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CAPACITY CONTROL OF A COMPRESSOR 

BACKGROUND OF THE INVENTION 

0001) 1. Field of the Invention 
0002 The present invention relates to compressors, and 
more particularly, to the capacity control of linear compres 
SOS. 

0003 2. Description of the Related Art 
0004 Compressors can include a piston which is recip 
rocated within a cylinder bore to compress refrigerant, for 
example, in the cylinder bore. The compressor can further 
include a spring, or springs, which bias the piston into 
position. In some linear compressors, the piston is posi 
tioned intermediate two springs which hold the piston in a 
Substantially stationary position until the piston is moved by 
an electromagnetic armature or motor, for example. The 
piston and springs comprise a spring-mass system having a 
natural, or resonant, frequency, as known in the art. If the 
piston is driven, via the armature or motor, at the natural 
frequency of the spring-mass system, the spring-mass sys 
tem will resonate. Driving the piston of the compressor at, 
or very close to, the natural frequency of the system allows 
the compressor to operate more efficiently. In effect, when 
the spring-mass system is driven at, or close to, its natural 
frequency, the driving force has less inertial forces in the 
system to overcome. 

0005. In view of the above, previous compressors were 
typically operated at the natural frequency of their spring 
mass systems. To increase or decrease the capacity of these 
compressors, the displacement, or stroke, of the piston was 
adjusted to change the output of the compressor. For 
example, if a greater capacity was needed, the stroke of the 
piston was increased to draw in, compress, and discharge a 
larger quantity of refrigerant per stroke. To increase the 
stroke of the piston, the magnitude of the current flowing 
through the armature was increased, thereby causing a 
greater displacement between the piston and the armature. 
However, modulating the capacity of the compressor in this 
way has some limitations. For example, increasing the 
magnitude of the current flowing through the armature can 
increase the resistance losses in the armature windings, 
thereby reducing the efficiency of the compressor. Further, 
large displacements of the piston draws large quantities of 
refrigerant into the cylinder bore which may bog down or 
overpower the compressor. 

0006 Previously, as discussed above, it was desirable to 
operate linear compressors at the natural frequency of their 
spring-mass system. However, owing to changes in the 
parameters of the refrigerant in the cylinder bore, the natural 
frequency of the spring-mass system can change throughout 
the operation of the compressor. More specifically, when the 
refrigerant is compressed by the piston in the cylinderbore, 
the refrigerant gas acts as an elastic spring force against the 
piston. The magnitude of this elastic force depends on, 
among other things, the fluid being compressed and its 
density, pressure, and temperature. As known in the art, the 
magnitude of the spring force from the refrigerant gas affects 
the natural frequency of the spring-mass system, and, when 
the parameters of the refrigerant change, the natural fre 
quency of the spring-mass system typically changes as well. 
In order to determine the natural frequency of the spring 
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mass system at any instant during the operation of the 
compressor, a parameter, or parameters, of the refrigerant 
and/or refrigeration system can be monitored. For example, 
it was known to monitor temperature of the refrigerant 
and/or the Voltage drop across the armature driving the 
piston of the compressor. In view of the information 
obtained from monitoring these parameters, the frequency of 
the driving force acting on the piston was altered to match 
the instantaneous natural frequency of the system. 

0007. In effect, some previous compressors actively 
monitored the natural frequency of the spring-mass system 
and corrected the frequency of the driving force to match the 
natural frequency of the system. However, when these 
compressors were required to produce a greater output of 
compressed refrigerant, their output was limited to that 
generated at the natural frequency of the compressor. As a 
result, as discussed above, these compressors were some 
times unable to keep up with the demands of the refrigera 
tion system. To accommodate a potentially greater demand, 
a compressor having a larger capacity was typically used. 
However, these larger-capacity compressors are typically 
more expensive and may become less efficient when lower 
demands of the compressor are required. What is needed is 
an improvement over the foregoing. 

