Rapid integrated

modeling of an active
structure
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What is

Integrated modélisation (also named
end-to-end modeling) ?

Purpose:

m  We wish to make an integrated model which is able to evaluate in a
single computation cycle all the relevant aspects of the design being
studied:

Elastic and modal caracteristics

Boundary conditions

Moteurs and/or other active systems

Feedback and control

Any other interesting of relevant aspect: cinematic, thermal, optical, etc.



m \We wish this model to be parametric:

When we change one or more input parameters we wish to
immdiately compute the results and impacts on all performances:

m Static deformations, material stresses
m Eigenmodes and frequencies

= Response to actuators, environment,
m etC.

m \We wish this model to be made rapidly.
This is very important, for instance

0O to be able to check the feasibility of controversial designs
O to make a reliable proposal to a customer
Q
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Integrated modeling based on Matlab

m A MAIN script xxx_main.m calls the modules dealing with the
various aspects of the system:
Inputs and parameters
Structures
Static and dynamic response
Mcatronic aspects (actuators, etc.)
Feedback loops
Other relevant: thermal, optical, ...
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Proposed structure of the model

Froblem input data:

Geometry

Caractenstics of materials

Load andf limit conditions
Parameters of finite lement types
Parameters of molorisation et control

File o dalm

[Geomelry of the finite lement model:
MNodes

Elements Fila xxx geoc.m
Types

Modes where forces and measuremenis are

applied {},

Topology of the finite lement model:

*  Degrees of freedom

«  Verfication of number and type of elements
«  Drawing of the model

<

Assembling of matrices K et M (and eventually C) the
finite: lement model

File »xxx fam.m

File oo KCM.m
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Static computation

File o _stat.m

Eigerveciors
Graphs of modal shapes

»  Eigenfraguencies
L ]

File xxx_eigen.m

JL

s Modal madel with injoutputs
«  Translation inlo stale space moded

File xx l.m

|

- Controller
- Perturbatons, ete.

File xxx_cont.m

|

Simulink model

|

+  (Other analyses (thjermal, etc.), plots,
statistics, elc.

File xxx_post.m
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Example:

Motion control of a mass guide by a flexure
beam

Flexure blade
Beam

(T) QI\/Iass

Linear actiatir type
voice coil
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Some FEM toolboxes for Matlab

OpenFEM

A finite element toolbox for Matlab and Scilab

CALFEM B0
A FINITE ELEMENT TOOLBOX : @(
Version 3.4 S AR

Extras: «home-made» Matlab toolbox «maison» with various useful

functions and extensions for CalFem and dynamic simulation.
10
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beam3d — beam element o

m Syntax:
[ke, me] = beam3d (ex,ey,ez,eo0,ep);

m  Element based on beam3e of CalFem: we added the computation of the

mass matrix [me].
11
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The input variables

ex =[xy Iy |

ey =y U2 ] eo=|r: Yz 2|
ez=1[2 2|

supply the element nodal coordinates xq, y;, ete. as well as the direction of the local
beam coordinate system (Z.y, Z). By giving a global vector (zz, ys. zz) parallel with
the positive local 7 axis of the beam. the local beam coordinate system is defined.
The variable

ep=|E G A I; I; K,]
supplies the modulus of elasticity £, the shear modulus G, the cross section area

A, the moment of inertia with respect to the y axis /,,. the moment of inertia with
respect to the 7 axis I,. and St Venant torsional stiffness /(.

12
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Main script ex1 _main.m

clear
close all

ex1l dat
exl geo
ex1l fem
exl KCM
exl stat
ex1l eigen
ex1 It

Simulink model

ex1l sim_xx.m
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ex1l dat.m
All input parameters

Q

I

o\°

o\°

o

> Materiaux

pois = 0.3;

Acier

rho st = 7800.;

E st = 210000e6; G st = E st / (2*(l+pois));

Géometrie
Lpl = 0.2; Lp2 = 0.1; % longueur des segments de poutre
npl = 10; np2 = 5; % nombre d'éléments des segments de poutre

e

hp = 0.006; bp = 0.006; s section de la poutre

Lf = 0.005; % longueur de la lame
hf = 0.0003; bf = 0.006; % section de la lame

Mu = 1; % masse au bout de la poutre
Ma = 0.1; % masse au point d'actionnement
Kf = 9.79; % constante de 1l’actionneur [N/A]

Proprietés des éléments

(A, Iy, Iz, J] = rect pro (bf,hf);
Ep flex = [E st G st A Iy Iz J A*rho st];
(A, Iy, Iz, J] = rect pro (bp,hp);

Ep poutre = [E st G st A Iy Iz J A*rho st]; 14
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exl geo.m
Model geometry:

> Nodes

% geometrie du modele

e N » Elements and type N

n fix = 1; » Nodes for boundary conditions and loads
% element flex

Coord (2,:) = [ LEf 0 0 ];

Elem(l,:) = [ 1 2 1;

eFlex = 1;

