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Abstract

The dual-cylinder opposed linear compressor (DOLC) contains a couple of symmetrical gas loads on the two sides of the movement
components. Because the gas loads are symmetrical, the balanced position of movement components will not be offset by gas force dur-
ing the operating process, and piston displacement can be detected and controlled more easily. Based on the kinetics and thermodynamics
theory, the non-linear gas load of the DOLC was linearized by the Fourier method. The relationship between the supply voltage and dis-
placement is presented. Through air compression experiments, the operation features of the DOLC with different syntonic spring groups
were analyzed. The performance of the DOLC was considerably affected by work conditions and the stiffness of syntonic spring groups;
the closer the work condition was to the sympathetic vibration, the higher the observed efficiency of the DOLC. A jump, hysteresis, and
an unstable phenomenon in the process of voltage regulation occurred around sympathetic vibration conditions. In the process of increas-
ing voltage on a certain discharge pressure condition, the displacement jump phenomenon occurred when the intrinsic frequency
approacheds power frequency, causing the discharge pressure to drop synchronously. In the process of decreasing voltage on the lower
discharge pressure condition, the displacement shrink phenomenon occurred when the intrinsic frequency approached power frequency.
Because sympathetic vibration conditions changed with discharge pressures, a hysteresis district existed between the displacement jump
point and shrink point. The DOLC worked unstably on the hysteresis district because the discharge pressure fluctuated between the two
values. To make the DOLC work stably on higher efficiency, the intrinsic frequency should be configured to a slightly larger value than
the power frequency by setting the syntonic spring groups and the mass of movement components to the ratings on the work conditions.
Controlling the power frequency after is needed to adhere to the intrinsic frequency of the variable work conditions.
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pressor is dependent on mass flux. Choe and Kim [2, 3] stud-

1. Introduction ied the frequency response characteristics and jump phenome-

Developed from the earlier application on cryocoolers, lin-
ear compressors are being increasingly applied in the civil
field, particularly on household refrigerators and portable
coolers. The main advantages of the linear compressor are its
high efficiency and compact structure, which eliminate the
need for a conversion mechanism to transform rotary motion
into reciprocating motion. The dynamic characteristics of
linear compressor have been investigated by many scholars;
the main type of linear compressor investigated and applied
popularly is the single-cylinder type. Minas [1] created a
mathematical model of the linear compressor, analyzed the
nonlinear dynamic characteristics of an oilless linear compres-
sor, and proposed that the optimal frequency of a linear com-
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non of the linear compressor by simplifying the gas force into
linear force using numerical analysis. Lamantia et al. [4] ana-
lyzed the dynamic characteristics and optimized the total per-
formance of a linear compressor based on Simulink and Ad-
ams. N. Chen et al. [5] studied the static and dynamic charac-
teristics of moving-magnet linear compressors in Stirling and
pulse tube cryocoolers. Hyun Kim et al. [6] analyzed the dy-
namic characteristics and coefficient of performance of a lin-
ear compressor in a refrigeration system with R600a refriger-
ant.

Compared to a single-cylinder linear compressor, the dual-
cylinder opposed linear compressor (DOLC) is noteworthy
because it has a couple of cylinders and pistons on the two
sides of the movement components, which can be used to
supply larger cooling capacity. The gas loads are symmetrical,
thus the balanced position of movement components will not
be offset by gas force during operation. Piston displacements
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Fig. 2. Kinetic model of the DOLC.

are easier to detect and control and the two cylinders of the
DOLC can be used to deal with work fluid under different
work conditions. This provides the DOLC a wider application
to meet mutative demands. However, reports on the perform-
ance and application of DOLC are limited particularly on its
actual performance under different work conditions. The pre-
sent paper developed a DOLC with symmetrical gas loads and
analyzed their performances through air compression experi-
ments.

