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ABSTRACT

Sensor installation for flight test instrumentation is a difficult process because the sensors must be
wired to a central power unit. A small power source for transducers would make the installation
process more efficient. This paper investigates the power output of a piezoelectric energy harvester.
An experiment was conducted using a piezoelectric diaphragm connected to a full-wave bridge
rectifier. The circuit is analyzed and experimental results are presented. The results are analyzed
to determine if the output power is sufficient to supply a small transducer.

INTRODUCTION

In the modern world, airplanes are a common mode of transportation. To meet the demand of
the market, it is necessary to build and test airplanes efficiently. An aircraft must undergo rigorous
testing before it is cleared for regular service. Airplanes use miles of copper wiring to power all the
essential systems and components. The elimination of wiring would increase the testing efficiency
of airplanes and the accuracy of in-flight tests. As a continuation of a previous paper [1] about
using piezoelectric energy harvesters (PEHs) to eliminate aircraft wiring, we experimented with a
piezoelectric diaphragm to investigate the power output of the device.

PEHs transform ambient aerodynamic vibration energy into electrical energy. This energy is
then converted into DC power which is required for transducers. In the past two years people have
conducted simulations and experiments with PEHs as a solution for structural health monitoring
and as power sources for sensors. The goal of this paper is to analyze the power output of a
basic PEH and determine if it would be sufficient to power a small transducer used in aircraft
instrumentation.

This paper is organized as follows. The PEH circuit is described and analyzed. Next experi-
mental results are discussed and analyzed. The project results are summarized in the conclusion.
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ANALYSIS OF CIRCUIT MODEL

Piezo is a type of ceramic. The inherent atomic structure of the piezo allows it to convert mechani-
cal energy to electrical energy via the Piezoelectric Effect. The PEH can be modeled as the circuit
in Figure 1. The circuit model can be split into the mechanical and electrical domains [2]. As
stress is applied to the system, a current is induced in the electrical domain.

Cp

CmLm Rm

Input Stress on Disc

Electrical DomainMechanical Domain

Figure 1: Piezo Circuit Model.

Our analysis focuses on the electrical domain. We can model the electrical domain as the
Norton source [2] shown in Figure 2.

V-

V+

Ip Cp ZL

Figure 2: Norton Source Model.

The capacitor, Cp, becomes the source impedance, ZS , where

ZS = j
1

jωCp

= jXS. (1)

If we assume ZL = RL + jXL, using the Norton circuit in Figure 2 we can calculate the current,
IL, with a current divider equation,

IL =
ZS

ZS + ZL

Ip =
jXS

RL + j(XS +XL)
Ip. (2)

We use (2) to analyze the power transfer between the source and the load.
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Maximum Power Transfer Analysis - Complex Load
The method for calculating the maximum power transfer can be found in most entry-level circuit
analysis texts [3]. We calculate the power across the load to be

P = |IL|2RL =
X2

SRL

R2
L + (XS +XL)2

|Ip|2. (3)

To analyze the conditions for maximum power transfer we take the partial derivatives of the
power equation and set them to zero.

δP

δXL

=
−2X2

S ·RL · (XS +XL)

[R2
L + (XS +XL)2]2

|I2p |. (4)

δP

δRL

=
X2

S[(XS +XL)2 −R2
L]

[R2
L + (XS +XL)2]2

|Ip|2. (5)

This results in the following relationships:

XL = −XS. (6)

RL = XS +XL = 0. (7)

From (6) and (7) we see that maximum power transfer occurs when the load resistance is zero
and the load reactance is the negation of the source reactance. This follows the principle that for
maximum power transfer to occur, the load impedance needs to be the complex conjugate of the
source impedance. In this case an inductor would need to be included to achieve this.

AC-DC Conversion Analysis
The AC signal produced from the piezo needs to be converted to a smooth DC signal to power
transducers. Thus, a rectifier circuit is needed. We used a full-wave bridge rectifier to accomplish
this [3]. The analysis is done for two rectifier load cases: a resistive load and a complex load. The
resistive load is modeled by a resistor, as seen in Figure 3. The complex load is modeled by a
resistor and capacitor in parallel, as seen in Figure 4. It should be noted that the current through
the diodes in the rectifier causes a voltage drop.
We then compare the current through the load resistor,

Case 1: Resistive Load
I1 =

1

1 + jwRLCp

Ip (8)

Case 2: Complex Load

I2 =
1

1 + jwRL(CL + Cp)
Ip. (9)

Equations (8) and (9) indicate that Re{I1} > Re{I2}. Hence, more current flows through the
load that only has a resistor. Therefore the voltage and power through the load is higher with a
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Figure 3: Rectifier circuit with resistive load (Case 1).
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Figure 4: Rectifier circuit with complex load (Case 2).

