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_ . . . A compressor system (20, 20’, 20") comprises a motion 
(75) Inventor’ Davld D‘ Wnght’ Vershlre’ VT (Us) ampli?er (22) Which acts through a compressor head or 

Cones Ondence Address_ piston (46) to compress ?uid in a variable compression 

NIXOg & VANDERHYE PC chamber1~(521)1.rThe r(r;o)t)ion;r(r;pli?er (22) c'om%)2ri6s)e1s a piezlo ’ e ectric 1ap agm an rive e ectromcs or app y 
901 NORTH GLEBE ROAD’ 11TH FLOOR ing a drive signal to the piezoelectric diaphragm. The drive 
ARLINGTON’ VA 22203 (Us) signal is generated to maintain the motion ampli?er resonant 

_ at a predetermined frequency. The motion ampli?er prefer 
(73) Asslgnee: PAR TECHNOLOGIES’ LLC" Hamp' ably comprises (in addition to the piezoelectric diaphragm) 

tom VA a reaction mass (34) connected to the piezoelectric dia 
phragm; a reacted mass (40) connected to the piezoelectric 

(21) APP1~ N05 11/747,450 diaphragm; and, a reacted mass spring (50, 270) for resil 
_ iently carrying the reacted mass. The structure of the motion 

(22) Flled: May 11’ 2007 ampli?er carried by the reacted mass spring (e.g., the 
_ _ piezoelectric diaphragm, the reaction mass, and the reacted 

Related U's' Apphcatlon Data mass) has a resonant frequency f2. The resonant frequency 
_ _ _ _ f2 is related to a spring constant K2 of the reacted mass 

(60) PrOVlslOnal aPP1_1C_anOn NO- 60/747,286’ ?led on May spring and a sum of masses of the reaction mass and the 
15, 2006 PrOVlSlOnal aPPhCaUOn NO- 60/747,287: reacted mass. Preferably the predetermined frequency is f2, 
?led on May 15, 2006 Provisional application NO- Which means that the drive signal is generated to maintain 
60/747,289, ?led 011 May 15, 2006- the motion ampli?er resonant at a frequency f2, e.g., the 

drive signal is generated to urge the motion ampli?er to the 
PllblicatiOIl Classi?catiOIl frequency f2 as its operational frequency. Driving the 

motion ampli?er (22) at the frequency f2 achieves peak 
(51) IIlt- Cl- amplitude displacement of the motion ampli?er, and thus 

H01L 41/00 (2006.01) peak displacement of the compressor head acting in the 
(52) U.S. Cl. .......................................... .. 310/311; 310/328 compression chamber. 

r 

22 < 

20 < 



Patent Application Publication Nov. 22, 2007 Sheet 1 0f 16 US 2007/0267940 A1 

77 
20 76 

Fig. 1 



Patent Application Publication Nov. 22, 2007 Sheet 2 0f 16 US 2007/0267940 A1 



Patent Application Publication Nov. 22, 2007 Sheet 3 0f 16 US 2007/0267940 A1 

58 

24 

@ 74 Fig. 5 



Patent Application Publication Nov. 22, 2007 Sheet 4 0f 16 US 2007/0267940 Al 

mm l 

21 

g 

No 

8 

8 I |_ 

/ aw 



Patent Application Publication Nov. 22, 2007 Sheet 5 0f 16 US 2007/0267940 A1 

88 

Fig. 8A 

84 86 

88 
30 

13511211255532 \ 
J 

8L \44 

E P 



Patent Application Publication Nov. 22, 2007 Sheet 6 0f 16 US 2007/0267940 A1 

X1 

32 

40 
X2 70 

50 

58 

X3 
1 60 

PHYSICAL DEVICE 

DVA DRIVE MODEL 

Fig. 9 



Patent Application Publication Nov. 22, 2007 Sheet 7 0f 16 US 2007/0267940 A1 

Fig. 10 



Patent Application Publication Nov. 22, 2007 Sheet 8 0f 16 US 2007/0267940 A1 



Patent Application Publication Nov. 22, 2007 Sheet 9 0f 16 US 2007/0267940 Al 

24x 148 104 
122 

120 

102 
130 

149 

Fig. 12 
24 

\ 148 148 ‘ 104 
102 149 

149 

Fig. 13 Fig. 15 

24 149 

102 

130\_ ' 

