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MCROVALVE DEVICE SUITABLE FOR 
CONTROLLING A VARIABLE DISPLACEMENT 

COMPRESSOR 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

0001. This application is a divisional of U.S. patent 
application Ser. No. 11/437,022, filed May 18, 2006 which 
was a continuation of International Application No. PCT/ 
US2004/039517, filed Nov. 24, 2004, which claims priority 
from U.S. Provisional Application No. 60/525.224, filed 
Nov. 24, 2003 and U.S. Provisional Application No. 60/559, 
355, filed Apr. 2, 2004. The disclosures of all four applica 
tions are incorporated herein by reference. 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH OR DEVELOPMENT 

0002 This invention was made with United States Gov 
ernment Support under cooperative agreement number 
70NANB2H3003 awarded by the National Institute of Stan 
dards and Technology (NIST). The United States Govern 
ment has certain rights in the invention. 

BACKGROUND OF INVENTION 

0003) 
0004 The present invention relates in general to control 
valves and to semiconductor electromechanical devices, and 
in particular, to a control valve for a variable displacement 
gas compressor for use in an air conditioning or refrigeration 
system, which control valve is positioned by a microvalve 
device (micromachined pilot valve). 
0005 2. Description of the Related Art 
0006 MEMS (MicroElectroMechanical Systems) is a 
class of systems that are physically small, having features 
with sizes in the micrometer range. These systems have both 
electrical and mechanical components. The term “microma 
chining is commonly understood to mean the production of 
three-dimensional structures and moving parts of MEMS 
devices. MEMS originally used modified integrated circuit 
(computer chip) fabrication techniques (such as chemical 
etching) and materials (such as silicon semiconductor mate 
rial) to micromachine these very Small mechanical devices. 
Today there are many more micromachining techniques and 
materials available. The term “microvalve' as used in this 
application means a valve having features with sizes in the 
micrometer range, and thus by definition is at least partially 
formed by micromachining. The term “microvalve device' 
as used in this application means a device that includes a 
microvalve, and that may include other components. It 
should be noted that if components other than a microvalve 
are included in the microvalve device, these other compo 
nents may be micromachined components or standard sized 
(larger) components. 

1. Field of the Invention 

0007 Various microvalve devices have been proposed 
for controlling fluid flow within a fluid circuit. A typical 
microvalve device includes a displaceable member or valve 
movably Supported by a body and operatively coupled to an 
actuator for movement between a closed position and a fully 
open position. When placed in the closed position, the valve 
blocks or closes a first fluid port that is placed in fluid 
communication with a second fluid port, thereby preventing 
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fluid from flowing between the fluid ports. When the valve 
moves from the closed position to the fully open position, 
fluid is increasingly allowed to flow between the fluid ports. 
U.S. Pat. No. 6,540,203 entitled “Pilot Operated Microvalve 
Device', the disclosures of which are hereby incorporated 
herein by reference, describes a microvalve device consist 
ing of an electrically operated pilot microvalve and a pilot 
operated microvalve whose position is controlled by the 
pilot microvalve. U.S. Pat. No. 6,494,804 entitled “Micro 
valve for Electronically Controlled Transmission', the dis 
closures of which are hereby incorporated herein by refer 
ence, describes a microvalve device for controlling fluid 
flow in a fluid circuit, and includes the use of a fluid bleed 
path through an orifice to form a pressure divider circuit. The 
two US patents mentioned above are multilayer microvalves 
in that the valve bodies are formed of multiple layers or 
plates. These layers may be formed and joined in any 
suitable fashion, including those disclosed in U.S. Patent 
Application Publication No. US 2002/0174891A, the dis 
closures of which are incorporated herein by reference. 

0008. In addition to generating a force sufficient to move 
the displaced member, the actuator must generate a force 
capable of overcoming the fluid flow forces acting on the 
displaceable member that oppose the intended displacement 
of the displaced member. These fluid flow forces generally 
increase as the flow rate through the fluid ports increases. 
0009 Variable displacement gas compressors are known 
which can be utilized in systems such as automotive air 
conditioning systems using a compressible refrigerant Such 
as R-12, (increasingly) R-134a, R-600, or CO. 
0010. In such an air conditioning system, the refrigerant 
gas is compressed in a gaseous form by a compressor and 
discharged by the compressor at a high pressure and tem 
perature. The gas moves to a condenser, where the high 
pressure, high temperature gas condenses into a high pres 
Sure, high temperature liquid, the energy released in this 
state change being transferred to air passing over the con 
denser fins in the form of heat. From the condenser, the 
liquid travels through an expansion device, where the pres 
sure (and temperature) of the liquid is lowered. The cool low 
pressure liquid to an evaporator where the liquid absorbs 
heat for air passing over the evaporator coils, thus cooling 
the air. As the refrigerant absorbs heat, the refrigerant 
changes state from a liquid to a gas. The cooled air passes 
out into the compartment to be cooled. The degree to which 
the air is cooled is proportional to the amount of heat 
transferred to the refrigerant gas, and the amount of heat 
transferred to the refrigerant gas is directly proportional to 
how much gas is compressed within the compressor to drive 
the process. The amount of gas being compressed is con 
trolled within a variable displacement compressor by con 
trolling the amount of displacement of a piston within a 
compression chamber of the variable displacement compres 
sor. It is known to use a control valve to control the 
displacement of the pistons in variable displacement com 
pressors. 

0011. A key concern in designing a cooling system uti 
lizing refrigerant gas is too ensure that the liquid from the 
condenser does not flow in a quantity and temperature to 
push the evaporator below the freezing point of water. If 
there is too much heat absorption by the gas within the 
evaporator, the water found on the fins and tubes through 
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condensation of water vapor from air passing over the 
evaporator will freeze up, choking off air flow through the 
evaporator, thereby cutting off the flow of cool air to the 
passenger compartment. For this reason, most conventional 
control valves are calibrated to change the stroke (displace 
ment) of the compressor to control the pressure of the gas 
returning to the compressor at a set pressure. The gas returns 
to the Suction area of the compressor. The pressure in this 
area of the compressor is known as the Suction pressure. The 
desired suction pressure, around which the stroke of the 
compressor is changed, is known within the art as the 
set-point Suction pressure. 
0012. In 1984, a variable displacement refrigerant com 
pressor was introduced which adjusted the flow of the 
refrigerant gas through the system by varying the stroke of 
the piston in the pumping mechanism of the compressor in 
the manner just described. This system was designed for use 
in an automobile, deriving power to drive the compressor 
using a drive belt coupled to the vehicle's engine. In 
operation, when the A/C system load is low, the piston stroke 
of the compressor is shortened so that the compressor pumps 
less refrigerant per revolution of the engine drive belt. This 
allows just enough refrigerant to satisfy the cooling demands 
of the automobile's occupants. When the A/C system load is 
high, the piston stroke is lengthened and pumps more 
refrigerant per revolution of the engine drive belt. 
0013 A description of this prior art variable displacement 
compressor and a conventional pneumatic control valve 
(CV) is found in U.S. Pat. No. 4,428,718 by Skinner 
(Skinner 718) which is assigned to the General Motors 
Corporation of Detroit, Mich. The Skinner 718 description 
and explanation of the variable displacement compressor, 
general function, and interaction of the CV with the com 
pressor is hereby incorporated by reference. 
0014 FIG. 9 shows a variable displacement refrigerant 
compressor as described by Skinner 718. There is shown a 
variable displacement refrigerant compressor 210 of the 
variable angle wobble plate type connected in an automotive 
air conditioning system having the normal condenser 212, 
orifice tube 214, evaporator 216 and accumulator 218 
arranged in that order between the compressor's discharge 
and Suction sides. The compressor 210 comprises a cylinder 
block 220 having a head 222 and a crankcase 224 sealingly 
clamped to opposite ends thereof. A drive shaft 226 is 
Supported centrally in the compressor at the cylinder block 
220 and crankcase 224 by bearings. The drive shaft 226 
extends through the crankcase 224 for connection to an 
automotive engine (not shown) by an electromagnetic clutch 
236 which is mounted on the crankcase 224 and is driven 
from the engine by a belt 238 engaging a pulley 240 on the 
clutch 236. 

0015 The cylinder block 220 has five axial cylinders 242 
through it (only one being shown), which are equally spaced 
about and away from the axis of drive shaft 226. The 
cylinders 242 extend parallel to the drive shaft 226 and a 
piston 244 is mounted for reciprocal sliding movement in 
each of the cylinders 242. A separate piston rod 248 connects 
the backside of each piston 244 to a non-rotary, ring-shaped, 
wobble plate 250. 
0016. The non-rotary wobble plate 250 is mounted at its 
inner diameter 264 on a journal 266 of a rotary drive plate 
268. The drive plate 268 is pivotally connected at its journal 
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266 by a pair of pivot pins (not shown) to a sleeve 276 which 
is slidably mounted on the drive shaft 226, to permit 
angulation of the drive plate 268 and wobble plate 250 
relative to the drive shaft 226. The drive shaft 226 is 
drivingly connected to the drive plate 268. The wobble plate 
250 while being angularable with the rotary drive plate 268 
is prevented from rotating therewith by a guide pin 270. 

0017. The angle of the wobble plate 250 is varied with 
respect to the axis of the drive shaft 226 between the solid 
line large angle position shown in FIG. 9, which is full 
stroke, to the Zero angle phantom-line position shown, 
which is zero stroke, to thereby infinitely vary the stroke of 
the pistons and thus the displacement or capacity of the 
compressor between these extremes. There is provided a 
split ring return spring 272 which is mounted in a groove on 
the drive shaft 226 and has one end that is engaged by the 
sleeve 276 during movement to the Zero wobble angle 
position and is thereby conditioned to initiate return move 
ment. 

0018. The working ends of the cylinders 242 are covered 
by a valve plate assembly 280, which is comprised of a 
Suction valve disk and a discharge valve disk, clamped to the 
cylinder block 220 between the latter and the head 222. The 
head 222 is provided with a suction area 282, which is 
connected through an external port 284 to receive gaseous 
refrigerant from the accumulator 218 downstream of the 
evaporator 216. The suction area 282 is open to an intake 
port 286 in the valve plate assembly 280 at the working end 
of each of the cylinders 242 where the refrigerant is admitted 
to the respective cylinders on their suction stroke each 
through a reed valve formed integral with the suction valve 
disk at these locations. Then on the compression stroke, a 
discharge port 288 open to the working end of each cylinder 
242 allows the compressed refrigerant to be discharged into 
a discharge area 290 in the head 222 by a discharge reed 
valve which is formed integral with the discharge valve disk. 
The compressor's discharge area 290 is connected to deliver 
the compressed gaseous refrigerant to the condenser 212 
from whence it is delivered through the orifice tube 214 back 
to the evaporator 216 to complete the refrigerant circuit as 
shown in FIG. 9. 

0019. The wobble plate angle and thus compressor dis 
placement can be controlled by controlling the refrigerant 
gas pressure in the sealed interior 278 of the crankcase 
behind the pistons 244 relative to the suction pressure. In 
this type of control, the angle of the wobble plate 250 is 
determined by a force balance on the pistons 244 wherein a 
slight elevation of the crankcase-suction pressure differen 
tial above a Suction pressure control set-point creates a net 
force on the pistons 244 that results in a turning moment 
about the wobble plate pivot pins (not shown) that acts to 
reduce the wobble plate angle and thereby reduce the 
compressor capacity. 

0020. An important element of the variable displacement 
compressor is a pneumatic control valve 300 inserted into 
the head portion 222 of the compressor. CV 300 senses the 
A/C load by sensing the pressure state (the Suction pressure) 
of the refrigerant gas returning to the compressor. The CV is 
operably connected to the crankcase chamber 278. There are 
channels in the cylinder block 220 and the head 222 of the 
compressor for gas flow between the CV and suction area 
282, discharge area 290 and crankcase chamber 278 of the 
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compressor. The CV controls the displacement of a piston 
244 within the compressor by controlling the pressure of gas 
in the crankcase chamber 278 that acts on the backside of the 
pistons 244 and the wobble plate 250. 

0021 Control valve 300 inserts into a stepped, blind CV 
cavity 298 formed in the compressor head 222. The blind 
end of CV cavity 298 communicates directly with discharge 
area 290 through port 292. CV cavity ports 294 and 295 
communicate with the crankcase chamber 278. CV cavity 
port 296 communicates with the suction area 282. CV 300 
is sealed into the CV cavity 298 so that particular features of 
the CV align with ports 292, 294, 295 and 296. 
0022 FIG. 10 illustrates, in more detail, the pneumatic 
CV300 depicted in FIG.9. The valve 300 comprises a valve 
body 310 and valve bellows cover 312. Grooves 314, 316 
and 318 are formed in the valve body to position o-rings, 
which seal against the walls of the CV cavity 298. A groove 
299 formed in the wall of the CV cavity 298 holds an o-ring, 
which seals against the valve bellows cover 312. This 
arrangement of o-rings seals the valve into four regions 
within the CV cavity 298 that are sealed with respect to each 
other and are each in gas communication with one of ports 
292, 294, 295 or 296. 

