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(57) ABSTRACT

A method is provided for detecting a target impact of a
munition. The method including: providing the munition
with a power supply having a piezoelectric material for
generating power from a vibration induced by the munition;
monitoring an output from the power supply; and determin-
ing whether the output of power from the power supply has
dropped below a predetermined threshold.
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ENERGY HARVESTING POWER SOURCES FOR
GENERATING A TIME-OUT SIGNAL FOR
UNEXPLODED MUNITIONS

CROSS-REFERENCE TO RELATED
APPLICATION

[0001] This application claims priority to earlier filed U.S.
provisional application Ser. No. 60/759,606 filed on Jan. 17,
2006, the entire contents of which is incorporated herein by
its reference. The electrical energy harvesting power sources
disclosed herein are described in detail in U.S. patent
application Ser. Nos. 10/235,997 and 11/116,093, each of
which are incorporated herein by their reference.

GOVERNMENTAL RIGHTS

[0002] This invention was made with Government support
under Contract No. DAAE30-03-C1077, awarded by the
U.S. Army. The Government may have certain rights in this
invention.

BACKGROUND OF THE INVENTION

[0003] 1. Field of the Invention

[0004] The present invention relates generally to power
supplies, and more particularly, to power supplies for pro-
jectiles, which generate power due to an acceleration of the
projectile.

[0005] 2. Prior Art

[0006] Fuzing of munitions is necessary to initiate a firing
of the munition. Currently, there is no reliable and simple
mechanism for differentiating an accidental drop of a muni-
tion from a firing acceleration, to prevent an accidental drop
from initiating a fuzing of the munition. Similarly, there is
a need to reliably validate firing and start of the flight of a
munition. For rounds with booster rockets, this capability
can provide the means to validate firing, firing duration and
termination. Munitions further require the capability to
detect target impact, to differentiate between hard and soft
targets and to provide a time-out signal for unexploded
rounds. Lastly, in order to recover unexploded rounds
(munitions) it would be desirable for the munition to have
the capability to notify a recovery crew.

SUMMARY OF THE INVENTION

[0007] The power sources/generators/supplies disclosed
in U.S. patent application Ser. Nos. 10/235,997 and 11/116,
093 are based on the use of piezoelectric elements. Such
power sources are designed to harvest electrical energy from
the firing acceleration as well as from the aerodynamics
induced motions and vibration of the projectile during the
entire flight. The energy harvesting power sources can
withstand firing accelerations of over 100,000 Gs and can be
designed to address the power requirements of various
fuzes, communications gear, sensory devices and the like in
munitions.

[0008] The electrical energy harvesting power sources are
based on a novel approach, which stores mechanical energy
from the short pulse firing accelerations, and generates
power over significantly longer periods of time by vibrating
elements, thereby increasing the amount of harvested energy
by orders of magnitude over conventional methods of
directly harvesting energy from the firing shock. With such
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power sources, electrical power is also generated during the
entire flight utilizing the commonly present vibration dis-
turbances of various kinds of sources, including the aero-
dynamics disturbances or spinning. Such power sources may
also be used in a hybrid mode with other types of power
sources such as chemical reserve batteries to satisfy any
level of power requirements in munitions.

[0009] While the piezoelectric power generators are gen-
erally suitable for many applications, they are particularly
well suited for low to medium power requirements, particu-
larly when safety and very long shelf life are critical factors.

[0010] The electrical energy harvesting power sources for
munitions are based on a novel use of stacked piezoelectric
elements. Piezoelectric elements have long been used in
accelerometers to measure acceleration and in force gages
for measuring dynamic forces, particularly when they are
impulsive (impact) type. In their stacked configuration, the
piezoelectric elements have also been widely used as micro-
actuators for high-speed and ultra-accuracy positioning
applications with low voltage input requirement and for
high-frequency vibration suppression. The piezoelectric ele-
ments have also been used as ultrasound sources and for the
generation and suppression of acoustic signals and noise.