Fig. 14 
104 



Patent Application Publication Nov. 22, 2007 Sheet 10 0f 16 US 2007/0267940 A1 



Patent Application Publication Nov. 22, 2007 Sheet 11 0f 16 US 2007/0267940 A1 

156 

E 4150 
154 E 154 
V 1 

E 158 
158 - 

\ E 

V A 

[456 

150 

154 ll|llllllllllllgllllllllllllllll m M] 

OIJIODI) 

\: 

162 
/ 

158 
k 0 101m OIJIODX) ODIODX) 

152 J 

Fig. 188 



Patent Application Publication Nov. 22, 2007 Sheet 12 0f 16 US 2007/0267940 A1 

p174 172 

26/ 170/11! i;|=//~176 (‘156 
1783?’ (~30 

20\4 ' | | W 

154 E 5 k./ 

154 



Patent Application Publication Nov. 22, 2007 Sheet 13 0f 16 US 2007/0267940 A1 

SENSE 
POSITION 
SIGNAL 

7 

OONTROI. (PPL 
VCO) CIRCUIT 

269 J 

Fig. 20 





Patent Application Publication Nov. 22, 2007 Sheet 15 0f 16 US 2007/0267940 A1 

AMPLAITUDE I 
I I 
l 

I I I 
l | . I 5 5 Fig. 22 

I I :250 I 
I - - > 

f1 f2 f3 FREQUENCY 

AMPLITUDE : 
I 
l 

l . I Fig. 23 
I 
' > 

450 900 135 PHASE 

VOLTAGE 

| 
, I . 

' I Fig. 24 
l 
l 
' > 

X0 POSITION 



mm? 
' (001010) 

f (00100) 

f (00100) 

@N at 

US 2007/0267940 A1 

mm .90 

EN 3 

f wm 1% 

om 

Patent Application Publication Nov. 22, 2007 Sheet 16 0f 16 

v, 



US 2007/0267940 A1 

COMPRESSOR AND COMPRESSION USING 
MOTION AMPLIFICATION 

[0001] This application claims the bene?t and priority of 
the following US. provisional patent applications, all of 
Which are incorporated herein by reference in their entirety: 
US. Provisional Patent application 60/747,286, entitled 
“COMPRESSOR AND COMPRESSION USING 
MOTION AMPLIFICATION”; US. Provisional Patent 
application 60/747,287, entitled “MOTION AMPLIFICA 
TION USING PIEZOELECTRIC ELEMENT”; and US. 
Provisional Patent application 60/747,289, entitled 
“VIBRATION AMPLIFICATION SYSTEM FOR PIEZO 
ELECTRIC ACTUATORS AND DEVICES USING THE 
SAME”. This application is related to the following simul 
taneously-?led US. patent applications, both of Which are 
incorporated herein by reference: US. patent application 
Ser. No. 11/ , (attorney docket 4209-160), entitled 
“MOTION AMPLIFICATION USING PIEZOELECTRIC 
ELEMENT” and US. patent application Ser. No. 
11/ , (attorney docket 4209-162), entitled “VIBRA 
TION AMPLIFICATION SYSTEM FOR PIEZOELEC 
TRIC ACTUATORS AND DEVICES USING THE 
SAME”. 

BACKGROUND 

[0002] 1. Field of the Invention 

[0003] The present invention pertains to ampli?cation of 
motion such as vibration motion, and particularly to ampli 
?cation of motion caused by a pieZoelectric diaphragm or 
the like. 

[0004] 2. Related Art and Other Considerations 

[0005] PieZoelectric diaphragms have been employed in 
various types of pumps and actuators. As is Well knoWn, a 
pieZoelectric material is polariZed and Will produce an 
electric ?eld When the material changes dimensions as a 
result of an imposed mechanical force. This phenomenon is 
knoWn as the pieZoelectric effect. Conversely, an applied 
electric ?eld can cause a pieZoelectric material to change 
dimensions. 