0023 CV 300 has an upper valve chamber 330 that 
communicates to the compressor discharge area 290 via 
(through) filter 320 and CV cavity port 292. A mid-valve 
chamber 322 communicates to the crankcase chamber 278 
via an opening 321 in the valve body 310. A central 
passageway 326 in the valve body 310 communicates with 
the crankcase chamber 278 via port 295. A lower valve 
chamber 328 communicates with the compressor suction 
area 282 through opening 327 in the valve bellows cover 312 
and via port 296. 
0024 CV 300 has a ball valve comprising ball 332 and 
valve seat 334 that can be operated to control the flow 
communication path between upper valve chamber 330 and 
mid-valve chamber 322, hence controlling the flow commu 
nication between the discharge area 290 and the crankcase 
chamber 278 of the compressor. CV 300 has a conical valve 
consisting of conical member 340 and matching conical 
valve seat 338 that can be operated to control the flow 
communication between lower valve chamber 328 and cen 
tral passageway 326, hence controlling the flow communi 
cation between the suction area 282 of the compressor and 
the crankcase chamber 278. 

0025. The conical valve member 340 is formed as a 
shoulder near one end of a valve rod 336. The other end of 
valve rod 336 is arranged to push against ball 332 as the 
conical valve member 340 is seated against the matching 
conical valve seat 338. With this arrangement, the move 
ment of the valve rod 336 opens and closes the flow 
communication of both discharge pressure and Suction pres 
Sure gas to the crankcase chamber 278. The positioning of 
valve rod 336 can be used to adjust the crankcase pressure 
to values between Suction pressure and discharge pressure. 
This adjustment of the crankcase pressure, in turn, adjusts 
the compressor displacement. 

0026. In conventional pneumatic CV 300, the position of 
valve rod 336 is established by a balance of forces arising 
from the discharge pressure acting on ball 332, a pressure 
sensitive bellows actuator 350, ball centering spring 354 and 
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bias spring 352. Bellows actuator 350 is comprised of an 
evacuated metal bellows 342, an internal spring 344, end 
caps 345 and 346, and bellows stem 348. The bellows 
actuator 350 is extended by the force of internal spring 344 
and is contracted by the force of gas pressure applied to the 
external surface of the bellows. Bellows actuator 350 is 
sealed in lower valve chamber 328 that is in gas communi 
cation with the suction area 282 of the compressor. 
0027. During operation of the compressor, CV 300 
responds to changes in the Suction pressure of the compres 
sor 210 via the bellows actuator 350, and to changes in the 
discharge pressure via the force on ball 332. The spring 
constants and nominal compression of the bellows internal 
spring 344, bias spring 352 and ball centering spring 354 
create forces on valve rod 336 that are set by the valve 
manufacturer at the time of valve assembly. The spring 
forces act to normally condition control valve 300 so as to 
open the flow of discharge pressure gas and simultaneously 
to close the flow to the suction area 282 from the crankcase 
chamber 278. CV 300 will therefore control the flow of 
discharge and Suction pressure gasses to the compressor 
crankcase 278 according to these fixed spring forces. 
0028. The nominal spring bias force set-up design param 
eters in a pneumatic CV such as CV 300 are chosen so that 
during operation of the air conditioning system, the tem 
perature of the evaporator is maintained slightly above the 
freezing point of water. The spring bias set-up requires a 
balancing of system objectives that apply under different air 
temperature ambient conditions. For higher air temperature 
ambient conditions, it is optimal to maintain as cold an 
evaporator as possible without freezing. At lower ambient 
air temperatures, it is desirable to maintain as high an 
evaporator temperature as can be maintained while still 
Supplying some dehumidification. One choice of spring bias 
forces for CV 300 must accommodate to multiple ambient 
air temperature conditions, engine power loading condi 
tions, and user demands for cooling. 
0029 Pneumatic CV's with fixed spring force bias set-up 
designs have two major disadvantages. First, the system is 
always working at its maximum capacity at the evaporator 
requiring maximum energy use by the compressor when the 
cooling system is operating. Second, since the evaporator is 
always at maximum capacity, hot air must be introduced into 
the system to temper the cold air to a temperature other than 
full cold. 

0030. An alternate CV design used in variable displace 
ment compressors for vehicle air conditioning system uti 
lizes a solenoid-assisted valve to control the flow of refrig 
erant gas into the crankcase of a variable displacement 
compressor. U.S. Pat. No. 5,964,578 by Suitou, et al (Suitou 
578), discloses a CV having a solenoid-activated rod that 
operates on a valve member that controls the flow of 
discharge and Suction pressure gasses to the crankcase. The 
valve member position is partially established by a spring 
biased bellows in similar fashion to a conventional pneu 
matic CV. Increasing Suction pressure acts on the bellows to 
reduce gas flow from the discharge area to the crankcase. 
When energized, the solenoid activated rod applies a force 
that also urges the valve member so as to reduce discharge 
pressure flow to the crankcase. This allows an additional 
control of the piston stroke and the output capacity of the 
compressor that can be mediated by electrical signals to the 
Solenoid coils. 
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0031. An alternate CV design using a solenoid actuator to 
assist discharge valve operation has been disclosed in U.S. 
Pat. No. 5,702.235 by Hirota (Hirota 235). In this design, a 
Solenoid is used to open and close a pilot valve that admits 
discharge pressure gas to a pressurizing chamber in the CV. 
The pressurizing chamber is in constant gas communication 
with the Suction pressure area of the compressor. A valve 
member controls the flow of discharge and Suction pressure 
gasses to the crankcase. The position of the valve member is 
established by a balance of spring bias forces, the force of 
the discharge pressure acting on an end of the valve member, 
and the force of the pressure in the pressurizing chamber 
acting on the opposite end of the valve member. When 
energized, the solenoid activated pilot valve allows the 
pressure to rapidly increase in the pressurizing chamber, 
opening the valve member to increase the flow of discharge 
pressure gas to the crankcase. 

0032) The valve member of the Hirota 235 CV design 
does not respond to the Suction area pressure and does not 
control compressor displacement according to a Suction 
pressure set-point as does the solenoid-assisted CV of Suitou 
578 or the pneumatic CV of Skinner 718. The object of the 
Hirota 235 CV design is to use the force of discharge 
pressure gas to open the discharge to crankcase valve, 
thereby allowing the use of a compact, lightweight and 
inexpensive Solenoid. 

0033. There are several major disadvantages with the 
prior art solenoid-assisted CVs. First, a variable position 
Solenoid is required. Variable position Solenoids are not 
linear in performance and the extreme temperatures in an 
automobile engine compartment make proper operation of 
the variable position solenoid highly difficult given power 
constraints. Second, a large and precise current value is 
required to properly position the solenoid. Third, variable 
position Solenoid systems do not provide a steady Suction 
pressure set-point whereby the cooling system can maintain 
itself in a state of equilibrium. 

0034. As a solution to the inefficiencies of conventional 
pneumatic and Solenoid-assisted CVs, a CV design is 
needed in which the set-up of the bias forces acting within 
a pneumatic valve control valve can be changed to optimize 
the performance of the cooling system under different con 
ditions. That is, a variable set-point control valve (VCV) is 
needed which varies the degree of displacement of the piston 
in the compression chamber. The Suction pressure set-point 
is varied by the VCV according to the temperature desired 
by the occupants of the passenger compartment. In this 
manner, the cooling system does not have to operate at its 
maximum at all times, but rather the compressor only 
compresses and pumps enough the refrigerant gas to the 
Suction pressure set-point necessary to cool the air flow to 
the temperature defined by the occupants. Substantial energy 
is saved by pressurizing the gas only to the point required 
and pumping only the Volume required, and efficiencies are 
realized by eliminating the introduction of hot air into the 
cooled air flow. 

0035) A variable set-point CV is needed which over 
comes the drawbacks of conventional pneumatic and Sole 
noid-assisted CVs and enables a cooling system that main 
tains a steady-state equilibrium to match the needs of the 
passengers in the passenger compartment while operating 
efficiently. 
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0036) A variable set point control valve (VCV) 10 is 
represented in the diagram of FIG. 1 according to the prior 
art disclosed in U.S. Pat. No. 6,390,782, the disclosure of 
which is hereby incorporated herein by reference. In FIG. 1, 
VCV 10 is depicted in cross-sectional view and has a shape 
and feature placements appropriate to fit the control valve 
cavity 298 of the Skinner 718 variable displacement com 
pressor described previously (see FIG. 9). VCV 10 is 
coupled to a compressor 100, which compresses a gas. VCV 
10 controls the amount of gas and the degree to which it is 
pressurized in compressor 100. In the preferred embodi 
ment, the gas compressed in compressor 100 is a refrigerant 
Such as is used in an air conditioning unit. For instance. Such 
an air conditioning unit would be found in an automobile. 
0037 VCV 10 comprises a compressor displacement 
control portion 30 and a variable set point control portion 80. 
Compressor displacement control portion 30 controls the 
flow of the gas from compressor 100 in and out of VCV 10 
while variable set point control portion 80 controls the 
operation of compressor displacement control portion 30. 
VCV valve body 12 is formed with many VCV functional 
elements, which will be described later. In the preferred 
embodiment illustrated in FIG. 1, valve body 12 is substan 
tially cylindrical in shape as may be inferred from the 
cross-sectional view shown. O-ring retaining grooves 14 are 
indicated on the exterior of valve body 12 in three locations. 
When VCV 10 is inserted into a control valve cavity of a 
compressor (see for example, FIG. 9), it is assembled with 
o-ring seals that allow different pressure sources to be 
communicated to different portions and ports of VCV 10. 
0038 Compressor displacement control 30 comprises a 
suction pressure chamber 32 formed in the lower end 16 of 
valve body 12 which is in gas communication with the 
suction area 120 of the compressor 100 through VCV 
suction port 34 formed in valve body 12 and suction pressure 
path 112. Refrigerant circuit line 111 feeds low pressure gas 
into a compression chamber 114 of compressor 100 via the 
suction area 120 and a compressor valve plate 126. Refrig 
erant circuit line 111 is a line returning low pressure refrig 
erant gas from the accumulator 144 of an air conditioning 
system. 

0039) Compressor 100 further comprises piston 116, 
crankcase chamber 118, and discharge area 124. In simple 
terms, the operation of compressor 100 is as follows. The 
refrigerant gas in compression chamber 114 is compressed 
by the stroke of piston 116 as piston 116 moves towards the 
compressor valve plate 126. The compressor valve plate 
admits high pressure gas to the discharge area 124. The 
refrigerant circuit line 111 is connected to the discharge area 
124. The greater the displacement (stroke) 128 along com 
pression chamber 114 of piston 116, the greater the pressure 
and flow volume of the refrigerant gas as it passes through 
compressor valve plate 126. The refrigerant gas then passes 
from refrigerant circuit line 111 to a condenser 140 where it 
condenses to a liquid in the condenser coils. The liquid then 
flows to an evaporator 142, where the liquid expands at an 
orifice within the evaporator 142, and evaporates. The air 
passing over the coils gives off heat energy that provides the 
energy for the state change from liquid to gas The cooled air 
is then blown into the passenger cabin of the automobile, or 
into whatever chamber the air conditioning system is 
required to cool. After expanding, the refrigerant gas is in a 
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low pressure state and is returned to compressor 100 through 
the refrigerant circuit line 111. 
0040 Compressor 100 is a variable compressor, meaning 
that the stroke of piston 116 varies dependent upon the 
required air conditioning system load. For instance, if a user 
requires additional cooling of the air passing over the 
evaporator coils, the flow volume of the refrigerant dis 
charged into refrigerant circuit line 111 is increased. The 
stroke 128 of piston 116 is increased to increase the flow 
Volume. 

0041 A pressure is applied within crankcase chamber 
118 to the back of piston 116. The greater the pressure within 
crankcase chamber 118, relative to the suction pressure, the 
shorter the return stroke 128 of piston 116 after compression 
due to the high pressure force exerted against piston 116 on 
the return (away from valve plate 126). Conversely, the 
lower the pressure within crankcase chamber 118, relative to 
the Suction pressure, the greater the return stroke of piston 
116 after compression due to the low pressure force exerted 
against piston 116. By varying the pressure within crankcase 
chamber 118, thus varying the displacement 128 of piston 
116 and ultimately the pressure of the discharge through 
refrigerant circuit line 111, the temperature of the air from 
the evaporator is controlled. 
0042. The compressor displacement control portion 30 
has a middle chamber 40 formed as a bore centered in valve 
body 12 leading from suction pressure chamber 32. A first 
middle port 42 is formed in valve body 12 and communi 
cates with middle chamber 40. First middle port 42 is in gas 
communication with the crankcase chamber 118 through a 
first crankcase pressure path 130. VCV 10 further comprises 
a pressure sensitive member, diaphragm 36, exposed to 
Suction pressure chamber 32. A Suction pressure valve, 
comprising a Suction valve closing member, Suction valve 
ball 38, and a suction valve seat 37 formed in valve body 12, 
is provided to open and close a gas communication path 
between the suction pressure chamber 32 and the middle 
chamber 40. 

