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Talk | outline

. Harvesting electrical energy from vibrations
« Flow-induced vibrations

 Example: flutter of a cantilevered plate

« Mathematical modelling of the coupled multi-field problem
« Governing equations

« Weighted residuals formulation in the space-time domain

« Discretisation using space-time finite elements

- Eigen value problem and forced vibration - frequency domain

« Numerical example: vortex-induced vibration of a plate

« Numerical example: power output of a cantilevered plate
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Energy harvesting | aim & methods

scavenging ambient energy from the environment, that otherwise would be lost

drive (low-power) electrical devices/store electrical energy in remote locations

ambient energy sources

—

means of transformation

SR > e

- mechanical vibrations, » piezo-electricity,

» solar radiation, » pyro-electricity,

. electromagnetic sources, . thermo-electricity,

» heat and mass flows, - electrostatic,

e noise » electro-magnetic induction,
JE « electro-active polymers,...
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Energy harvesting | challenges

investigation of alternative ambient sources of energy,

optimisation of power output for varying operational conditions,

economic utilisation of physical phenomena in functional materials,

practicability at difterent length scales,

optimal control of single and also stacks of energy harvesters
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Energy harvesting | our focus

scavenging ambient energy from the environment, that otherwise would be lost

drive (low-power) electrical devices/store electrical energy in remote locations

ambient energy sources

Eo—

means of transformation

RS

 mechanical vibrations < fluid flow, . piezo-electricity,

» solar radiation, « pyro-electricity,

- electromagnetic induction, - thermo-electricity,

» heat and mass flows, . electrostatic,

* noise » electro-magnetic induction,
J » electro-active polymers,...
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Flow-induced vibrations | excitations

C = C(t, Tu) fluctuating external loadings

e.g. turbulent wind, rough sea

external (random, periodic)
excitation

- . - _ . _ . _
- — = S — e e = = —

C = C(t, St,w) flow instability \

]
e.g. antennas, cooling towers |

(periodic vortex shedding)

C=C(x,x, %) | i structural motion/deformation |

] : e.g. hanging bridges,
 self e membranes (flutter), cables |

excitation A/ e | (galloping)
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Example | flutter of a cantilevered plate

0.15

. semi-analytical models are available

» structural dynamics of
2 0.00

linear/nonlinear plate/beam

015 » fluid dynamics via

potential flow/panel methods

» determination of flutter boundary

. ool (critical reduced flow velocity Ugr)

- flutter instability occurs in the 2nd eigenmode

VIV occur in 1st eigenmode

[data] Tang, Paidoussis: On the instability and the post-critical behaviour of
two-dimensional cantilevered flexible plates in axial flow. ] Sound & Vibr. 2007.
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Harvest flow energy | flow-induced vibration

use flow as ambient energy source

ongoing energy transfer from fluid flow to structural vibrations

extract energy from controlled flow-induced structural vibrations

three-way coupling

e —————
= = =

piézbelecic effect

= ————
— = ———

| electrical circuit

electro-mechanical
coupling

transformation,

flow energy - strain energy - electric energy
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Multi-physics | model

. fluid . piezoelectric

led

up

boundéf;
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Governing equations | fluid

incompressible Newtonian fluid flow

A= Py ——

—

p(%+v-Vv)—V-T—f:O on Q
V.-v=0 on Q
D-1/2[Vv+(Vv)'] =0 on Q
T+pl-2uD =0 on Q
T-n—-t=0 on P

v—-v=0 on P°

t—-t=0 on P!

» on deformed space-time domain Q
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Governing equations | structure & piezo

elastodynamics

poVv—Vy-(FS) -1, =0
E-1/2 [VOV+(VOV)T+ =0
[s ]S =

S-n-t

<:|
[

0
0
0
0

¢-|-|
|

- on reference space-time domain Qo
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electric field equations

in Q,
in Q,
in Q,
in Q,
on P,
on Pg
on Pg
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Governing equations | electrical circuit

Q—J Ggdl =0 in I
I‘e

O-y=0 in I

. coupling interface between

piezoelectric structure and

electrical circuit

» equipotential condition
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electrode

electrical circuit

I-Q=0 in I
AD-R-I1=0 in I

« Ohm’s law
« extendable electrical circuit
equation

 here: resistor element

12



- method of weighted residuals
» velocity-based formulation of structure/fluid
- spatial deformation of the flow domain

