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Tutorials and Project on the NI2D Software

Check www.nolisys.com
You'll get free access to the NI2D software.

Matlab environment; stand alone .exe.
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lNIZD Philosophy

Nonlinear Identification to Design

« A prototype of the structure is available:

— Test it, identify the nonlinearities and upgrade the linear FEM.

« A priori knowledge about the nonlinearities is available:

— Load the linear FEM into NI2D and implement the nonlinearities using
NI2D elements library.



l How To Read the Slides

[ Click Here ]
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Get Started with NI2D

Launch NI2D and activate your license under Preferences ...

Model Identify Simulate Understand Design User Help

D edE s B P - B ? {D)2av¥ lln
NI2D: Preferences — X
Default user folder: G x
2 License: |C:\Users\Jennifer Dietrich\Documents\PhD\NIZD\cours_NI = )( &
Favourite FE software: (@) none () Nastran () Samcef
FE software binaries PATH: Gy b4
FE analysis folder: & X

Open last model on startup Use updating message Auto-save

Other settings Apply Cancel




Create a New Model

Model Identify Simulate

FPEHE & B P- B ¢

Understand Design

User Help
,] |1,

NI2D: New model — 4
User models Spring/mass system MCK matrices Finite element model DAQ model Measured signals
Existing Lumped FE |kss| FE Measured Measured
model model Model I Model Data § Data
(mat) [**| (.mat) (.uff) 9 (mat)
Linear damping: 01 N.s/m
Linear stiffness: 1 MN/m

... and choose your input ...

Continue =

Abort

Model ldentify Simulate Understand Design User
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lOpen an existing model

File _Model Identify Simulate Understand Design User Help
N

H

NES)EHE = B »-[B? (4P [2avEUm

Choose here



The Different Solvers
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Need Help?

File Model

Identify  Simulate

D@ & B - =

Undegstand Design  User { Help

F il m

NI2D help

mouse-wheel
control+mouse-whe
mouse-right
control+mouse-left
shift+mouse-left
alt+mouse-left

double+tmouse-left

f2

o R I R =

escape
tab
2
%

control+c

r
0
U

Zoom infout on 3D graphics (forward=zoom in, backward=z
Zoom infout on 2D graphics (forward=zoom in, backward=z
Menus on tab background and model elements

Add element between masses

Enable/disable elements

Select/unselect masses

Edit element or mass

Send graphic to Windows clipboard

Send graphic to image file (automatic choice)
Clone current NI2D window

Run selected solver

Change parameters of selected solver

Add to report (automatic choice)

Add to report (editing title/comments)

Result manager

Reset window

Last two results displayed

Update window

NI2D command prompt
Copy curve in NI2D clipboard
Reset 2D zoom

Reset initial conditions

User colors for selected masses

The help menu is adapted to each tab

meters...)

| control+v

Select and paste settings (model, views, parameters...)

You find the software
documentation here

Model Identify Simulate

Understand Design User




Launch Your First
Numerical Simulation



lConsider a Thin Short Beam ...

... connected to a cantilever beam (ECL benchmark)

Linear model identified at low level (31 Hz, 0.12%):

0.289x + 0.1357x + 11009x = F sin wt
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Create a New Model: 1 DOF Linear Oscillator

File. Model Identify Simulate Understand Design User Help

DeEdE = B - B ¥ 4d )| 2 2~ ll B
NI2D: New model — X

User models Spring/mass system MCK matrices Finite element model DAQ model Measured signals

(Number of masses: 1 \

Mass: 0.289 Kg
Linear damping: 01357 M.s/m
Linear stifness: 11[][]}3 M/m

\_ J

[ Continue = Abort
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You Can Change the Coefficients Anytime ...