2. Principle and mathematics model of the DOLC

Fig. 1 shows the schematic diagram of the DOLC. The
driver of the DOLC is a moving-magnet linear oscillation
motor composed of an outer yoke, inner yoke, coil, and per-
manent magnet. Permanent magnet, suction cavity, and two
opposed pistons form the mover of linear motor, and syntonic
springs are set between the mover and framework. Two op-
posed pistons are installed separately in two cylinders, and
two suction valves are likewise installed separately on at the
head face of the pistons. On At the end surface of each cylin-
der, there is a discharge cavity containing a discharge valve
and discharge spring. The discharge valve is pre-pressurized
to contact with the cylinder end surface by the discharge
spring.

Fig. 2 shows the kinetic model of the DOLC, where D is the
diameter of the cylinders, X is the amplitude of piston dis-
placement, X, is the clearance distance, and x is the piston
displacement that can be expressed by x = Xsinwr .

The kinetic mathematical model of the DOLC can be ex-
pressed by:

d2x
m——+c

5 @+k x+F =F, )
dt s 8

f dt

where m is the mover mass, c; is the friction damping coeffi-
cient, k is the stiffness coefficient of syntonic springs, F, is
the gas force, and F, is the electromagnetic force, which can
be expressed as F, = Ki (K, is electromagnetic force coeffi-
cient and i is the current) [7].

As the mover of DOLC moves to one side, the piston on
this side begins to compress the gas, and the discharge valve
on this side opens to discharge the gas once the pressure inside
the cylinder is higher than the discharge pressure. At the op-
posite side, the suction valve opens to inhale the gas. In the
actual work cycle of the reciprocating compressor, heat trans-
fer and flow leakage that are both difficult to calculate accu-
rately exist. To simplify the mathematical model of gas force,
compression and expansion processes of the actual cycle are
generally regarded as constant-quality polytropic processes.
The mathematical models of gas force are shown in the ap-
pendix.

Incorporating the linearized gas force shown in the appen-
dix into Eq. (1), the kinetic mathematical model of the DOLC
can be expressed by Eq. (2), in which the first part is inertial
force, the second part is damping force, the third part is elastic
force, and the last part is electromagnetic force.

2
mﬁ+(c +c j@+(k +k jx:Ki 2)
a2 VS glar s ¢ 0

where c, is the gas equivalent damping coefficient and £, is
the gas equivalent stiffness coefficient.

The electromagnetic field of the moving-magnet linear mo-
tor can be analyzed by the equivalent magnetic model. The
electromagnetic mathematical model of DOLC can be ex-
pressed as:

di dx
=iR +L —+K — 3
e T e TR0 ®

where u is the voltage, i is the current, R, is the equivalent
resistance, and L, is the equivalent inductance [2].
Putting x = Xsinwt into Eq. (3),

i=i[—mw2Xsina}t+(c, +cg)a))(cosa)t+(kA +kg)Xsina)tJ .
0

)
Incorporating Eq. (4) into Eq. (3),
R/ 2 : .
u= X [—ma) Xsinot + (c/ + cg)a)Xcosa)t+(k5 +kg)Xsmth

0

+II;—;[—ma)3Xcosa)t—(c/ + cg)a)szinaJt +(k$ + kg)a)XcosaJt]

+K,wX cosat. 5)

The phase angle 6 between voltage u and current i can be
expressed as:



H. Zou et al. / Journal of Mechanical Science and Technology 25 (8) (2011) 1885~1892 1887

pressure gange % valve

(b)

Fig. 3. Experimental system: (a) schematic diagram; (b) photo.
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The effective current, effective voltage, and input power can
be expressed as:

1:%{(—ma}2 +k, -rkg)2 +[a)(cf +cg)T}u5 7
0
J2x [Re(—ma)z +k +k,)- Lo (c, +cg)}Z + : ®
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The output power and efficiency can be expressed as:

1
P, =Ecg(wX)z (10)
P
=20 11
n P (11)

Table 1. Basic parameters of the tested compressor.

Items Unit Values
Operating frequency, f° Hz 50
Magnet force coefficient, K, N/A 69
Equivalent resistance, R. Q 15.85
Equivalent inductance, L. H 0.42
Mover mass, m kg 0.706
Cylinder diameter, D mm 20
Initial clearance distance, Xj mm 5.75

3. Experimental facility and procedure

The experiments used air as work fluid to test the perform-
ance of DOLC, allowing the linear compressor to operate
without shell and to measure displacement conveniently and
accurately. Fig. 3 shows the experimental system. The com-
pressor stands on the experimental flat isolated by rubber
cushions attached to the flat, and subsequently sucks air and
discharges it back through the adjusting valve. The discharge
pressure can be adjusted using the valve.

