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SIMULATION OF A MEMS PIEZOELECTRIC ENERGY HARVESTER
INCLUDING POWER CONDITIONING AND MECHANICAL STOPPERS
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Abstract: A piezoelectric energy harvester is simulated in SPICE, and its performance for different power conditioning techniques is presented. Mechanical stoppers are included, and their effect is investigated. The energy
harvester performance is heavily dependent upon power conditioning technique. Due to the varying electrical
damping, stopper influence on the energy harvester performance is strongly dependent on the type of power conditioning circuitry. We find that output power is insensitive to energy loss in the mechanical stopper for sinusoidal
excitations.
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1.

INTRODUCTION

Energy harvesting from vibration is an alternative energy source for powering low power microelectronics
and microelectromechanical systems (MEMS). Three different transduction mechanisms are commonly used for
the purpose of converting ambient available vibration
energy into useful electrical energy: piezoelectric, electrostatic and electromagnetic [1]. In the present contribution, we investigate a piezoelectric energy harvesting
system.
Maximizing the energy harvester output power and
system efficiency requires optimization of the combined
mechanical and electrical parts of the system. SPICE
simulations results for an energy harvester with its power
conversion electronics are presented in this paper. The
energy harvester is represented by a lumped model with
one mechanical and one electrical degree of freedom.
To take into account that inertial mass deflection is limited, mechanical stoppers are included. The transducer
is simulated in combination with four different power
conditioning techniques, standard AC, standard DC, synchronous electric charge extraction (SECE), and synchronized switch harvesting on inductor (SSHI) [2, 3, 4].

2.

ENERGY HARVESTER ARCHITECTURE

2.1

Mechanical Structure

The energy harvester is based on Aluminum Nitride
(AlN) as the piezoelectric material. Although lead zirconium titanate (PZT) has a higher electromechanical
coupling factor, several factors make AlN an attractive
alternative. It is a simpler technology which does not
require poling, is stable, and is compatible with microelectronics [5, 6]. The harvester is a beam structure with
an inertial mass attached to the end. The electromechan237

ical parameters are presented in Table 1, and correspond
to the generic formulation used in [7, 8]. The equation of
motion is obtained by projection onto the lowest mode
of a model with several degrees of freedom.
Table 1: Electromechanical parameters
Symbol Quantity
Value
wb
Width of beam
4. 0
lb
Length of beam
0. 566
m
Modal mass
17. 11
Cp
Clamped capacitance
122. 0
Q
Q-factor
350. 0
K
Stiffness
169. 9
k2
Electromechanical
coupling factor
0. 6
ωn
Resonance frequency
500. 0
ωa
Anti-resonance
frequency
501. 5

2.2

Unit
mm
mm
mg
pF
N/m
%
Hz
Hz

Mechanical Stoppers

Whenever inertial mass deflection reaches its limit,
the mass will hit a mechanical stopper. For large amplitude vibrations it is expect that the mass will hit the stoppers frequently, and thus they have to be included in the
simulation model. We choose to model the mechanical
stoppers as a parallel spring dashpot system, see Fig.1a,
which are in effect whenever center of mass deflection
exceeds 100µm.
As the kinetic energy of the proof mass is proportional
to the square of its velocity, the energy loss during stopper impact can be quantified by introducing the coefficient of restitution [9], e = − vv10 where v1 is mass release
velocity and v0 is mass velocity at impact. Elastic and
inelastic impact have coefficient of restitution e = 1 and

Proceedings of PowerMEMS 2008+ microEMS2008, Sendai, Japan, November 9-12, (2008)

Fig. 2: Energy harvester simulation model including
mechanical part and SSHI power conditioning

(a) Stopper model

pacitor at the output of the rectifier. SECE includes a full
bridge diode rectifier followed by a Buck-Boost configuration with a modified synchronous and low frequency
switching technique. The Buck-Boost switch closes on
mass deflection extremes, and opens when all the charge
on the transducer capacitance is emptied into the inductor [3]. It has a resistive load in parallel with a storage
capacitor. SSHI consists of a series inductor and switch
in parallel with the transducer capacitance. It is followed
by a full bridge diode rectifier and a resistive load in
parallel with a storage capacitor. The switch is closed
on transducer capacitance voltage extremes, and opens
after half a resonance period defined by the resonant series inductor – transducer capacitance circuit. Switching
effectively inverts the voltage on the transducer capacitance, leading to a more effective transduction [4].