[0011] In the present application, the electrical energy
harvesting power sources are used for powering fuzing
electronics as acceleration and motion sensors, acoustic
sensors, micro-actuation devices, etc., that could be used to
enhance fusing safety and performance. As such, the devel-
oped electrical energy harvesting power sources, in addition
to being capable of replacing or at least supplementing
chemical batteries, have significant added benefits in ren-
dering fuzing safer and enhancing its operational perfor-
mance. Fir example, the piezoelectric-based electrical
energy harvesting power sources can provide the following
safety and performance enhancing capabilities:

[0012] 1. Capability to detect accidental drops and
differentiate them from the firing acceleration.

[0013] 2. Capability to validate firing and start of the
flight. For rounds with booster rockets, this capability
will provide the means to validate firing, firing duration
and termination.

[0014] 3. Capability to detect target impact.

[0015] 4. Capability to differentiate between hard and
soft targets.

[0016] 5. Capability to provide time-out signal for
unexploded rounds.

[0017] 6. In an unexploded round, the capability to
detect acoustic and vibration wake-up signals gener-
ated by a recovery crew and respond to the same via an
RF or acoustic signal or the like.

[0018] Accordingly, a system is provided for use with a
munition for detecting a target impact of the munition. The
system comprising: a power supply having a piezoelectric
material for generating power from a vibration induced by
the munition; and a processor operatively connected to the
power supply for monitoring an output from the power
supply and determining whether the output of power from
the power supply has dropped below a predetermined
threshold.
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[0019] If the output of the power supply has dropped
below the predetermined threshold, the processor can further
disable the round from being internally detonated.

[0020] Also provided is a method for detecting a target
impact of a munition. The method comprising: providing the
munition with a power supply having a piezoelectric mate-
rial for generating power from a vibration induced by the
munition; monitoring an output from the power supply; and
determining whether the output of power from the power
supply has dropped below a predetermined threshold.

[0021] The method can further comprise, if the output of
the power supply has dropped below the predetermined
threshold, disabling the round from being internally deto-
nated.

BRIEF DESCRIPTION OF THE DRAWINGS

[0022] These and other features, aspects, and advantages
of the apparatus and methods of the present invention will
become better understood with regard to the following
description, appended claims, and accompanying drawings
where:

[0023] FIG. 1 illustrates a schematic cross section of an
exemplary power generator for fuzing of a munition.

[0024] FIG. 2 illustrates a schematic view of a system of
harvesting electric charges generated by the power generator
of FIG. 1.

[0025] FIG. 3 illustrates a longitudinal acceleration (firing
force, which is equal to the longitudinal acceleration times
the mass of the round) versus time plot for a fired munition.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENT

[0026] In the methods and apparatus disclosed herein, the
spring end of a mass-spring unit is attached to a housing
(support) unit via one or more piezoelectric elements, which
are positioned between the spring end of the mass-spring
and the housing unit. A housing is intended to mean a
support structure, which partially or fully encloses the
mass-spring and piezoelectric elements. On the other hand,
a support unit may be positioned interior to the mass-spring
and/or the piezoelectric elements or be a frame structure that
is positioned interior and/or exterior to the mass-spring
and/or piezoelectric elements. The assembly is provided
with the means to preload the piezoelectric element in
compression such that during the operation of the power
generation unit, tensile stressing of the piezoelectric element
is substantially avoided. The entire assembly is in turn
attached to the base structure (e.g., gun-fired munitions).
When used in applications that subject the power generation
unit to relatively high acceleration/deceleration levels, the
spring of the mass-spring unit is allowed to elongate and/or
compress only within a specified limit. Once the applied
acceleration/deceleration has substantially ended, the mass-
spring unit begins to vibrate, thereby applying a cyclic force
to the piezoelectric element, which in turn is used to
generate electrical energy. The housing structure or the base
structure or both may be used to provide the limitation in the
maximum elongation and/or compression of the spring of
the mass-spring unit (i.e., the amplitude of vibration). Each
housing unit may be used to house more than one mass-
spring unit, each via at least one piezoelectric element.
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[0027] Inthe following schematic the firing acceleration is
considered to be upwards as indicated by arrow 113.

