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ENERGY HARVESTING FOR WIRELESS
SENSOR OPERATION AND DATA
TRANSMISSION

RELATED APPLICATIONS

This patent application is a divisional of U.S. patent appli-
cation Ser. No. 10/379,223 filed Mar. 5, 2003 now U.S. Pat.
No. 7,081,693, incorporated herein by reference, and claims
benefit of provisional patent application 60/362,432, filed
Mar. 7, 2002, incorporated herein by reference and provi-
sional patent application 60/443,120, filed Jan. 28, 2003,
incorporated herein by reference. This patent application is
related to the following U.S. patent applications:

Ser. No. 09/731,066, filed Dec. 6, 2000, incorporated herein
by reference;

Ser. No. 09/757,909, filed Jan. 10, 2001, incorporated herein
by reference;

Ser. No. 09/801,230, filed Mar. 7, 2001, incorporated herein
by reference;

Ser. No. 09/768,858, filed Jan. 24, 2001, incorporated herein
by reference;

Ser. No. 09/114,106, filed Jul. 11, 1998, incorporated herein
by reference;

Ser. No. 09/457,493, filed Dec. 8, 1999, incorporated herein
by reference;

and

non-provisional patent application having, Ser. No. 10/379,
224, filed the same day as this application, incorporated
herein by reference.

FIELD OF THE INVENTION

This invention generally relates to collecting and transmit-
ting data. More particularly, it relates to a device for sensing,
storing and transmitting data. Even more particularly, it
relates to a device that can that can be attached to a structure
or live subject and that can harvest energy from its environ-
ment to power sensing, storing and transmitting data about
the structure or live subject.

BACKGROUND OF THE INVENTION

Several available devices convert mechanical energy in the
local environment into electrical energy, including the Seiko
“Kinetic” watch and mechanical wind-up radios. An article,
“Energy Scavenging with Shoe-Mounted Piezoelectrics,” by
N. S. Shenck and J. A Paradiso http://computer.org/micro/
homepage/may_june/shenck/index.htm, reports on systems
that capture energy from the user’s environment to provide
electricity to wearable microelectronic devices without bat-
teries. The unobtrusive devices scavenge electricity from the
forces exerted on a shoe during walking. The devices include
a flexible piezoelectric foil stave to harness sole-bending
energy and a reinforced piezoelectric dimorph to capture
heel-strike energy. They also report on prototype develop-
ment of radio frequency identification (RFID) tags which are
self powered by a pair of sneakers.6 A recent report by Meni-
ger et al., entitled “Vibration-to-Energy Conversion”, dis-
closes a microelectromechanical system (MEMs) device for
the conversion of ambient mechanical vibration into electri-
cal energy through the use of a variable capacitor http://
www .kric.ac kr:8080/pubs/articles/proceedings/dac/
313817/p48-meninger/p48-meninger.pdf. However, these
MEMs systems only demonstrated 8 microwatts of power.
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Transmission of RF data over distances of 20 feet or more
requires milliwatt power levels.

Low power sensors have been developed, as described on
commonly assigned U.S. patent application Ser. No. 09/731,
066, to Arms, that includes a sensing unit for attaching to a
structure or live subject for sensing a parameter of the struc-
ture or live subject. The sensing unit includes a sensor, a data
storage device, and a transmitting device. The data storage
device is for storing data from the sensor. Power is provided
by a power supply such as a rechargeable battery or fuel cell.
The rechargeable battery can be recharged by inductive cou-
pling from an external control unit.

Over the past years, sensors, signal conditioners, proces-
sors, and digital wireless radio frequency (RF) links have
become smaller, consumed less power, and included higher
levels of integration. The Ser. No. 09/731,066 application, for
example, provides sensing, acquisition, storage, and report-
ing functions. Wireless networks coupled with intelligent
sensors and distributed computing have enabled a new para-
digm of machine monitoring.

A paper, “Wireless Inductive Robotic Inspection of Struc-
tures,” by Esser, et al, proceedings of the IASTED Interna-
tional Conference, Robotics and Applications 2000, Aug.
14-16, 2000, Honolulu, Hi., describes an autonomous robotic
structural inspection system capable of remote powering and
data collection from a network of embedded sensing nodes
and providing remote data access via the internet. The system
uses microminiature, multichannel, wireless programmable
addressable sensing modules to sample data from a variety of
sensors. The nodes are inductively powered, eliminating the
need for batteries or interconnecting lead wires.

Wireless sensors have the advantage of eliminating the cost
of installing wiring. They also improve reliability by elimi-
nating connector problems. However, wireless sensors still
require system power in order to operate. If power outages
occur, critical data collected by the sensors may be lost. In
some cases, sensors may be hardwired to a vehicle’s power
system. In other cases however, the need to hard wire to a
power system defeats the advantages of wireless sensors, and
this may be unacceptable for many applications. Most prior
wireless structural monitoring systems have therefore relied
on continuous power supplied by batteries. For example, in
1972, Weiss developed a battery powered inductive strain
measurement system, which measured and counted strain
levels for aircraft fatigue. Traditional batteries, however,
become depleted and must be periodically replaced or
recharged, adding an additional maintenance task that must
be performed. This is particularly a problem for monitors
used for a condition based maintenance program since it adds
additional maintenance for the condition based monitoring
system itself.

None of the systems for sensing changes in the environ-
ment have collected available mechanical energy to provide
the electricity for running the sensors, storing data from the
sensor, or communicating the data externally. Thus, a better
system for powering sensors and storage devices, and for
transmitting data gathered by sensors is needed, and this
solution is provided by the following invention.