0043. Suction valve ball 38 is urged against suction valve 
seat 37 by rigid member 41, which is in floating contact with 
diaphragm 36. A bias spring 44, retained in middle chamber 
40, urges suction valve ball 38 off suction valve seat 37, that 
is, urges the Suction valve portion to open. It is also seen that 
the bias spring 44 opposes a movement of the diaphragm 
towards the Suction valve seat and so acts as an equivalent 
pressure, a spring bias pressure, adding to the action of the 
Suction pressure on the pressure receiving area of diaphragm 
36. The VCV suction pressure valve opens and closes a gas 
communication path between the suction area 120 and the 
crankcase chamber 118 of compressor 100. 
0044) A discharge pressure valve portion of VCV 10 is 
comprised of a discharge valve member, discharge valve ball 
50, and discharge valve seat 52 formed in valve body 12. 
Discharge valve ball 50 is positioned in a discharge pressure 
chamber 60 formed in an upper end 18 of valve body 12. 
Valve insert 64 has a stepped throughbore 62 that positions 
discharge valve ball 50 in alignment with discharge valve 
seat 52. A ball centering spring 58 may be used to further 
condition the nominal position of discharge valve ball 50. A 
particle filter cap 74 sealably covers the end of valve body 
12, completing discharge pressure chamber 60. When VCV 
10 is inserted into the compressor 100, the upper end 18 of 
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the valve body is sealed in a blind end of a control valve 
cavity such as cavity 298 illustrated in FIG. 9. Discharge 
pressure path 110 from the discharge area 124 of the 
compressor is communicated to the blind end of the control 
valve cavity. Discharge pressure gas is thereby communi 
cated to the VCV discharge pressure chamber 60 through 
filter 74. 

0045 VCV 10 has a central stepped bore 70 through 
valve body 12. Central bore 70 has a large diameter bore 
portion at the upper end adjacent the discharge chamber 60 
whereat discharge valve seat 52 is formed. Central bore 70 
and middle chamber 40 are aligned with each other. A 
second middle port 56 is formed in valve body 12 and 
communicates with the large bore portion of central bore 70. 
Second middle port 56 is in gas communication with the 
crankcase chamber 118 through second crankcase pressure 
path 132. When discharge valve ball 50 is moved off 
discharge valve seat 52, discharge pressure gas can flow 
through bore 70 to second middle port 56 and then to the 
crankcase chamber 118 via second crankcase pressure path 
132. 

0046) A valve rod 54, inserted in central bore 70 partially 
links the actions of the suction valve portion and the 
discharge valve portions of the VCV. Valve rod 54 has a 
diameter slightly smaller than the small bore portion of 
central bore 70. Valve rod 54 freely slides in central bore 70 
yet Substantially blocks gas communication between middle 
chamber 40 and discharge chamber 60. The length of valve 
rod 54 is chosen so that it simultaneously touches seated 
discharge valve ball 50 and suction valve ball 38 in a fully 
open (fully unseated) position. This arrangement links the 
Suction and discharge valve portions in a partial open-close 
relationship. As suction valve ball 38 moves in a valve 
closing direction, valve rod 54 pushes discharge ball 50 in a 
valve-opening direction. As discharge valve ball 50 moves 
in a valve closing direction, valve rod 54 pushes suction ball 
38 in a valve-opening direction. 

0047. In the preferred embodiment of FIG. 1, valve rod 
54 is not attached to either valve closing ball. Valve rod 54 
operates to open either the discharge or the Suction valve 
portions of the VCV but not to close either. The forces which 
act to close the discharge valve portion are the pressure of 
the discharge gas on an effective pressure receiving area of 
discharge valve ball 50 and a small spring force imparted by 
ball centering spring 58. The force that acts to close the 
Suction pressure valve portion derives from a movement of 
pressure sensitive diaphragm 36 via rigid member 41. Other 
embodiments of the prior art of U.S. Pat. No. 6,390,782 in 
which both valve closing members are attached to a cou 
pling means such as valve rod 54 will be apparent to those 
skilled in the control valve art. If both valve members are 
rigidly linked, then a full open-close relationship will exist. 

0048 Reference is made specifically now to the variable 
set point control portion 80 of VCV 10. Variable set point 
control 80 comprises a closed reference chamber 90 
bounded by VCV diaphragm 36, walls 91 formed at the 
lower end 16 of valve body 12 when the suction pressure 
chamber 32 was formed, and valve end cap 20. Diaphragm 
36 is positioned and sealed against an interior step 93 in the 
suction pressure chamber 32 by a reference valve carrier81. 
The diaphragm 36 has a first side 43 with a suction pressure 
receiving area exposed to Suction pressure in Suction pres 
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sure chamber 32 and a second side 39 with a reference 
pressure receiving area exposed to the reference pressure in 
the reference chamber. Diaphragm 36 is arranged to seal the 
reference chamber 90 from direct gas communication with 
the Suction pressure chamber 32, the discharge pressure 
chamber 60, middle chamber 40 or central bore 70. 
0049. Two pressure bleed passageways, a discharge bleed 
passageway 68 and a Suction bleed passageway 72 are 
provided in valve body 12 and align with two holes in the 
diaphragm 36 that is sealed against valve body interior step 
93. Valve insert 64 has a valve insert bleed hole 69 provided 
to communicate discharge chamber 60 with discharge bleed 
passageway 68. The bleed passageways, valve insert bleed 
hole, and corresponding diaphragm holes, provide a source 
of Suction pressure gas and discharge pressure gas to the 
reference chamber 90. The feature depicted of supplying the 
discharge pressure gas to the reference chamber from VCV 
discharge pressure chamber 60 is important because this 
design uses filter 74 to protect the components and passages 
in reference chamber 90 from foreign material. 
0050. The VCV components contained in the reference 
chamber are illustrated more clearly in FIG. 2. Reference 
chamber valve means are further illustrated at higher detail 
level in FIG. 3. Same elements in FIGS. 1-3 are labeled with 
the same numbers. 

0051 Referring now to FIGS. 1-3, the reference valve 
carrier 81 is formed as a thick-walled cylinder with outside 
walls that sealably fit against the interior of walls 91 formed 
at the lower end 16 of valve body 12. The upper end of 
reference valve carrier 81 seals against diaphragm 36. Two 
small blind chambers, a suction bleed chamber 96 and a 
discharge bleed chamber 98 are formed in the reference 
valve carrier 81 from the upper end that is sealed against the 
diaphragm 36. The open end of suction bleed chamber 96 
aligns with Suction bleed passageway 72 and the open end 
of discharge bleed chamber 98 aligns with discharge bleed 
passageway 68. Reference chamber valve means are gener 
ally indicated as reference inlet valve 88 and reference outlet 
valve 86. 

0.052 Turning to FIG. 3, reference inlet valve 88 is 
comprised of reference inlet valve closing member 162, 
reference inlet through hole 160, and reference inlet valve 
seat 164. Reference inlet through hole 160 is formed from an 
interior surface of the cylindrical reference valve carrier 81 
through to discharge bleed chamber 98. Reference inlet 
valve seat 164 is formed around the inlet through hole 160 
where it emerges from reference valve carrier 81 that is into 
reference chamber 90. The reference inlet valve closing 
member 162 is attached to an inlet valve push rod 167, 
which is part of inlet solenoid actuator 94. When an elec 
trical current signal is applied to inlet solenoid leads 85, inlet 
valve push rod 167 is pulled into the center of solenoid 
actuator 94, urging reference inlet valve closing member 162 
against reference inlet valve seat 164, closing off reference 
inlet through hole 160. Reference inlet through hole 160 
communicates reference chamber 90 with discharge bleed 
chamber 98. Thus, opening and closing reference inlet valve 
88 by means of electrical signals applied to inlet solenoid 
actuator 94 controls the flow of discharge pressure gas to the 
reference chamber. 

0053 Inlet solenoid leaf spring 168 is arranged to bias 
inlet valve push rod in a retracted position as is illustrated in 

Jul. 26, 2007 

FIG. 3. This inlet Solenoid spring bias configuration means 
that the reference inlet valve 88 will open the reference 
chamber to the flow of discharge pressure gas in the absence 
of an electrical signal to energize the coil of the inlet 
solenoid actuator 94. The depicted reference inlet valve is 
said to be normally open the opposite arrangement of spring 
biasing the reference inlet valve to a normally closed con 
dition is an alternate configuration of the reference inlet 
valve means that may also be employed Successfully in 
another embodiment of the prior art of U.S. Pat. No. 
6,390,782. 

0054 Reference outlet valve 86 is comprised of reference 
outlet valve closing member 172, reference outlet through 
hole 170, and reference outlet valve seat 174. 
0.055 Reference outlet through hole 170 is formed from 
an interior surface of the cylindrical reference valve carrier 
81 through to suction bleed chamber 96. Reference outlet 
valve seat 174 is formed around the outlet through hole 170 
where it emerges from reference valve carrier 81 that is into 
reference chamber 90. The reference outlet valve closing 
member 172 is attached to an outlet valve push rod 177. 
which is part of outlet solenoid actuator 92. When an 
electrical current signal is applied to outlet Solenoid leads 
87, outlet valve push rod 177 is pulled into the center of 
solenoid actuator 92, pulling reference outlet valve closing 
member 172 away from reference outlet valve seat 174, 
opening reference outlet through hole 170. Reference outlet 
through hole communicates the reference chamber 90 with 
suction bleed chamber 96. Thus, opening and closing ref 
erence outlet valve 86 by means of electrical signals applied 
to outlet solenoid actuator 92 controls the flow of suction 
pressure gas to the reference chamber. 
0056 Outlet solenoid leaf spring 178 is arranged to bias 
outlet valve push rod in an extended position as is illustrated 
in FIG. 3. This outlet solenoid spring bias configuration 
means that the reference outlet valve 86 will close the 
reference chamber to the flow of suction pressure gas in the 
absence of an electrical signal to energize the coil of the 
outlet solenoid actuator 92. The depicted reference outlet 
valve is therefore normally closed. The opposite arrange 
ment of spring biasing the reference outlet valve to a 
normally open condition is an alternate configuration of the 
reference outlet valve means that may also be employed 
successfully in another embodiment of the prior art of U.S. 
Pat. No. 6,390,782 

0057. It should also be appreciated that, while solenoid 
actuators are discussed herein and depicted in FIGS. 1-3, 
any electrically-driven physical actuator means could be 
employed to open and close reference inlet valve 88 and 
reference outlet valve 86. 

0.058. The variable set point control portion 80 further 
comprises an electronic control unit 82, pressure sensor 84. 
electrical circuit carrier 83, and VCV electrical leads 89. 
Pressure sensor 84 is an optional feature of the preferred 
embodiment of the prior art of U.S. Pat. No. 6,390,782. It is 
a transducer device that produces an electrical signal that is 
related to a gas pressure impinging on its sensitive and 
Pressure sensor 84 is mounted on electrical circuit carrier83 
So as to respond to the gas pressure within closed reference 
chamber 90. It is not necessary for the practice of the prior 
art of U.S. Pat. No. 6,390,782 that pressure sensor 84 be 
mounted directly in the interior of reference chamber 90. An 
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alternative embodiment could mount the pressure sensor at 
Some other position as long as the pressure sensitive portion 
of the sensor is brought into gas communication with the 
reference chamber 90. 

0059 Electronic control unit 82 is an optional feature of 
the preferred embodiment of the prior art of U.S. Pat. No. 
6,390,782. Control unit 82 may contain electronic circuitry 
to control the reference chamber valve means or to receive 
and process the electrical signals produced by the pressure 
sensor 84. In a preferred embodiment of this optional feature 
of the prior art of U.S. Pat. No. 6,390,782, the electrical 
components of control unit 82 are co-located with pressure 
sensor 84 by means electrical circuit carrier 83. Other 
functions of optional control unit 82 will be described later. 

0060) VCV electrical leads 89 are routed from electrical 
circuit carrier 83 through a sealed opening in valve end cap 
20. The number of electrical leads needed by VCV 10 will 
depend on the functions performed by optional electronic 
control unit 82 and the device characteristics of optional 
pressure sensor 84. When neither electrical control unit 82 
nor reference chamber pressure sensor 84 are employed, 
then VCV electrical leads 89 need comprise only those 
needed to carry electrical signals to activate the reference 
chamber valve means. 