[0028] In FIG. 1, power generation unit 100 includes a
spring 105, a mass 110, an outer shell 108, a piezoelectric
(stacked and washer type) generator 101, one socket head
cap screw 104 and a stack of Belleville washers 103 (each
of the washers 103 in the stack is shown schematically as a
single line). Piezoelectric materials are well known in the
art. Furthermore, any configuration of one or more of such
materials can be used in the power generator 100. Other
fasteners, which may be fixed or removable, may be used
and other means for applying a compressive or tensile load
on the piezoelectric generator 101 may be used, such as a
compression spring. The piezoelectric generator 101 is sand-
wiched between the outer shell 108 and an end 102 of the
spring, and is held in compression by the Belleville washer
stack 103 (i.e., preloaded in compression) and the socket
head cap screw 104. The mass 109 is attached (e.g., screwed,
bonded using adhesives, press fitted, etc.) to another end 106
of the spring 105. The piezoelectric element 101 is prefer-
ably supported by a relatively flat and rigid surface to
achieve a relatively uniform distribution of force over the
surface of the element. This might be aided by providing a
very thin layer of hard epoxy or other similar type of
adhesives on both contacting surfaces of the piezoelectric
element. The housing 108 may be attached to the base 107
by the provided flange 111 using well known methods, or
any other alternative method commonly used in the art such
as screws or by threading the outer housing and screwing it
to a tapped base hole, etc. The mass 109 is provided with an
access hole 110 for tightening the screw 104 during assem-
bly. Between the free end 106 of the spring and the base 107
(or if the mass 109 projects outside the end 106 of the spring,
then between the mass 109 and the base 107) a gap 112 is
provided to limit the maximum expansion of the spring 105.
Alternatively, the gap 112 may be provided by the housing
108 itself. The gap 112 also limits the maximum amplitude
of vibration of the mass-spring unit.

[0029] During firing of a projectile (the base structure 107)
containing such power generation unit 100, the firing accel-
eration is considered to be in the direction 113. The firing
acceleration acts on the mass 109 (and the mass of the spring
105), generating a force in a direction opposite to the
direction of the acceleration that tends to elongate the spring
105 until the end 106 of the spring (or the mass 109 if it is
protruding from the end 106 of the spring) closes the gap
112. For a given power generator 100, the amount of gap 112
defines the maximum spring extension, thereby the maxi-
mum (tensile) force applied to the piezoelectric element 101.
As aresult, the piezoelectric element is protected from being
damaged by tensile loading. The gap 112 also defines the
maximum level of firing acceleration that is going to be
utilized by the power generation unit 100.

[0030] When the firing acceleration has ended, i.e., after
the projectile has exited the gun barrel, the mechanical
(potential) energy stored in the elongated spring is available
for conversion into electrical energy. This can be accom-
plished by harvesting the varying voltage generated by the
piezoelectric element 101 as the mass-spring element
vibrates. The spring rate and the maximum allowed deflec-
tion determine the amount of mechanical energy that is
stored in the spring 105. The effective mass and spring rate
of the mass-spring unit determine the frequency (natural
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frequency) with which the mass-spring element vibrates. By
increasing (decreasing) the mass or by decreasing (increas-
ing) the spring rate of the mass-spring unit, the frequency of
vibration is decreased (increased). In general, by increasing
the frequency of vibration, the mechanical energy stored in
the spring 105 can be harvested at a faster rate. Thus, by
selecting appropriate spring 105, mass 109 and gap 112, the
amount of electrical energy that can be generated and the
rate of electrical energy generation can be matched with the
requirements of a projectile.