SUMMARY OF THE INVENTION

It is therefore an object of the present invention to provide
a scheme for powering a wireless sensor system with a source
of energy that avoids the need to provide, replace or recharge
batteries;

It is a further object of the present invention to provide a
scheme for powering a load with energy harvested from an
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ambient source of energy in the local area, wherein the rate at
which energy is harvested from the ambient source of energy
is below that required for directly powering the load.

It is a further object of the present invention to provide a
scheme for powering a sensor system with ambient mechani-
cal energy collected from the environment of the sensor sys-
tem or with energy obtained from ambient magnetic field
coupled energy;

It is a further object of the present invention to provide a
network of sensor systems in which sensors on the network
are powered with ambient energy collected from the environ-
ment;

It is a further object of the present invention to provide a
device for monitoring the health of a machine or another
system in which the monitoring device is powered with ambi-
ent energy harvested from the environment.

It is a further object of the present invention to provide a
sensing system that includes a sensor that is read with elec-
trical energy obtained from the harvested mechanical energy;

It is a further object of the present invention to provide a
wireless transmitter connected to receive and transmit infor-
mation obtained by the sensor, in which the wireless trans-
mitter is powered with electrical energy obtained from the
harvested mechanical energy;

It is a feature of the present invention that a sensing system
includes a component for harvesting ambient mechanical or
magnetic energy and converts this energy into electrical
energy;

It is a feature of the present invention to provide a data
collection device that is powered by the electrical energy
obtained from the harvested mechanical energy;

It is an advantage of the present invention that the data
collection device can provide information about the environ-
ment using energy harvested from the environment; and

It is a further advantage of the present invention that the
data collection device does not itself require maintenance for
replacing or recharging batteries.

These and other objects, features, and advantages of the
invention are accomplished by a device for powering a load
from an ambient source of energy. The device comprises an
energy harvesting device for harvesting energy from the
ambient source of energy wherein the rate energy is harvested
from the ambient source of energy is below that required for
directly powering the load. A storage device is connected to
the energy harvesting device. The storage device receives
electrical energy from the energy harvesting device and is for
storing the electrical energy. A controller is connected to the
storage device is for monitoring the amount of electrical
energy stored in the storage device and for switchably con-
necting the storage device to the load when the stored energy
exceeds a first threshold.

Another aspect of the invention is an energy harvesting
system comprising a piezoelectric transducer and a rectifier.
The system also includes a reactive device having a high
impedance approximately matching impedance of the piezo-
electric transducer at its operating frequency for efficiently
transferring energy from the piezoelectric transducer to the
reactive device. The system also includes a low impedance
high capacity storage device. The system also includes a
circuit for monitoring voltage across the reactive device, and
for transtferring the charge from the reactive device to the low
impedance high capacity storage device when the voltage
across the reactive device reaches a specified voltage value.

Another aspect of the invention is a device for sensing
temperature or pressure in a tire. The device includes a tire
and a PZT mounted on the tire. The device also includes a
circuit for harvesting energy from the PZT, wherein the cir-
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4

cuit comprises an element having an impedance approxi-
mately matching impedance of the PZT. The device also
includes a sensing module connected to the circuit, the sens-
ing module including a sensor and a circuit for wirelessly
transmitting sensor information.

BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing and other objects, features, and advantages
of the invention will be apparent from the following detailed
description of the invention, as illustrated in the accompany-
ing drawings, in which:

FIG. 1a is a perspective view of an energy harvesting
addressable wireless sensing node of the present invention
mounted on a machine or structure;

FIG. 15 is a perspective view of components within the
energy harvesting addressable wireless sensing node;

FIG. 1c¢ is a perspective view of the energy harvesting
cantilever shown in FIG. 15 with variable mass for tuning to
a vibration frequency of the machine or structure;

FIG. 1d is a schematic diagram of a base station for receiv-
ing said wirelessly transmitted information;

FIG. 2 is an alternative embodiment in which a large sheet
of PZT fiber is embedded in material, such as a hull of ship so
vibration or strain energy transmitted through the hull can be
harvested;

FIGS. 3a, 3b are block diagrams of one embodiment of an
energy harvesting addressable wireless sensing node of the
present invention in which energy is harvested by a PZT;

FIG. 4 is a block diagram of an alternate embodiment of an
energy harvesting addressable wireless sensing node of the
present invention in which energy is harvested from a power
transmission line;

FIG. 5 is a block diagram of the wireless sensing module
shown in FIGS. 3a, 35,

FIG. 6a is a timing diagram of voltage across capacitor C2
of FIG. 11;

FIG. 65 is a timing diagram of voltage across capacitor C1
of FIG. 11;

FIG. 6c¢ is a timing diagram of voltage across the transmit-
ter of FIG. 11 showing how charge gradually stored in long
term storage capacitor C1 is used to briefly power the trans-
mitter or transceiver;

FIG. 7 is a cross sectional view of a tire having an energy
harvesting device of the present invention to power transmit-
ting pressure and temperature sense data;

FIG. 8 is a schematic diagram showing a receiver mounted
in a vehicle that receives signals indicating tire sensor data
transmitted by each of the tires on the vehicle;

FIG. 9 is a diagram showing data from an experimental test
showing that the PZT provided the same low current output as
load resistance was varied from 100 ohms to 50 Kohms;

FIG. 10 is a diagram showing data from the experimental
test showing that the optimum load impedance, that delivers
maximum power, was found to be about 500 Kohms;

FIG. 11a is a block diagram of an improved embodiment of
an energy harvesting addressable wireless sensing node of the
present invention having an additional stage of charge stor-
age, monitoring, switching, and impedance conversion
between the rectifier and the controller of FIG. 3a;

FIG. 115 is a schematic diagram showing more detail than
the block diagram of FIG. 1a; and

FIG. 12 is a schematic diagram showing a wireless web
enabled sensor network (WWSN) system that requires very
little power.



