(b) Coefficient of Restitution

Fig. 1: Stopper model and coefficient of restitution
e < 1, respectively.
As an example, consider stoppers that give critical
damping. Then stopper displacement xm (t) can be expressed as in (1) under open circuit conditions.



a0
v0 ω12 t
xm (t) = 2 −1 + exp(−ω1 t) 1 + ω1 t +
ω1
a0
(1)

Here, ω1 is the mechanical resonance frequency of the
combined stopper-beam-mass system, and a0 is the contribution to the acceleration due to the beam at stopper
impact. From this, we obtain the coefficient of restitution as shown in Fig.1b. Clearly it is dependent on
impact velocity, and therefore not so suitable as a control parameter for the simulations. We have therefore
chosen to investigate only the cases: elastic, critically
damped and completely inelastic impacts. An alternative would have been to parametrize the stoppers by e in
the absence of the beam, but that would not describe the
physical situation during impact.

3.

3.2

SIMULATIONS

System simulations are done using four different power
conditioning methods, standard AC, standard DC, SECE,
and SSHI. Simulations shows that maximum output power
is reached at resonance for standard AC, standard DC,
and SSHI, but at anti-resonance for SECE. Simulations
presented are done using optimum frequency.
3.1

Power Conditioning Circuits

Standard AC is the simplest form of power conditioning, connecting a resistive load directly between the two
transducer electrodes. Standard DC rectifies the transducer output through a full bridge diode rectifier, and
connects a resistive load in parallel with a storage ca238

System Simulations

Sinusoidal excitation simulations shows little difference (<5%) using elastic, critically damped or completely
inelastic stopper models. Further simulations are done
using critically damped stopper model. Fig.2 shows a
simulation model including both the mechanical part,
the electromechanical coupling and a SSHI power conditioning circuit, where F is the external force acting on
the system, b is the damping constant,
q is the charge on
q

the transducer electrode, α = CKP k is the force factor,
FS is the mechanical stopper force, x is the displacement, LSSHI is the SSHI inductor, SWSSHI is the SSHI
switch, CL is the storage capacitance, and RL is the load
resistance. The remaining symbols corresponds to parameters defined in Table 1. Fig.3 shows output power
vs. load resistance at low acceleration, 0.25g. Maximum mass deflection is not reached, and stoppers are
not in effect. As expected, the output power using SECE
is independent of the load resistance over a large range,
while the other configurations have an optimum low acceleration load. Fig.4 shows output power vs. load resistance at high acceleration, 4.0g. Maximum deflection
is now reached, and stoppers are frequently in effect.
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Fig. 3: Output power vs. load resistance at constant
acceleration 0.25g

Fig. 5: Output power vs. acceleration with constant
resistance optimized for low acceleration

Fig. 4: Output power vs. load resistance at constant
acceleration 4.0g

Fig. 6: Output power vs. acceleration with constant
resistance optimized for high acceleration

SECE output power is still independent of load resistance over a large range, while for AC and DC configurations the optimum load resistance is increased. SSHI
output power increases with increasing load resistance,
but only as long as the stoppers are in effect. Fig.5 and
6 shows that with constant output load the output power
for all four power conditioning methods reaches a maximum level at some acceleration and does not increase
further with increase in acceleration. Maximum power
level is not the same using different techniques. SECE
is the only technique that shows independence of load
resistance over a large range. With constant load resistance optimized for high accelerations, in the flat region
SSHI gives five times higher maximum output power
than SECE, and approximately 12 and 19 times higher
than AC and DC respectively. In this case SSHI has a
relatively high output voltage, which is in the range of
70V, while SECE has approximately 8.5V, DC has ap-

proximately 4.5V, and AC has approximately ± 6.5V
output voltage. The high SSHI output voltage can be
a limiting factor for its practical usage. Compared to
SECE, the optimal high acceleration load resistance for
SSHI is at least one order of magnitude higher, which
gives approximately 3 times the output voltage for the
same output power. Fig.7 shows how the stopper force
acts on the inertial mass as a function of load resistance
for various accelerations using AC and SSHI. Combined
with Fig.8 it shows that for SSHI, increasing the load resistance gives an increase in the output power, as long as
the stoppers are in effect.

4.

DISCUSSION

Sophisticated power conditioning circuits, e.g. SECE
and SSHI, uses active circuits and are in need of some
control circuits. Power consumption used for power con239
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will not be sufficient to drive an active power conditioning circuit.

5.

CONCLUSION

SECE is promising at low accelerations and at high
accelerations under variable load resistance. With reservations concerning the high output voltage of SSHI, the
technique seems preferable at high accelerations with
load control. AC and DC techniques should be used at
low acceleration which results in insufficient overhead
output power to drive active circuits.
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