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SIEMENS

MOTIVATION AND RESEARCH DIRECTION:

Economize fuel, Increase range, speed and payload, et
Reduce mass | <

v

lightweight structure

v

Vibration & Vibroacoustic issues

v

Active damping solution

Physical modelE)

v

Design phase of the products
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SIEMENS
Overview of ARRAYCON

MOTIVATION AND RESEARCH DIRECTION:

Assuming the actuators do not affect on the mode shapes:

Piezoelectric patches extract energy from structure => Amplitude attenuation
of each mode

—>{ Analytical solution!

FEM modeling: modal analysis

Piezoelectric materials study
Complexity of the actuators/sensors
Non linearity of piezoelectric effect (Hysteresis, creep)
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Analytical solution

EQUATION OF MOTION:

*w(x,y,t) *w(x,y,t) *w(x,y,t) ?w(x,y,t)
D 2D h
1 axt 3T oxgyr T2 g TP o0

=0

w(x,y,t) = @)Y (y)exp(Jwt)
Eigen fonction:
= ()Y (y)
d(x) = —cosa;x + (B1/a)kysinayx + coshf{x — k,sinhf3{x
Y(y) = —cosayy + (B2/az)kysinayy + coshfB,y — kysinhByy

Eigen value:

D,D, — D5*
D

(“12 - ,812)2

0% = Tl (“12"‘,312)
\

Ref: Y.F. Xing & B. Liu: New exact solutions for free vibrations of thin orthotropic rectangular plates 2008
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Analytical solution

OPERATOR DEFINITION:

*w(x,y,t) N *w(x,y,t) *w(x,y,t) ?w(x,y,t)

D h =0
17T x4 3 9x2ay? 2yt TP T o

9% 64 64 0°w(x,y,t)

Modes’ orthogonality : proved by self-adjoint operator method

(o]

W(x,y,t) = Z z d)m(X)lpn(y)Cmnejﬂmnt

m=1n=1

Bending energy of a clamped/simple supported plate:

0

_1jD AN AL + (D191 + Dy017) Waz%w 2

zj \axz) 1%\ 5x0y az wWar ¥ P2V a/( %0y
=EJjLw-dedy

dxdy
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GREEN FUNCTION OF A SINGLE CLAMPED PLATE

Weeyn) = Z z Dm () Pr (¥) Crne! Fmnt

mln
(o]

Z Z Jm ()Y (7) Crpp e Fmnt
n=1

m:

W(JE,J_/,O) = Z Z]an¢m(x)¢n(Y)Cmn = Cmn =]anj W(xyt 0)¢m(x)lpn(y)dxdy

m=1n=1

Weero = D ). bm(n()esmn®

]anj W(xyo)fpm(x)llin(y)dxdy

W(x,y,t,r) = j z z d’m(x)wn(Y)e]an(t T)]anj f(xy‘t)d)m(x)lpn(Y)dxdy dr
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Green function of the plate coupled with extra patches
Galerkin mehtod for a single plate:
| &Y 1aw: - phozww; dxdy = o

The natural frequencies of the plate coupled with extra patches:
0. — ff(LWj)Wjdxdy _ Strain energy
7 [ phQ2W,W;dxdy  Inertia energy

Weight of each mode:

1 (r.. o
G = 1 ||| Weezemor Wi 910505
]9
Finally,

Wiy = Y Y Gm(OYn()Cunemnt = > WiCiel2
i=1

m=1n=1
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Analytical solution

Green function of the plate coupled with extra patches

Single plate system Strain energy of extra patches Inertia energy of extra patches

ﬂ ; Z[(LWL- — phQ2W)IW; dxdy|Hc; zz Jf(L’Wi)Wjda?dfz e, 2 Pehi? z ﬂ W,W;dzdy |= 0
i k i k i

ﬂ Z[(LWi — phQ2W)IW; dxdy + 2 2 H(L’Wi)l/l/jda?d)? _ Z Prchi; Z H W,W;dzd9 = 0
i k i k i