SUMMARY OF THE INVENTION 

0008. The present invention includes a linear compressor 
that is operated at a frequency greater than the natural 
frequency of the spring-mass system of the compressor. 
Operating the compressor at Such a frequency can increase 
the output of the compressor. In one embodiment, the linear 
compressor includes a cylinderblock having a cylinderbore, 
a piston positioned within the cylinderbore, first and second 
springs for positioning the piston where the piston and the 
first and second springs comprise a spring-mass system 
having a natural frequency, and an armature operably 
engaged with the piston to drive the piston at a frequency 
greater than the natural frequency of the spring-mass system. 

0009. In another embodiment, the linear compressor 
includes a controller which monitors the instantaneous natu 
ral frequency of the spring-mass system and modulates the 
frequency of the current passing through the armature. As 
discussed above, the natural frequency of the spring-mass 
system can change as a result of fluctuations in the tem 
perature and/or pressure of the refrigerant in the cylinder 
bore. In this embodiment, a parameter of the refrigerant in 
the refrigerant circuit, Such as the pressure and/or tempera 
ture of the refrigerant, for example, or the electrical power 
transmitted to the armature, such as the Voltage and/or 
current, for example, is monitored by the controller. In view 
of the information obtained from monitoring these param 
eters, the controller can determine the instantaneous natural 
frequency of the spring-mass system and evaluate whether 
the frequency of the current being transmitted to the arma 
ture is greater than the instantaneous natural frequency of 
the system. If necessary, the controller can increase the 
frequency of the current such that it exceeds the natural 
frequency of the spring-mass system, or, even if the driving 
frequency is already greater than the natural frequency, it 
can increase the driving frequency to increase the output of 
the compressor to meet the demands of the refrigeration 
system. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

0010. The above-mentioned and other features and 
objects of this invention will become more apparent and the 
invention itself will be better understood by reference to the 
following description of an embodiment of the invention 
taken in conjunction with the accompanying drawings, 
wherein: 

0011 FIG. 1 is a schematic of a typical refrigeration 
circuit including a compressor and a controller for operating 
the compressor, 
0012 FIG. 2 is a partial cut-away view of a linear 
compressor in accordance with an embodiment of the 
present invention; 
0013 FIG. 3 is a cross-sectional perspective view of a 

first alternative embodiment linear compressor; 
0014 FIG. 4 is an exploded cross-sectional view of a 
second alternative embodiment linear compressor, 
0.015 FIG. 5 is a schematic representing the spring-mass 
system of the compressor of FIG. 2; and 
0016 FIG. 6 is a graph charting the cooling capacity of 
a linear compressor with respect to the current flowing 
through the armature of the compressor. 
0017 Corresponding reference characters indicate corre 
sponding parts throughout the several views. Although the 
exemplifications set out herein illustrate embodiments of the 
invention, the embodiments disclosed below are not 
intended to be exhaustive or to be construed as limiting the 
scope of the invention to the precise form disclosed. 

DETAILED DESCRIPTION 

0018 Referring to FIG. 1, typical refrigeration system 10 
includes, in serial order, compressor 12, condenser 14, 
expansion device 16, and evaporator 18 connected in series 
by fluid conduits. As is well known in the art, compressor 12 
draws a refrigerant or working fluid through compressor 
inlet 11, compresses the refrigerant, and expels the com 
pressed refrigerant through compressor outlet 13. The refrig 
erant expelled from compressor 12 is communicated into 
condenser 14 where thermal energy of the refrigerant is 
dissipated. Subsequently, the cooled, compressed refrigerant 
is communicated to expansion device 16 where it is decom 
pressed. The cooled, low-pressure refrigerant is then com 
municated to evaporator 18 where the refrigerant in evapo 
rator 18 draws heat from an environment surrounding the 
evaporator. Subsequently, the refrigerant exits evaporator 18 
and is communicated to compressor 12 and the cycle 
described above is repeated. 
0.019 Referring to FIG. 2, compressor 12, in the present 
embodiment, is a dual-cylinder linear compressor having 
two axially-driven compressor mechanisms 48 mounted 
therein. Compressor 12 further includes housing 42 having 
interior cavity 44 and end caps 46 on opposite ends thereof 
which also define cavity 44. Generally, in operation, refrig 
erant is drawn into compressor 12 through Suction inlet 11 
and Suction manifold 45, compressed by compressor mecha 
nisms 48, and is then discharged into discharge muffler 
chamber 51 through discharge valves 55. Referring to FIG. 
4, which illustrates an alternative embodiment of a linear 
compressor, each compressor mechanism 48 can include 
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gasket 61, suction valve 59, valve plate 53, and discharge 
valve 55 for controlling the flow of suction refrigerant into, 
and the flow of discharge refrigerant out of the compression 
cylinder of compressor mechanism 48. Thereafter, the com 
pressed refrigerant is discharged from compressor 12 
through discharge outlet 13. 

