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Motivation

Examples of Mechanical Energy Extraction and Harvesting
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Motivation —¢,...

VEH-APA 400M-MD [Courtesy of CEDRAT]

References Unit APA400M-MD based VEH System
Notes
Technological baseline APA400M-MD
Harvested vibration frequency Hz 110
Harvested vibration amplitude um p-p 45
Max Harvesting efficiency 48%
(with Fly Back converter) % (36%)
Max Harvested Power mW 95
Dimensions of the proof mass mm’® 50 x32x 22 O . 35
Weight of the proof mass grams 270
Mechanical interface 2 flat surfaces 5*10 mm2 with M2.5 threaded hole
Electrical interface 1BD



http://upload.wikimedia.org/wikipedia/commons/4/49/Recup_energie_2009_carr%C3%A9.jpg
http://upload.wikimedia.org/wikipedia/commons/4/49/Recup_energie_2009_carr%C3%A9.jpg

Presentation Outline

Motivation

m Rotary dynamics of parametric pendulum



Parametric Pendulum

Pendulor

Oscillating base

Vertical excitation
from sea waves



Parametric Pendulum

6+ y0+(1+ pcos(wr))siné =0

T = wyl,w, = ’V'g/"
y =c/(mw,), p=YQ*/gand w = Q/w,.

Mathieu Equation
6+ (1+ pcos(wr))d =0

"=d*dtt T =0t =QLd =1/o

€ = p/w? = Y /€ is a small number.

0" + (@* 4+ €cost)f =0




Parametric Pendulum
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arametric Pendulum .

p=1, o=1.6 p=1l1Lw=2
5.0 5.0
25 25
6 00 6 00
-2.5 =25
-5.0 5.0
-30 15 00 L3 307 30 15 0.0 15 3.0
0 0
Chaotic attractor Co-existing of four periodic attractors: two

period-one rotations, a period-two and a
period-six oscillations.
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Parametric Pendulum .

The Parametrically excited Pendulum
0"+c0'+(+psinwr) sin /=0 with ¢=0.1

Some Global Tangencies (D ¢ F
3 0 ;' n=3
20 “
Attractors ‘\.
‘ Hanging state
15
“ Oscillating #=2 (sym)
/ ‘\. Oscillating #=2 (nonsym) ’
/ @ Rotating =1 10 / n=3
J @ Rotating #=2
Standing state 0.5
7 ! X/

0.5
Bifurcation Arcs

Instability of the hanging state, sub—critical to the left of C
Equivalent of H for & ~ 1 (other @ ~ 1 details are not shown)

Fold line of the 7 = 2 oscillation, meeting line H at point C
Symmetry-breaking line of the oscillating z = 2 solution

Crisis after short cascade via oscillating chaos: end of all oscillations
Saddle-node creation of the # = 1 rotating orbit

First period-doubling flip of the # = 1 rotating orbit

Crisis atter short cascade via rotating chaos: end of all rotations
Restabilization of the # = 1 rotating orbit

1.0 L5 20 25 3.0

hom (1) homoclinic tangle of hilltop saddle
hom (2) homoclinic tangle of rotating 7 = 1 saddles (created at J)
het (1)  heteroclinic tangle of rotating 72 = 1 saddles with hanging saddle

QT HrnwW AT

Some over—laid zones

zone where the standing state is stable

two zones where # = 3 orbits exist

zone where the # = 1 rotation is again stable



Parametric Pendulum m

6+ 0 + (1 + pcos(wr))sinf = 0 0 =ely+ €0 + %0y 4 -
. 1. .
6+ (1 +pcos(w))(9—ge3) =0 et b+ 06 =0,

. . 1 . . 2. 4 .:;‘2 = —COST
0+ %0 — 65‘293 = —€cosTH + Ef_—' cos 76° € ?1 + @70 cos 7o, |
— ES . 92 -+ 5‘292 — e WA ?'_'91 + E-'_'EHS',

T=wr, @ =1/wand € = p/w?
— 1 1 1 3 1
0= \ea C:DS(E;L:T + Eu) + T Veap c:c-s(?u’r + Eu)
1 : .
~T53 Veda® cos(31 + 36),
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T 0
y=0.1, =19, p=0.3 Strutt-Ince diagram
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Parametric Pendulum m

=0
VEw
Comparison with numerical results
€ep . . r .
—i sin(207 + 3) + 3, p = 2wy
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Shaker — Pendulum Interactions
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Shaker — Pendulum Interactions

d 0L @L @D

df(aqﬁ)—é?qﬁ dq, = i

0 : mlé+cl9+mgsin9:m)ﬁsin9;

Xg - (Ma+m)Xa+ca(Xa—Xb)+ka(Xa_Xb)
= (M, + m)g + mlf sin 0 + ml6? cos § — F..