File Maodel Identify Simulate Understand Design User Help
NEWdE & B »- B ? 4P| 2a~vE llnm

Double click

0.1357-%

” “ M jll[][]!)-x)

mode 1:31.0631Hz/012% | Linear modal properties

Maodel ldentify Simulate Understand Design User




Add an External Force

File Model Identify Simulate Understand Design User Help

DeHdR = B »- 82 () 2 a

sin(2-7r-t)

Double click
|u.1357-5c |

External force on dof n°1

Si andom User Measure

1 ( Amplitude:

Starting frequency:

Ending frequency:

Sweep rate:

K Sweep style: (@) linear

0.06

30

40

)
Hz

Hz

Hz/min

Olog )

mode 1: 31.0631 Hz / Newmark (F5)

Cancel

|

Model Identify Simulate Understand Design User
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The Final Linear Model

File Model Identify Simulate Understand Design User Help

DESHE =B »- B2 4P |(2avE(lm

sinesweep

0.1357-x

A

mode 1: 31.0631 Hz / 0.12 %

Model Identify Simulate Understand Design User




Calculate the Time Response with Newmark

1.

File Model Identify Simulate Understand Design User Help
um|®a@ b2 a
*-ASM
MNewmark
Linear FRFs
Harmonic balance continuation
MMM (Nonlinear Normal Modes) continuation

Global analysis
Parametric study

2. Dﬁum"? 4d )| 2 v ¥

|Set parameters for solver: Newmark {F6J|

Newmark parameters [SINESWEEP] —

Select an approprlate Final time: 1200 sec

tlme Step Time step: sec

Mumber of time steps: 1200000




How to Choose the Right Sampling Frequency?

Accuracy
- — N
Stability Amplitude Periodicity
limit error error
. AT
Algorithm 14 B w h p —1 -
212
Purely explicit 0 0 0 @ 4h -
. 1 212
Central difference — 0 2 0 _@ h
2 24
. 1 1 3
Fox & Goodwin - — 2.45 0 0(h*)
2 12
. : 1 1 2p2
Linear acceleration — — 3.46 0 w'h
2 6 24
Average constant 1 1 o 0 w?h?
acceleration 2 4 12
1
Average constant 1., 1+ a)? WZh? W2h?
acceleration 2 o) a—
(modified) 4 ’ 12
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File Model Identify Simulate Understand Design User Help
N & dE & E B % dDblaav N
1073 Displacement vs time, dof n°1
2.5 | T T T T T T 11
=
=
—
&

37 38 39

= first resonance frequency OK!

40

-2.5 y
30 31 32 33 34 35 36
Frequency (Hz)

Model Iden‘& Simulate )Jnderstand Design User
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Save Your Results in a Curve Stack

File Model Identify Simulate Understand Design User Help

DeER = 8 »- B8 2 dPDblaav3 ln

%1073 Displacement vs time, dof n°1
25 T T T T T T T T T 111
2 — |
15| -
1 — |
0.5 Right click on the graph _
=)
—
0
& Copy + Paste in last curve stack
-05 Copy + Create a new curve stack B
Wavelet transform [+<control> for params]
A Anim |
Export to Excel (CSV)
15 Color i
o User colors >
Predefined colars b
-2 i
‘2.5 | | | | | | | | |
30 31 32 33 34 35 36 37 38 39 40

Frequency (Hz)

Maodel Identify Simulate Understand Design User
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Check Your Results Anytime

File Model Identify Simulate Understand Design User Help

NedRE = B p- 8 ¢ dDblaavsZ IIn

<1072 Double-click to edit title

25

"M

Displacement (m)

Open the graph as a figure in Matlab with F4
5y (To do so, open Matlab first)

T Result# 32 33 34 35 36 37 38 39 40

Frequency (Hz)

Model Identify Simulate Understand Desi@

e
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Frequency Response
Functions



The Linear Model

File Model Identify Simulate Understand Design

User Help

JEEFIEEERER:

KR AN ]

\

mode 1: 31.0631 Hz / 0.12 %

Model Identify Simulate Understand Design User

Amplitude = 0.06 N
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Calculate the Linear FRF ...

,l\.