[0006] One exemplary pieZoelectric diaphragm, knoWn as 
a ruggediZed laminated pieZoelectric or RLPTM, has a central 
pieZoelectric Wafer Which is laminated to a stainless steel 
substrate and preferably also has an aluminum cover lami 
nated thereover. Examples of such RLPTM elements, and in 
some instances pumps employing the same, are illustrated 
and described in one or more of the folloWing: PCT Patent 
Application PCT/US01/28947, ?led 14 Sep. 2001; US. 
patent application Ser. No. 10/380,547, ?led Mar. 17, 2003, 
entitled “Piezoelectric Actuator and Pump Using Same”; 
US. patent application Ser. No. 10/380,589, ?led Mar. 17, 
2003, entitled “Piezoelectric Actuator and Pump Using 
Same”, and US. patent application Ser. No. 11/279,647 ?led 
Apr. 13, 2006, entitled “PIEZOELECTRIC DIAPHRAGM 
ASSEMBLY WITH CONDUCTORS ON FLEXIBLE 
FILM”, all of Which are incorporated herein by reference. 

[0007] The displacement of a ruggediZed laminated pieZo 
electric, While large compared to other pieZoelectric devices, 
is still small in relation to the diameter of a pumping 
chamber in Which it can be employed. Hence, compression 
ratios are still small, e.g., in a range on the order of 1.1 to 
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1.0, for example. An increased stroke for the pieZoelectric 
diaphragm Would facilitate an increased compression ratio. 

[0008] What is needed, therefore, and an object of the 
present invention, are apparatus, method, and technique for 
achieving motion ampli?cation of a pieZoelectric element. 

BRIEF SUMMARY 

[0009] A compressor system comprises a motion ampli?er 
Which acts through a compressor head or piston to compress 
?uid in a variable compression chamber. The motion ampli 
?er comprises a pieZoelectric diaphragm and drive electron 
ics for applying a drive signal to the pieZoelectric dia 
phragm. The drive signal is generated to maintain the motion 
ampli?er resonant at a predetermined frequency. 

[0010] The motion ampli?er preferably comprises a pieZo 
electric diaphragm and drive electronics for applying a drive 
signal to the pieZoelectric diaphragm; a reaction mass con 
nected to the pieZoelectric diaphragm; a reacted mass con 
nected to the pieZoelectric diaphragm; and, a reacted mass 
spring for resiliently carrying the reacted mass. The reacted 
mass either forms or is connected to an actuator portion or 

actuator surface Which, in turn, either forms or is connected 
to an actuator element. For example, the actuator portion or 
surface can serve as a piston head or a cylinder head, or as 
a surface or portion to Which a further element such as an 
actuator shaft of the like can be connected. 

[0011] The structure of the motion ampli?er carried by the 
reacted mass spring (e.g., the pieZoelectric diaphragm, the 
reaction mass, and the reacted mass) has a resonant fre 
quency f2. The resonant frequency f2 is related to a spring 
constant K2 of the reacted mass spring and a spring constant 
of any load upon Which the reacted mass acts, as Well as a 
sum of masses of the reaction mass and the reacted mass. 
Preferably the predetermined frequency is f2, Which means 
that the drive signal is generated to maintain the motion 
ampli?er resonant at a frequency f2, e.g., the drive signal is 
generated to urge the motion ampli?er to the frequency f2 as 
its operational frequency. Driving the motion ampli?er 22 at 
the frequency f2 achieves peak amplitude displacement of 
the motion ampli?er, and thus peak displacement of the 
compressor head acting in the compression chamber. 

[0012] The drive electronics generates a drive signal to 
maintain the motion ampli?er resonant at a predetermined 
frequency. In particular, in an example illustrated embodi 
ment the drive electronics generates the drive signal to 
maintain a predetermined phase angle betWeen the drive 
signal and a signal indicative of displacement of the motion 
ampli?er system. To this end, the drive electronics com 
prises a sensor for sensing displacement of the motion 
ampli?er and for generating the signal indicative of dis 
placement of the motion ampli?er. 

[0013] In one example embodiment, the pieZoelectric dia 
phragm is mounted to and carried by the reacted mass. The 
reacted mass comprises a reacted mass cup Which de?nes a 
reacted mass cavity. In one example implementation of this 
embodiment, a periphery of the pieZoelectric element is held 
by the reacted mass cup While the center of the pieZoelectric 
diaphragm is free to vibrate. The reaction mass is preferably 
centrally suspended from the pieZoelectric diaphragm in the 
reacted mass cavity. 

