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Optimal input design
v Problem ofparameter estimatiameeds to be addressed

v A natural question: how can th&ut sequence be chosen in su
a way that thggarameters are optimally estima?ed

v 1974& 1985 studies on optimal input imear systems

v’ 2002 Kessman and Stigter includealytical solutiorof optimal
Input design

v 2004 Stigter and Kessman have foumélcursive algorithm
solutions

v’ But few studies exists for complex model basedesgst nonlineal
PDE system

Control problentackled here: optimally control online a process
based on a nonlinear PDE modektdimate onlin@ set of the mode
parameters, undamnput/output constraints



S JuUuuInce

Outline

irolproblem 1. Control problem statement

R 2. Preliminaries

Gminaries Parametric sensitivity model
e Observer for state-affine systems
rolapproack 3. Proposed control approach
Model predictive control (MPC)
Final control structure

PCeCB 4. Case study

ware main : :
b Model for powder coating curing process

se study

5. MPC@ CB software main features
mulation 6. Simulation results
results . .

7. Conclusion & perspectives
clusion &

rspectives



Qo000 ang

> Parametric sensitivity model

Outline Let the model structure:
196 pro e X(t) = f(x(t), 8)+ g(u(t), 8)
tatement v(t) = h(x(1)) (1)
eliminaries
Proposed x(t) : N-dimensional state vector
o u(t) : r-dimensional input vector
y(t) : m-dimensional output vector

se study g : p-dimensional vector of time-invariant parameters
PC@CB  The associateparametric sensitivity modés derived from
ware mait — the model (1) :
eatures -

: of of 0

Xy (t) = a—(X(t), 6).%,(t) Y: (x(t),6) +a—(99 (u(t),6)
mulation X (2)
results Vo)) = S (X)X, 0
clusion & X \ dy

rspectives % =34 and Y, = EY:



> Observer for state-affine systems

Outlineg [Hammouri and De Leon, 1990]

trol problem

tatement Observer. dynamic system obtained from the nominal model
by adding a correction term.

eliminaries

Proposed Advantage estimate the states not measured and unknowmpsees.

rol approach

se study The state affine system is in the following form :

PC@(B

ware main X =A(u)x+ B(u) (3)

eatures y = C(t)Xx

mulation

eculic AWOO"xO",Bu)OO"xO'eC(t)0O™xO"

clusion &

rspectives
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> Observer for state-affine systems

Ytline [Hammouri and De Leon, 1990]
trol problem
tatement  The observer for system (3) :
eliminaries .
X = A(U))? + b(U) - S_1CT (C),Z - y) (4)
Broposed $=-pS- AT (U)S-SA(U)-C'C
rol approach
ot o>=0X0) 00" is the initial condition andst) P,
PC@(CB
ware main ||~
eatures Main idea: find a control law that maximizes, based on the

mulation
observer (4).

results server (4)

clusion

rspectives

model (1) coupled with the sensitivity function g)d the
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> Model Predictive Control (MPC)
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> Model Predictive Control (MPC)

Outline

srol probilem Advantages:

batement v’ constraint{such as manipulated variables physical limitations

iminaries ~ constraints due to operating procedures safetpnsas) may be
specified

Proposed v a model aimgo predictthe future behavior of the process and
rolapproach  {he pest one is chosen hyorrect optimal contradf the

se study manipulated variables

[

'@C@C@, Drawbacks:

ware main

by v computational tim@meeded may limit online time

mulation v’ suboptimal solutions

results v how to handledinfeasibilities

clusion &

rspectives
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> Model Predictive Control (MPC)

Outline
[ probi | i
trol problem : a : :
tatement leln J(u) = Z E‘(y'"ef (J),Yp (J)]
J:k+1
liminaries subject to constraints on the manipulated variable :
Pn;posecf ) VWmin <UD < Upgx 0§ O {k +1,k+p }
1oL approac . . .
. AU i SU(J)_U(J_1)SAUmaxDJD{k"'l'k"'P }
se study subject to contraints on the controlled variable :
PC@(CB C(YP(J)z Yref (J)) < ODJ D{k +1,k + P }
ware main \
eatures
The functiona means: trajectory tracking, processing time
mulation minimization, energy consumption minimizati@g@nsitivity
results L
maximization ...
clusion &

rspectives
172



Bymyn i uE)y/|

> Model Predictive Control (MPC)
Outline [ Dufour et al, IEEE TCST 11(5) 2003]

trol problem

v" Originally developed fononlinear PDE model control
tatement

v Main idea:decrease the online time neededomputethe PDE
liminaries model basedontrol

Proposed

rol approach  Approach:
S v" Input constraintshyperbolic transformation
PC@CB v O_utpu? copstraint@(t_e_ripr penalty methpd
v’ Linearization+ sensitivities computedff line

ware main _ ) o
e v One I!neuse of a time varylngnear model |
v One line resolution of theenalizedand so unconstrained)
mulation optimization control problemas modified Levenberg Marquart
results Algorithm
, v The turnkeyMPC@CB softwarés used
clusion

rspectives



> FInal control structure

Outline

trol problem  TO maximizethe parametric sensitivitgf the process outpugygp
tatement

eliminaries

Proposed  Cost functiond to minimize:

rol approach
se study A 1

J(u) = Z 2
PC@CB j=k+1 oy,
ware main £t (k)
eatures 06
mulation
results
clusion &