Table 1 shows the basic parameters of the developed DOLC
prototype. The magnet force coefficient, equivalent resistance,
and equivalent inductance were tested from the linear motor.

Power supply can be adjusted and measured by an intelli-
gent digital booster with a function power meter. Discharge
pressure p, can be determined using a pressure gauge. The
amplitude of piston displacement X can be recorded by an
eddy current displacement sensor and can be shown using a
digital storage oscilloscope. The experimental procedures are
as follows:

(a) Operate the compressor to compress air with two differ-
ent syntonic spring groups. The stiffness of No.1 spring group
is 44190 N/m, and the stiffness of No. 2 spring group is 36440
N/m.

(b) Make the amplitude of piston displacement to a setting
value and measure the corresponding input power on different
discharge pressures.

(c) Keep the discharge pressure at a certain value, adjust the
supply voltage to change the amplitude of piston displacement,
and measure the corresponding input power.

(d) Calculate the output power and efficiency.

4. Results and discussion

4.1 Performance experiments on different discharge pres-
sures

Keep the amplitude of piston displacement at 11.4 mm, in-
crease the discharge pressure from 0.2—0.9 MPa by adjusting
the booster and the valve, and measure the supply power pa-
rameters correspondingly. The suction pressure should have
0.1 MPa atmospheric pressure. Fig. 4 shows the supply power
parameter curves with the increasing discharge pressures of
the developed DOLC. The DOLC prototype worked with the
above two kinds of spring groups. The discharge pressure was
the absolute pressure, and the currents of the DOLC with two
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Fig. 4. Supply power parameters curves on different discharge pres-
sures (suction pressure: 0.1 MPa): (a) effective voltage; (b) effective
current; (c¢) input power; (d) efficiency.

different spring groups both decreased at the beginning and
subsequently increased. A discharge pressure inflexion on
which the current is at the lowest point was observed. The
discharge pressure inflexion of the experiments with No. 1
spring group was 0.5 MPa, whereas that of the experiments
with No. 2 spring group was 0.7 MPa. The voltages of the
DOLC with two different spring groups increased although
the rates of voltage increase were different. A certain dis-
charge pressure value under which the voltage increase rate is
lower and above which the rate is larger was observed as well.
The discharge pressure value of the experiments with No. 1
spring group was 0.5 MPa, whereas that of the experiments
with No. 2 spring group was 0.7 MPa. The input powers of the
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Fig. 5. Forces on different discharge pressures.

DOLC with the two different spring groups both increased
with the discharge pressure. The efficiency of the DOLC with
No.1 spring group increased at the beginning and subse-
quently decreased, with a discharge pressure of 0.8 MPa at the
efficiency point. The efficiency of the DOLC with No. 2
spring group increased with the increase of the discharge pres-
sure until 0.9 MPa.

The physical meaning of the experimental results can be
explained according to the mathematical model of the DOLC.
Current and electromagnetic force are related as a direct ratio.
The voltage is determined by the current and angle between
the current and displacement, which are both related to elec-
tromagnetic force. The electromagnetic force can be calcu-
lated according to Eq. (2) after deriving the values of the iner-
tial forces, damping forces, and elastic forces on the respective
discharge pressures of the developed DOLC prototype with
11.4 mm piston stroke. According to Egs. (4)-(11), the effi-
ciency will be affected by the relationship between the inertial
forces and elastic forces.

Fig. 5 shows the calculated results. The electromagnetic
force curves decreased and subsequently increased with dis-
charge pressure. The discharge pressure of the developed
DOLC with No.1 spring group was 0.5 MPa at the lowest
point of the electromagnetic force. The discharge pressure of
the developed DOLC with No. 2 spring group was 0.7 MPa.
The inflexion of the calculated current and voltage agrees with
the experimental results.