0061 Variable set point control portion 80 controls the 
operation of compressor displacement control portion 30. 
By controlling a pressure within reference chamber 90, 
variable set point control 80 is able to regulate the open/ 
close conditions of the Suction pressure valve portion and 
the discharge pressure valve portion of VCV 10. For 
instance, if the pressure in reference chamber 90 exerts a 
force against diaphragm 36 which is less than the force 
exerted by the pressure in suction pressure chamber 32 and 
bias spring 44, diaphragm 36 will distort into reference 
chamber 90, that is in the direction of reference inlet let 
actuator 94. This motion moves suction valve ball 38 from 
suction valve seat 37, thus opening the flow of gas from first 
crankcase pressure path 130 to suction pressure chamber 32. 
At the same time, the discharge pressure valve portion is 
closed by the pressure of discharge gas forcing discharge 
valve ball 50 onto discharge valve seat 52. By opening the 
flow through the suction valve portion of VCV 10, gas from 
crankcase chamber 118 will flow into suction pressure 
chamber 32 and out to the suction area 120 of compressor 
100 via suction pressure path 112. With the bleeding of gas 
out of crankcase chamber 118, less force is exerted on piston 
116 giving piston 116 greater displacement. The flow of 
refrigerant gas flowing into the evaporator of the system is 
thus increased. 

0062) If the pressure in reference chamber 90 exerts a 
force against diaphragm 36 which is greater than the force 
exerted by the pressure in suction pressure chamber 32 and 
bias spring 44, diaphragm 36 will distort into the Suction 
pressure chamber 32, that is, in the direction of suction valve 
seat 37. This action closes the VCV suction valve portion 
and, at the same time, opens the VCV discharge valve 
portion by pushing discharge valve ball 50 away from 
discharge valve seat 52 by means of valve rod 54. As the 
discharge valve portion is opened, high pressure gas from 
discharge pressure path 110 flows through discharge pres 
sure chamber 60, stepped central bore 70, second middle 
port 56 and second crankcase pressure path 132 to crankcase 

Jul. 26, 2007 

chamber 118. Pressure will build up in crankcase chamber 
118, thus applying a force against piston 116. The displace 
ment 128 of piston 116 is thus restricted and the amount of 
refrigerant gas passing into the evaporator of the system is 
reduced. 

0063. The force that bias spring 44 exerts on the dia 
phragm is an important design variable for the overall 
performance of VCV 10. It has been found through experi 
mentation that it is most beneficial if the spring force is 
adjusted to be equivalent to from 2 to 20 psi of suction 
pressure, and most preferably, from 4 to 10 psi. This range 
of spring bias force allows for Sufficient operational range of 
VCV 10 in the condition of very low compressor capacity 
usage, that is, when the compressor is near full de-stroke 
operation. 

0064. The pressure within reference chamber 90 is con 
trolled by the opening and closing of reference outlet valve 
86 and reference inlet valve 88. Each of these are optionally 
controlled, in the preferred embodiment, by pressure sensor 
84 and electronic control unit 82. Specifically, the pressure 
within reference chamber 90 is in gas communication with 
pressure sensor 84. Pressure sensor 84, interfaced to elec 
tronic control unit 82, measures the pressure of the gas in 
reference chamber 90 and communicates that pressure to 
electronic control unit 82. Electronic control unit 82 receives 
control signals and information from a compressor control 
unit 146. Passenger comfort level settings and other infor 
mation about environmental conditions and vehicle opera 
tion conditions are received by compressor control unit 146. 
Compressor control unit 146 uses stored compressor per 
formance algorithms to calculate a necessary amount of gas 
to be compressed within the compression chamber 114 by 
piston 116 to cause a desired condition to occur, namely that 
the passenger comfort level settings are optimally achieved 
within the constraints imposed by environmental and vehicle 
operational factors. 
0065. The calculated compressor displacement require 
ments, the pressure information from pressure sensor 84. 
and known physical response characteristics of VCV 10 
elements are utilized by VCV performance algorithms to 
calculate a necessary pressure within reference chamber 90 
to meet the compressor displacement requirements. This 
calculated reference pressure, necessary to meet the require 
ments determined by the compressor control unit, is called 
a predetermined reference pressure. The variable displace 
ment compressor 100 is thereby controlled by the determin 
ing of the predetermined reference pressure and the main 
tenance of the gas pressure in the reference chamber to this 
predetermined pressure level. 
0066 Alternatively, if a pressure sensor 84 is not 
employed, the predetermined reference pressure may be 
selected from a stored set of reference pressure levels that 
has been pre-calculated based on the known nominal char 
acteristics of VCV 10 or, in addition, customized for each 
VCV by means of a calibration set-up procedure. In the case 
of this alternate embodiment of the prior art of U.S. Pat. No. 
6,390,782, the calculated compressor displacement require 
ments are used to determine, in look-up table fashion, the 
predetermined reference pressure that is optimal for achiev 
ing the desired compressor displacement control. 

0067 Control of reference outlet valve 86 and reference 
inlet valve 88 comes from electronic control unit 82 through 
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actuators 92 and 94, respectively. Dependent upon the 
outputs of the algorithms within electronic control unit 82, 
electronic control unit 82 will open and close reference 
outlet valve 86 by actuating outlet actuator 92 and open and 
close reference inlet valve 88 by inlet actuator 94. For 
instance, when the pressure within reference chamber 90 is 
to be increased, inlet actuator 94 will retract reference inlet 
valve member 162 allowing high pressure gas to flow from 
discharge pressure chamber 60 through valve insert bleed 
hole 69, discharge pressure bleed passageway 68 and dis 
charge bleed chamber 98 into reference chamber 90. At the 
same time, outlet actuator 92 closes reference outlet valve 
86, thus allowing the pressure in reference chamber 90 to 
increase. Inversely, to decrease the pressure in reference 
chamber 90, electronic control unit 82 will actuate outlet 
actuator 92 to retract reference outlet valve member 172 to 
open flow from reference chamber 90 through suction bleed 
chamber 96 to suction pressure bleed passage 76 to suction 
pressure chamber 32, thereby bleeding off pressure. At the 
same time, actuator 94 is signaled by electronic control unit 
82 to extend reference inlet valve member 162 to close off 
discharge pressure flow into reference chamber 90. 
0068. By controlling the pressure within reference cham 
ber 90 to the predetermined reference pressure, electronic 
control unit 82, through actuators 170 and 172, controls the 
deflection of diaphragm 36, thus controlling the varying of 
displacement 128 of piston 116. For the preferred embodi 
ment depicted in FIGS. 1-3, the reference chamber pressure 
can be continuously or periodically monitored by means of 
pressure sensor 84. This pressure information can be used as 
a feedback signal by control unit 82 in a pressure servo 
control algorithm to maintain the reference chamber at the 
predetermined reference pressure within chosen error 
boundaries. 

0069. It is anticipated that an important benefit of the 
VCV design disclosed herein is the ability to maintain valve 
control performance by tightly maintaining the predeter 
mined reference pressure. The disclosed design also enables 
the system to electronically change the predetermined ref 
erence pressure to a different value, thereby changing the 
Suction pressure set-point about which the variable displace 
ment compressor operates. This allows the vehicle to adjust 
the compressor control in the face of changing environmen 
tal factors to achieve a desired balance of passenger comfort 
and vehicle performance. In order to realize these benefits to 
the fullest, the control of the pressure in the reference 
chamber must be sufficiently responsive. 

0070 The responsiveness of the reference pressure con 
trol system depends in part on the characteristics of the flow 
of discharge pressure gas through inlet valve 88 and the flow 
out of outlet valve 86 to suction pressure. FIG. 4 illustrates 
Some important geometrical feature details of reference inlet 
valve 88 and reference outlet valve 86. 

0071 Referring first to FIG. 4A, inlet valve closing 
member 162 is illustrated in a fully closed position holding 
off the force of discharge pressure gas impinging an effective 
pressure receiving area, A, on inlet valve member 162. Also 
indicated in FIG. 4A is the diameter, D, of the reference 
inlet port 160 leading from the discharge bleed chamber 98. 
A large value of D will promote quick response to com 
mands to increase reference chamber pressure by admitting 
a large flow of discharge pressure. The size of D needed to 
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achieve a given reference chamber pressure rise time will 
depend on the reference chamber gas Volume. A larger 
reference inlet port 160 will be required for a larger refer 
ence chamber gas Volume to achieve the same increase in 
reference chamber pressure rise time as for a smaller refer 
ence chamber gas Volume. 

0072 However, a large value of D necessitates a corre 
spondingly large value of A, the effective inlet valve mem 
ber pressure receiving area. This, in turn, would mean that 
the closing force that would be needed from the inlet valve 
actuator 94 would also be large. A large closing force might 
require a physically large actuator or require excessive 
power to maintain the inlet valve in a closed state. Conse 
quently, the choice of the reference inlet port 160 diameter, 
D, and the pressure receiving area, A, involves a balance of 
competing requirements. 

0073. The effective inlet valve member pressure receiv 
ing area, A, is the net, unbalanced, area of the inlet valve 
closing member that is exposed to the discharge pressure 
when the inlet valve is fully closed. That is, the area that 
effectively receives the force of the discharge pressure, A. 
may be calculated by measuring the force exerted on the 
inlet valve closing member by the discharge pressure, and 
dividing by the discharge pressure. It has been found 
through experimentation effective inlet valve pressure 
receiving area, A, may be beneficially chosen to be less than 
30,000 square microns and preferably, less than 7500 square 
microns when the reference chamber gas volume is approxi 
mately 2 cm. Sup.3. Under typical automotive air conditioner 
compressor operating conditions, a reference inlet valve 
closing force of less than 1 Lb. will suffice if the effective 
inlet valve member pressure receiving area, A, is less than 
approximately 7500 square microns. 

0074 Referring to FIG. 4B, outlet valve closing member 
172 is illustrated in a fully open position with gas flowing 
out of reference chamber 90 through an effective gas flow 
area Many geometrical designs of the reference outlet port 
170 may be chosen to have the same result in terms of the 
gas volume flow for a given pressure differential between 
reference chamber 90 and the suction bleed chamber 96. The 
effective flow area is chosen to balance competing perfor 
mance characteristics. In order to insure quick response to a 
command to lower the reference chamber pressure, it is 
desirable to have a large outlet valve 86 effective flow area. 
On the other hand, to help restrain rapid pressure increases 
in the reference chamber when opening the inlet valve 88 to 
discharge pressure, and to bring down reference pressure 
overshoots that may occur, it is helpful to have a small outlet 
valve 86 effective flow area. 

0075) The effective gas flow area of the reference outlet 
valve 86 may be beneficially chosen as a ratio to the 
effective flow area of the inlet valve 88. Alternatively, the 
diameter, D, of the reference outlet port 170, may be 
chosen as a ratio of the reference inlet port 160 diameter, D. 
It has been determined by experimentation and analysis that 
the beneficial range of the ratio D to D, is from 0.5 to 5.0, 
and, most preferably, from 0.7 to 2.0. The corresponding 
beneficial ratio of inlet-port to outlet-port cross-sectional 
areas, the inlet-to-outlet port areal ratio, is 0.25 to 25.0, and, 
most preferably, 0.5 to 4.0. When the geometries of inlet and 
outlet gas flow areas are more complex than the circular 
passageways illustrated in FIG. 4, the gas flow cross 
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sectional areas may be analyzed or experimentally deter 
mined and the inlet-to-outlet port areal ratio design guideline 
followed. 

0076. It has been found through experimentation, for 
example, that when the reference chamber 90 gas volume is 
approximately 2 cm. Sup.3, a reference outlet port 170 diam 
eter D of 100 microns is an effective choice when the 
reference inlet port 160 diameter D is 100 microns, a 
reference outlet port diameter to reference inlet port diam 
eter ratio of 1.0. With these parameter values, and under 
typical automotive air conditioner compressor operating 
conditions, the reference chamber pressure can be control 
lably changed, or tracked to a predetermined reference 
pressure, at the rate of 10 psi/second. 

0077. For alternative embodiments of VCV 10 without a 
pressure sensor, the compressor control unit 146 may peri 
odically recalculate the compressor displacement conditions 
required to maintain performance of the cooling system. 
Based on the magnitude and time behavior of changes in 
these calculations, compressor control unit 146 may send 
instruction signals to VCV electronic control unit 82 to 
increase or decrease the reference chamber pressure to 
re-establish the pre-determined reference pressure level. It 
will be appreciated by those skilled in the art that this 
method of affecting servo control of the pressure in the 
reference chamber to the predetermined level will be less 
timely than can be implemented using a direct measurement 
of reference chamber pressure. Nonetheless, this loose-servo 
method can be effective and appropriate for a low cost 
embodiment of the prior art of U.S. Pat. No. 6,390,782. 

0078. The functions attributed to VCV electronic control 
unit 82 and compressor control unit 146 could be performed 
by other computational resources within the overall system 
employing the VCV 10, compressor 100 and cooling equip 
ment. For example, if the overall system is an automobile 
with a central processor, then all of the control information 
and calculations needed to select and maintain the prede 
termined reference pressure could be gathered and per 
formed by the automobile central processor. Signals to and 
from pressure sensor 84 could be routed to an input/output 
(I/O) port of the central processor and reference inlet and 
outlet valve actuation signals could be sent to VCV 10 from 
another I/O port of the central processor. Alternately, a 
compressor control unit 146 could perform all the control 
functions needed to manage VCV 10. And finally, VCV 
control unit 82 could be provided with circuitry, memory 
and processor resources necessary to perform the compres 
Sor displacement requirement calculation as well as select 
ing and maintaining the predetermined reference pressure. 