Case 1 load. However, a smoothing capacitor in the rectifier load (Case 2) is necessary for a viable
supply for a transducer because it creates a constant stable voltage.

The voltage across the load is
VL = InRL (10)

where n depends on the load type (Case 1 or 2).
If we fix w, Cp and CL, then as RL →∞,

IL = 0. (11)

|VL| = |Ip|. (12)

From (11) and (12), as RL increases, we see a rise in voltage and a fall in current. Thus, there
is a sweet spot for the maximum power output of the system.
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EXPERIMENTAL RESULTS

We conducted an experiment similar to [4]. We used a Murata 7BB-41-2L0 Piezoelectric Di-
aphragm as the piezoelectric source attached to a full-bridge rectifier circuit and a load. We then
varied the load resistor values. The disc was attached to an aluminum mounting fixture which was
then attached to a Labworks Inc. LW132.203.151-5 Shaker System. The Shaker System provided
the mechanical vibrations for the system.

Figure 5: Shaker setup with Piezo Diaphragm attached

Resonant Modes of Piezoelectric Diaphragm
The first task was to find the resonant modes of the diaphragm to determine which frequency

to experiment with. We ran a pseudorandom vibration profile using a Polytec Inc. Scanning Laser
Doppler Vibrometer Model PSV-500-3D-HV to find the resonant modes of the diaphragm. Since
it was fixed at one end, the behavior is similar to that of a piezoelectric beam, which was modeled
in [1].

The results in Figure 6 show the bending modes and the first torsional mode. The first few
bending modes occur at 144, 1060, and 2118 Hz. We chose to experiment at 144 Hz because it
had the highest displacement and lower frequencies are more likely in an airplane environment.

Power Analysis of Experiment
We used an oscilloscope to measure the voltage across the load resistor of the breadboarded

rectifier circuit. Figure 8 shows this setup. We experimented with the two load cases, varying the
resistor values from 100 Ω− 56 kΩ. For the case with a complex load, a 1 µF capacitor was added
for smoothing the signal.

Figures 9, 10,and 11 show the results of our experiments. The red line in the figures is the result
from the resistive load. The voltage was calculated by finding the RMS value of the measured data
and applying the following equation for the output DC voltage of a rectifier with a resistive load:

VDC =
2Vmax

π
= 0.9Vrms. (13)
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Figure 6: Frequency vs. Intensity plot.

The blue and green lines are the results from the complex load. Ideally the capacitor should
hold the voltage at the peak of the rectified signal. The blue line represents the maximum value
seen by the load resistor with the capacitor attached. However, the smoothing capacitor we used
was not large enough, so there was a slight voltage ripple on the output. We calculated the average
of the ripple and plotted those values for comparison (green line).

The voltage across the load resistor in shown in Figure 9. Both load cases follow the same
trend with the resistive load slightly higher than the capacitive load. As the resistance increases,
the magnitude of the voltage also increases. This matches our analysis in (12).

The current across the load resistor is shown in Figure 10. Both load cases follow the same trend
with the resistive load higher than the capacitive load. As the resistance increases, the current
decreases. This matches our analysis in (11). The magnitude of the current is very small, the
highest being at 0.4mA and the lowest being around 0.15mA.

The power across the load resistor is shown in Figure 11. Both load cases follow the same trend
with the resistive load slightly higher than the capacitive load. The maximum power for the com-
plex load occurs between 47 kΩ−56 kΩ. This is the power we care about because the signal is more
constant and flat. The maximum real power of the complex load is just below 1.2 mW 1.2mW. This
is the usable power of the system which could be used to power a transducer. This power could
supply a small, passive transducer, like a strain gauge, in a Wheatstone Bridge configuration.

CONCLUSIONS

In this paper we analyzed the power output of a basic PEH. Our process included a circuit analysis
using a Norton model for the piezoelectric source. An experiment was conducted using a piezo-
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Figure 7: Laser Vibrometer setup.

electric diaphragm and the output power was analyzed. We concluded that the outputted power is
feasible to supply a transducer, like a small strain gauge. Further testing needs to be done to verify
this before it can be implemented.
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Figure 8: Oscilloscope Setup.
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Figure 9: Voltage Comparison across load.
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Figure 10: Current comparison across load.

9



0 10 20 30 40 50 60

Resistance (k )

0

0.2

0.4

0.6

0.8

1

1.2

1.4

P
ow

er
 (

m
W

)

Comparison of DC Power Dissipated Across Load Resistor

Resistive Load
Max Complex Load
Avg Complex Load

Figure 11: Power comparison across load.
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