[0031] In FIG. 1, the spring 105 is shown to be a helical
spring. The preferred helical spring, however, has three or
more equally spaced helical strands to minimize the side-
ways bending and twisting of the spring during vibration. In
general, any other type of spring may be used as long as they
provide for vibration in the direction of providing cyclic
tensile-compressive loading of the piezoelectric element.

[0032] The power generation unit 100 of FIG. 1 is
described herein by way of example only and not to limit the
scope or spirit of the present invention. Other embodiments
described in U.S. patent application Ser. Nos. 10/235,997
and 11/116,093 can also be used in the applications
described below as well as any other type of power genera-
tion unit which harvests electrical energy from a vibrating
mass due to the acceleration of a projectile/munition as well
as from the aerodynamics induced motions and vibration of
the projectile during the entire flight.

[0033] The schematic of FIG. 2 shows a typical system of
harvesting electric charges generated by the piezoelectric
element of the energy harvesting power generation unit 100
as the mass-spring element of the power source begins to
vibrate upon exiting the gun barrel. Electronic conditioning
circuitry 202, well known in the art, would, for example,
convert the oscillatory (AC) voltages generated by the
piezoelectric element to a DC voltage and then regulate it
and provide it for direct use or for storage in a storage device
204 such as a capacitor or a rechargeable battery as shown
in the schematic of FIG. 2. The piezoelectric output is
connected by wires 203 to the electronic converter/regulator/
charger 202, the output of which is connected to the storage
device (a capacitor or rechargeable battery) 204 by wires
205, or is used to directly run a load 206 via wires 207. A
processor 208 is also provided for processing information
from the output of the power generation unit 100. Although
the processor 208 is shown connected by way of wiring 209
to the electronic conditioning circuitry 202, it can be con-
nected to or integral with any of the shown components such
that it is operative to process the output or output informa-
tion from the power generation unit 100.

Accidental Drop Detection and Differentiation from Firing

[0034] During the firing, the force exerted by the spring
element of the power generation unit 100 generates a charge
and thereby a voltage across the piezoelectric element that is
proportional to the acceleration level being experienced. The
generated voltage is proportional to the applied acceleration
since the applied acceleration works on the mass of the
spring-mass element of the energy harvesting power source
(in fact the mass of the piezoelectric element itself as well),
thereby generating a force proportional to the applied accel-
eration level.

[0035] Incertain situations and particularly in the presence
of noise and at relatively low acceleration levels, the mass-
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spring system of the power generation unit 100 begins to
vibrate and generates an oscillatory (AC) voltage with a DC
bias, which is still proportional to the level of acceleration
that is applied to the munitions. Hereinafter, when vibratory
motion is present, the piezoelectric voltage output is
intended to indicate the level of the aforementioned DC bias.

[0036] The level of voltage produced by the piezoelectric
element is therefore proportional to the level of acceleration
that is experienced by the munitions in the longitudinal
(firing) direction. This information is obviously available as
a function of time. A typical such longitudinal acceleration
(firing force, which is equal to the longitudinal acceleration
times the mass of the round) versus time plot may look as
shown in FIG. 3. From this plot, the processor 208 may
calculate information such as the peak acceleration (impul-
sive force) level and the acceleration (firing force) duration,
At, can be measured. The processor 208 can be dedicated for
such calculations or used for controlling other functions of
the munition. The plot information can also be used to
calculate the average acceleration (firing force) level and the
total applied impulse (the area under the force versus time
curve of FIG. 3 or the product of the average firing force
times the time duration). The amount of impulse that the
round is subjected to in its longitudinal (firing) direction is
thereby known. In practice, the processor may be used
onboard the munitions (or the generally present fuzing
processor could be used) to make the above time and voltage
(acceleration or firing force) measurements and perform the
indicated calculations and provide the safety and fuzing
decision making capabilities that are indicated in the remain-
der of this disclosure.

[0037] However, a round is subjected to such input
impulses in its longitudinal direction during its firing as well
as during accidental dropping. The level of input impulse
due to accidental dropping of the round is, however, orders
of magnitude smaller than that of firing.