The natural frequencies of the plate coupled with extra patches:
oz _ WLW)Wdxdy + 3, % [| (W) Wjdzdy
T[] phWWidxdy Xy prchy X [ WiW;d2dy

Weight of each mode:

1 . ol : DA
6 = 15| || WaseoWi G 7dzds £ ) || Wiy imo Wazas
J k
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Analytical solution

Green function of the plate coupled with extra patches: Problems working on

What's type of the boundary condition?|

4///

1
1. Bending energy of the patch U = (w,w) = Eﬂ Lw-wdxdy ?
2. The modes of the plate are not locally orthogonal: Physical meaning of }; [[ W;W;dzdy ?

L'wiwy + L'wyw, + L'wyws

U(L’W)W dxdy = 2 .U lL’szl + L'wyw, + L'wyws | dXdy

l 1,2,3 W3W1 + L’W3W2 + L,W3W3
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Green function of the plate coupled with extra patches

By assuming that the modes are independent :

The natural frequencies of the plate coupled with extra patches:

o _ Jw)wdxdy + 5, ] (LW W;dzdy
T[] phWWidxdy + X, pichy [] W;W;dzd9

Weight of each mode:

1 . g : R P
6= 1 ||| Weseom 90545 £ 3 | Wiagemn Trazas
k
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Interface

Plate size

—Panel si r— Mode:
'Vl ate r| al ‘ Length [m] ‘ | Width [m] | wencyp—«z] ~
‘ Thickness [m] ‘ I Enter I T 9102
2 1 63.13
Vibrati t [~ Mateial H 2
ibration se EET T e 25 ow
o [ 33 aem
Boundary condition
— Vibration set-
Eigenfrequencies s ] 5]
,
modes [
‘Xd\recl\on :]
- - |deect|on :] -
Excitation set i
‘ Excitation loacatin x ‘ | Excitation location y |
Analysi ‘ Exciting time ‘ | Final time |

Plotting method

Orientation

( ]
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() surf+shade

() mash+cont__
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Interface

Clmaped-Clamped
Clamped Supported
~ X: [Clamped_free

Plate size Supported-Supported
Free-Free R
Vibrationset | - _|_ —— @enfrequencies & modes
Clmaped-Clamped
Material | Clamped Supported
_/ Y: Clamped_free
Supported-Supported
Free-Free

” &—— Excitation set <

y(m) 0o
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Matlab FEM modeling: Kirchhoff plate, Quard element:

7 "y y
/ s LA
; T 7 7 7 .
s
T T T I,
L 777 Ol ’
m= ps B 'Z27zB,dv, + p,, B,'z"ZB,dv,
Vs V,,
’ (z— 8)?B)  csB,dV + ’ (z— 8)2B}  c,BidV,
s p

Mu + (K + Kind)u =0
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Mode shape of a clamped Al plate with one extra patch modeling by Matlab

extra patch

Al plate 600mmx400mmx1mm, extra patch thickness 0.25mm

<
* o —
02— 0

" 102.5Hz

0

02

s —

01T~ —

213.6Hz

154.8Hz “ 158.0Hz
Restricted © Siemens AG 2015
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FEM modeling

Mode shape of a clamped Al plate with one extra patch modeling by LMS virtual
lab and NX Nastran

extra patch

Al plate 600mmx400mmx1mm, extra patch thickness 0.25mm

123.7Hz

102.8Hz

193.7Hz 208.7Hz 214.5Hz
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Eigen frequencies validation:

O onﬁlgisg?sﬂaatr??'_% VRS Plate with one piezo patch by Matlab [Hz]
41.6 41.4
oa4 6
101.9 100.8
102.8 102.5
1237 1218
158.9 158.0
— 193.7 192.7
I 2087 2077
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Patches positioning

Restricted © Siemens AG 2015
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Patches positioning
The weight of the modes are not considered here.