0020 Each compressor mechanism 48 includes a cylin 
der block 50 having cylinder bore 52 therein, a piston 54 
positioned within cylinder bore 52, an armature 56 mounted 
to one end of piston 54, and a permanent magnet 58 
positioned within end cap 46. In operation, piston 54 is 
reciprocatingly driven within cylinder bore 52 by the inter 
action of armature 56 and permanent magnet 58. More 
particularly, armature 56 is energized by an electrical Source 
which conducts electricity to armature 56 through terminal 
cluster 60 and spring 62 positioned intermediate cylinder 
block 50 and armature 56. Armature 56 includes a series of 
copper windings, or coils, which are, in this embodiment, 
arranged in a cylindrical configuration. The cylindrical con 
figuration of armature 56 is sized and configured to fit in gap 
66 defined between permanent magnet 58 and end cap 46 so 
that relative movement of armature 56 therebetween is 
possible. Owing to a magnetic field created by permanent 
magnet 58, armature 56, when energized, is motivated to 
move axially along axis 64. 

0021 Permanent magnet 58, as is known in the art, 
contains two poles of opposite polarity which create the 
above-mentioned magnetic field. The magnetic field of 
permanent magnet 58 radiates through bottom 47 of end cap 
46, through side walls 49 of end cap 46, and then to the other 
pole of permanent magnet 58 trough annular air gap 66 
between end cap 46 and permanent magnet 58. Stated in 
another way, the magnetic field extends through gap 66 in a 
radial direction, i.e., a direction Substantially perpendicular 
to axis 64. As the coils of armature 56 are positioned in gap 
66, the magnetic field crosses the coils and interacts with the 
current flowing through the coils to generate Lorenz forces 
that will move armature 56 in a direction perpendicular to 
the electrical current and the magnetic field, i.e., along axis 
64. By alternating the current polarity, the direction of the 
axial force acting on armature 56 can be changed to recip 
rocate armature 56, and piston 54 attached thereto, along 
axis 64. 

0022. In the present embodiment, the armature is 
mounted on the piston and the stationary permanent magnet 
is mounted in the housing. However, in other embodiments, 
the permanent magnet may be mounted on the reciprocating 
piston and the armature may be stationary within the com 
pressor. 

0023. As discussed above, compressor mechanism 48 
includes spring 62 positioned between armature 56 and 
cylinder block 50. Compressor mechanism 48 further 
includes second spring 68 positioned between armature 56 
and permanent magnet 58 positioned in end cap 46. Springs 
62 and 68 act to hold armature 56, and piston 54 mounted 
thereto, in a Substantially stationary position until the coils 
of armature 56 are energized. Also, spring 68 completes the 
electrical circuit between terminal cluster 60, spring 62 and 
armature 56, as described above. Once energized, one of 
springS 62 and 68, depending on the polarity of the current, 
is compressed by the Lorenz forces acting on armature 56 
placing piston 54 in one of a top-dead-center (TDC) position 
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or a bottom-dead-center (BDC) position. The TDC and BDC 
positions define the limits of the stroke of piston 54 within 
cylinder bore 52, however, the distance between the TDC 
and BDC positions is dependent upon the root mean square 
average value (RMS), or magnitude, of the current passing 
through the armature. For example, the TDC and BDC 
positions are further apart from each other when the RMS of 
the current passing through the armature is increased, and, as 
a result, the TDC and BDC positions define a longer stroke 
of the piston and a potentially larger output of refrigerant. 
0024 Referring to FIG. 5, piston 54 and springs 62 and 
68 approximate a spring-mass system. Generally, a spring 
mass system represents a harmonic system that satisfies the 
second order differential equation: x=A sin (Dot--B cos (Dot, 
where X represents the displacement of piston 54 and () 
represents the circular natural frequency, where ()=(k/m) 
0.5 and is typically measured in radians per second. The 