0079 Another embodiment of the prior art of U.S. Pat. 
No. 6,390,782 is illustrated in FIG. 5. This embodiment is 
similar to the embodiment of FIG. 1 except that bias spring 
44 is omitted and rigid member 41 is replaced with rigid 
alignment member 510. Rigid alignment member 510 is 
formed with a cavity that retains suction valve ball 38 by 
compression fit. Rigid alignment member 510 floats in the 
Suction pressure chamber 32 and responds to the movement 
of diaphragm 36. In the embodiment of FIG. 5, VCV 500 
operates in analogous fashion to VCV 10 in FIG. 1. The 
force exerted by bias spring 44 in FIG. 1 serves to push the 
suction valve portion farther open than would be achieved 
by simply reducing the reference pressure chamber all the 
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way to Suction pressure, fully retreating diaphragm 36. This 
bias spring force contribution is most important when open 
ing the suction pressure valve portion of VCV 10 to rapidly 
reduce (dump) the pressure in the crankcase chamber 118 to 
increase compressor 100 capacity for rapid cooling. 

0080). In VCV 500 in FIG. 5 the suction valve ball 38 is 
nominally held in a maximum open condition by the set up 
of diaphragm 36 position, the dimensions of the rigid 
alignment member 510 and valve ball 38 assembly, and the 
position of suction valve seat 37. A higher predetermined 
reference pressure is needed to displace diaphragm 36 
towards suction valve seat 37, to compensate for the maxi 
mum open set up. When maximum suction valve opening is 
needed to dump the crankcase chamber pressure, the pre 
determined reference pressure is reset back down to Suction 
pressure, retreating diaphragm 36, and allowing the high 
pressure crankcase gas to push the Suction valve portion to 
a maximum open condition. 

0081 FIG. 6 illustrates another embodiment of the prior 
art of U.S. Pat. No. 6,390,782. In this embodiment, the 
compressor 109 has an internal bleed passageway 108 that 
allows gas to bleed from the crankcase chamber 118 to the 
suction area 120 of compressor 109. VCV 600 in FIG. 6 is 
similar to VCV 10 in FIG. 1 except that it omits the suction 
pressure valve portion. VCV 600 also uses a valve piston 
610 as the pressure sensitive member instead of a dia 
phragm. Valve piston 610 has a Suction pressure receiving 
area 612 and a reference pressure receiving area 614. Valve 
piston 610 moves in a suction pressure chamber 620. Valve 
piston 610 is operably coupled to the discharge pressure 
valve portion by valve rod 54. VCV 600 operates in analo 
gous fashion to VCV 10 in FIG. 1 except that discharge gas 
will be supplied to the crankcase chamber 118 on a nearly 
continuous basis except when the compressor 109 must 
operate at maximum displacement and the crankcase pres 
Sure is maintained at Suction pressure. The reference cham 
ber pressure control algorithms will be different for VCV 
600 than for VCV 10 in FIG. 1 due to some leakage of 
reference chamber gas to suction pressure chamber 620 via 
gaps between piston 610 and the walls of suction pressure 
chamber 620. 

0082 FIG. 7 illustrates another embodiment of the prior 
art of U.S. Pat. No. 6,390,782. VCV 700 is configured to 
operate with compressor 109 having an internal bleed 108 
between the crankcase chamber 118 and the suction area 
120. It is similar to VCV 600 in FIG. 6 except that it uses 
a diaphragm 36 as a pressure sensitive member and rigid 
member 710 and valve rod 54 to operably couple the 
movement of diaphragm 36 to the discharge pressure valve 
portion VCV 700 operates in analogous fashion to VCV 600 
in FIG. 6. The reference chamber pressure control algo 
rithms used with VCV 700 are similar to those used with 
diaphragm-equipped VCV 500 and VCV 10 since there is no 
leakage of reference chamber gas to Suction pressure outside 
the control of the reference chamber valve means. 

0.083 FIG. 8 illustrates two additional embodiments of 
the prior art of U.S. Pat. No. 6,390,782. FIG. 8(a) shows an 
alternative embodiment of the reference chamber valve 
means illustrated in FIG. 3. The reference valve carrier 81 
and inlet valve means 88 and inlet valve actuator 94 are 
unchanged. However in place of outlet valve means 86, a 
constant outlet bleed orifice 810 is provided. The predeter 
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mined reference pressure is set and maintained by actuating 
the reference inlet valve admitting discharge pressure gas. 
The reference pressure control algorithms used with this 
embodiment of the reference valve means are derived with 
cognizance of the characteristics of the constant bleed to 
Suction pressure. With this arrangement a compromise must 
be struck between a desire to be able to rapidly change the 
predetermined reference pressure toward Suction pressure, 
favoring a large bleed flow, and the controllability of higher 
predetermined reference pressure settings, favoring a small 
bleed flow. 

0084 FIG. 8(b) shows another alternative embodiment of 
the reference chamber valve means illustrated in FIG. 3. The 
reference valve carrier 81 and outlet valve means 86 and 
outlet valve actuator 92 are unchanged. However, in place of 
inlet valve means 88, a constant inlet bleed orifice 816 is 
provided. The predetermined reference pressure is set and 
maintained by actuating the reference outlet valve, releasing 
reference chamber gas to suction bleed chamber 96. The 
reference pressure control algorithm used with this embodi 
ment of the reference valve means are derived with cogni 
Zance of the characteristics of the constant bleed of dis 
charge pressure into the reference chamber. With this 
arrangement a compromise must be struck between a desire 
to be able to rapidly change the predetermined reference 
pressure toward discharge pressure, favoring a large bleed 
flow, and the controllability of predetermined reference 
pressure settings that are near Suction pressure, favoring a 
Small bleed flow. 

0085 Either alternate embodiment of the reference 
chamber valve means disclosed in FIG.8 may be substituted 
for the dual inlet and outlet reference valve arrangements 
depicted in FIGS. 1-7. That is, any of VCV embodiments 
VCV 10, VCV 500, VCV 600, or VCV 700 could be 
constructed with either of the single actuator reference valve 
means embodiments disclosed in FIG. 8. 

0.086 Thus, a variable set point control valve is described 
which variably controls the displacement of a piston within 
a gas compression system by controlling a reference pres 
Sure acting upon a pressure sensitive member. Utilizing 
actuators which open and close based upon input from 
control algorithms within a control unit to control the flow 
of high or low pressure gas, the pressure acting upon the 
diaphragm can accurately adjust the degree of displacement 
of the piston. This variable fine tuning of the pressure against 
the diaphragm, hence the fine tuning of the piston displace 
ment control, allows the compression system to operate at 
less than maximum capacity, thus Substantially increasing 
the efficiency of the compression system. 

SUMMARY OF INVENTION 

0087. The present invention relates to a control device for 
a variable displacement compressor. The control device 
includes a microvalve operated control valve. 
0088. It is an objective of the present invention to provide 
a microvalve operated control valve used in variable dis 
placement compressors, which valve maintains the pressure 
in the compressor crankcase in response to the Suction 
pressure of the compressor relative to a stable, predeter 
mined set-point of the Suction pressure, which set-point can 
be changed during compressor operation by electrical sig 
nals. 
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0089. The present examples and embodiments are to be 
considered as illustrative and not restrictive and the inven 
tion is not limited to the details given herein, but may be 
modified within the scope and equivalence of the appended 
claims. 

0090 These and other objects, features, and advantages 
of the present invention will become more apparent upon a 
consideration of the following description and drawings of 
the preferred embodiments of the present invention, and the 
claims. 

0091. Further, various objects, features, and advantages 
of this invention, beyond that discussed above, will become 
apparent to those skilled in the art from the following 
detailed description of the preferred embodiment, when read 
in light of the accompanying drawings. 

BRIEF DESCRIPTION OF DRAWINGS 

0092. The invention will be described with reference to 
the drawings. In the drawings are: 
0093 FIG. 1 shows a cross-section of a variable set point 
control valve according to a preferred embodiment of the 
prior art of U.S. Pat. No. 6,390,782. 
0094 FIG. 2 shows a cross-section of the variable set 
point control portion of the variable control valve of FIG. 1. 
0.095 FIG. 3 shows a cross-section of the reference 
chamber valve means of the variable control valve of FIGS. 
1 and 2. 

0096 FIG. 4 shows a cross-section of the valve members 
and valve seats of the reference chamber valve means of the 
variable control valve of FIGS 1-3. 

0097 FIG. 5 shows a cross section of a variable set point 
control valve according to another embodiment of the prior 
art of U.S. Pat. No. 6,390,782. 
0098 FIG. 6 shows a cross-section of a variable set point 
control valve according to yet another embodiment of the 
prior art of U.S. Pat. No. 6,390,782. 
0099 FIG. 7 shows a cross-section of a variable set point 
control valve according to a further embodiment of the prior 
art of U.S. Pat. No. 6,390,782. 

0.100 FIG. 8 shows cross-sections of two further embodi 
ments of the reference chamber valve means that can be used 
with the variable control valves of FIGS. 1, 4, 5, and 6 of the 
prior art of U.S. Pat. No. 6,390,782. 
0101 FIG. 9 shows a cross-section of a variable displace 
ment compressor for use in an automobile from the prior art. 
0102 FIG. 10 shows a cross-section of a conventional 
pneumatic control valve for the variable displacement com 
pressor of FIG. 10 from the prior art. 
0103 FIG. 11 is an illustration similar to FIG. 1, illus 
trating an arrangement of a preferred embodiment of the 
present invention. 
0.104 FIG. 12 is an enlarged partial view of the embodi 
ment of FIG. 11. 

0105 FIG. 13 is a top plan view of an embodiment of a 
microvalve device according to this invention which is 
suitable for use in the control valve of FIGS. 11 and 12 and 
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which is partially broken away to show the movable com 
ponents of the microvalve device. 
0106 FIG. 14 is a bottom view of the plug of FIGS. 11 
and 12 with the microvalve. 

0107 FIG. 15 is a perspective view of the plug of FIGS. 
11 and 12 with the microvalve. 

0108 FIG. 16 is a view similar to FIG. 12, except 
showing an alternate embodiment in which an orificed 
constant bleed path is formed in the plug between the 
reference fluid passageway and the Suction fluid passage 
way. 

0109 FIG. 17 shows a side cross-sectional plan view of 
a microvalve operated control valve for a variable displace 
ment compressor in accordance with another alternative 
embodiment of the present invention. 
0110 FIG. 18 is a sectional view of a layer of a micro 
spool valve that is Suitable for use as a microvalve in a 
microvalve operated control valve for a variable displace 
ment compressor. 

0111 FIG. 18a is a view of a portion of the layer of the 
micro spool valve of FIG. 18. 
0112 FIG. 18b is a side view of the portion of FIG. 18a 
taken along lines 18b. 
0113 FIG. 18c is a view of a portion of the layer of the 
micro spool valve of FIG. 18. 
0114 FIG. 18d is a side view of the portion of FIG. 18c. 
taken along lines 18d. 
0115 FIG. 19 is a view similar to FIG. 18, except 
showing a micro spool valve according to an alternative 
embodiment. 

0116 FIG. 20 is a view similar to FIG. 18, except 
showing a micro spool valve according to another alterna 
tive embodiment. 

0117 FIG. 21 is a sectional view of a layer of a pilot 
portion of a micro spool valve that is suitable for use as a 
microvalve in a microvalve operated control valve for a 
variable displacement compressor. 
0118 FIG. 22 is a sectional view of a layer of a spool 
portion of a micro spool valve that is suitable for use as a 
microvalve in a microvalve operated control valve for a 
variable displacement compressor. 
0119 FIG. 23 is a view similar to FIG. 22, except 
showing a spool portion according to an alternative embodi 
ment. 

DETAILED DESCRIPTION 

0120 In the following description of the invention, cer 
tain terminology will be used for the purpose of reference 
only, and are not intended to be limiting. Terms such as 
“upper”, “lower”, “above”, “below”, “rightward”, “left 
ward', 'clockwise’, and “counterclockwise' refer to direc 
tions in the drawings to which reference is made. Terms such 
as "inward' and "outward” refer to directions toward and 
away from, respectively, the geometric center of the com 
ponent described. Terms such as “front”, “rear”, “side', 
“leftside”, “rightside', “top”, “bottom”, “horizontal, and 
“vertical describe the orientation of portions of the com 
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ponent within a consistent but arbitrary frame of reference 
which is made clear by reference to the text and the 
associated drawings describing the component under dis 
cussion. Such terminology will include the words specifi 
cally mentioned above, derivatives thereof, and words of 
similar import. 

0.121. An embodiment of the present invention is illus 
trated in FIGS. 11 and 12. This embodiment is similar to the 
device shown in FIG. 1 except that the variable control 
portion 80 has been replaced by a variable control portion 
80'. The solenoid actuators 92 and 94 of the variable control 
portion 80' have been replaced by a plug 800 and a micro 
valve 802, also shown in FIGS. 14 and 15. Except as further 
described below, the structure and function of the control 
valve 10 are otherwise generally the same as the embodi 
ment illustrated in FIG. 1. 