% elements poutre

n = size(Coord,l); ne = size(Elem,1);

for i = 1:npl
Coord (n+i,:) = [ Lf+Lpl*i/npl 0 01
Elem(ne+i,:) = [ n+i-1 n+i ];

end

n_act = n+npl;

n = size(Coord,1l); ne = size(Elem,1);

for i = 1l:np2
Coord (n+i,:) = [ Lf+Lpl+Lp2*i/np2 0 0 1,
Elem(ne+i,:) = [ n+i-1 n+i ];

end

n _mass = n+np2;

n = size(Coord,l); ne = size(Elem,1);

ePoutre = [ 2:ne ];

15



exl fem.m

Topology of the finite elements model:
> Dof(), Edof(), Ex(), Ey(), Ez()

> Plots

T —————- topologie ——-————-————--——--——--——--—— - - - ———————————
[n nodes,n dof,n elem,n nel,Dof,Edof] = topol (Coord,Elem);
[Ex,Ey,Ez] = coordxtr (Edof,Coord,Dof,n nel);

% Check elements
Number of elements = size(Elem,1)
Check = length ([ eFlex ePoutre])

Coord xy(:,1) = Coord(:,1); Coord xy(:,2) = Coord(:,2);

figure; femdraw2 (Coord xy,Ex,Ey,[1 4 2 5 0.]);
ylabel ('y'); grid;
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exl KCM.m

5 —————- generate element matrices, assemble in global matrices
nd = n nodes*n dof;
clear K M C
K = zeros(nd); M = zeros(nd); C = zeros(nd);
nr elem = 0;
loc = 'elements flex';
for ie = eFlex
eo(ie,:) = [0 O 17; % défini le sense de 1l’axe Z de 1’'élément par
% rapport au systeme d’axes du modele général

[ke,me] = beam3d (Ex(ie,:),Ey(ie,:),Ez(ie,:),[0 0 1],Ep flex);
K = assem(Edof (ie, :),K, ke);

M = assem(Edof (ie, :),M, me)

nr elem = nr elem+l;
end

4

loc = 'elements poutre';
for ie = ePoutre
eo(ie,:) = [0 O 171;
[ke,me] = beam3d (Ex(ie,:),Ey(ie,:),Ez(ie,:),eo(ie,:),Ep poutre);
K = assem(Edof (ie, :),K, ke);
M = assem(Edof (1e,:),M,me) ;
nr elem = nr elem+l;
end

Check = nr elem

17
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ex1l stat.m

% Static computation

—————— Boundary conditions ———-----————----————————-—————————————————

o°

bc = [];
[b,bc,nb] = fix point (bc,n fix,Dof);
s = Load - Z moment --——————=""—"""—"—"—"———————————— ———— ——
p = zeros(size(K,1),1);
1 = n act
dof exc = (i-1)*n dof+2Z;
p(dof exc) = 0.1; % N
[X,R,xyzF] = fe stat (K,p,b,n dof,n nodes);

Edb = extract (Edof,X);

figure; femdraw?2 ([Coord(:,1) Coord(:,2)],Ex,Ey,[2 4 2 4 0.]);
Edbxy = [Edb(:,1) Edb(:,2) Edb(:,6) Edb(:,7) Edb(:,8) Edb(:,12)];
femdisp2 (Ex,Ey,Edbxy,[1 5 0 5],1); ylabel('y'");

title('analyse static - force 0.1 N au noeud 3');

disp ('Déplacements des noeuds (mm)');
disp (xyzEF*1000)

18
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ex1l eigen.m

% Eigenmodes and eigenvectors

% we obtain: n _modes = nomber of computed modes
% freq = eigenfrequencies (Hz)

% Egv = eigenvectors

exl mass; % first we add the node masses

b= (n fix-1)+[1:6]; % fixing node 1

[L,Egv] = eigen (K,M,bc);

freq sgrt (L) / (2*pi) ;

disp ('frég (Hz) =")
disp (freqg(l:4))
n modes = length (freq)

for 1 = [1:3]
plt mode (Coord,Ex,Ey,Ez,Edof,real (Egv),real (freq),1,0.01);
end



exl KCM.m

5 —————- generate element matrices, assemble in global matrices
nd = n nodes*n dof;
clear K M C
K = zeros(nd); M = zeros(nd); C = zeros(nd);
nr elem = 0;
loc = 'elements flex';
for ie = eFlex
eo(ie,:) = [0 O 17; % défini le sense de 1l’axe Z de 1’'élément par
% rapport au systeme d’axes du modele général

[ke,me] = beam3d (Ex(ie,:),Ey(ie,:),Ez(ie,:),[0 0 1],Ep flex);
K = assem(Edof (ie, :),K, ke);

M = assem(Edof (ie, :),M, me)

nr elem = nr elem+l;
end

4

loc = 'elements poutre';
for ie = ePoutre
eo(ie,:) = [0 O 171;
[ke,me] = beam3d (Ex(ie,:),Ey(ie,:),Ez(ie,:),eo(ie,:),Ep poutre);
K = assem(Edof (ie, :),K, ke);
M = assem(Edof (1e,:),M,me) ;
nr elem = nr elem+l;
end