constant k represents the spring constant of the spring-mass 
system, including, in the present embodiment, the spring 
constants of springs 62 and 68, and the constant m repre 
sents, in the present embodiment, the combined mass of 
piston 54, armature 56, and /3 of the mass of springs 62 and 
68. In the foregoing equation, A and B are determined by an 
initial driving input into the system. The natural frequency 
of this spring mass system is determined by the following 
equation: f=co?(21)=(k/m) 0.5)/(2 t). When the spring 
mass system is driven by a force having a frequency 
matching, or nearly matching, the natural frequency of the 
Spring-mass system, the System will resonate. In resonance, 
the piston of the spring-mass system will have less inertia in 
the system to overcome and, as a result, less power is 
required to operate the compressor. Accordingly, compres 
Sor manufacturers previously designed their linear compres 
sors to operate at the natural frequency of the linear com 
pressor's spring-mass Sytem in order to utilize this 
phenomenon. 
0.025 To increase the output of these previous compres 
sors, the RMS of the current flowing through the armature 
is increased while the frequency of the current is held at the 
natural frequency. Increasing the RMS of the current causes 
the piston and armature assembly to displace through a 
greater distance, thereby increasing the stroke and output of 
the compressor. However, the stroke of the piston is ulti 
mately limited by the length of the cylinder bore and, thus, 
Some adjustments to the compressor capacity may not be 
possible. Further, by increasing the stroke of the piston, a 
greater quantity of refrigerant enters into the cylinder bore 
per stroke which may be difficult for the compressor to 
compress, thereby bogging down the compressor. In addi 
tion, increasing the RMS of the current flowing through the 
armature can increase the resistance losses in the armature 
windings, thereby reducing the efficiency of the compressor, 
as illustrated in the following example. Referring to FIG. 6, 
the operating condition of a compressor is represented by 
point 1. Notably, an increase in the RMS of the current, I, 
increases the cooling capacity, Q, of the compressor as long 
as the operating condition of the compressor, represented by 
point 1, is to the left of line 70. However, for operating 
conditions located to the right of line 70, such as point 2, an 
increase in the RMS of the current will actually reduce the 
cooling capacity of the compressor owing to losses in the 
armature. In addition, the cooling capacity of the compressor 
can be controlled by adjusting the duty cycle, D, of the 
current through the armature. The duty cycle is the ratio of 
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the pulse duration of the current to the pulse period, i.e., the 
ratio of the duration of when the windings are energized 
divided by the time between the beginning of one energi 
zation and the next. Referring to FIG. 6, the duty cycle of the 
armature current can be increased to the point where the 
operating condition of the compressor is to the right of line 
70, such as point 3, where any additional increase in the duty 
cycle actually decreases the cooling capacity of the com 
pressor. To prevent such occurrences in these previous 
compressors, larger-capacity compressors may be necessary. 
Larger-capacity compressors are typically more expensive 
and less efficient at lower capacities. 
0026. While a linear compressor may generally approxi 
mate the harmonic spring-mass system described above, this 
approximation is somewhat simplified. For example, the 
above equations do not account for damping, or losses, in the 
system. Most spring-mass systems are at least somewhat 
damped, i.e., they have losses in the system which dissipate 
energy and cause the motion of the piston to gradually decay. 
Further, although the above equations account for an initial 
input, they do not account for a continuous driving force. An 
equation mathematically representing a spring-mass system 
which accounts for system damping and a continuous driv 
ing force is dx/dt’+(b/m).dx/dt+(k/m)x=A cos(cot), whereb 
represents the damping coefficient of the system and () 
represents the circular frequency of the driving force applied 
to the mass. 