HE = @@ ® 4
x-ASM
Newmark

~ Linear FRFs
Harmonic balance continuation
MMM (Nonlinear Normal Modes) continuation
Global analysis
Parametric study

Linear FRFs parameters —
Frequency step: ( 0.001 \ Hz
Min frequency: 0 Hz
|:| auto
2 Max frequency: 46.5947 Hz
g Input dofs: 1
auto
] Cutput dofs: 1
[ ] Diagonal terms [ ] All terms
Apply Cancel
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And Check the Result

0.04

0.035

0.03

=
(=
S
)

0.02

Amplitude (m/N)

=
o
-
w

0.01

0.005

Amplitude, FRF, ,,

= 0.037 m/N

"

' ' 11

|
= 31 Hz = first mode

S 10 15 20 29 30

Frequency (Hz)

35 40 45
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lCompare the Time and the Frequency Response

1073 Displacement vs time, dof n°1
2,5 T T T T T T

2_

151 Amplitude, FRF| ,,

) ' ' 1/

-1 —

0.5

0

r1 (m)

05

-1+

-156

2+

0.037 m/N X 0.06 :N =0.0022 m OK!

25 i i i i i ”
30 3 32 33 34 35 36 37 ‘ |
Frequency (Hz) 5 - I

0 | | | | T | \\“"‘-—1—__ L |
0 5 10 15 20 25 30 35 40 45
Frequency (Hz)
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You

Can Tag Your Results (F11) ...

File Model Identify Simulate Understand Design User Help

11 [LINEAR SYSTEM]

hedE@ = E »- B8 ¢ D aav$
<1073 Displacement vs time, dof n°1
25 T T T T T T
2

Edit result tags/descrip..  — Py
1.5
Date: 03-Mov-2019 17:31:47
1
Type: Mewmark
0.5 .
—_ MName: LINEAR SYSTEM
2
0 Tags:
—
B
-0.5 Description: ~
-1
-1.5 W
-2
Apply Cancel

30 31 32 33 34 35 36 37
Frequency (Hz)
Model Identify Simulate Understand Design User

38

39 40
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And Manage All Your Results (F12)

%107

File Model Identify Simulate

hedE & E »- B8 9

Understand Design User Help
dPblaavsd| NN

Displacement vs time, dof n°1

2.5

a1 (m)

1/1 [LINEAR SYSTEM)

-2.5
30

31

Result manager

Results:

X

[Newmark 1/1] [LNEAR SYSTEM]

Curve stack 1/1

8o [ X

v
Types: |All w
(@ Name:
() named () not named
(@) Tags:
() tagged () not tagged
3Z 30 o J0 o0 o7 o0 o

Frequency (Hz)

Model Identify Simulate Understand Design User

40
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Launch Your First
Nonlinear Simulation



lNonIinear Model of the 15t Beam Mode

Linear model identified at low level (31 Hz, 0.12%):
0.289x% + 0.1357x + 11009x = F sin wt

Nonlinearity identified at high level: 2.37-10%x?

29



Upgrade the Linear Model from TOZ2 ...

File Model Identify Simulate Understand Design User Help
DEEHR = B »- B 7 {)|2avE Nln

Add element at position 1 — *

MNonlinear cubic spline stifness
Monlinear piecewise linear stiffness
Monlinear contact

MNonlinear polynomial damping
Coulomb friction

Trilinear damping

Point-by-point damping

Hysteretic damping (Bouc-Wen)

0.13573

AN

Ctrl + left click
V V V 11009 %

made 1: 31.0631 Hz / 0.12 % 0K Cancel

Model Identify Simulate Understand Design User




With a Cubic Spring

File Model Identify Simulate Understand Design User Help

DFHE w E»- B2

|4 > |2a~v¥ NN

2.37e+09 x>

0.1357-x%

A

= | sinesweep

Polynomial NL spring n..  — pd
Coefficient: 2370000000 N/m"x
Exponent: 3
(@) odd () even () unilateral
Apply Cancel

made 1: 31.0631 Hz / 0.12 %

Model Identify Simulate Understand Design User
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Run the Newmark Time Integration Again ...
Model Identify Simulate Understand Design User Help
dDblaavE lln

File

NFEE & B p-2 7

Displacement vs time, dof n°1
T

-3
2 =10 | |

r1 (m)

_2 | 1 | | | | |
30 31 32 33 34 35 36 37 38 39 40
Frequency (Hz)
Model Identify Simulate Understand Design User
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And Save Your Results For Comparison

Ded@ = B8 »- B ?

