ICCFD12

Oral presentation | Data science and Al
Data science and Al-II
Thu. Jul 18, 2024 10:45 AM - 12:45 PM Room C

[10-C-01] Data-driven optimal control of self-propelled
undulatory swimmers
*Kar| Maroun', Michel Bergmann?, Philippe Traoré' (1. Université de Poitiers, 2. INRIA Bordeaux Sud-
Ouest)
Keywords: Computational Fluid Dynamics, System Identification, Optimal Control, Model Predictive
Control, Undulatory swimming

©Retained by Authors



Data-driven trajectory
optimization of self-propelled
undulatory swimming

Karl Maroun
Supervisors:
Michel Bergmann (Inria Bordeaux)
Philippe Traoré (Institut P’)

INSTITUT
3
$\

INVENTEURS DU MONDE NUMERIQUE

ICCFD12



Outline

* Context & Objectives

* Numerical modelling

* Optimal control

» System identification

* Velocity tracking

» Cost of transport minimization
* Future work & challenges
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Self-propelled undulatory swimmers

* Aquatic animals that propel
themselves through the water
by deforming their spines and

propagating deformation waves
through the body

* 3D simulation of snake
swimming

ICCFD12



Undulatory swimming modes

)
Anguilliform: 1

* Entire body participates in the
waveform

* Amplitude relatively large along
the entire length

* e.g: Eels, snakes, tadpoles

Anguilliform Subcarangiform Carangiform Thunniform

Connaboy, Chris, Simon Coleman, and Ross H. Sanders. 20009.
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Undulatory swimming modes

Carangiform:
* e.g: Salmon

Subcarangiform:
* e.g: Trout

Thunniform:
* e.g: Tuna

—

Undulation
confined in
the
posterior
regions of
the body

Anguilliform

Connaboy, Chris, Simon Coleman, and Ross H. Sanders. 20009.
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Objectives

* Present the numerical methods used to simulate undulatory
swimmers

* Present a simple framework to solve trajectory optimization
problems applied to undulatory swimming

* Trajectory optimization: process of designing a trajectory that
minimizes (or maximizes) some measure of performance while
satisfying a set of constraints.

* E.g: find the swimming kinematics that minimizes the energy spent
moving from point A to point B
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Undulatory swimming kinematics

* For all swimming modes the 2D kinematics of the backbone can be
approximated by a backward travelling wave:

y(x,t) = a(x) sin(kx — wt)
Kinematic parameters:

« Wavenumber: k = 27” (wavelength A1)

* Angular frequency: w = 2rf (frequency f)

. Cur(\j/e)envelope ca(x) = ¢g + ¢1x + c,x? (depends on the swimming
mode
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Carangiform Anguilliform

f:2HZ f=2HZ

a(x) = 0.02 — 0.12x + 0.2x2 a(x) = x+0.1

T o M
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Swimming Kinematics for control

« 2 control parameters added to swimming law:
y(x, t) = b(t)a(x) sin[kx — ¢p(t)]

* Amplitude gain, b(t): to allow the swimmer to modify its amplitude

* Instantaneous phase, ¢(t) = 2n fttof(t) dt : to allow frequency
modulation
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2D swimmer shape
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Karman trefftz transform

(+m)"+({-—m)"
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z=xi+y (=ni+6

Shape defined by the
following parameters:
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a: Local deformation angle

24(t) = R(a(®)) (X — Fps) + 2, (t)

R(a) = (cos a —sin a)

sin«a

cosa



High-fidelity nhumerical simulation

* Computational fluid dynamics
* Incompressible flow
* Volume penalization method to account for body

* Uniform Cartesian grid / Finite difference / Chorin projection
method

ou 1 X, t
—+ U -V)u = —;Vp+vA17+X(k )

ot (ﬁ — ﬁbody)

V-u=0

ICCFD12



Trajectory optimization strategy wuco- [ o+

open loop control input

High-fidelity simulation / = . d_;g P
experiment =PETSc s.t: dr f&x, )

nonlinear system identification h(X,u) =0

&> CasADi

Direct methods for . gx,u) <0
y Dynamical system
optimal control

_____________________________________________________________

Model predictive control input
control

______________________________________________________________

High-fidelity

N

simulation / plant

e -

Closed loop control

B
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Optimal control problem

[ Continuous time optimal control ]

f
r&itr)l](x,u)= ] (X, u) dt + P (x)

Hamilton-Jacobi- Indirect methods,
. Bellman Pontryagin
s.t: E = f (x, u equation: maximum principle:
Tabulation in state- Solve boundary value
R N space roblem
X(t = to) = Xp P
X(t=tf) =%
Xp < X(t) < % Direct single { Direct collocation:
Zlb =2 ~ub shooting: : :
Uy < Ut) < Uy oting: || Discretized controls
Onli’ d;sgre;z};i || andstatesin NLP
controls in .
N ] (simultaneous)
h(X,u) =0 (sequential) |
gx,u) <0 N - = =
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Direct methods:
Transform into
Nonlinear program

Direct multiple
shooting:
Controls and node
start values in NLP
(simultaneous)

_—eem = = =



Direct multiple shooting

NLP:

N-1
Isniqr_l Z li(si,qi) + P (sy)
Y=o

S.t: So = Xo
SN = Xf
siv1 = F(si,q7)