following the
maximum
displacement on the
plate (10 modes)

following the
maximum
displacement of

02

O

e a1 defll\gac)t(ion

o 0 0.560 el s : 0 0.562
1 0.417 1 0.352
2 0.410 2 0.416
3 0.427 3 0.401
4 0.311 4 0.296

i F\; DA‘W
T " d © Siemens AG 2015

following the
maximum
displacement of

~ modes (20 modes)

A W N P O

i Max
= deflection

0.713
0.598
0.524
0.672
0.642

Page 18 2015-04-23 Siemens PLM Software



SIEMENS

Al plate 600mmx400mmx1lmm

. Single plate by Virtual Single plate FEM by Single plate Analytical Single plate Galerkin
lab & NX Natstran [HZz] Matlab [Hz] solution [HZz] method [HZz]
41.5 41.3 40.7 41.4
63.9 63.7 63.1 64.0
101.7 101.2 101.1 101.4
101.9 101.6 101.4 102.0
121.9 121.8 121.7 122.3
“ 154.5 154.0 -- --
156.7 156.9 157.3 158.1
“ 192.8 191.8 191.9 192.0
“ 206.1 206.6 -- --
211.8 211.4 2121 2125
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PL112 - PL140
Rectangular PICMA® Bender Piezo Actuators

1. Complexity of the piezo actuators/sensors
Multiple layers of piezo crystals, electrodes

Boundary condition of the actuators

Simplified modeling in numerical simulation

2. Effective properties of the actuators/sensors

Could be used in the project (experiments)

Piezo porject: numerical modeling + experiment

Restricted © Siemens AG 2015
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| ALy

1. Detail model in SAMCEF (layers and electrodes)

2. Benchmark against 1D (Beam model)

3. Execute experimental campaign (single clamped-free actuator)
* With mechanical excitation
+ With electrical excitation

4. Comparison between simulation and experiments

Restricted © Siemens AG 2015
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Piezo project

Page 22

L+0.5

4

Lr

k

Operating
voltage**

Displacement
Free length L

Dimensions
LxWxTH

Blocking force

Electrical
capacitance™*

Resonant
frequency****

Operating
temperature

Piezo ceramic
type

2015-04-23

PL112.10
PL112.11*

0 to 60 or
-30 to 30

+80
12

18.0 x 9.6 x
0.65

+2.0

2*11

2000

-20 to 150

PIC252

PL122.10
PL122.11*

0 to 60 or
-30 to 30

+250
22

250x96 x
0.65

-20to 85

PIC 251

PL127.10
PL127.11*

0 to 60 or
-30 to 30

+450
27

31.0 x 9.6 x
0.65

+1.0

2*34

-20 to 85

PIC 251

TH+0.1
e

| E—

PL128.10
PL128.11*

0 to 60 or
-30 to 30

+450
28

36.0 x 6.3 x
0.75

+0.5

2%12

-20 to 150

PIC252

PL140.10
PL140.11*

0 to 60 or
-30 to 30

+1000
40

45.0 x 11.0 =
0.6

+0.5

2*40

160

-20 to 85

PIC 251

pm

mm

mm

HF

Hz

°C

SIEMENS

+20%

(see.
abv.)

+20%

+20%

+20%
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Piezo Ceramic material: PZT 5H properties

Compliance Relative Permittivity

16.5 -4.78 -845 0 0 0 3130 0 0

—= 0 3130 o0 , &, = 8.854 *10°12 F

Eu 1
0 0 3400

-4.78 16.5 -8.45 O 0 0

-8.45 -8.45 20.7 0 0 0

SE = *10—12 m_
0 0 0 435 0 0 N
Rectangular
0 0 0 0 435 0 section
Beam/Plate
0 0 0 0 0 426
Length 12 [mm]
Piezoelectric Coupling width 9.6 [mm]
Thickness 0.65 [mm]
° ° o0 e E 139€9 [Pa]
— *1n-12 C . .
d= 0 o o 741 0 0 10 . Poisson ratio 0.29
density 7500 [kg/m"3]