[0014] Compressor assemblies of differing embodiments 
can incorporate the embodiments of motion ampli?ers. The 
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compressor assembly can include an ampli?er base Which 
carries the piezoelectric diaphragm, the reaction mass, the 
reacted mass, and the reacted mass spring. The ampli?er 
base at least partially de?nes the compression chamber. The 
reacted mass spring can also at least partially de?nes the 
compression chamber. As one aspect of the technology, 
means are provided for resiliently mounting the ampli?er 
base relative to the outside World, and thereby mitigating 
any damping caused by the outside World. 

[0015] In one example embodiment of a motion ampli?er, 
the reacted mass spring comprises a diaphragm Which also 
at least partially de?nes and covers the compression cham 
ber. The diaphragm comprising the reacted mass spring is a 
preferably a corrugated diaphragm. Corrugation of the dia 
phragm provides increased motion for the motion ampli?er. 
In an embodiment of a compressor assembly incorporating 
a diaphragm-type reacted mass spring, the ampli?er base can 
have an inlet and an outlet for respectively intaking and 
exhausting ?uid in accordance With displacement of the 
reacted mass (the reacted mass serving as the compression 
or piston head in the compression chamber). 

[0016] Another example embodiment of a motion ampli 
?er comprises a belloWs assembly. The belloWs assembly 
has a sideWall for at least partially de?ning the compression 
chamber. The sideWall comprises and serves as the reacted 
mass spring. The belloWs assembly further comprises an 
ampli?er base for de?ning a valve assembly cavity. The 
valve assembly cavity and the compression chamber are 
siZed to accommodate a valve assembly through Which ?uid 
is introduced into the compression chamber and compressed 
in the compression chamber by displacement of the motion 
ampli?er. 
[0017] The technology also includes a method of operat 
ing a compressor assembly for compressing a ?uid. The 
method includes displacing a motion ampli?er having a 
compressor head in a compressor chamber, the motion 
ampli?er comprising a pieZoelectric diaphragm, a reaction 
mass connected to the pieZoelectric diaphragm, a reacted 
mass connected to the pieZoelectric diaphragm, and a 
reacted mass spring for resiliently carrying the reacted mass. 
The method further includes selectively admitting and 
exhausting ?uid from the compressor chamber in accor 
dance With displacement of the motion ampli?er. The step of 
displacing the motion ampli?er comprises generating and 
applying a drive signal to the pieZoelectric diaphragm, the 
drive signal being generated to maintain the motion ampli 
?er resonant at a predetermined frequency. Preferably, the 
method includes generating the drive signal to urge the 
motion ampli?er to the frequency f2 as its operational 
frequency. 

[0018] A further aspect of the method includes resiliently 
mounting the compressor assembly (e.g., an ampli?er base) 
relative to the outside World. 

[0019] The compressor assembly includes an inlet valve 
and an outlet valve for respectively admitting and exhaust 
ing ?uid relative to the compression chamber. As another 
aspect of the technology, the natural frequency of the inlet 
valve and the natural frequency of the outlet valve are each 
greater than an operating frequency of the motion ampli?er. 
For example, in an example embodiment, the natural fre 
quency of each of the inlet valve and the outlet valve is at 
least tWice the operating frequency of the motion ampli?er. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

[0020] The foregoing and other objects, features, and 
advantages of the invention Will be apparent from the 
folloWing more particular description of preferred embodi 
ments as illustrated in the accompanying draWings in Which 
reference characters refer to the same parts throughout the 
various vieWs. The draWings are not necessarily to scale, 
emphasis instead being placed upon illustrating the prin 
ciples of the invention. 

[0021] FIG. 1 is a front perspective vieW of an example 
embodiment of a compressor assembly Which includes an 
example embodiment of a motion ampli?er. 

[0022] FIG. 2 is an exploded vieW of the compressor 
assembly of FIG. 1. 

[0023] FIG. 3 is top vieW of the compressor assembly of 
FIG. 1. 

[0024] FIG. 4 is a front vieW of the compressor assembly 
of FIG. 1. 