0027. As indicated above, the spring constant k for the 
spring-mass system is mostly defined by the spring constants 
of springS 62 and 68, i.e., k, and k, respectively. As known 
in the art, the spring constants of linear springs, for example, 
are Substantially constant, although they may change 
slightly throughout their use. Referring to FIG. 5, in addition 
to the spring forces applied to piston 54 by springs 62 and 
68, the refrigerant within cylinder bore 52 can apply an 
additional spring force acting on piston 54. More particu 
larly, as the refrigerant in cylinder bore 52 is compressed by 
piston 54, the pressure of the refrigerant in cylinder bore 52 
increases and the pressurized refrigerant exerts a force 
against piston 54. The refrigerant Substantially acts like an 
elastic spring where the spring stiffness of the compressed 
refrigerant can be represented by a spring constant, i.e., ks. 
In view of this, in the present embodiment, the spring 
stiffness, k, of the spring-mass system equals k+k+ks. 
However, owing to changes in pressure and temperature of 
the refrigerant, for example, the spring stiffness of the 
refrigerant, k, may change throughout the operation of the 
compressor. For example, a change in either the temperature 
or pressure of the refrigerant may increase the stiffness, ks. 
of the refrigerant whereas a decrease in the temperature or 
pressure may decrease the stiffness. As the spring stiffness, 
k, of the spring-mass system affects the natural frequency of 
the system, when k changes, the natural frequency of the 
Spring-mass system changes. 
0028. Unlike previous compressors, compressors 
embodying the present invention are designed such that the 
frequency, (), of the driving force acting on the spring-mass 
system can be increased above the natural frequency of the 
spring-mass system. In the illustrated embodiment, the fre 
quency of the current passing through armature 56 deter 
mines the frequency of the driving force acting on the 
spring-mass system. In this embodiment, the frequency of 
the current Substantially equals the frequency of the driving 
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force. Accordingly, to increase the frequency of the driving 
force acting on the spring-mass system, for example, the 
frequency of the current passing through armature 56 is 
increased. Increasing the frequency of the driving force 
acting on the spring-mass system can increase the strokes 
per minute of piston 54 within cylinder bore 52, thereby 
potentially increasing the output of the compressor. In one 
embodiment, the frequency of the current is increased with 
out increasing the magnitude of the current, i.e., without 
increasing the stroke length of piston 54. In this embodi 
ment, the potential disadvantages described above with 
respect to previous compressors can be avoided. However, 
in other embodiments, in addition to increasing or decreas 
ing the output of the compressor through frequency modu 
lation, the output of the compressor can also be increased or 
decreased by modulating the magnitude of the current and, 
thus, the stroke length of the piston. 
0029. As discussed above, the natural frequency of a 
spring-mass system can change throughout the operation of 
a compressor owing to changes in the temperature and/or 
pressure of the refrigerant being compressed in the cylinder 
bore of the compressor, for example. In one embodiment, the 
range of potential natural frequencies can be determined 
before the compressor is placed into service and the mini 
mum frequency of the driving force can be set above the 
maximum potential natural frequency of the spring-mass 
system. In this embodiment, the natural frequency of the 
driving force can be established without continuously moni 
toring the parameters of the refrigerant being compressed. 
While this embodiment is a contemplated embodiment of 
the present invention, other embodiments are envisioned 
where the parameters of the refrigerant being compressed, or 
other parameters of the refrigeration system, are monitored 
and the frequency of the driving force is adjusted accord 
ingly. 

0030. In one embodiment, the compressor includes a 
controller, such as controller 26 (FIG. 1), which monitors at 
least one system parameter and, in view of the information 
obtained from monitoring this parameter, makes a running 
correction to the frequency of the current passing through 
electrical wires 28 and armature 56. In one embodiment, 
referring to FIG. 1, temperature sensors 20 and 22 are placed 
in communication with the flow of refrigerant entering into 
and flowing out of compressor 12. In one embodiment, the 
controller is programmed with a first table of data that 
correlates the temperature of the refrigerant at one or both of 
these locations with a natural frequency of the spring-mass 
system. This table of data can be established empirically or 
via equations which calculate the spring constant k of the 
refrigerant in the cylinder bore and, ultimately, the natural 
frequency of the system. 