=274 -274 593 0 0 0

Source: www.efunda.com/materials/piezo/material_data
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Page 23 2015-04-23 Siemens PLM Software



SIEMENS

Piezo project

Matlab static modeling validation: Displacement in z direction: F=10N

SIEMENS {OX.D° Load ratio)
%107
1
08F
A
e 06r
04r
02F
U'W_
-02F | |
% D006
a4l V. -0.0001836 |
06+
-08F
R I
-6 4 2 0 2 4 5
x10°

.o&0

¥: 0.006
. L 00001801 4

Restricted © Siemens AG 2015
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Piezo project

Matlab piezoelectric modeling validation: Displacement in z direction: F=10N

1):10'] . ‘ ‘ . i 1“073
o8 ol
04 4 o4l
02 1 02
0e B 0 -
,uz*\\\- -rJ.Q*\*\\
| =oeos | 5 i o A | Z: xomm I 2 : ¥ s |
-08 4 -08
S B ; F— g L
o’ 10
Bending without . .
. g fect Bending with
iezo effec .
% 3067 piezo effect
) mm
0.3142mm

Bending without Bending with
_ _ piezo effect piezo effect
Restricted © Siemens AG 2015 0.4135mm 0.3377mm
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Piezoelectric modeling validation: Voltage produced by force: F=10N

Rectangular ——
section oeggflve Individual edofs

Beam/Plate

X=0.75 250.45V 935 38V
L) 12 [l X=1.5 220.36V '

width 9.6 [mm] X=2.25 197.37V

. 187.00V
Thickness 0.65 [mm] X=3 176.73V
X=3.75 158.15V

E 66e9 [Pa] o oay 149 56V

Poisson ratio 0.29 ’
=5.25 124.96V BT
nsi 7 kg/m” :

de 17 S0 [ g/ 3] X=6 109.68V
X=6.75 107.29v 94.96V
Matlab 1D X=7.5 80.64V
X=8.25 66.57V

Matlab 2D 59 58V
X=9 52.62V
. X=9.75 38.67V

Matlab modeling calculate the voltage 31.60V
difference between X=0mm and X=10.5 24.59V
X=12mm X=11.25 10.26V

2.70V

X=12 -4.59V
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Static modeli

ng F=10N Piezoelectric effect static modeling F=10N
Compare  Compare ---
with with SAMCEF 0.3814 0.3287 -
SAMCEF  SAMCEF 2D (0.3981 for 1D)
1D 2D
Matlab 0.3967 0.3142 -4.41%
SAMCEF 0.189 -- 1D
=B Matlab 0.4135 0.3377 2.74%
SAMCEF 0.181 -- 2D
2D
Matlab 0.189 0% 4.42% Voltage bending V=38V
1D
Matlab 0.180 -4.76% -5.5%
2D
SAMCEF 2D 6.507--5.735 -
The 1D matlab simulation have a larger error: Matlab 1D 5307 711%
The structure is more like a plate than a beam.
Matlab 2D 6.291—5.561 -3.32%-- -3.03%

Restricted © Siemens AG 2015
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ARRAYCON

* Analytical study: Green function for the whole system (plate + extra patches)
* GUI tool serve to the control validation

* FEM modeling serve to the piezoelectric actuators/sensors coupling study

» Analytical solution and FEM solution validation

+ Study of a piezo actuator (Piezo project)

Restricted © Siemens AG 2015
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Thanks for your attention!
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PROOF OF SELF-ADJOINT OPERATOR
0% 0% 0%
L=Di—— +2D36x26 . +Dzay

Assuming w; & w, two function satisfy Lw = Aw and the boundary conditions w = ™ _ o