0.122 A reference valve carrier 81' defines a reference 
chamber port generally indicated as a reference inlet port 88 
in fluid communication with the discharge bleed chamber 
98. The reference valve carrier 81' also defines a reference 
outlet port 86' in fluid communication with the suction bleed 
chamber 96. 

0123 The plug 800 is disposed in the reference valve 
carrier 81'. The plug 800 is generally cylindrical. The plug 
800 includes three o-ring grooves 810" circumferentially 
formed about the surface of the plug 800. There is an o-ring 
812 disposed in each o-ring groove 810". Each o-ring 812 
forms a seal between the plug 800 and the reference valve 
carrier 81'. 

0.124. The plug 800 includes a discharge fluid passage 
way 804, a reference fluid passageway 806, and a suction 
fluid passageway 808. 

0.125. The microvalve 802 is mounted upon the plug 800 
opposite the reference chamber 90. The microvalve 802 is 
preferably mounted by a plurality of solder point connec 
tions. The points of solder connection between the plug 800 
and the microvalve 802 preferably includes the areas on the 
plug 800 around the passageways 804, 806 and 808, and do 
not include an area under an actuator 867 (shown in FIG. 13) 
of the microvalve 802. However, it must be understood that 
the microvalve 802 may be mounted in any suitable manner 
such as in U.S. Pat. No. 6,581,640 entitled “Laminated 
Manifold for Microvalve', the disclosures of which are 
hereby incorporated herein by reference, which describes a 
terminal block is fixed to manifold for a microvalve by any 
Suitable means, such as a mechanical fastener, Such as a rivet 
or a bolt, by a suitable adhesive, or by soldering. 
0.126 The discharge fluid passageway 804 and the refer 
ence inlet port 88" cooperate to allow fluid communication 
between the discharge bleed chamber 98 and the microvalve 
802. The reference fluid passageway 806 allows fluid com 
munication between the reference chamber 90 and the 
microvalve 802. The suction fluid passageway 808 and the 
reference outlet port 86' cooperate to allow fluid communi 
cation between the suction bleed chamber 96 and the micro 
valve 802. 

0127. The microvalve 802 is electrically connected to a 
compressor control unit 146 by wires 89 

0.128 FIG. 13 illustrates an embodiment of a microvalve 
802 according to this invention that is suitable for use as the 
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microvalve 802 in the variable control portion 80' of FIGS. 
11 and 12. FIG. 13 is a sectional view of a layer of the 
microvalve illustrated in FIGS. 11 and 12. The microvalve 
802 includes a plate 826 defining a cavity 842. A generally 
“L-shaped valve 836 is disposed in the cavity 842 for 
movement between a first position (as shown) and a second 
position (not shown). The valve 836 includes an elongated 
beam 836a attached to a fixed portion 834 of the plate 826. 
Ablocking portion 836b extends from a free end of the beam 
836a. Preferably, the blocking portion 836b extends at an 
angle approximately ninety degrees from a respective side of 
the beam 836.a. Alternatively, the blocking portion 836b 
may extend from the beam 836a at any suitable angle. 
Preferably, the blocking portion 836b will be substantially 
the same plane as the beam 836a. The blocking portion 836b 
includes a first portion 837a and a second portion 837b. The 
first portion 837a alternately unblocks and blocks a first 
micro port 820. The second portion 837b blocks and 
unblocks a second micro port 821 (shown in dashed lines) 
when the valve 836 moves between the first and second 
positions. The blocking portion 836b allows for selective 
fluid communication of the first micro port 820 and the 
second micro port 821 with a third micro port 822. The first 
micro port 820 is in fluid communication with the suction 
fluid passageway 808. The second micro port 821 is in fluid 
communication with the discharge fluid passageway 804. 
The third micro port 822 is in fluid communication with the 
reference fluid passageway 806. The valve 836 is operable 
to selectively allow fluid communication between the suc 
tion fluid passageway 808 and reference fluid passageway 
806 and the discharge fluid passageway 804 and the refer 
ence fluid passageway 806. In FIG. 13 the valve 836 is 
shown allowing fluid communication between the Suction 
fluid passageway 808 and reference fluid passageway 806, 
which is the preferred normal position. Not shown is the 
valve 836 allowing fluid communication between the dis 
charge fluid passageway 804 and the reference fluid pas 
sageway 806, which is preferably obtained in the actuated 
position. 
0129. Preferably, the blocking portion 836b defines a first 
micro vent 884a, which extends between upper and lower 
Surfaces of the valve 836. When the valve 836 is in the 
actuated position the first micro vent 884a is in fluid 
communication with the first micro port 820 and a first micro 
trough (not shown). U.S. Pat. No. 6,540,203 entitled “Pilot 
Operated Microvalve Device', the disclosures of which are 
hereby incorporated herein by reference, describes a similar 
vent and trough arrangement Suitable for use in a microvalve 
and explains the purpose of the micro vents. As such, the 
first micro vent 884a maintains fluid communication 
between the first micro port 820 and the first micro trough 
(not shown) through the valve 836 when in the activated 
position. The blocking portion 836b also defines a second 
micro vent 884b, which extends between the upper and 
lower surfaces of the valve 836. Similar to the arrangement 
between the first micro vent 884a, the first micro port 820, 
and the first micro trough (not shown), the second micro 
vent 884b is in fluid communication with the second micro 
port (not shown) and a second micro trough (not shown) 
when the valve 836 is in the normal position. 
0130. The plate 826 further includes the valve actuator 
indicated generally at 867. The actuator positions the beam 
836a. The actuator 867 includes an elongated spine 867a 
attached to the beam 836a. The actuator 867 further includes 
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multiple pairs of opposing first ribs 867b and second ribs 
867c. Each first rib 867b has a first end attached to a first side 
of the spine 867a and a second end attached to the fixed 
portion 834. Similar to the first ribs 867b, each second rib 
867c has a first end attached to a second side of the spine 
867a and a second rib end attached to the fixed portion 834. 
The ribs 867b, 867c are designed to thermally expand 
(elongate) and contract. Electrical contacts 867d (shown in 
FIG. 15) are adapted for connection to a source of electrical 
power to Supply electrical current flowing through the ribs 
867b and 867c to thermally expand the ribs 867b and 867c. 
The actuator 867 is adapted to be controlled by an electronic 
control unit Such as the compressor control unit 146 illus 
trated in FIG. 11. 

0131 Referring now to FIG. 16, a plug 800' is shown. 
The plug includes an orificed constant bleed path 816 
formed in the plug 800' between the reference fluid passage 
way 806 and the suction fluid passageway 808. The orificed 
constant bleed path 816 allows constant fluid communica 
tion between the reference fluid passageway 806 and the 
suction fluid passageway 808. The fluid communication is 
restricted by the orificed constant bleed path 816 such that 
fluid pressure may still build up in the reference chamber 90 
when the microvalve 802 allows fluid communication 
between the discharge bleed chamber 98 through the refer 
ence inlet port 88" and the reference chamber 90 through the 
reference fluid passageway 806, but with a high degree of 
control. 

0.132 Referring now to FIG. 17, a microvalve operated 
control valve 10" for a variable displacement compressor in 
accordance with another alternative embodiment of the 
present invention includes a compressor displacement con 
trol portion 30' and a variable set point control portion 80". 

0133) Referring now to FIG. 18, a micro spool valve 902 
is shown that is suitable for use in place of the control valve 
10 as shown in FIG. 1. FIG. 18 is a sectional view of a layer 
of the micro spool valve 902. The micro spool valve 902 
generally includes a first microvalve forming a pilot portion 
(4-way pilot microvalve) 903 and a second microvalve 
forming a spool portion (2-way pilot operated microvalve) 
905, as shown in dashed lines. 

0.134. The micro spool valve 902 includes an intermedi 
ate plate layer 926 forming an intermediate plate layer of a 
multi-layer valve body of the micro spool valve 902. The 
layers are fabricated and joined together in any Suitable 
fashion, such as that of U.S. Pat. Nos. 6,540,203 and 
6,494,804 and US Patent Application Pub. No. 2002/ 
0.17489141, discussed above, and other similar multi-layer 
microvalves. The pilot portion 903 includes a cavity 942 
defined by the intermediate plate layer 926. A generally 
“I-shaped” pilot valve (pilot microvalve) 936 is disposed in 
the cavity 942. The pilot valve 936 includes an elongated 
beam 936a attached to a fixed portion of the intermediate 
plate layer 926 by a flexible hinge 934 and an actuator, 
indicated generally at 967 and described more fully below, 
for moving the “I-shaped” pilot valve 936 between a first, 
unactuated or de-energized position (as shown) and a sec 
ond, actuated or energized position (not shown). Blocking 
portions 936b and 936c extends from opposite free ends of 
the beam 936a. Preferably, the blocking portions 936b and 
936c extend at an angle approximately ninety degrees from 
a respective side of the beam 936a, though, the blocking 
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portions 936b and 936c may extend from the beam 936a at 
any suitable angle. Preferably, the blocking portions 936b 
and 936c will be disposed in substantially the same plane as 
the beam 936a and more preferably the blocking portions 
936b and 936c are formed integrally with the beam 936a 
from the plate of material forming the intermediate plate 
layer 926. Indeed, all of the moving and stationary portions 
of the micro spool valve 902, discussed with respect to FIG. 
18, are formed from the plate of material forming the 
intermediate plate layer 926, except as specifically indicated 
below. 

0135). As best seen in FIGS. 18a and 18b, the blocking 
portion 936b includes a first portion 937 and a second 
portion 938. The first portion 937 unblocks and blocks a first 
micro port 920 formed through a lower plate layer 999 of the 
micro spool valve 902 adjacent to the intermediate plate 
layer 926 when the pilot valve 936 moves between the first 
and second positions, respectively. The second portion 938 
blocks and unblocks a second micro port 921 (shown in 
dashed lines) formed through the adjacent lower plate layer 
999 when the pilot valve 936 moves between the first and 
second positions, respectively. The blocking portion 936b 
has an internal passage 935 formed therein that allows for 
selective fluid communication between the unblocked one of 
the first micro port 920 and the second micro port 921 with 
a third micro port 922. 
0136. In the illustrated embodiment, the first portion 937 
and the second portion 938 are proportioned and spaced 
apart such that, as the pilot valve 936 transitions from the 
unactuated State to the actuated State, or from the actuated 
state to the unactuated State, the first and second micro ports 
920 and 921 are simultaneously partially unblocked and in 
communication with the third micro port 922 via the passage 
935. It is contemplated, however, that the first portion 937 
and the second portion 938 may, in an alternate embodiment, 
be proportioned and spaced apart Such that, as the pilot valve 
936 transitions from the unactuated state to the actuated 
state, or from the actuated State to the unactuated State, the 
first micro ports 920 and 921 are simultaneously blocked 
from communication with the third micro port 922 via the 
passage 935. In such an embodiment, the third micro port 
922 would be in communication with the first micro port 920 
when the pilot valve 936 is in the unactuated state, the third 
micro port 922 would be in communication with neither the 
first micro port 920 or the second micro port 921 at an 
intermediate actuated point, and the third micro port is in 
fluid communication only with the second micro port 921 
when the pilot valve 936 is in the fully actuated position. 
0137 Preferably, the blocking portion 936b defines a first 
micro vent 983, which extends between upper and lower 
surfaces of the microvalve 936 to provide pressure balancing 
in a direction perpendicular to the intermediate plate layer 
926. When the pilot valve 936 is in the actuated position, the 
first micro vent 983 is in fluid communication with the first 
micro port 920 and a first micro trough975 formed in a layer 
997 of the micro spool valve 902 adjacent to the interme 
diate plate layer 926. U.S. Pat. No. 6,540,203 entitled “Pilot 
Operated Microvalve Device', the disclosures of which are 
hereby incorporated herein by reference, describes a similar 
vent and trough arrangement Suitable for use in a microvalve 
and explains the purpose of Such micro vents. As such, the 
first micro vent 983 maintains fluid communication between 
the first micro port 920 and the first micro trough 975 
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through the pilot valve 936 when in the activated position. 
The blocking portion 936b also defines a second micro vent 
984, which extends between the upper and lower surfaces of 
the pilot valve 936. Similar to the arrangement between the 
first micro vent 983, the first micro port 920 provides 
pressure balancing. The first micro trough 975 and the 
second micro vent 984 are in fluid communication with the 
second micro port 921 (shown in dashed lines) and a second 
micro trough979, when the microvalve 936 is in the normal, 
unactuated position. 
0138 Similarly, as best seen in FIGS. 18c and 18d, the 
blocking portion 936c includes a first portion 1937 and a 
second portion 1938. The first portion 1937 unblocks and 
blocks a first micro port 1920 (shown in dashed lines) when 
the pilot valve 936 moves between the first and second 
positions, respectively. The first micro port 1920 is formed 
through the lower plate layer 999 of the micro spool valve 
902 adjacent to the intermediate plate layer 926. The second 
portion 1938 blocks and unblocks a second micro port 1921 
when the pilot valve 936 moves between the first and second 
positions, respectively. The second micro port 1921 is 
formed through the adjacent lower plate layer 999. The 
blocking portion 936c has an internal passage 1935 formed 
therein that allows for selective fluid communication of the 
first micro port 1920 and the second micro port 1921 with a 
third micro port 1922. Similar to the first portion 937 and the 
second portion 938, the first portion 1937 and the second 
portion 1938 of the blocking portion 936c may suitably be 
proportioned and spaced apart to either permit simultaneous 
fluid communication between all three micro ports 1920, 
1921, and 1922 in an intermediately actuated position, or to 
block the third micro port 1922 from communication with 
either of the first micro port 1920 and the second micro port 
1921 when the pilot valve 936 is moved to an intermediate 
actuated position. 
0.139. The blocking portion 936c, similar to the blocking 
portion 936b, defines a first micro vent 1983, which extends 
between upper and lower surfaces of the valve 936. When 
the pilot valve 936 is in the normal, unactuated position, the 
first micro vent 1983 is in fluid communication with the first 
micro port 1920 and a first micro trough 1975 formed in the 
layer 997. The first micro vent 1983 maintains fluid com 
munication between the first micro port 1920 and the first 
micro trough 1975 through the pilot valve 936 when in the 
normal, unactuated position, to provide pressure balancing 
on opposite surfaces of the valve 936. The blocking portion 
936c also defines a second micro vent 1984, which extends 
between the upper and lower surfaces of the pilot valve 936, 
for the same purpose, i.e., pressure balancing. Similar to the 
arrangement between the first micro vent 1983, the first 
micro port 1920, and the first micro trough 1975, the second 
micro vent 1984, the second micro port 1921, and a second 
micro trough 1979 are in fluid communication when the 
pilot valve 936 is in the actuated position. When the pilot 
valve 936 is in the normal, unactuated position, the first 
micro vent 1983 is in fluid communication with the first 
micro port 1920 and a first micro trough 1975 and when the 
pilot valve 936 is in the actuated position the second micro 
vent 1984 is in fluid communication with the second micro 
port 1921 and the second micro trough 1979. The first micro 
vent 1983 maintains fluid communication between the first 
micro port 1920 and the first micro trough 1975 through the 
pilot valve 936, and the second micro vent 1984 maintains 
fluid communication between the second micro port 1921 
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and the second micro trough 1979 through the pilot valve 
936 when in the normal, unactuated position and similarly 
the second micro vent 1984 maintains fluid communication 
between the second micro port 1921 and the second micro 
trough 1979 through the pilot valve 936, and the first micro 
vent 1983 maintains fluid communication between the first 
micro port 1920 and the first micro trough 1975 through the 
pilot valve 936, when in the activated position. The first 
micro vent 1983 and the second micro vent 1984 provide a 
pressure balancing function, similar to the micro vents 983 
and 984. 