[0025] FIG. 5 is a bottom vieW of the compressor assem 
bly of FIG. 1. 

[0026] FIG. 6 is a right side vieW of the compressor 
assembly of FIG. 1. 

[0027] FIG. 7 is a sectioned vieW of portions of the 
compressor assembly of FIG. 1, shoWing the compressor 
assembly Without a valve assembly. 

[0028] FIG. 8A is a sectioned vieW shoWing portions of a 
motion ampli?er and an alternate Way of retaining the 
motion ampli?er in place. 

[0029] FIG. 8B is a sectioned vieW shoWing portions of a 
motion ampli?er and another alternate Way of retaining the 
motion ampli?er in place. 

[0030] FIG. 9 is schematic vieW of a drive model for the 
compressor assembly of FIG. 1 combined With a sectioned 
vieW of the compressor assembly of FIG. 1. 

[0031] FIG. 10 is a front perspective vieW of an example 
embodiment of a valve assembly for the compressor assem 
bly of FIG. 1. 

[0032] FIG. 11 is an exploded vieW of the valve assembly 
of FIG. 10. 

[0033] FIG. 12 is a top vieW ofthe valve assembly of FIG. 
10. 

[0034] FIG. 13 is a front vieW of the valve assembly of 
FIG. 10. 

[0035] FIG. 14 is a bottom vieW of the valve assembly of 
FIG. 10. 

[0036] FIG. 15 is a right side vieW of the valve assembly 
of FIG. 10. 

[0037] FIG. 16 is a front perspective of a exhaust valve 
housing of the valve assembly of FIG. 10. 

[0038] FIG. 17 is a front perspective of an intake valve 
housing of the valve assembly of FIG. 10. 

[0039] FIG. 18A is a cross sectional vieW shoWing an 
example embodiment of a compressor housing and a ?rst 
mode of resiliently mounting a compressor assembly in the 
compressor housing. 
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[0040] FIG. 18B is a cross sectional vieW showing another 
example embodiment of a compressor housing and a second 
mode of resiliently mounting a compressor assembly in the 
compressor housing. 

[0041] FIG. 19A is a partial cross sectional vieW shoWing 
an example technique for mounting a sensor system for a 
motion ampli?er. 

[0042] FIG. 19B is a partial cross sectional vieW shoWing 
another example technique for mounting a sensor system for 
a motion ampli?er. 

[0043] FIG. 20 is a schematic vieW ofa generic, example 
sensing system for a motion ampli?er. 

[0044] FIG. 21 is a schematic vieW of control circuit for 
the compressor assembly of FIG. 1. 

[0045] FIG. 22 is a graph shoWing frequencies of a system 
Which includes a motion ampli?er 

[0046] FIG. 23 is a graph shoWing a plot of amplitude 
verses phase angle. 

[0047] FIG. 24 is a graph shoWing a plot of a sense 
position signal (in voltage) as a function of position. 

[0048] FIG. 25 is a schematic sectioned vieW of portions 
of a compressor assembly according to another example 
embodiment. 

[0049] FIG. 26 is a schematic sectioned vieW of portions 
of a compressor assembly according to yet another example 
embodiment, and particularly comprising plural motion ini 
tiator elements. 

DETAILED DESCRIPTION OF THE DRAWINGS 

[0050] In the folloWing description, for purposes of expla 
nation and not limitation, speci?c details are set forth such 
as particular architectures, interfaces, techniques, etc. in 
order to provide a thorough understanding of the present 
invention. HoWever, it Will be apparent to those skilled in the 
art that the present invention may be practiced in other 
embodiments that depart from these speci?c details. That is, 
those skilled in the art Will be able to devise various 
arrangements Which, although not explicitly described or 
shoWn herein, embody the principles of the invention and 
are included Within its spirit and scope. In some instances, 
detailed descriptions of Well-knoWn devices, circuits, and 
methods are omitted so as not to obscure the description of 
the present invention With unnecessary detail. All statements 
herein reciting principles, aspects, and embodiments of the 
invention, as Well as speci?c examples thereof, are intended 
to encompass both structural and functional equivalents 
thereof. Additionally, it is intended that such equivalents 
include both currently knoWn equivalents as Well as equiva 
lents developed in the future, i.e., any elements developed 
that perform the same function, regardless of structure. 