X;,Z MbXb+CbXb—Ca(Xa—Xb)+kab
_ka(Xa — Xb) — Mbg + Fem;

dl - -
I: RI+ LE — K(X, — X;) = Egcos(€2t),

where Fem — }CI
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Shaker — Pendulum Interactions

6" + 0" + sinf = 27 sin6
taxy + v(x1+ Xo)xy + (k1 + Ko)xy = yx12), + K1Ta + o + Kl

(py + cos? 0)z” + yx1(z! — ) + ri(xe — T0)
= —K;i + i1 + cos?f — v sin b + 6% cos b

i+ ri =k, (2, — ') + ey coswT.
b a _

Nondimensional variables:

T = wpt Tq = A Ty = )& 1= i
" ¢ [’ [’ Iy
Nondimensional parameters:
q (2 c M, M, ke kp
wn:\/?, w:w_n Pyzmwnj =" BT m:mwﬁ’ ﬁz:mw,?l’
Cq Cp K1y Klw,, Lw, R E,
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Shaker — Pendulum Interactions

Mass of the pendulum: 0.854kg

Mass of the pendulum support: 51.6kg
Length of the pendulum rod: 0.3166m
Mass of the armature assembly: 15.88kg
Mass of the shaker body: 820kg
Resistance of the armature coil: 0.3 2
Impedance of the armature coil under a 1kHz AC: 15 ~ 18 €2

Pendulum |m = 0.854 kg [=0.3166m c=72
M,=675kg |k,=7? ca=7
Shaker | a7, = 890 ke ky = 2 cp =2
p - — -3 _ 9
Lo R=031 L =262610""H |g
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Experimental Rig

- .| Connection
' Box
§ Encoder T !
Dg P”“l""?r PCI-MIO-16E-]
A Adjustable HPPLY
DC Power
Pendulum Supply
Charge
L\ Amplifier
[ ] Accelerometer Computer
i
Shaker Transformers Oscilloscopes

]
Arbitrary Waveform
= Generator

DPAR Switching

Power Amplifier |
B Power Supply




Logarithmic Decrement Method:

Shaker — Pendulum Interactions

1.0%
2ng 1 X
o= =—In| =2~
(1 —gz n (Xn) - 0.571—. ”
—é 0.0rt
¢ = 0 5
At +6° < s UUU
0.08 Lo 10 20 30 40 50
1 é: Time, [s]
£ =001
0.044 |
_ g _
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Shaker — Pendulum Interactions & 3

wﬂﬁ

2l = 35.50rad/s,
e /

1-¢2

_ wab — 1
Whp = = = 17.26rad/s.

Co = 2Mwpoea = 534kg/s, ke = Myw?, = 86176N/m,
Cp, = QM;,wn;,&g, = 679kg/8 ky, = Mbw,gb = 244284N/m
m | 0.854kg [ 0.3166 m c | 0.0475 kg/s

M, | 6838ke | Ko | 861759 ke/s2 | Cu | 534.05ke/s
M, | 820ke | K | 244284ke/s?2 | Cp | 679.35kgls
R | 03Q | L [2626x103H | K | 130N/A

ZAMM (2007)87(2), 172-187 2



Oscillations

(a) E, =14.25V
f=1.24Hz

(b) E, =18.82V
f =1.86Hz

Shaker — Pendulum Interactions

Oscillations, Rotations and Transient Tumbling Chaos
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Shaker — Pendulum Interactions

Experimental Studies
— Oscillations, Rotations and Transient Tumbling Chaos

Transient Tumbling Chaos (f =1.24Hz)

T
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Phil T Roy Soc A (2008) 366, 767-784
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Shaker — Pendulum Interactions

Experimental Studies — Comparisons with Numerical Results

Oscillations Rotations
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Shaker — Pendulum Interactions

Rotations With and Without Power Take Off
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Experiments in Water Tank E58

Tumbling Chaos
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Experiments in Water Tank BE

Stable Rotations
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Experiments in Water Tank B=

Stable Rotations for varying frequency and amplitude




Control - Initialisation of Rotations s
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x(t) = Q(x.1) + B(?),

B(t) = K[(1 - R)S; — ],

_Izl\lr"r_
m—1
S = E R XmT,

m=1

Xmr = X — MTX.

x(t) = Q(x,t) + B(t.x,X;,X27.X3;).