0140. It will be appreciated from the above description 
that the pilot valve 93.6 may be characterized as including 
two three-way microvalves joined by the beam 936a to be 
actuated in tandem by the actuator 967. The blocking portion 
936b operates as the movable element of a first three-way 
valve by controlling fluid communication among the first 
micro port 920, the second micro port 921, and the third 
micro port 922. The blocking portion 936c operates as the 
movable element of a second three-way valve by controlling 
fluid communication among the first micro port 1920, the 
second micro port 1921, and the third micro port 1922. In 
conjunction, these two three-way microvalves function as a 
four-way microvalve, in that the pilot valve 936 has a fluid 
inlet connection (composed of the two micro ports 920 and 
1920, which are connected to discharge pressure), an outlet 
connection (composed of the two micro ports 921 and 1921, 
which are connected to Suction pressure), and first and 
second load connections (composed of the two micro ports 
922 and 1922, which are connected to opposite ends of the 
spool valve 905). 
0141 Referring again to FIG. 18, the intermediate plate 
layer 926 further includes the valve actuator indicated 
generally at 967. The actuator positions the beam 936a. The 
actuator 967 includes an elongated spine 967a attached to 
the beam 936a. The actuator 967 further includes multiple 
pairs of opposing first ribs 967b and second ribs 967c. Each 
first rib 967b has a first end attached to a first side of the 
spine 967a and a second end attached to the fixed portion of 
the intermediate plate layer 926. Similar to the first ribs 
967b, each second rib 967c has a first end attached to a 
second side of the spine 967a and a second end attached to 
the fixed portion of the intermediate plate layer 926. Elec 
trical contacts, such as the electrical contacts 867d, as shown 
in FIG. 15, are adapted for connection to a source of 
electrical power to Supply electrical current flowing through 
the ribs 967b and 967c to heat the ribs 967b and 967c, and 
thus cause the ribs to elongate. When electrical current is 
decreased, ohmic heating is decreased and the ribs shorted. 
The actuator 967 is adapted to be controlled by an electronic 
control unit Such as the compressor control unit 146 as 
illustrated in FIG. 11. 

0142. The spool portion 905 includes a cavity 985 
defined by the intermediate plate layer 926. A pilot operated 
microvalve in the form of a spool valve 986 is disposed in 
the cavity 985 for movement between a first position (as 
shown) and a second position (not shown). The spool valve 
986 includes a longitudinally elongated central recessed 
portion 986a, which slidably engages an attached elongated 
guide beam fixed portion 987 of the intermediate plate layer 
926. Preferably, the fixed portion 987 is bonded to both of 
the two layers (the lower layer 926 and an upper layer (not 
shown)) of the multilayer valve body adjacent to the inter 
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mediate plate layer 926, thereby functioning as pressure 
reinforcing members similar to the pressure reinforcing 
“peninsulas” described in WO 01/712261, the disclosures of 
which are hereby incorporated by reference. The spool valve 
986 includes blocking portions 98.6b and 986c, which are at 
opposite ends of the spool valve 986. Preferably, the block 
ing portions 986b and 986c are oriented at an angle approxi 
mately ninety degrees from a respective side of the recessed 
portion 986a. Alternatively, the blocking portions 98.6b and 
986c may be oriented from the recessed portion 986a at any 
suitable angle. Preferably, the blocking portions 986b and 
986c will be substantially the same plane as the guide beam 
fixed portion 987. The blocking portions 986b and 986c 
alternately unblock and block respective micro ports 988b 
and 988c, in an inversely proportional relationship, when the 
spool valve 986 moves between the first and second posi 
tions. Preferably, the micro ports 988b and 988c are sepa 
rated by raised sealing areas 988d. The blocking portions 
986b and 986c allow for selective fluid communication to 
the micro ports 988b and 988c. In an alternative embodi 
ment, the blocking portions 98.6b and 986c further allow for 
selective fluid communication of the micro ports 988b and 
988c with a third micro port (not shown) in the adjacent 
layer 997. 

0.143. The micro port 988b is in fluid communication 
with the discharge pressure path 110, as shown in FIG. 1. 
The micro port 988c is in fluid communication with the first 
crankcase pressure path 130, and preferably, the second 
crankcase pressure path 132 is connected to the suction 
pressure path 112 by a fixed orifice, not shown. The valve 
902 is operable to selectively allow fluid communication 
between the discharge pressure path 110 and the first crank 
case pressure path 130. In FIG. 1, the control valve 10 is 
shown allowing fluid communication between the Suction 
pressure path 112 and the first crankcase pressure path 130, 
which is the preferred normal, unactuated position. In the 
actuated position (not shown) the control valve 10 prevents 
fluid communication between the discharge pressure path 
110 and the first crankcase pressure path 130. 
0144. Referring again to FIG. 18, preferably, the blocking 
portion 986b defines micro vents 989, which cooperate with 
micro troughs (not shown) in the adjacent layer 997 and the 
micro port 988b similar to the arrangement between the first 
micro vent 983, the first micro port 920, and the first micro 
trough 975, as previously discussed. 

0145 The intermediate plate layer 926 further includes 
spool valve springs, indicated generally at 990. The springs 
990 bias the spool valve 986 relative to the beam 987. 
0146 The spool portion 905 preferably includes a dash 
pot 991 including a longitudinally extending portion of the 
spool valve 986 and a recess formed in the wall of the cavity 
985, opposite the springs 990. The spool portion 905 pref 
erably includes a feedback port 992 opposite the springs 
990. A micro port 998 (as shown in dashed lines) is 
preferably disposed in the lower plate layer 999 adjacent the 
dashpot 991 and beneath the spool valve 986. When the 
spool valve 986 is at an intermediate region (preferably 
between 5% and 60% of total travel), the feedback port 992 
provides fluid communication between the micro port 998 
and the region 995 of the cavity 985 between the spool valve 
986 and the end wall of the cavity 985. The adjacent plate 
layers under and/or over the longitudinally extension of the 
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spool valve 986 are recessed slightly to allow communica 
tion under and/or over the longitudinal extension of the 
spool valve 986 of the dashpot 991. Note that the adjacent 
plate layers are not recessed within the area adjacent the 
dashpot recess 991, and so the longitudinal extension of the 
spool valve 986 will seal the port 998 when the feedback 
port 992 is not in fluid communication therewith. For 
example, when the feedback port 992 is open, the micro port 
998 is connected to the suction pressure path 112 and the 
feedback port 992 and the micro port 998 are in fluid 
communication causing the pressure to decrease on the end 
face of the spool valve 986 exposed to pressure in the cavity 
985 at 995. In such a case, when the feedback port 992 
closes, the pressure will increase on the portion of the spool 
valve 986 at 995. The spool portion 905 will therefore 
respond to the balance of pressure induced forces acting 
thereon, and may be more finely controlled. The spool 
portion 905 may be moved between completely full open 
and completely full closed, or held a position in between 
these two positions. This is suitable for maintaining the 
pressure in the crankcase 118, as the spool portion 905 will 
connect a source of high pressure from discharge 124 to the 
crankcase 118 as needed to offset the constant bleed to 
suction 120 referred to above that is built into the compres 
Sor housing. It must be understood, however, that the spool 
portion 905 need not include the dashpot 991 or the feedback 
port 992. In such a case, the spool portion 905 will tend to 
move completely between full open and full closed and just 
open intermittently as needed to increase crankcase pres 
SUC. 

0147 The spool portion 905 further includes a micro port 
993 and a micro port 994. The micro port 993 is in fluid 
communication with the micro port 922 and the micro port 
994 is in fluid communication with the micro port 1922. The 
micro ports 920 and 1920 are in fluid communication with 
the suction pressure path 112 (shown in FIG. 1) and thus can 
act as dumps (areas of low fluid pressure) for the pilot 
portion 903. The micro ports 921 and 1921 are in fluid 
communication with the discharge pressure path 110 and 
thus can act as Supplies (Sources of high pressure fluid) for 
the pilot portion 903. 

0148 When the micro spool valve 902 is in a de-ener 
gized state, the blocking portion 936b tends to maintain the 
micro port 920 in a normally open position and the micro 
port 921 in a normally closed position, and discharge 
pressure acts on a portion of the spool valve 986, as 
generally indicated at 995. When the micro spool valve 902 
is in a de-energized state, the blocking portion 936c tends to 
maintain the micro port 1920 in a normally closed position 
and the micro port 1921 in a normally open position, and 
suction pressure acts on a portion of the spool valve 986, as 
generally indicated at 996. When the micro spool valve 902 
is in a de-energized state, the springs 990 tend to maintain 
the spool valve 986, such that micro ports 988b and 988c are 
in normally open positions. The pressure profiles in this state 
are the opposite of those in the energized State, discussed in 
the following paragraph. 

0149 When the actuator 967 is energized, moving the 
pilot valve 936 to an energized position thereof, the blocking 
portion 936b tends to maintain the micro port 920 in a closed 
position and the micro port 921 in an open position. The 
micro port 920 is connected to the discharge pressure and the 
micro port 921 is connected to suction pressure; the blocking 
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portion in an energized position will thus allow Suction 
pressure to be applied to the spool valve 986 through the 
micro port 922 via the connection to the micro port 993, so 
that suction pressure acts on a portion of the spool valve 986, 
as generally indicated at 995. When the micro spool valve 
902 is in an energized state, the blocking portion 936c tends 
to maintain the micro port 1920 (connected to discharge 
pressure) in an open position and the micro port 1921 
(connected to Suction pressure) in a closed position, thus 
discharge pressure will be directed by the blocking portion 
936c, via the micro port 1922 and the ports 994 to act on a 
portion of the spool valve 986, as generally indicated at 996. 
Thus, when the micro spool valve 902 is in an energized 
state, the spool valve 986 traverses along the beam 987, such 
that micro port 988b is closed and micro port 988c is open. 
In Such a case, in an alternative embodiment, the micro port 
988c is then in fluid communication with the suction pres 
sure path 112 via the optional third micro port (not shown). 
0.150 Optionally, the actuator 967 may be partially ener 
gized, causing the micro ports 920, 1920, 921, and 1921 all 
to be at least partially open. A cross over will occur between 
the fluid acting on the spool valve 986 at 995 and at 996. As 
pressure increases at 995, the spool valve 986 will traverse 
the beam 987 such that micro port 988b will start to open. 
Discharge from micro port 988b will bleed into micro port 
988c. If the pressure applied to the portion of the spool valve 
986 at 995 becomes less than the pressure at 996 then the 
spool valve 986 will begin to traverse the beam 987 in the 
opposite direction and begin to close the micro port 988b. In 
such a case, the feedback port 992 will close allowing the 
pressure to increase on the portion of the spool valve 986 at 
995. 