[0038] For example, consider a situation in which a round
is dropped on a very rigid concrete slab, generating around
15,000 G of acceleration in the longitudinal direction (here,
it is assumed that the round is dropped perfectly on its base,
resulting in the highest possible longitudinal impact accel-
eration). Assuming that the elastic deformation that occurs
during the impact is in the order of 0.1 mm, a conservative
estimate of the impact duration with a constant acceleration
of 15,000 Gs becomes about 0.04 msec. Now, even if we
assume a similar acceleration profile in the gun barrel, but
spread it over a time duration of 8 msec (close to what is
experienced in many large caliber guns), then the impulse
experienced during the firing is (8/0.04) or 200 times larger
than that experienced during a drop over a hard surface. This
is obviously a conservative estimate and the actual ratio can
be expected to be much higher since in most situations, the
round is not expected to land perfectly on its base and on a
very hard surface and that the firing acceleration is expected
to be significantly larger than those experienced in an
accidental drop.

[0039] The above example clearly shows that by measur-
ing the impact impulse, accidental drops can be readily
differentiated from the firing acceleration by the processor
208. This characteristic of the present piezoelectric based
power generation units 100 can be readily used to construct
a safety feature to prevent arming of the fuzing during



US 2007/0204756 Al

accidental drops and/or to take some other preventive mea-
sures. This safety feature can be readily implemented in the
electrical energy collection and regulation electronics of the
power source or in the fuzing electronics (e.g., the processor
208 can have an input into the electrical energy collection
and regulation electronics 202 of the power source or in the
fuzing electronics to prevent fuzing when the calculated
impact pulse is below a predetermined threshold value
indicative of a firing).

Firing Validation and Booster firing
and Duration Time and Total Impulse

[0040] As was described in the previous section on acci-
dental drop detection and differentiation from firing, the
firing impulse as well as its acceleration profile and time
duration can be readily measured and/or calculated from the
output of the piezoelectric elements of the power generation
units 100 by the processor 208. Similarly, the completion of
the firing acceleration cycle and the start of the free flight are
readily indicated by the piezoelectric element. In the pres-
ence of firing boosters, their time of activation; the duration
of booster operation, and the total exerted impulse on the
round can also be determined by the processor 208 from the
output of the power generation unit 100.

[0041] As a result, the piezoelectric based power genera-
tion units provide the means to validate firing; determine the
beginning of the free flight; and when applicable, validate
booster firing and its duration.

Target Impact Detection

[0042] During the flight, the munition/projectile is decel-
erated by aerodynamic drag. Projectiles are commonly
designed to produce minimal drag. As a result, the decel-
eration in the axial direction is fairly low. In addition, there
may also be components of vibratory motions present in the
axial direction. Axially oriented piezoelectric based power
generation units 100 can also be very insensitive to lateral
accelerations, which are also usually fairly small except for
high spinning rate projectiles.

[0043] When impact occurs (assuming that the impact
force is at least partially directed in the axial direction), the
piezoelectric elements of the power generation units 100
experience the resulting input impact, including the time of
impact, the impact acceleration level, peak impact accelera-
tion (force) and the total impact impulse. As a result, the
exact moment of impact can be detected and/or calculated
by the processor 208 from the output of the power genera-
tion unit 100.

[0044] 1Inaddition, when desired, lateral impact time, level
and total impulse may be similarly detected by employing at
least one such piezoelectric based power generation unit 100
in the lateral directions, noting that at least two piezoelectric
power sources directed in two different directions in the
lateral plane are required to provide full lateral impact
information. Alternatively, a single power generation unit
100 can be provided which is aligned offset from an axial
direction so as to have a vibration component in the axial
direction and a vibration component in the lateral direction.
Such laterally directed power sources are generally prefer-
able for harvesting lateral vibration and movements, such as
those generated by small yawing and pitching motions of the
round.
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Hard and Soft Target Detection

[0045] When the munition impacts the target, ground or
another object, the munition’s deceleration profile can be
measured from the piezoelectric element output voltage
during the impact period and peak deceleration level, impact
duration, impact force and total impulse can then be calcu-
lated as previously described using the processor 208. This
information can then be used to determine if a relatively hard
or soft target has been hit, noting that the softer the impacted
target, the longer would be the duration of impact, peak
impact deceleration (force). The opposite will be true for
harder impacted targets. This information is very important
since it can be used by the fuzing system to make a decision
as to the most effective settings.