Check = nr elem
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ex1l lti.m Iti = linear time Invariant

[o)

% Transfer function
mdof = sdt mdof (n nodes,n dof);

% 1 input (actuator) ---------""-""""-"-"—""-"-"—"—"—-"—"—"—"—\—"—"——\—~—~——
b act = fe ¢ (mdof, [n_act+0.02]',[1])"';

pbl = Egv'*b act;

pb = [ pbl ];

% 2 outputs ----m7—---——--——-——— - ——————
c_act = fe c(mdof, [n_act+0.02]"',[1]);

cpl = c act*Egv;

c mass = fe c(mdof, [n mass+0.02]"', [1]);

cp2 = c _mass*Egv;

cp = [ cpl zeros(l,n modes); cp2 zeros(l,n modes) ];
sda = 0.005; % structural damping = 1/2*Q

freqvec = logspace(0,3,100)"'; % de 0 a 1000 Hz
w=2*pi*freqvec; omega
freqrad = 2*pi*freq; % eigenfrequencies in rad/s

o\

[a,b,c,d] = nor2ss (freqrad,sda,pb,cp)

sys = ss(a,b,c,d);

size of sys = size(sys)

my plot bode (w,sys(1,1),'b',"act - act');
my plot bode (w,sys(2,1),'r', 'masse - act');
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Simulink — step one
1: analog model

il

Step

»@

p PID

PID Contro

2
ller
Force LTI System E

Masse

22




Step

PID Controller

p PID

Force LTI System

¥ Function Block Parameters: PID Co...

PID Cantraller (mask) (link)

Enter expressions for propartional, integral, and derivative
kerms,
P+I/s+Ds

Pararmeters

Proportional:
10000

Integral:
a0

Derivakive:
400

|

K ] [ Cancel ] [ Help ] apply

[ ]

Masse

Act

B Act

=]

% Configuration Parameters: ex1_sim/Configuration (Active)

SELLH AREBA =

w10

|

Seleck: | Simulation ime
- Sinlver
Start time: | 0.0
~~Daka Import/Export arkHme
-~ Optimization Solver options
[=)-Diagnostics
- Sample Time Type: Yariable-step
- Daka Yalidic
i ) Max step size: 1
- Type Conversion
- Conneckivity Min skep size: auko
- Compatitility Initial step size: auka
- Model Referencing o o
~Saving Zonsecutive min step size violations allowed: | 10
~~Hardware Implementation States shape preservation: Disable all
-~ Model Referencing

Stop bime: |1

W

Solver: odez3 (Bogacki-Shamping)
Relative kolerance: | 1e-3

Absolute tolerance: | auto
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Simulink — step 2
2: digital feedback model

Ts = 100e-06
sysd = c2d(sys,Ts);

[ ]
Courant (A)
1
AN >
: Unit Delay Act
Step Saturation Quantizer

Discrete Force LTI System
PID Controller

Masse
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% Configuration Parameters: ex1_sim_d2_sat/Configuration (Active)

Select:

- Solver

-~ Diaka Import/Export
- Opkimization
[=]-Diagniostics
E----Sample Time

- Data vValidity
E----Type Conversion
i Connectivity

Simulation time
Skart: time: | 00| Skap time: | 1
Solver opkions

Tvpe: Fixed-step [v] Solver: |discrete {no continuaous skakes)

Fixed-step size (fundamental sample time): | Ts

W Function Block Parameters: Discret...

Parameters

Proportional gain (Kp):

Thiz block implements a discrete PID controller.

Discrete PID Controller (mask) (link) W Function Block Parameters: Saturation

Saturakion

Limnit imput signal to the upper and lower saturation values,

oo Main | Signal Attributes
Integral gain (Ki): Upper limit:

500 2

Detivakive gain (kd): Lawwer limit;

a0 -2

Tirme conskant for derivative (1 Treat as gain when linearizing
Ts Enable zero crossing detection
Oukput limits: [ Upper  Lower ] Sample time (-1 far inherited):
(100 -1001] 1

Cukput initial walue:

0

Sample kime; (04 l [ Cancel ] [ Help
Ts

Apply

Ok I [ Cancel ] [ Help Apply
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Other analyses
example: heat dissipation of the voice coll actuator

"Bl Courant (A) E]@W
SB LRL ABE B AR g

Time offset: 0O

B4 'Courant (A)' parameters =3
General | Diata history Tip: try right clicking on axes dlSSlp = courant(:,2).72 * 17.1;
dissip moyen = mean (dissip)

[ ] Limit cata points to last:

Save data to workspace

“fariable name: Courant

Forrmat: |Array [v]

...we could then program a thermal analysis to evaluate
the temperature distribution in the beam, etc. ...

(o] [(careet ] [rep ] [y |
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