[ —

RK 4/5

xi-”’ <s; < xfb
b ub

U =q; S U

h(si, q;

)<0
9(si,q) =0

Sq1
SO k Sk+1
e
i 9 Qr+1
1 i
to t; T tfk+1 TN

Optimization problem solved with an
interior point method (ipopt library)
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Model predictive control

PAST

min [ (%, 1) = J I(%,3) dt + V(@)
ut)

tk

cax_ /
s.t: E—f(x,u) _I
| |

ALy, ST TURE

Reference Trajectory
Predicted Output
Measured Output
Predicted Control Input
Past Control Input

X(t = ty) = (fk)measured < Prediction Horizon >
| ] ] ] ] ] ] >
v y 2 | I 1 1 I | I 1 1
flb S )_C’(t) S )—C’ub Sample Time
Up S u(t) < Uy k  k+1 k+2 k+p
h(X,u) =0
g(&u) <0 Aty,: Prediction horizon
yields

—— u*(X): Closed loop solution
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Sparse identification of nonlinear
dynamics

____________________________
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142

' Sparse optimization /I u

e e o o mm mm mm mm Em mm mm mm mm Em m Em Em Em m Em mm =

Brunton, Steven L., Joshua L. Proctor, and J. Nathan
Kutz. 2016.
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Velocity tracking

OCP solved with MPC:

5 Np—1
. N N : N2
Ly min (uGh — ure’}) + Z (u§ —utor)” + AT RAG
U; h»Eo:Nh—1 i=0
s.t: utt = F(u, )

0 _
Ug = (ua)high fidelity

- - -
Cmin < Ci < Crmax
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* Data generated by 5 high fidelity

simulations of constant
frequency

f={10 15 2.0 25 3.0}

SINDy model:

du
d—t‘; = 0.403u2 — 0.095f2

Uper(t) = 1.0m/s
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ICCFD12

2.5

3.0

35

4.0




3.01
N 2.51
z
+ Same sindy model ?2,0.
-1
0 1.5+
1.0
{05, t<3.0 0 1 2 3 4 5 6
vref(t) - 10’ t> 3.0 time (s)
1.0
0.8
0
« Model predictive control £ 06 Vref
anticipates the change in g 0.4 N s
reference &
0.2
0.0 .
0 1 2 3 4 5 6
time (s)
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—~ 34
N
+ Data generated by 15 =
high fidelity simulations 9
o 21
of constant frequency =
[0
0 1 2 3
b={05 1.0 15} time (s)
[
S14
* SINDy model: %
£
©
dug 0 . : ; ;
dr 0 1 2 3
= —0.209u, — 0.276u% — 0.436u} time (s)
—0.067fb — 0.109f2b? + 0.148usfb _ 1.0 =
— 0.261ufb — 0.071us f2b 2 ’ [
— 0.344u; fb? Z05] ——me A ]
_ 0.5, t<3.0 @ 0.01 - . ; .
rer (6) = {1.0, £>30 0 i 5 3

time (s)
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Proportional control T T — T

f(te) = f(tr-1) + Kpe(ty) g
go

b(ty) = b(tx—1) + Kpe(ty) £
O 1

e(ty) = |uref(tk)| — lug (tr)l

time (s)

ICCFD12



Cost of transport

Pdef - max<_fJadef dF_),())

fti) Pgerdt _ e(t)
fti) qut| —x(6) = x(to)]

CoT(t) =

dF = (—pl + 1) - idS
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Cost of transport minimization

OCP:
Nf—l
. omin wye(tr) + z AT RAC,
SO:Nf»CO:Nf—l =0
s.t: §i+1 = F(§l ) E)L)
gmin < 61' < 8max

Xtarget — € = fo =< Xtarget +€
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Open loop solution

0.15; 0.4
- Same data as previous test case 50107 ;zz
* SINDy model: 5 005 $..
@ o.oo-d 5 10 >0 0 5 10
dt time (s) (a) time (s)
= 0.073fb — 0.068f2b — 0.050f%b? Ls:
+ 0.017f3b + 0.031efb + 0.013e%fb b C
—0.018ef2b — 0.018efb? £ 1.007 210
3 0.751 3
20.501 So0s
*Tr =125 Xiarget = 4 £ 0.25 5
* Solution like burst and coast 0.001. , 0.0
swimming 0 5 N 10 0 5 “ 10
time (s (b) time (s
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Model mismatch - Open loop control

time (s)

10

—— CFD Sindy model
0.0-‘
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€-021 | 20.101
e \ )
o -0.37 e
> v 0.05+
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-0.5¢ . . 0.00 1
0 5 10
time (s)
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Comparison with continuous swimming

Cases Total energy e (t7) (J) Terminal position x (¢/) (m)
Burst-and-coast 0.164 3.96
f=155b=05 0.19 3.98 0.15
f=1,b=0.85 0.162 3.96 =
$0.10
2
¢ 0.051
* Second continuous swimming case slightly
lower cost of transport 0001
* Burst and coast solution is an optimum for
the optimal control problem with the SINDy
model. CEpY
>
« Different than that of the high-fidelity <
simulation due to model errors ;fl'z'
1.0
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Thank you
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