0x
ow
for x=0,a and w = Frol 0 for y=0,b
(LWl, Wz) = fj LW]_ *Wo dxdy
(Lwy,wy) = (wq, L'wq) = L = L*7
ffa4 dxd f a3w1 f a?’wlaw2 el ay = f ] 63w16w2 a
W2 X6y = x=0a dx3 ax XY= dx3 6x Y
_ f 92w, 0w, f azwlazwz deld f f 62w162w2 a
0x? 0Ox 0 dx? 6x2 = 0x2 6x2 Y
ow, 0w, 6w1 63w2 6W1 63w2 0*w,
f[ax 0x? | _o4 <6x 6x3 dxdy = - f ox 6x3 dx|dy = - f Mgx3 ax3 W1 g dx|dy

=J‘fW1dedy

Restricted © Siemens AG 2015
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PROOF OF SELF-ADJOINT OPERATOR
In the same way,

we know that wy; = w;1(x) - wy > (3)&w, = wyol (%) - wy > (¥)

0*w,
wz dxdy = ] f wy 3y dxdy

64W1 - 62W11 62W12 W 1W 2
dx29y2 " * dx2 dy2 % ¢
an a W1 anl aW21 62W12
2 2 _ 2
J J 72 T st dxdy = f [ N J ( ax ox oyz W ||V
anl 6W21 azwl aWZ 62W21 62W12
—f f dx dy = — J —sz —f wil —————-w;* |dx|dy
[ ( dx O0x 0dy? X0, dx* ady
142
Wl WZ a W2
f f 6x2 ———w, 2 dxdy = - f f wytw,? X a2 ———dxdy

Restricted © Siemens AG 2015
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PROOF OF SELF-ADJOINT OPERATOR

So
(Lwy,wy) = (wq,L'wy) &L =L"
with (Lu, v) = [[ Lu - vdxdy
Then
(Lwp, W) — (wy, Lwy ) = 0

(An = Am) (W, W) = 0

A — Ay #0=2(w,,w,,) =0

Restricted © Siemens AG 2015
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STRAIN ENERGY

0* 0* 0*
L_Dla_ ‘|'2D3a Zayz +D26_y4
Assuming w; & w, two function satisfy Lw = Aw and the boundary conditions w = Z—x = 0 forx=0,aand w = ay = 0 for
y=0,b
Strain energy for orthotropic plate:
1ﬂD otw)’ + 2D 62w62w+D aZWZ+4D o*w de
2 1\ 9x2 12 9x2 9y2 Z\ ay2 66\ axay xaey 0

3| (5) oo () o (5)

Strain energy for isotropic plate:
U—lﬂD GATA R TL ST (il RONPYSRPY (Al i P
2 dx? 0x? 0y? dy? d0xdy Xy

(u,v) = j j Lu - vdxdy

+ (DD +L)19)62W62 dd
1V21 2V12 a/a{g 66 xay

(w,w) = [[ Lw - w dxdy is the bending energy?

Restricted © Siemens AG 2015
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STRAIN ENERGY

(w,w)=ffLw-wdxdy
ﬂ 0, I L op, OW L T
1 a 39x2ayz | T2y | VXY

o*w 23w 63w6w 63w w
e f52e] fm f [

B f 9°w ow azwaz 4 J J 62w62 a

- (a2 ox| ax2 ax2 ) | ox2 0x2 ) |V

ff dxd f 3w a3waw f f 3w w a
d WA = | 15,3 o ay® ay ay? dy Y

3 f 02w ow 62W62 A J‘ J‘ azwa2 o

- 0y2 9yl _y, ay2 ay Y= yZ 9y Y
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STRAIN ENERGY

ffa 23y swdxdy =
J’ 92w ow
6x6y6x

So, for clamped orthotropic plate:

aay

f 63W6wd gy = ff 63wawd J
0 dx0y? ax ol hed dx0y? ax ol et

J‘ 0%w 9%w jf 9%w 9%w
b dxdy axay dxdy axay xdy

=0‘

=(w,w) = ffLw-wdxdy
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