motors’ characteristic uncertainty and disparity . ”"& !
VaN -
-1
F =Q(_) ¢ =Q (F)
F,=A-Q(Q7(A" F{+M, 7,))=A-Q-Q7 (A" i +M,, 1, ) £ Fy =7
9 D O F CO u p | i n g effe Ct oo ... - commc?. regimer 1|.'w?;:]
6.b Consider the following closed loop control N
F,=A-Q-c (c,)=0
: ¢, =Q" A" (Fy+M,, 7, o
Fd — oy dl’ , m m m _ m,i
b v=] v - 0 :>oc,.(c0)——0
t
_W_r_O'I'JOW'dt Activité des actionneurs(c )
i i 65 C (Co)
Linear velocities evolution Heading angle evolution '
0.08 60
goot) | oo (50
g 002} T 0.04
E -2
= -0. '
g_o' g‘ " a.(50)
£ 0  —
:'0'060 20 . 40 6o %% 20 | 40 60
time [s] time [s] 400 20 20 50

time (s)



6. Actuation layer robustness

6.a Consider the motors’ characteristic uncertainty and disparity
_ — 0O-!
Fm = Q(Cm) C,~= Q (Fm)
F,=A-Q(O7 (A F+M,, 1)) =A-Q O (AT i+ M, 1, ) # —
=»DOF Coupling effect " i

6.b Consider the following closed loop control

F,=A-Q-¢(c,)=0

_M_Jo’u.d, = ¢ (c,) e ker(A-Q)
, ¢, =Q" A" (Fy+M,, 7, ) o
Fd — oy . m m m . m,i
B 1% J.Ov dr P —Qec :>O(l.(co)——0
-y —-r—=0.1-| v-ds T
i Jo | = Q(c,, ) =diag(e,,,,0;,,)

6.c Iterate for C,imin < Cn < €, max

Evolution of the ratio a;(cy)




6. Actuation layer robustness
6.a Consider the motors’ characteristic uncertainty and disparity
F =Q(,) ¢ ,=Q7'(F)

F,=A-Q(Q7" (A" F+M,, 1, ))=A-Q-Q" (A" F} +M,, 1, ) Fy

=»DOF Coupling effect T ol
6.b Consider the following closed loop control -
e : F,=A-Q-c"(c,)=0
_M_Jo’u.d, = ¢ (c,) e ker(A-Q)
, ¢, =Q" A" (Fy+M,, 7, ) o
F' = N m m 'm _ “mi
B v J.Ov dr { P —Qec :>O(l.(co)——0
—y—-r—-0.1-|y-d .
i v=r Jol// ! | = Q(c,, ) =diag(e,,,,0;,,)
system trajectory
6.c Iterate for Cumin < Cm < € max
20t
6.d Implement the following open loop control =» DOF decoupled
R E 10
¢, =Q(Q"-A"(Fy +M,, 1, )) > |
0_..
~-1 FdB d
F,=A.Q.Q-O [ A* M, } —k, F!
T 100 0

10 20
x[ml
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6. Actuation layer robustness

Heading angle evolution

10 20
Us)

c,=Q"A*-(0+M,, 1, )

Rotation velocity evolution

30
s)

o Moteur 1(PWM) _Moteur 2(PWM)

20— | 20
2 2 a0 % 20 40
t(s) i(s)

o Moteur 3(PWM) , Moteur 4(PWM)

20— 20—
21 : 19 |
0 20 40 0 20 40
t(s) t(s)

180,

Heading angle evolution

m

Rotation velocity evolution

1(s)

¢, =Q(Q"-A"-(0+M,,7,))

20

.1 Moteur 1(PWM) _ Moteur 2(PWM)

20 24|
22, 10 20 %% 10 20
t(s) t(s)
_op Moteur 3(PWM) . Moteur 4(PWM)
-24 26 ‘
-26 | 24 | . ‘;
0 10 20 0 10 20

t(s) t(s)



Garanties of performace