IBC (2012) 22(5), 1250111
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Bifurcation Control :’\\
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Planar Excitation
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Planar Excitation

Eliptical Excitation
0 + 0 + (1 + pcos (wt)) sin @ + ep sin(wt) cosf = 0

Planar Excitation

)
"i.xl . L 6+ ,},,9 + wfy () sin€ + wf,(t)cosfd =0

o(t) = 0(t) — wt

&‘n .. Y
%‘%{\f O+ d+v+ = [f —f}smo—l— [f + [ cosdp =0
'1&& \/E
I\
/n\m 27w
() w
_Q\_}-/ Sow = —/ Ju.y(5) cos(ws) ds,
2 T/
27w
W
foy=— / fz.y(s)sin(ws) ds
h ﬂ- O
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(a) 2.5-

2.0+

Oscillations

(b)

235

(©) 257

2.0

0.57]

Planar Excitation

0.0
0.0

Stable hanging
1 downward
position

period-1

# librations
around hanging
down state

period doubling
bifurcation of
period one
(H.L)

penod doubhng
bifurcation of
period two

|;.F|’ FJ’ Ol:l

{old/pitchfork
bifurcation
of period one
(K, K, M)
period-n
SYMImeLric
oscillation

—— Fold/pitchfork
bifurcation
of period two
(A, B,N)

period-n
*» non-symmetric
oscillation
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Planar Excitation

Rotations
e =0.5
a) 2.5+ 5. .
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e=0,p=05 @

E:I [rad's]

E:U?‘p:]_ (b)
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Planar Excitation
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B mod 27 [rad]

37



Pendulum 1
(6,.8,)

Pendula Systems

Pendulum 2
(6,,6,)

IJNM (2015) 71, 84-94
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(b)

Pendula Rig

g; : -:rnifié.ig- + cE-E?;E]':E- + migsint; = —m;iscost; —miissinb;, (i =1,2)

Ty (ms + mq + -:rng);f{rs + oy (i‘s — ;i-'b) + Fn (;1-'5 — ;lfb)

= —m1ly (91 cos ] — Hf SI1 6'1) — malo (93 cos o — 193 S1n 92) ,

ot (4 ma)il + ey (i — i) + by (50 — )

= —mqly (6"1 sin @ + 9% Cos 6'1) — mals (92 sin fo 4+ Hé Cos 92) \
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Pendula Systems

m; | 0.709 kg | cf° 0.0509 kg /s c! 0.0540 kg /s
li | 0.27T1m | 5° 0.0423 kg /= cs! 0.0765 kg /s
ms | 11.7kg | ky | 5.61 x 10°kg/s? | ¢ | 6.22 x 10% kg /s
ke | 2.20 x 108 kg/s? | ey | 1.85 x 10° keg/s
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Technical Viability

Viability of the concept of wave energy extraction
via a Parametric Pendulum

m small scale rig (1kg, 2.5 Hz)
generates 160 W

B Power/mass ratio — 16 (0.35)

m scaled up extractor (10000 kg,
0.1 Hz) should give > 1.0 MW

B wind turbine technology can be
fully utilized



Stochasticity of Excitation

4
S() :Aizexp [_B((g/U}) }

? @
8.1 g o (8/Hs)?
S(w)=—===exp| —0.032
10° @3 a?
20 T . .
15 —H =4m
H,=6m
H,=9m
m«: 10 .
5 i
A
0 0.5 1 1.5 2
w(rad/s)
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Stochasticity of Excitation

N
f(ty=~2 Z V' So(@y) Aw cos (ot +ghy)
k=1

2 2
ft)y=+2 Z JF% exp[—ﬂ.032(gf_is) }&m cos (@wyt+ghy)

Uk

N
fity=+2 Z V' So(@p) Ay, cos (it +¢,)

k=1
Awy =w,—wy_ 1, Awmy # Awy,_;

oy g 41
S(w) da = f S(w) dw
g —q LY
fy, k [@n
S(w) dw = N S(w) dw.
iy g
2 025
~( &
| 0.032 (E )
)y, =

N g\
lni—kU.USz(H—s) Jox

IJNM (2015) 71, 30-38 45



fit)

Stochasticity of Excitation

N=5000, dw=0.0005

2 T T T T T T T T
D. -

_2 | | | | | | | |

N=500, dw=0.005

2 T T T T T T T T
D. -

_2 | | | | | | | |

N=50, dw=0.05

2 T T T T T T T T
D —
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S(w)
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0.020 |
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Stochasticity of Excitation
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Stochasticity of Excitation

experiment
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Summary/Closing Remarks

, __ Anew concept of energy extraction has been shown.

m A detailed analysis of a PP has been presented.

. Bifurcation control and planar excitation has been
=i found beneficial.

Current work is focussed on stochastic excitation
and pendula systems.

E Interactions Pendulum vs Shaker have been investigated.

BES= Experimentsin a water tank have confirmed the principle.
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