[0046] Tt is worth noting at this point that the hard or soft
target detection and decision making, in fact all the afore-
mentioned detection and decision making processes, are
expected to be made nearly instantly by the power source
electrical energy collection and regulation electronics or the
fuzing electronics by employing, for example, threshold
detecting switches to set appropriate flags.

Time-out Signal for Unexploded Rounds

[0047] Once a munition has landed and is not detonated,
whether due to faulty fuzing or other components or prop-
erly made decision against detonation, the piezoelectric
based power generation unit 100 will stop generating elec-
trical energy once its initial vibratory motion at the time of
impact has died out. The electrical power harvesting elec-
tronics and/or the fuzing electronics can utilize this event, if
followed by target impact, to initiate detonation time-out
circuitry. For example, the power source and/or fuzing
electronics can be equipped with a time-out circuit that
would disable the detonation circuitry and/or components to
make it impossible for the round to be internally detonated.
The time-out period can be programmed, for example, while
loading fuzing information before firing, and/or may be
provided by built-in leakage rate from capacitors assigned
for this purpose.

[0048] Wake-Up Signal Detection and Detection Beacon
Provision

[0049] Consider the situation in which a round has landed
without detonation and its detonation window has timed-out.
Then at some point in time, a recovery crew may want to
attempt to safely recover the unexploded rounds. The
present piezoelectric based power generation unit 100 can
readily be used to transmit an RF or other similar beacon
signals for the recovery crew to use to locate the projectile.
This may, for example, be readily accomplished through the
generation of acoustic signals that are produced by the
dropping or hammering of weights on the ground or by
detonating small charges in the suspect areas. The acoustic
waves will then cause the piezoelectric elements of the
power source to generate a small amount of power to initiate
wake-up and transmission of the RF or similar beacon
signal.

[0050] When appropriate, the acoustic signal being trans-
mitted by the recovery crew could be coded. In addition, this
feature of the power generation unit 100 provides the means
for the implementation of a variety of tactical detonation
scenarios. As an example, multiple rounds could be fired
into an area without triggering detonation, awaiting a deto-
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nation signal from a later round, which is transmitted by a
coded acoustic signal during its own detonation.

[0051] While there has been shown and described what is
considered to be preferred embodiments of the invention, it
will, of course, be understood that various modifications and
changes in form or detail could readily be made without
departing from the spirit of the invention. It is therefore
intended that the invention be not limited to the exact forms
described and illustrated, but should be constructed to cover
all modifications that may fall within the scope of the
appended claims.

What is claimed is:
1. A system for use with a munition for detecting a target
impact of the munition, the system comprising:

a power supply having a piezoelectric material for gen-
erating power from a vibration induced by the muni-
tion; and

a processor operatively connected to the power supply for
monitoring an output from the power supply and deter-
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mining whether the output of power from the power
supply has dropped below a predetermined threshold.
2. The system of claim 1, wherein if the output of the
power supply has dropped below the predetermined thresh-
old, the processor further disables the round from being
internally detonated.
3. A method for detecting a target impact of a munition,
the method comprising:

providing the munition with a power supply having a
piezoelectric material for generating power from a
vibration induced by the munition;

monitoring an output from the power supply; and

determining whether the output of power from the power

supply has dropped below a predetermined threshold.

4. The method of claim 3, further comprising, if the output

of the power supply has dropped below the predetermined

threshold, disabling the round from being internally deto-
nated.