0151. In the partially energized state, the spool valve 986 
can be said to oscillate, preferably with relatively small 
oscillations, at a point determined relative to the energizing. 
The dashpot 991 is intended to dampen the oscillation of the 
spool valve 986 and generally slow the movement of the 
spool valve 986. 
0152 FIG. 19 is a view similar to FIG. 18, except 
showing a micro spool valve according to an alternative 
embodiment, and similar components are labeled with simi 
lar numbers. The pilot valve 903 is in a “Z” configuration. 
The springs 990 are uninterrupted by any portion of the 
intermediate plate layer 926. 

0153 FIG. 20 is a view similar to FIG. 19, except 
showing a micro spool valve according to another alterna 
tive embodiment, and similar components are labeled with 
similar numbers. The spool valve 905 includes a single 
spring 990 and does not include a beam 987. 
0154 Although the micro spool valve 902 has been 
shown, in FIGS. 18, 19, and 20, as the pilot portion 903 and 
the spool portion 905 having been formed integrally, the 
pilot portion 903 and the spool portion 905 may be formed 
separately. For example, FIGS. 21-23 show pilot portions 
and spool portion as being formed separately. 

O155 FIG. 21 is a sectional view of a layer of a pilot 
portion of a micro spool valve (not shown) that is suitable 
for use as a microvalve in a microvalve operated control 
valve for a variable displacement compressor. FIG. 21 is a 
view similar to FIG. 18, and similar components are labeled 
with similar numbers. 
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0156 FIG. 22 is a sectional view of a layer of a spool 
portion of a micro spool valve that is suitable for use as a 
microvalve in a microvalve operated control valve for a 
variable displacement compressor. FIG. 22 is a view similar 
to FIG. 20, and similar components are labeled with similar 
numbers. The spool valve 905 includes a plurality of micro 
vents 989 for pressure balancing. 
0157 FIG. 23 is a view similar to FIG. 22, except 
showing a spool portion according to an alternative embodi 
ment, and similar components are labeled with similar 
numbers. The spool valve 986 is in an “I” configuration. 
0158. In summary, the invention includes a microvalve 
device for controlling fluid flow which includes a 2-way 
pilot operated microvalve and a 4-way pilot microvalve for 
controlling the 2-way pilot operated microvalve. 

0159. The invention also includes a microvalve for con 
trolling fluid flow which includes: 

0160 
0.161 a pilot intermediate plate layer including a 
fixed portion defining a pilot cavity; 

0162 an elongated beam disposed in the pilot cavity 
attached to the fixed portion of the pilot intermediate 
plate layer by a flexible hinge: 

0.163 an actuator attached to the fixed portion and 
attached to the elongated beam for moving the 
elongated beam relative to the fixed portion; 

a pilot portion including: 

0.164 a pair of pilot microvalves, each pilot valve 
including: 

a first m1CrO Ort 1n flu1d COmmunicat1On O165 fi icro port in fluid 
with the pilot cavity; 

0166 a second micro port in fluid communication 
with the pilot cavity; 

0.167 a third micro port in fluid communication 
with the pilot cavity; and 

0168 a blocking portion extending from opposite 
ends of the elongated beam for selectively allow 
ing fluid communication between the first micro 
port and the third micro port and between the 
second micro port and the third micro port; and 

0.169 a spool portion including: 
0170 a spool portion plate defining a spool cavity; 
0171 a spool spring disposed in the spool cavity and 
attached to a fixed portion of the spool portion plate; 

0172 a spool valve disposed in the spool cavity 
comprising: 

0173 a first pair of spool ports in fluid commu 
nication with the spool cavity and in fluid com 
munication with the third pilot ports: 

0.174 a second pair of spool ports in fluid com 
munication with the spool cavity; and 

0.175 at least one blocking portion disposed in the 
spool cavity, attached to the spool spring, and 
Suitable for varying the fluid communication 
between the second pair of spool ports in relation 
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to the fluid communication between the first spool 
ports and the third pilot ports. 

0176) The invention also includes a microvalve device 
for controlling fluid flow including: 

0.177 a pilot body having a pilot chamber, a pair of first 
pilot ports, a pair of second pilot ports, and a pair of 
primary ports formed therein, each of the ports being in 
fluid communication with the chamber and being 
adapted for connection with one of a plurality of fluid 
Sources, a pair of pilot microvalves being movably 
disposed in the pilot chamber and supported by the 
body for allowing selective fluid communication 
between the first pilot ports and the primary ports and 
between the second pilot ports and the primary ports; 

0.178 an actuator coupling the pilot microvalves for 
simultaneously moving the pilot microvalves in tan 
dem; 

0.179 a spool body having a spool chamber having first 
and second ends, the first end in fluid communication 
with one of the primary ports, the second end in fluid 
communication with the other of the primary ports, and 
having a pair of secondary ports in fluid communica 
tion with the spool chamber; 

0180 a spool spring attached to a fixed portion of the 
spool body; and 

0181 a spool blocking portion attached to the spool 
spring, the spool blocking portion being movably dis 
posed in a spool chamber for movement between a first 
position and a second position whereby positioning of 
the spool blocking section is controlled by fluid pres 
Sure varied by positioning the pilot microvalves, the 
spool blocking portion being operable to vary the fluid 
communication between the secondary ports. 

0182. The invention is also directed to a control valve in 
a variable displacement compressor having a piston having 
a displacement within a compression chamber, the compres 
sion chamber admitting a gas thereto from a Suction area at 
a Suction pressure and discharging the gas to a discharge 
area at a discharge pressure, a gas-filled crankcase chamber 
having a crankcase pressure, the displacement of the piston 
varying according to the crankcase pressure, the control 
valve controlling the crankcase pressure, the control valve 
including: 

0183 a discharge pressure valve portion for opening or 
closing a gas communication path between the dis 
charge area and the crankcase chamber, 

0.184 a reference chamber isolated from the crankcase 
chamber having a reference pressure, the reference 
pressure established to a predetermined reference pres 
Sure by a flow of discharge and Suction pressure gas to 
the reference chamber; 

0185 a pressure sensitive member having a suction 
pressure receiving area in gas communication with the 
Suction pressure area and a reference pressure receiving 
area in gas communication with the reference chamber, 
the pressure sensitive member moving in response to 
the predetermined reference pressure and Suction pres 
Sure changes; 
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0186 means for operably coupling a movement of the 
pressure sensitive member to open the discharge valve 
portion; and 

0187 a microvalve for controlling the flow of at least 
one of discharge and Suction pressure gas to the refer 
ence chamber in response to electrical signals, thereby 
establishing the predetermined reference pressure. 

0188 The invention is also directed to a 4-way microv 
alve for controlling fluid flow including: 

0189 a body having an intermediate plate layer with a 
cavity formed therein, the body defining an inlet con 
nection, an outlet connection, and first and second load 
connections in fluid communication with the cavity; 

0.190 a moveable microvalve element disposed in the 
cavity moveable between a first position and a second 
position, the moveable element being operable to allow 
fluid communication between the inlet connection and 
the first load connection and between the outlet con 
nection and the second load connection when the 
moveable element is in the first position and being 
operable to allow fluid communication between the 
inlet connection and the second load connection and 
between the outlet connection and the first load con 
nection when the moveable element is in the second 
position; and 

0191 a microvalve actuator operable to move the 
moveable element between the first position and the 
second position. 

0192 Additionally, the invention is directed to a 2-way 
microvalve for controlling fluid flow including: 

0193 a multilayer plate valve body having an inter 
mediate plate layer with a cavity formed therein, the 
body defining an inlet connection and an outlet con 
nection in fluid communication with the cavity; 

0194 a moveable microvalve element disposed in the 
cavity moveable between a first position and a second 
position, the moveable element being operable to allow 
fluid communication between the inlet connection and 
the outlet connection when the moveable element is in 
the first position and being operable to block fluid 
communication between the inlet connection and the 
outlet connection when the moveable element is in the 
second position; and 

0.195 a feedback port formed in the moveable element 
operable to regulate the pressure on an end of the 
moveable element relative to the movement of the 
moveable element between the first position and the 
second position. 

0196. The principle and mode of operation of this inven 
tion have been explained and illustrated in its preferred 
embodiment. However, it must be understood that this 
invention may be practiced otherwise than as specifically 
explained and illustrated without departing from its spirit or 
Scope. 

What is claimed is: 
1. A control valve for a variable displacement compressor 

having a piston having a displacement within a compression 
chamber, the compression chamber admitting a gas from a 
Suction area at a Suction pressure and discharging the gas to 
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a discharge area at a discharge pressure, a gas-filled crank 
case chamber having a crankcase pressure, the displacement 
of the piston varying according to the crankcase pressure, 
the control valve controlling the crankcase pressure, the 
control valve comprising: 

a discharge pressure valve portion for controlling gas 
communication between the discharge area and the 
crankcase chamber; 

a reference chamber isolated from the crankcase chamber 
having a reference pressure, the reference pressure 
established by a flow of the gas from the discharge area 
to the reference chamber or by a flow of the gas from 
the reference chamber to the suction area; 

a pressure sensitive member having a Suction pressure 
receiving area in communication with the gas at the 
Suction area and a reference pressure receiving area in 
communication with the gas in said reference chamber, 
said pressure sensitive member moving in response to 
a differential pressure between the reference pressure 
and the Suction pressure; 

a member that couples movement of said pressure sensi 
tive member to said discharge valve portion for con 
trolling gas communication between the discharge area 
and the crankcase chamber, and 

a microvalve device for controlling at least one of the flow 
of the gas from the discharge area to the reference 
chamber and the flow of the gas from the reference 
chamber to the Suction area in response to electrical 
signals, thereby establishing the reference pressure. 

2. A control valve according to claim 1, further compris 
ing a micromachined pressure sensor in gas communication 
with the reference chamber, wherein the pressure sensor 
produces an electrical signal related to the reference pres 
Sure, said pressure sensor being integrally formed with the 
microvalve device. 

3. A control valve according to claim 1, wherein the 
reference chamber is a closed space formed by rigid walls, 
the reference pressure receiving area of the pressure sensi 
tive member, and a plug upon which the microvalve device 
is mounted. 

4. The control valve according to claim 1 wherein the 
microvalve device comprises a thermally actuated microV 
alve. 

5. The control valve according to claim 1 wherein the 
microvalve device comprises a micro spool valve. 

6. The control valve according to claim 5 wherein the 
micro spool valve includes a pilot portion and a pilot 
operated spool portion. 

7. The control valve according to claim 1 wherein the 
microvalve device comprises: 

a 2-way pilot operated microvalve; and 
a 4-way pilot microvalve for controlling the 2-way pilot 

operated microvalve. 
8. The control valve according to claim 7 wherein the 

4-way pilot microvalve comprises: 

a body having an intermediate plate layer with a cavity 
formed therein, said body defining an inlet connection, 
an outlet connection, and first and second load connec 
tions in fluid communication with said cavity; 
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a moveable microvalve element disposed in said cavity 
moveable between a first position and a second posi 
tion, said moveable element being operable to allow 
fluid communication between said inlet connection and 
said first load connection and between said outlet 
connection and said second load connection when said 
moveable element is in said first position and being 
operable to allow fluid communication between said 
inlet connection and said second load connection and 
between said outlet connection and said first load 
connection when said moveable element is in said 
second position; and 

a microvalve actuator operable to move said moveable 
element between said first position and said second 
position. 

9. The control valve according to claim 7 wherein the 
2-way pilot operated microvalve comprises: 

a multilayer plate valve body having an intermediate plate 
layer with a cavity formed therein, said body defining 
an inlet connection and an outlet connection in fluid 
communication with said cavity; 
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a moveable microvalve element disposed in said cavity 
moveable between a first position and a second posi 
tion, said moveable element being operable to allow 
fluid communication between said inlet connection and 
said outlet connection when said moveable element is 
in said first position and being operable to block fluid 
communication between said inlet connection and said 
outlet connection when said moveable element is in 
said second position; and 

a feedback port formed in the moveable element operable 
to regulate the pressure on an end of the moveable 
element relative to the movement of said moveable 
element between said first position and said second 
position. 

10. The 2-way pilot operated microvalve of claim 9 
wherein the moveable microvalve element comprises a 
spool blocking portion defining a recessed portion, said 
recessed portion slidably engaging a spool beam attached to 
layers of said multilayer plate valve body adjacent to said 
intermediate plate layer. 

k k k k k 