107

File Model Identify Simulate Understand Design User Help

qdPblaa~vS lln

Displacement vs time, dof n”1

2 T T T

r1 (m)

30 31 32 33

Model Identify Simulate Understand Design

Copy
Copy + Paste in last curve stack

Copy + Create a new curve stack

Wavelet transform [+ <control > for params]
Anim

Export to Excel (CSV)

Color

User colors

Predefined colors

44

40

33



You Can Scroll through Previous Results

File Model Identify Simulate Understand Design User Help
NECEIGERREE avla@EJs(n e

. . Previous result (press <pageup>)
1072 Displacement vs time, dof 1|1 T |

25 T T T T T T T T 3/4

xq (m)

30 31 32 33 34 35 36 37 38 39 40
Frequency (Hz)

Madel Identify Simulate Understand Design User
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And Save Different Results in the Same Curve Stack

%107

File Model Identify Simulate Understand Design User Help

hedl@ = B »- 8|2

Displacement vs time, dof n°1

4 Dlaav@ 0

2.5 |

x1 (m)

30 31

Maodel Identify Simulate

Right click on the graph

34

Copy
Copy + Paste in last curve stack

Copy + Create a new curve stack

Wavelet transform [+ <control> for params]

Anim

Export to Excel (C5V)

Color

User colors L )

Predefined colors > a7 38
Frequency (Hz)

Understand Design User

39

40

35



Rename and Arrange Everything in Your Graph ...

File Model Identify Simulate Understand Design User Help

DFEHRE & B p-B8 ¢ dPblaavI NN
- 41072 | | Linealr and }I:nnline?r 5}'st?m lepnnse | — nonunEAR BEAM
— LINEAR BEAM
2+ -
1.5 |
— 1r 1
=
= Right click on the graph
E 0.5 Menu for: curve NONLINEAR BEAM
aé 0 Copy ]
% Export to Excel (CSV)
':_‘g_ 05 Rename _
A User colors »
= -1 Predefined colors ¥
Darker
-15 Stack -> top I
Stack -> up
2 Stack -> down ]
25 | | | | Stack -> bottom )
30 31 32 33 34 { Autostack 40
Frequey  Focus
(\‘ Delete
Maodel Identify Simulate Understand Desigy User

pa—



What can we observe?



Nonlinearity Introduces a Fundamental Change

File Model Identify Simulate Understand Design User Help
HhFdE = B »p- B ¢ dblaavSlln
1072 Linear and Nonlinear System Response | __ o0 nEAR BEAM

2.5 T T T T T

Displacement (m)

2 ————————————— LN I

— LINEAR BEAM

30 31 32 33 34 35

Model Identify Simulate Understand Design User

36 37 38 39 40

Frequency (Hz)
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The Nonlinear System Response Has a Greater Bandwidth ...

File Model Identify Simulate Understand Design User Help

DedE w B p- 8 2 dPblaavs3SNnnm
<1072 Linear and Nonlinear System Response — NONLINEAR BEAM
25
I I | | I I I "| — Linear BEAM

Displacement (m)

... and a lower amplitude peak

Model Identify Simulate Understand Design User |
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The Resonance Frequency Shifts

-3
25 =10

File Model Identify Simulate
O & d i > -

Linear and Nonlinear System Response

?

Understand Design User Help
Dl aavs®

Displacement (m)

— NOMLINEAR BEAM
— LINEAR BEAM

-2.5
30

31

32

33

34 35 36
Frequency (Hz)

Model Identify Simulate Understand Design User

37

38

40



A Jump Downwards Can Be Observed

File Model Identify Simulate Understand Design User Help

DedE w B p- 8 2 dPblaavs3SNnnm
<1072 Linear and Nonlinear System Response — NONLINEAR BEAM
25
I I | | I I I "| — Linear BEAM

Displacement (m)

_25 1 1 1 1 1 1 1 1 1
30 31 32 33 34 35 36 37 38 39 40

Frequency (Hz)

Model Identify Simulate Understand Design User




Let’'s Reverse the Sweep

File

paN

Model

Identify Simulate Understand Design

DNEeER ® B »- 8272

A

User Help

} - N
_,‘I | " [
- |+ —_—

mode 12 31.0631 Hz / 0.12 %

External force on dof n°1

Amplitude

Sweep style

Starting frequency:
Ending frequency:

Sweep rate:

Sine Sine Sweep Random User Measure

: 0.06

40
30

-0.5

© (@ linear

Apply MNewmark (F5)

N

Hz

Hz

Hz/min

O log

Cancel

Mode|>ldentify Simulate Understand Design User
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We Can Jump Up Too!