0031. In a further embodiment, the controller can monitor 
a parameter of the electrical power provided to armature 56 
including, for example, the current flowing through the 
armature or the Voltage measured across the armature during 
operation. In one embodiment, the controller can be pro 
grammed with a second table of data which correlates the 
parameters of the armature current and/or Voltage with the 
instantaneous natural frequency of the system. The control 
ler can be programmed to compare the data in the first table 
and the data in the second table and make a running 
correction to the current flowing through the armature. The 
data contained in the second table can be derived from 
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equations which associate the operating parameters of the 
compressor with the natural frequency of the system. In one 
embodiment, the equation, I=f'Wei? (D*U) can be 
utilized, where Wei represents the work performed by the 
compressor per cycle of the compressor, where D represents 
the duty cycle of the current passing through the armature, 
where U represents the Voltage drop across the armature, 
and where I represents the current passing through the 
armature. In one embodiment, the controller can include a 
frequency converter for converting the frequency of the 
current flowing into the armature to another frequency. The 
frequency converter can include electromechanical and/or 
Solid state components, as known in the art. 

0032. In another embodiment, the instantaneous natural 
frequency of the spring-mass system can be determined by 
measuring the vibrations of the compressor. In one embodi 
ment, an accelerometer can be affixed to the compressor 
housing and/or cylinder block, for example, to measure the 
vibrations produced by the spring-mass system. As known in 
the art, a spring-mass system produces different vibrations 
when the system is driven at its natural frequency as 
compared to when the system is driven above or below its 
natural frequency. The accelerometer can be placed in 
communication with the controller where the controller 
evaluates whether the spring-mass system is being driven at 
its natural frequency and makes any necessary adjustments 
to the frequency and/or magnitude of the current passing 
through the armature. 

0033. As discussed above, the capacity of compressors 
utilizing an embodiment of the present invention can be 
adjusted via adjustments to the current flowing through the 
armature. If the frequency of the current flowing through the 
armature is increased, the piston will typically be cycled 
through more strokes per minute. Likewise, if the frequency 
of the current is decreased, then the piston will be cycled 
through less strokes per minute. In view of this, a compres 
Sor which has a stroke that is close to its physical boundaries 
in the cylinder bore can be used and still provide capacity 
modulation for the refrigeration system. As a result, a 
Smaller, less-expensive compressor can be used. 

0034. Although the advantages of operating the above 
described compressors above the natural frequency of their 
spring-mass systems have been outlined herein, the com 
pressors of the present invention are nonetheless capable of 
being operated at or below the natural frequency of their 
spring-mass systems. These circumstances typically arise 
when the compressor is being cycled on or off and/or when 
the demands of the refrigeration circuit drop and a lower 
output of the refrigeration system is required. 

0035 While this invention has been described as having 
an exemplary design, the present invention may be further 
modified within the spirit and scope of this disclosure. This 
application is therefore intended to cover any variations, 
uses, or adaptations of the invention using its general 
principles. Further, this application is intended to cover Such 
departures from the present disclosure as come within 
known or customary practice in the art to which this inven 
tion pertains. 
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What is claimed is: 
1. A linear compressor, comprising: 
a cylinder block having a cylinder bore; 
a piston, wherein at least a portion of said piston is 

positioned within said cylinder bore; 
a first spring for positioning said piston, said piston and 

said first spring comprising a spring-mass system hav 
ing a natural frequency; 

an armature operably engaged with said piston to drive 
said piston at a driving frequency; and 

a controller for increasing said driving frequency above 
said natural frequency. 

2. The linear compressor of claim 1, further comprising a 
sensor for measuring the frequency of electrical current 
flowing through said armature, said sensor in communica 
tion with said controller. 

3. The linear compressor of claim 1, further comprising a 
sensor for measuring one of the temperature and the pressure 
of a refrigerant compressed by said compressor. 

Dec. 13, 2007 

4. A method for operating a linear compressor, comprising 
the steps of: 

providing a cylinder block having a cylinderbore, a piston 
positioned within said cylinder bore, and at least one 
spring for positioning said piston, said piston and said 
at least one spring comprising a spring-mass system 
having a natural frequency; 

applying a driving force to said piston to drive said piston 
within said cylinder bore at a driving frequency; and 

increasing said driving frequency above said natural fre 
quency, whereby said increasing step increases the 
capacity of said linear compressor. 

5. The method of claim 2, further comprising the step of 
monitoring said natural frequency. 