rspectives



> FInal control structure

Outline Linearized IMC-MPC observer based structure for coupged input
design and parameter estimation

trol problem
tatement a5, -
TN o . Process Ye| o Observer o _| Nonlinear a6 -
111- ] N[/ " > | Sensitivity -
eliminaries | S
iy |
Proposed | B
Control |Au R
jr()[ approacﬁ algorithmn 697
A A h | Nonlinear | ¥ - Yo 4
AYARY tlLd..y > Sl Nonlinear 98 Ly
Sensitivity £y
6, > Model N N
PC@(B | +1%0,
¥ ]
ware main a Yo
e Ad, - T £y
eatures Time Varying AV . L-Tme- \'Zﬁngi 1 N
‘!_" Linearized Model S_ _ ¥ Hinearized Wogel - e e
- Sensitivity OOV
mulation ~  Model  [24¢,
results
clusion

rspectives
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> Model for powder coating curing process

Powder coatings fine particles of: resin +cross-linker in
thermosetting or thermoplastic powder coatings+yagts +
extenders + flow additives and fillers to achiepedfic properties

(color,...)

hT,T.) o&,(T,'-T..)

N

z
l Paint film

h(Ts-T.) oeo(T-T.")
Schematic drawing of the “substrat + powder” sample
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> Model for powder coating curing process

Outline
trol problem
Latement v" Thermal model based on the Fourier law of heat comoiu uses:
eliminaries _ . .

1. thetemperaturarariable varying in the thickness of the
Proposed powder coating metal sample
rol approach

2. thedegree of cure conversimariable (ranging from O+ to 1
1se study

and the end)

PC@(B |
e in v A non linear PDE Boundary control probléras to be tackled
eatures
mulation
results
clusion &l

rspectives
14
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» Model for powder coating curing process

Ygiline [Bombard et al, 2006]

trol problem E

t 2 (5rrss)

atement oT,(z,1) _ Aep O TP(ZZ,T) ~ epAHg ke RT,(z.1) xM(1 = x)f
eliminaries ot PpCpp 0Z CPP

Proposed Sz ])'ep [DT >0
rol approach

Tp(z,1) = temperatur@across the powder film thickness
1se study ep = film thicknes¢~0.1 mm)
x(z,t) = degree of cure

PC@(B

ware main T.(z, t A T (z,t

eatures oL(2.1) =<2 0 S(2 ) DZD}P'eP * s [DT >0
ot PsCps 0z

mu[‘;_tw” Ts(z,1) = temperatur@cross substrate

resuits es = film thicknes§~ 1 mm)

clusion &l

rspectives
10
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» Model for powder coating curing process
Outline [Bombard et al, 2006]

trol problem
tatement

eliminaries 0T (z,1)
_KP i @@ O¢ (T4(z t) - ex‘r) h (T (z,1) - Toxt)

Proposed 0Z

3 boundary conditions for the temperature:

rol approach Estimated parameter rl\/l\ar’rpulated variable atz=0,0t>0
1se study
0 Tp(z.1) 0 Tp(z.1)
PCeCB —Ac p P =—Ac g P at z = €, 0t >0
ware main ' 0Z ’ 0Z
eatures

mulation — s aTsa(:,T) - —085(T4(Z t) - x’r) hs(T (z.1)- x’r)

results

atz=e,+e;, 01 >0

P

clusion &7

rspectives
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» Model for powder coating curing process

Outline [Bombard et al, 2006]
trol problem |
ftartiant The degree of cure x(z,t) of the powder:
eliminaries E
Proposed ox(z,1) (RT (; 1')) m n
; 1) (2, B
rol approach ot kOe x"(1-x) Lz [] [),ZP]DT >0
ase study
Initial conditions:
PC@(B
ware main
eatures TP(Z,T) =T,(z,1) = Tyt Oz D[O,ep +e.],t=0
mulation X(Z,T) :O+DZD[O,BP],T ~_0
results
clusion &

rspectives
21
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v Developed under Matlaly)PC@ CB®©solversany users defined:
e trajectory tracking problem
e maximization of the parameter sensitivity
e Operating time minimization problem
e any cost function
* input/output constraint handled

v" Any user defined¢ontinuousnodel(SISO, MISO, SIMO, MIMO
model), including large scaleDE model

v Easyto introduce a user defined observer

v Easyto apply software for simulation or real time apgtion

MPC@CBO®O: flexibility/ ease for a quick use in canitr

21
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Sensitivity ("K)

400

Sensitivity of the process outpwith magnitude+ velocity input
constraints+ output constraint (sample time= 1s)

390 -

300 -

250 -

200

150

100 -

Open loop

Closed loop without output constraint

= = = = Cl|osed loop with output constraint

[ L B —
- —--—--_-_-__-I-_.

60 80 100 120 140
Time (s)

160 180 200

27



A

ETOE GENIE D€

Outline

trol problem
tatement

eliminaries

Proposed
rol approach

ase study

PC@(CB
ware main
eatures

mulation
results

clusion &
rspectives

Parameter estimatiowjth magnitude+ velocity input constraints+
output constraint (sample time= 15s)
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Conclusions

v Approach coupling arocess modehparametric sensitivity modg!
anobserveiand apredictive controllewas used on line favptimal
constrained optimization

v Optimal identificationof PDE system by general MPC@CB®
softwarehas been shown

Perspectives

v Extended for other process models andomameter vector case
v To useMPC@CB® : dufour@lagep.univ-lyonl.fr
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