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FEM model / system model

s(x,t)
f(x,t)

u(x,t)
s(x,t)

Extensions : coupled, time variant, 
non-linear, …

• Geometry
• Constitutive laws
• Discretization / 

idealization

Assumption : linear time invariant
System  transfer 

Extensions
• Coupling (structure, fluid, 

control, multi-body, …)
• Optimization, variability, 

damping, non linearity, …

When

Where

Sensors



Lab work outline
• How are modes measured

– What is a transfer
– Identification
– Content of modal test report

• Test and FEM modes
– What is a FEM/test mode
– MAC (modal assurance criterion)

• How are modes predicted
– Data needed for mode computations
– Transfers, observability, commandability

• Further steps
– Damping
– Sensitivity of frequencies

Copie : X:\Enseignants\balmes\Mevib\... 



Experimental modal analysis: an inverse problem

Family of models

SVD ∑
𝑈

↓
𝑠𝑒𝑛𝑠𝑜𝑟𝑠

𝑎 (𝑡) → 𝑡𝑖𝑚𝑒 Pole residue ×

State space �̇� = 𝐴 𝑥 + 𝐵 {𝑢} Rational fraction, modal model, 
second order …

Optimization

Data
- Transfer
- Hankel mat.

Objective Htest-Hid
Result : parameters
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Shaker (excitation)

Plate

Laser vibrometer (measure)

Measurement point

Experimental modal analysis : measurements

Computer
to drive acq.

Signal
generation

Power
amplifier

Shaker

Force measurement

Response sensors

Signal 
conditioning 
(amplification)

Analyzer



Bode plot : visualization of transfer function

Modal analysis : transfers 
In
U

Out
Y

System H

{Y(w)}=[H(w)]{U(w)}ONE input
ONE output

MANY resonances

Transfers estimated
from time response



Identification phases
• Initialization pick from : 

– Single pole estimate [1] 
– Stabilization diagram [2] 

• Estimate by band (why ? [1,3])

• How can problems be detected ? [3-4]

• Re-optimize poles (why ?)
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Outline



Model validation and verification
CAD Model

Experimental
model

Continuous model 
+interfaces

FE/numerical
model

1990 : model updating
2000 : virtual prototype
2019 : digital twin



Comparing test & FEM

Identification 
known @ sensors
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FEM known @ nodes

Topology correlation
= observe FEM @ sensors

{y(t)} = [c] {q(t)}



MAC : comparing shapes

Next step : modal updating (recalage) = 
use correlation to correct model 
parameters

Shapes are compared through
correlation coefficient 
(Modal Assurance Criterion)



Where is the error?

Identification error
• Noisy measurements
• Identification bias
• NL, time varying, …

12

FEM error
•Geometry
•Material parameters
•Contact properties

Topology errors
• sensor/act position
• matching



Parametrization

13

• Variable contact surface, contact, sliding

Chassis Brakes International
Eurobrake 2014

Balmes, ISMA 2016

Variable geometry



Outline



What is a model



How are transfers predicted ?
System (FEM)

Inputs (when)
• Unbalance : harmonic at W
• Aerodynamic loads (nW)
• Rotor/stator contact
Inputs (where)
• Point mass
• Distributed pressure
• Blade tip

u(x,t)
s(x,t)

• Geometry
• Constitutive laws
• Discretization / 

idealization
• Boundary cond.

• DOFs {q}
• Mass M and stiffness K matrices

Outputs
When

Where



Observability/controlability
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Rayleigh damping (CM2)
• Rayleigh damping:

– Physical domain

– Modal domain Reality

Mass
Stiffness
can be > 100% 



Stiffness perturbation in modal coord. (CM4)

• Stiffness perturbation

• Modal coordinates reanalysis

• Sensitivity on frequency (TD4 question 5)

• Need to know : 
may be significantly wrong without residual terms/static 
correction



Procédure COVID
1. Copie slides Mevib_TpModal.pdf 
2. Sujet PDF avec lien vers les films parties SujetTpModal.pdf 
3. Posez des questions dans le chat de la réunion 
4. Trame de compte rendu 

Vous pouvez utiliser Office365 ou google-docs 
pour partager la rédaction par binôme. 

Compte rendu = élément de notation (délais un semaine au plus) : 
etienne.balmes@ensam.eu



Ouverture sujet dans Matlab
1. 1. \\intram\paris\Echange\Enseignants\balmes\Mevib

(ou peut être X:\Enseignants\balmes\Mevib)
2. startup

3. Sélection + F9 (evaluate)

Vous pouvez utiliser Office365 ou google-docs 
pour partager la rédaction
Compte rendu : etienne.balmes@ensam.eu