[0051] Thus, for example, it Will be appreciated by those 
skilled in the art that block diagrams herein can represent 
conceptual vieWs of illustrative circuitry embodying the 
principles of the technology. The functions of the various 
elements including functional blocks labeled as “proces 
sors” or “controllers” may be provided through the use of 
dedicated hardWare as Well as hardWare capable of execut 
ing softWare in association With appropriate softWare. When 
provided by a processor, the functions may be provided by 
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a single dedicated processor, by a single shared processor, or 
by a plurality of individual processors, some of Which may 
be shared or distributed. Moreover, explicit use of the term 
“processor” or “controller” should not be construed to refer 
exclusively to hardWare capable of executing softWare, and 
may include, Without limitation, digital signal processor 
(DSP) hardWare, read only memory (ROM) for storing 
softWare, random access memory (RAM), and non-volatile 
storage. 

[0052] FIG. 1-FIG. 7 illustrate an example, non-limiting 
embodiment of a compressor assembly 20. As seen in FIG. 
2, compressor assembly 20 comprises a motion ampli?er 22 
and valve assembly 24. The motion ampli?er 22 can serve 
as a driver for compressor assembly 20. The valve assembly 
24 is further illustrated by FIG. 10-FIG. 17. Also included in 
compressor assembly 20 is a sensor and control system, an 
example embodiment of Which is illustrated as sensor and 
control system 26 illustrated in FIG. 20. As used herein, 
“drive electronics” encompasses one or more elements of 
sensor and control system 26. 

[0053] The motion ampli?er 22 comprises an actuator or 
motion initiator element Which, in the illustrated example 
embodiment, takes the form of a pieZoelectric diaphragm 30. 
The pieZoelectric diaphragm 30 is mounted (such as by 
example Ways described hereinafter) preferably With its 
peripheral edge constrained and in a manner to permit its 
central portion to move, displace, or de?ect through a range 
of positions in accordance With a drive signal applied to 
pieZoelectric diaphragm 30 by sensor and control system 26. 
For example, When a Zero volt signal is applied to pieZo 
electric diaphragm 30, the pieZoelectric diaphragm 30 has a 
slightly domed con?guration With respect to an axial direc 
tion 31. On the other hand, upon application of a non-Zero 
voltage pieZoelectric the central region of diaphragm 30 may 
displace or dome more signi?cantly. In the illustrated 
embodiment, the drive signal is applied to motion initiator 
element 30 by radially extending electrodes 32. 

[0054] The pieZoelectric diaphragm 30, serving as the 
motion initiator element, has a reaction mass 34 mounted or 
adhered to an underside of its central region. Although 
shoWn in the illustrated embodiment as being a disc, reaction 
mass 34 can take a variety of other shapes. 

[0055] The pieZoelectric diaphragm 30 is mounted to and 
carried by a reacted mass Which includes a reacted mass cup 
40. The reacted mass cup 40 is preferably cylindrical in 
shape, having a cylindrical sideWall 42 Which is surmounted 
by a relatively thinner or sharp croWn or “knife edge”44 (see 
FIG. 2 and FIG. 7). The reacted mass cup 40 has an 
essentially ?at bottom Wall 46 (see FIG. 7) Which also serves 
essentially as a piston head or cylinder head or compressor 
head. A reacted mass cup cavity 48 is formed interior to the 
cylindrical side Wall 42. The reacted mass cup cavity 48 is 
siZed so that reaction mass 34, suspended on the underside 
of pieZoelectric diaphragm 30, is accommodated in reacted 
mass cup cavity 48. The perimeter of pieZoelectric dia 
phragm 30 sits on reacted mass cup croWn edge 44. Thus, in 
the example implementation shoWn in FIG. 2, a periphery of 
the pieZoelectric element 30 is held by the reacted mass cup 
48 While the center of the pieZoelectric diaphragm 30 is free 
to vibrate. The reacted mass need not take the form of a cup, 
but can have other con?gurations. The reaction mass 34 is 
preferably centrally suspended from the pieZoelectric dia 
phragm 30 in the reacted mass cup cavity 48. 


















