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η = P2
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= 1− P1−P2
P1

−→ Losses in the energy converter should be

as small as possible.
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”No need for Batteries”

”Green” ”Fun”

54% of people Will choose the first
one because it is eco-friendly.
(Jansen, Human power empirically explored)

Several projects are born from
this fact: Metis Produces energy
from dancers’ movements.

In Toulouse, the system VIHA

proposes Smart Tiles to energies
street lights.
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Temperature Gradient (residential). Lindsay Miller,
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Mẅ(t) = f +MAω2sin(ωt) = f + facc

Glossary

M the mass

f , the force onto M

A, vibration’s amplitude

ω, vibration’s pulsation

facc is the inertial force

i current of the device
(actuator convention)

im motional current

fp inside piezo force

N Piezoelectric force
factor (depends on
geometry)

fp Piezo internal force

fs Material internal elastic
force

Ks equivalent stiffness
(depends on geometry)

Ds Viscous coefficient

Frédéric Giraud Master E2D2 November 27, 2012 15 / 40



Introduction
Modelling of a piezoelectric energy harvester

An Example of inverter

Presentation of the system
EMR of the system
Power Extraction on a load resistor RL from harmonic oscillation

Equations

Dynamic of the mass M:

M d2

dt2
(w(t) + Asin(ωt)) = Fp→M = f
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Mẅ(t) = f +MAω2sin(ωt) = f + facc

Electrical Behaviour: Capacitive

v = 1
Cb

∫
(i − im)dt

Glossary

M the mass

f , the force onto M

A, vibration’s amplitude

ω, vibration’s pulsation

facc is the inertial force

i current of the device
(actuator convention)

im motional current

fp inside piezo force

N Piezoelectric force
factor (depends on
geometry)

fp Piezo internal force

fs Material internal elastic
force

Ks equivalent stiffness
(depends on geometry)

Ds Viscous coefficient

Frédéric Giraud Master E2D2 November 27, 2012 15 / 40



Introduction
Modelling of a piezoelectric energy harvester

An Example of inverter

Presentation of the system
EMR of the system
Power Extraction on a load resistor RL from harmonic oscillation

Equations

Dynamic of the mass M:

M d2

dt2
(w(t) + Asin(ωt)) = Fp→M = f
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while v produces an internal force
fp = Nv

Material’s behaviour

The material is elastic: fs = Ks

∫
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|im| = N |ẇ | = ω.N.|facc|√
(Ks−Mω

2)2+(N2RLω)2

P2 = − 1
2

N2RLω
2|facc |

2

(Ks−Mω
2)2+(N2RLω)2

P2Max = (MAω2)2

2N2RL
, Wmax = MAω

N2RL

ω

P2

ω0

P2max RL ց

The vibrations should occur at
generator’s resonance frequency

ω0 =
√

Ks
M

RL

P2max ,Wmax

We can harvest as much
power as we want

Frédéric Giraud Master E2D2 November 27, 2012 18 / 40



Introduction
Modelling of a piezoelectric energy harvester

An Example of inverter

Presentation of the system
EMR of the system
Power Extraction on a load resistor RL from harmonic oscillation

For an ideal generator (Ds = 0)
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Power Extraction on a load resistor RL from harmonic oscillation

Example

Device’s properties

N = 0.012N/V , Ks = 6300N/m, Cb = 300nF , Ds = 0.17Ns/m,
M = 1g

Calculate for A = 0.1mm

the best working frequency,

the harvested P2 power in the best
case,

the power of the source P1 in such
best case,

the optimal resistor RL,

the deflection amplitude of the bender,

the voltage for this working point.

Validation

Is v = −RLim a valid
assumption?
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The best working frequency is given by

f0 =
1
2π

√
Ks

M
= 1

2π

√
6300
1.10−3 = 400Hz
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We can show:
v = − RL

1+jωRLCb
im = −jωNRL

1−jωRLCb

1+(RLCbω)2
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Partial Conclusion

If Ropt < Rb

A resistor can recover the power optimally. But the study was not
valid for high RL. What happens for RL ≫ Rb?

If Ropt > Rb

The power is not well extracted because P2 < P2max . This
happens for high damped mechanisms.
A simple resistor cannot recover the power optimally (and this is
due to Cb).
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What happens if Ropt < Rb and RL ≫ Rb?

resonance is shifted

rLeq = RL

1+(RLCbω)2
≃ RL

(RLCbω)2

keq = RL
ω2RLCb

1+(RLCbω)2
≃ 1

Cb

((Ks + N2keq)−Mω2) + jω(Ds + N2rLeq)w = f acc leads to:

ω′
0 =

√
Ks+N2keq

M
=

√

Ks+
N2

Cb

M
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Another optimal resistor

The optimal power is harvested is N2rLeq = Ds , leading to:
N2RL

(RLCbω
′
0)

2 = N2

RLC
2
b

Ks+
N2
Cb

M

= Ds

RLopt2 = N2

Ds

1

C2
b
Ks
M

(1+ N2

KsCb
)
=

R2
b

RLopt

1

1+ N2

KsCb
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There exist an optimal frequency which may vary if RL is very
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For the realistic case, there is one or two resistive loads which
allow to extract the maximum of power,

There exist an optimal frequency which may vary if RL is very
high,

For highly damped structure, a simple resistor is not optimal.

RLopt

RL(log)

P2/P2Max

RLopt2

ω

P2/P2max

ω0 ≃ N2

Cbω0

Ds

P2/P2Max

Frédéric Giraud Master E2D2 November 27, 2012 28 / 40



Introduction
Modelling of a piezoelectric energy harvester

An Example of inverter

Presentation of the system
EMR of the system
Power Extraction on a load resistor RL from harmonic oscillation

Conclusion

For the realistic case, there is one or two resistive loads which
allow to extract the maximum of power,

There exist an optimal frequency which may vary if RL is very
high,

For highly damped structure, a simple resistor is not optimal.

→ we always want to harvest the maximum of power!
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ω
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The current is rectified, but we still have
v = −RLim: Power harvesting depends on RL

Moreover, it is still not optimal if Ropt > Rb.
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ẇ

f

facc

ẇ
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ẇ

fp

ẇ
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ẇ

ẇ
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General conclusion

In this presentation, applications of Energy Harvesting were shown.
The modelling of a piezoelectric generator has shown that the
power source needs an adaptation:

in frequency,

in load.

to maximize the harvested poer.
The key energy management rules were presented through the
analysis of the EMR of the system. A typical power electronic
circuit was also presented, but the bibliography shows a lot of
example.
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End of the presentation

Questions?
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