107 Displacement vs time, dof n°1
B T T T T T T T T T

6/6

r1 (m)

_B 1 1 1 1 1 1 1 1 1
30 31 32 33 34 35 36 37 38 39 40

Frequency (Hz)




Calculate the Nonlinear FRF

File Model Identify SW& Understand Design User Help

Linear FRFs

. Harmonic balance continuation
MMM (Monlinear Normal Modes) continuation
Global analysis

Parametric study
2.37e+09x

0.1357-x

_W 11009-x

Model Identify Simulate Understand Design User

DSHR = B») =2 (4 >P[2a~vE NN
X-ASM
Mewmark mode 1: 31.0631 Hz / 0.12 %

44



But Set Appropriate Numerical Parameters First

File Model Identify

O & dE

Model Identify Simulai

( HB parameters ) Apply

imulate Understand Design User Help
b - ? 4 2 Il =
HB continuation parameters -
[Starting point: 30 Hz\
Hz Min: 29 Hz
Max: 40 Hz
\ Diraction: (- @+ j
Fold: [«]detect [ ]localize
Branch point: detect [_]localize
H Meimark-Sacker: [«]detect [ _]localize
Stepsize:
[ ] Adaptative R 01
Max: 2
Optimal number of iterations: 3
Maximum number of points: 10000
Beta angle: 90 "
Start Cancel

45



But Set Appropriate Numerical Parameters First

DedE =\ E)y - B2

File Maodel Identify Sjmulate Understand Design User Help

3 e
9 v

Harmaonic Balance parameters
Mumber of harmonics:

Number of points:

Linear mode:

Amplitude of 1st guess:

Maximum number of iterations:

Relative precision:
Scaling factor for displacements:

Scaling factor for time:

Apply

l

‘|

Compute stability [ ] Reordering

Mode #1 (31.063125 Hz)

0.001
158
1e-06

1

Cancel

D auto

a

Model Identify Simulate Understand Design User

46



And Change the Excitation Signal to a Sine

File Model Identify Simulate Understand Design User Help

FEHE s 8 »r- B2 ¢ d P l2aveE|lln

mode 1: 31.0631 Hz / 0.12 %

M 0.06- am[ met)
M c——

_/\/

. External force on dof n°1 — pd

Sine Sine Sweep Random User Measure

Amplitude: 0.06 M
Frequency: 1 Hz
Phase: 0

Note that the chosen frequency is not relevant
for the computation of the nonlinear FRF

Apply HB cont (F5) Cancel

Model Identify Simulate Understand Design User
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The Nonlinear FRF

File Model Identify Simulate Understand Design User Help
DeWdR = E - B ? dPblascaess nn

<1073 NL Frequency Response, dof n”1
2 T T T T T

11

Amplitude (m)
© o o =
f=5 o co - [a%] L =2
T T T T T T T
1 | | | | | 1

o
]
|
!

0 | B — 1 I 1 I I
30 32 34 36 38 40 42 44
Frequency (Hz)

Model Identify Simula’é Understand Design User
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lThe Jump Phenomenon Can Be Understood

103 NL Frequency Response, dof n°1
' 11

—
co
T

-
]
T

N
T

—
Mo
T

JUMP DOWN

Amplitude (m)

0.6
04 r
0.2
"'\-\._\_\_\_\_\_\-\___
0 | I — } I I
30 32 34 36 38 40 42

Frequency (Hz)



lThe Jump Phenomenon Can Be Understood

103 NL Frequency Response, dof n°1
' 11

- - —
e ] o
T T T

—
Mo
T

Amplitude (m)

JUMP UP

0.2
N
0 | I — } I I
30 32 34 36 38 40 42

Frequency (Hz)
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The Jump Phenomenon in Practice

i (See the attached video)

> 0:05 / 0:53

The video shows the dynamics of a clamped-clamped thin
beam with geometrical nonlinearities during a sweep over the
second beam mode.