The elastic force curve of the developed DOLC with No. 1
spring group was larger than that of the compressor with No. 2
spring group, and closer to the inertial force curve. A cross
point, the sympathetic vibration point, on the inertial and elas-
tic force curve of the developed DOLC with No. 1 spring
group was observed on the 0.8 MPa discharge pressure. The
calculated results agree with the experimental results. This
suggests that the highest efficiency of the DOLC with No. 1
spring group was on the 0.8 MPa discharge pressure, and that
of the DOLC with No. 2 spring group was on the 0.9 MPa
discharge pressure.

The performance features of the DOLC, as analyzed by the
linearized kinetic mathematical model, agree well with the
experimental results. The research results of the DOLC per-
formance experiment on different discharge pressure show
that:

(a) To keep the amplitude of piston displacement on the
same value, the voltage and input power should be augmented
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Fig. 6. Changes in the displacement curves with different voltages
(suction pressure: 0.1 MPa).

with the increase in discharge pressure.
(b) The closer the elastic force is to the inertial force, the
higher the efficiency.

4.2 Jump and unstable hysteresis phenomenon

Keep the developed DOLC prototype with No. 1 spring
group working on a certain discharge pressure and change the
amplitude of piston displacement by adjusting the supply volt-
age. The experimental results show that a jump, hysteresis,
and an unstable phenomenon occurred in the process of volt-
age regulation under several conditions. Firstly, an increase in
the displacement was obtained by augmenting the voltage. At
the beginning, the displacement increased with the voltage
stably. As the voltage attained a certain value, the displace-
ment abruptly jumped to a larger status. Subsequently, the
displacement continued to increase with the increase in volt-
age. Secondly, the displacement was decreased by diminish-
ing the voltage. As the voltage decreased until it was less than
the jump point, the linear compressor proceeded into an un-
stable status, which was maintained on a particular stage with
the decrease in voltage. When the voltage decreased to an-
other lower value, the displacement was suddenly reduced to a
low status. The displacement returned to a stable status. Con-
sequently, it decreased continually with the voltage.

Fig. 6 shows the displacement curves that changed with the
voltage on 0.5 MPa discharge pressure. During the period of
increasing voltage, the displacement increased stably by jump-
ing from 8.7-11.5 mm at 120.3V, and continued to increase
with the increase in voltage. During the period of decreasing
voltage, the displacement decreased by proceeding into an
unstable status from 120V, and subsequently decreased from
10.8-6.9 mm at 112.9V. The decrease continued further. Dis-
charge pressure increased from 0.1-0.5 MPa with the increase
of displacement, dropped to 0.38 MPa because of the jump
phenomenon, and fluctuated between 0.38 and 0.5 MPa dur-
ing the unstable stage.

According to the theory of mechanical vibration, as the in-
trinsic frequency ( @, = [(kﬁ_ +k)/ m]o‘s ) approximates the
power frequency, that is the frequency ratiol=w,/w=1, a
very violent sympathetic vibration will occur.

The gas equivalent stiffness coefficient on different dis-
placements of the DOLC prototype can be calculated accord-
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Fig. 8. Changes in the calculated displacement curves with effective
voltages: (a) total plot; (b) local plot.

ing to the parameters in the appendix. Fig. 7 shows that the
frequency ratio curves changed with the displacement of the
developed DOLC prototype with No. 1 spring group on 0.38
and 0.5 MPa discharge pressure values.

When the frequency ratio was A=1, the displacement was
approximately 8.8 mm on the 0.5 MPa discharge pressure and
approximately 7.0mm on the 0.38 MPa discharge pressure.
The intrinsic frequency increased with the increase in dis-
placement before pumping and decreased with the increase in
displacement after pumping. On the lower discharge pressure,
earlier pumping happened and the intrinsic frequency was less
than that of the higher discharge pressure.

Fig. 8 shows the calculated displacement changes with the
effective voltage on the different displacements of the DOLC
prototype as derived by Eq. (8). When the effective voltage
was 121.3V, the displacement was approximately 8.8 mm on
the 0.5 MPa and approximately 11.4mm on the 0.38 MPa.
When the effective voltage was 112.3V, the displacement was
approximately 7.0 mm on the 0.5 MPa and approximately
10.7 mm on the 0.38 MPa.