» finite elements in space and time

o discontinuous Galerkin method in time

IA
In+1 .
LTI
In
£y / ]Ql\ \.(fﬁl)}ll
Qp,
> X
Vi I,
VE) V()
S
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Space-time weak form | fluid

incompressible Newtonian fluid flow

= e e

L e g T==

J 5V - p(¥ +v- Vv)dQ + ZMJ D(8v) : D(v) dQ
Q, Q,

| (v.év)de—J Sv - £dO
‘Qn Qn

+ [ 8pv-v)dQ

‘Qn

[ osven) - p(vier) - vie)) da
JO)

n

+ [stabilisation terms]

- . unk . velocity,
_ J Sv-idP =0 v ov, 8p unknowns: velocity, pressure
P! » Galerkin LS stabilisation

n
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Space-time weak form | structure

nonlinear elastodynamics

E(Sv,u) : S dQ, — j 5v - £, dQ,

Q QO,n

0,n QO,n

+| ss: ([sD]S—E(V,u))dQO
Y QG

+ ” ov(t)) - (pO(V(t;) - V(lf,}))) dQ,

N ‘QO,n
+ 5S(t)) : ([sD](S(t;) — S(t;))) dQ,
* Q(e),n
’ _ . global unknowns: velocity
- Ov-tdP, =0 V dv and 0S , , ,
Jpt |  mixed-hybrid formulation

WCCM 2016, Seoul, South Korea | 27.07.2016



Space-time weak form | piezoelectric patch

piezoelectric structure

e =T = e
e B e

J 5v - povdQ, + J E(Sv, 1) : $dQ, — J 5v - £, dQ,
QO,n 0,n QO,n

7 Q5,n

7Q5,

+ | ov(t)) - (po(v(t,':) — V(t;))) dQ,

+ oS : ([sD](S(t;;) —S(t;)) + [g]"(Dy(t}) - I”)O(t,;))) dQ,

Jos,
e[ oDy (~Lal(s) - 8) + €D (e)) - Dots,)) )
Jo,
| ov-iap,+ J  OqidP, =0 v dv, Sy and S, 8D
dPé,n PO,n
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Space-time weak form | electric circuit

electrode electrical circuit: simple resistor

—J &zdeo—J Oy g dp Jm(?-J qdr)dtzo
Py Py I R Jpp
VY oy, dq Voo
» provides electrode surface » circuit equation in charge rate
charge state via potential rate (electric current) form
of the piezoelectric patch - based on potential state
 comparable to (voltage)

Lagrange multiplier
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Multi-field problem | uni-morph config

electric circuit

electrode

q

piezoelectric patch

v, ¥

substrate layer

\%
fluid domain

v,
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Strongly coupled problem | solution method

- monolithic Newton-Raphson
method in the time slab

. parallel solution with
preconditioned

iterative method
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Example | (fsi) cantilever plate

- plate connected to a leading bluft body

- vortex-induced vibrations of a very flexible plate

- control of large structural deformations

> i
t, =0 vy = 0
—
PZT
substrate
L 0,01
= 0,05
—P
— m
Uy = ty =0
- —~ -
A 4
—P
[ )
—
3.75
t, =0 vy =0 |
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ilever plate II

i) cant

Example | (fs

[figure] P Sun.
PhD thesis, 2010.
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Example | (dry) cantilever plate harvester

» study of harvester power output

« 3D plate subject to harmonic base excitation \

» bi-morph configuration

. equipotential electrodes

parallel connection

. interface electrodes grounded
- floating potential on top and

bottom electrodes
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piezoelectric material

4

substrate

series connection

= SEshees

- bottom electrode grounded
- floating potential on top electrode

« no electrodes on interface patches
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Example | (dry) cantilever plate harvester I

parallel connection

R

L =50.8 mm Piezo: PZT-5A  fispr=0=119.95 Hz
B =31.8 mm Substrate: brass  fiepr-0 = 118.6 Hz
hs = 0.14mm

hp=0.26 mm R=0.01 MQ Q0 =119.95 Hz

“ llllnmmumm

T|me [ms] Time [ms]

A Erturk and D ] Inman. A Distributed Electromechanical Model for cantilevered Piezoelectric Energy Harvesters, Journal of Vibration and Acoustics

130(4):041002, 2008.
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Hybrid velocity-based solid | vs. FDA

» formulation allows time-domain analysis of general nonlinear transient problem

. potentially required: prediction of eigenstates of the associated linear problem

challenge: FDA of solid in mixed velocity-stress formulation with stress hybridisation

Weak form and solution of the homogeneous problem:

J 6v-(p0v+cv)dQO+J E(5V)3Son+J
Q Q Q

e
0 0 0

oS : <[3D]S —E(V))dQO =0

YV Ov, 0S

T

OV M

<)
@)
o~
<)

Vv Vv vs

Ax+Bx=0 and x=Ax — AMA+B)x=0

task: dynamic condensation of element-local stress d.o.f. (discrete problem size!)
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FDA |

M'UU ‘Ar C’U’U BUS ‘AT
+ =0
Fss §e st §e
generalised AM,,, + Cyy Bys M o
eigenvalue problem: |
g p BSU A'I:SS Se
dynamic condensation: [\AM,, +C,, - B, (AF,)"'B_ ] v=0
: 1 _ 1
AMUU T va N XBvsts1 st v=0
with V= 1a A*M,, +AC,, -B,F'B, ] a=0
quadratic eigenvalue problem [A*M,, + AC,, + K, ] @ =0
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FDA | piezo/circuit mixed-hybrid

Weak form of the coupled problem:

J 5V - (py¥ + cv) dQy + J B(8v) : SdQ, — J £,(8y) - D, dO,
Q, Q, Q,

+ Q S5S - ([sD]S +[g]"D, - E(V)) dQ

N Q 8D, : (—[g]S + [e]D, - ﬁo(w)) dQ),

- r oqy dIy - L Oyqdly + L 0dq dly

¥ r Sqd dr, +5c1>% =0 Yév, 8y, 89, 8g, 88, 6D
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ov v oo B v
0 0
Fog q q
Ee B S, Bs S,
D, \ E. B2 || D, D,
Ax+Bx=0 and x=Ax — (AMA+B)x=0

task: dynamic condensation of element-level dofs (discrete problem size!)
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FDA |

rational eigenvalue problem:

/ MU‘U CUU

¥q
A

<)

> |

v By

S0

f

mechanical + electrical ~ hybridised

damping matrix stiffness matrix

solution: transformation to first order system (state-space form)

WCCM 2016, Seoul, South Korea | 27.07.2016

)

28



Example | (dry) cantilever plate harvester II

series connection

fl,3D,RzO =46.2 Hz
L =50.8 mm Piezo: PZT-5A fLEBR=0 =45.7 Hz
B =31.8 mm Substrate: brass
hs=0.14mm  Endmass: 12 g f1.3D,R=inf = 48.5 Hz
]’lp = 0.26 mm R=1kQ-470 kQ fl,EB,R=inf: 48.2 Hz

C; oo
> =
i g
s ~
< &
S 5,
= 2
> o~
—— Numerical —— Numerical
I — Erturk 1 - — Erturk
10_2 P T T S S S T ST S (NN T S S S S S S S S T S S T S S S T T TS S N T S A S N S S S S S M 10'3 S S S S I S S S S S S S S S S S T S S S A [ A M A A
30 35 40 45 50 55 60 30 35 40 45 50 55 60
Excitation Frequency [Hz] Excitation Frequency [Hz]

A Erturk and D ] Inman. A Distributed Electromechanical Model for cantilevered Piezoelectric Energy Harvesters, Journal of Vibration and Acoustics,
130(4):041002, 2008.
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Tip Velocity FRF [(m/s)/g]
S

R increases

— R=1kQ2
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Example | (dry) cantileve

Peak Voltage [V/g]

Peak Power [mW/ gz]

r plate harvester III

103 F I T T ]
----------------- 5

10° £ 5

10t

1 00 L —— Numerical - 46.2 Hz :
i —— Numerical - 48.5 Hz | |
I Erturk - 45.7Hz ]
e —e— Erturk - 48.2Hz

10_1 0 L ) I p
10 10 10
Resistance [k(?]
10% ¢ J J : \
100
//////
/

o' :
—— Numerical - 46.2 Hz |
e —— Numerical - 48.5 Hz| 1
7 Erturk - 45.7Hz ||

—e— Erturk - 48.2Hz
10_1 1 ‘HO | ‘HHH‘I | ‘HHH‘Z | ““““3
10 10 10 10 10

Resistance [k(2]

A Erturk and D ] Inman. A Distributed Electromechanical Model for cantilevered Piezoelectric Energy Harvesters, Journal of Vibration and Acoustics,

130(4):041002, 2008.
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Summary | outlook

. framework for numerical investigation of flow-driven energy harvesters
- based on space-time finite elements
« monolithic approach (solve all multi field equations at once)

- quantification of energy harvested from types of flow-induced vibrations
» study of energy harvested in flutter state (2nd eigenmode)

- influence of patch shape and location / optimisation of energy harvested
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