51



Compare to the Linear Frequency Response

103 LINEAR AND NONLINEAR FREQUENCY RESPONSE
T T T T T T T T T —— MNOMLINEAR BEAM
— LINEAR BEAM
2 — -
5 '15 — -]
z
<
Z
]
’i":.’
-y
2 1r -
A
05 ]
1 1 1 1 1 1 1 | |
29 30 31 32 33 34 35 36 37 38 39

Frequency (Hz)
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l Sweep with Different Forcing Amplitudes

%1073 Sine Sweep Up

2.5

Linear Response
— 0.06 M
— 003 M
— 0.02M
— 001 M

2_

Displacement (m)

The superposition principle is not valid anymore!

_2‘5 1 1 1 1 1 1
30 31 32 33 34 3B 36 37 38 39 40
Frequency (Hz)
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Sine with a Fixed Frequency
In the Multi-valued Region




Now: Consider an Excitation with a Fixed Frequency

File Model Identify Simulate Understand Design User Help
DsHdE & B p-B5 ? 4P|/ 2avs Nnm

made 1: 31.0631 Hz /1 0.12 %

A
0.06-sin (2-7-34-t)

2.37e+09x

External force on dof n°1 — ¥

01357 gine Sine Sweep Random User Measure

Amplitude: 0.06 M

Frequency: 34 Hz
11009- Phase: 0 P

Apply MNewmark (F5) Cancel

Model Identify Simulate Underst
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Run the Newmark Integra

tion and Save

File Model Identify Simulate Understand Design User Help
D SEHR & E»- B ? Ablaavs|nm
107 Displacement vs time, dof n°1
6 T T T T T 11”1
4
2
a
=
=0 Copy
8 Copy + Paste in last curve stack
Copy + Create a new curve stack
-2 Wavelet transform [+ <control= for params]
Anim
Export to Excel (CSV)
-4 Color 7
User colors >
Predefined colors >
—6 | | | | |
0 200 400 600 800 1000 1200
Time (s)
Maodel Identify Simulate Understand Design User
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Change the Initial Conditions

File Model Identify Simulate Understand Design User Help
NECEIE O NEE: (r[2avE|Nnm
mode 1: 31.0631 Hz / 0.12 %
——>0.06-sin(2.7-34-t) |
/\Af MNewmark parameters [SINE] — Initial conditions _
2.37eH —
inal time: 1200
Degree of freedom  all ~||+0
Time step: 0.001
Displacement: 0 m
MNumber of time steps: 1200000
0.13: Velocity: m/sec
MNumber of periods: 100
Time steps by period: a0 J Apply | Cancel
1100 Saved dofs: (@) all () selected
e —
_ nitial cond. ) Apply Run (F5) Cancel

Model Identify Simulate Understand Design User
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Run and Save Iin the Same Curve Stack

File Model Identify Simulate Understand Design User Help
D FEHR = E»- B¢ Ab|laav3|nm

%1073 Displacement vs Time, DOF n°1

1.5

— velocity 0=0.25 m/s
— velocity 0=0.00 m/s

Displacement (m)
o

‘Right click’ on the Graph
and ‘stack-> ... to order

your results
1 1 1 |

0 200 400 600 800 1000 1200
Time (s)

Model Identify Simulate Understand Desig( User )




Compare

File Model Identify Simulate Understand Design User Help

D FEHR = E»- B¢ Ab|laav3|nm

%1073 Displacement vs Time, DOF n°1

1.5

— velocity 0=0.25 m/s
— velocity 0=0.00 m/s

Amplitude = 0.011 m

Displacement (m)
o

1
0 200 400 600 800 1000 1200
Time (s)

Model Identify Simulate Understand Design User

Amplitude = 0.00003 m
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The Nonlinear FRF Helps to Understand

File  Model Identify Simulate Understand Design User Help
DedE@ = B »- 8 % dDlagavsdlln
<1073 NL Frequency Response, dof n°1
2 T T T T T 11
1.8 T
16 q
14 T
5 1.2 q
>
=
£ T )
= .
=081 There exist 2 :
< .
06 | stable solutions :
04| at 34 Hz! 1
0.2 .
D 1 = Q 1 | i i i
30 32 \34/ 36 38 40 42 44
Frequency (Hz)
Model Identify Simulate Understand Design User
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