The calculated results shown in Figs. 7 and 8 are similar
with the experimental results. As the voltage increased, the
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displacement jump phenomenon occurred near the point
where the frequency ratio was /=1.0. The displacement jump
caused the discharge pressure to drop to a lower value. As the
voltage decreased, the displacement shrink phenomenon oc-
curred near the point where the frequency ratio was 4=1.0 on
the lower discharge pressure. The hysteresis was formed by
the unstable district from the jump point on higher discharge
pressure to the shrink point on the lower discharge pressure.
This validates the observation that if the intrinsic frequency is
approaching power frequency, jump, hysteresis, and an unsta-
ble phenomenon will occur. The pistons would bump the dis-
charge valve and the gas pressure would fluctuate. To make
sure that the linear compressor can work on a stable and

higher efficiency status, controlling the frequency is necessary.

According to Fig. 7, the intrinsic frequency is lowest on the
TDC point after pumping. If the frequency ratio is a slightly
larger than 1.0 on the TDC point, the sympathetic vibration
will not occur during the process of increasing displacement
because the efficiency will only be slightly lower than that of
the sympathetic vibration. One way to avoid sympathetic vi-
bration is to set the syntonic spring groups and movement
component mass on the rating work condition to allow the
intrinsic frequency to become slightly larger than the power
frequency on the TDC point.

Fig. 7 shows that the intrinsic frequency will change with
the work conditions. Adjusting the power and intrinsic fre-
quency on variable work conditions through the control sys-
tem will maintain the smooth operations of the linear com-
pressor.

5. Conclusion

In the present paper, the dynamic characteristics of the
DOLC were studied through experimental and theoretical
research. The experimental results show that the performance
of DOLC was significantly affected by work conditions and
stiffness of the syntonic spring groups. The DOLC showed the
highest efficiency at sympathetic vibration, but its working
status was unstable. The displacement jump or shrink phe-
nomenon will occur when the frequency ratio is near to 1.0;
the displacement jump will cause the discharge pressure to
drop. Because sympathetic vibration conditions were different
from discharge pressures, a hysteresis district between the
displacement jump point and shrink point existed. The DOLC
worked in a stable manner on the hysteresis district because of
discharge pressure fluctuations. To ensure that the DOLC will
work steadily to achieve higher efficiency, the intrinsic fre-
quency must be configured to a slightly larger value than the
power frequency. This can be achieved by setting the syntonic
spring groups and movement component mass according to
the rating work conditions. Moreover, the power frequency
should be controlled to adhere to the intrinsic frequency on
variable work conditions.
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Appendix

The work cycle of the reciprocating compressor is generally
regarded as a constant-quality polytropic process when heat
transfer and flow leakage are considered. Polytropic process
index n can be corrected from the adiabatic index «, i.e.,
(0.93~0.98)x [8]. The ratio of the amplitude of piston dis-
placement X and the clearance distance X; determine the out-
put of the work cycle.

X 1/n _ I/n . .
If —> % , the compressor will be pumping gas.
Xy p"+p

s

— *— , the compressor will not be pumping gas.
Xy pi+p

Fig. A.1 shows the changes in the gas force with the dis-
placement in a cycle of pumping gas. The gas force of the
DOLC can be described as follows:

(1) From 0 to 6, cylinder 1 is in the process of polytropic
compression and cylinder 2 is in the process of constant pres-
sure suction. In these processes, the gas force can be expressed
by:
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Fig. A.1. Changes in the gas force curves with the displacement of
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(2) From 6, to /2, cylinder 1 is in the process of constant
pressure discharge and cylinder 2 is in the process of constant
pressure suction. In these processes, the gas force can be ex-
pressed by:

Eo=(p,—p)4.
(3) From 7/2 to 0,, cylinder 1 is in the process of polytropic

expansion and cylinder 2 is in the process of polytropic com-
pression. In these processes, gas force can be expressed by:

X, -X
F:A 0 n _
) {(Xo_xm (

X0+X)n
X,+x" 7

(4) From 6, to x, cylinder 1 is in the process of constant
pressure suction and cylinder 2 is in the process of polytropic
compression. In these processes, the gas force can be ex-
pressed by:

afin]

(5) From 7 to 6, cylinder 1 is in the process of constant
pressure suction and cylinder 2 is in the process of constant
pressure discharge. In these processes, the gas force can be
expressed by:

Fg :(px_pd)A‘

(6) From 65 to 37/2, cylinder 1 is in the process of poly-
tropic compression and cylinder 2 is in the process of poly-
tropic expansion. In these processes, the gas force can be ex-
pressed by:

X, +X X, -X
F,= 4] (22, — (2
¢ (Xo—x)pd (X0+x

)'p,

(7) From 37/2 to 6y, cylinder 1 is in the process of poly-
tropic compression and cylinder 2 is in the process of constant

Gas force Fg 2

polytropic
compression
polytropic
expansion

polytropic n
compression

Displacement x

polytropic
expansion

3n/2

Fig. A.2. Changes in the gas force curves with the displacement of the
no pumping cycle.

pressure suction. In these processes, the gas force can be ex-
pressed by:

F, :p,‘/{(); +X> —1}

where # is the polytropic process index corrected from the gas
adiabatic index x, pq is the discharge pressure (MPa), p; is the
suction pressure (MPa), 8, is the angular position at the begin-
ning of discharge of one side, 6, is the angular position at the
end of expansion of one side, 6; is the angular position at the
beginning of the discharge of the other side, and 6, is the an-
gular position at the end of expansion of the other side. They
are determined by the amplitude of the piston stroke and can
be expressed by:

1/n
0, = arcsin Xy [p"] [1+X]—1
X\ P X
1/n
0, = & — arcsin Xy [p"] [I—XJ—I
X (\p X,

O, =n+6, 0,=n+0,.

Fig. 2 shows the changes in the gas force with the dis-
placement in the no pumping gas cycle. The gas force of the
DOLC can be described as follows:

(1) From 0 to #/2, cylinder 1 is in the process of polytropic
compression and cylinder 2 is in the process of polytropic
expansion. In these processes, the gas force can be expressed

by:

F =A4p

4

[(X”X) ~(

X, +x

0

X, +X., X,-X
T )( )]

0

(2) From #/2 to 37/2, cylinder 1 is in the process of poly-
tropic expansion and cylinder 2 is in the process of polytropic
compression. In these processes, the gas force can be ex-
pressed by:

X+ X, X,—X X, +X
F:A_ n 0 n .
) p{(Xo_ e (XN)}
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(3) From 37/2 to 2z, cylinder 1 is in the process of poly-
tropic compression and cylinder 2 is in the process of poly-
tropic expansion. In these processes, the gas force can be ex-
pressed by:

X+ X, X4 X, X,-X
F,=4p | (2
= A G (X Al

0 0

Because of the nonlinear feature of gas force, directly ana-
lyzing the dynamic characteristics of the DOLC with the
above gas force expression is difficult. To simplify the analy-
sis, linearizing the gas force by Fourier transformation is nec-
essary. The gas force of the DOLC can be linearized into the

following formula by the one-order Fourier transformation [2].

The equivalent gas force F, can be expressed as:

F, =accoswt+bsinwt + F, .

€g

(A1)
For the pumping cycle:
a (X X,) =~ [ F, (1 cos td (@)
VAcE

Ap, o, X, +X A3
_ 2 —0 = Y _1|cosawtd(wt)+—|? — p,)cos wtd (wt
T I" [(X —Xsinwt) } @ ”L(pd ») (@)

X, +X
P, " p, |coswtd (wt
)" Pa (XD+XSmwt) pl (1)

7'[ {X — Xsinot

Ap. o, X, +X A7
+== | 1= (———"—)" |cosawtd(wt) +—| > (p, — p, ) cos wtd (wt
V4 '[“z[ (X0+Xsinwt)} (@) 7["‘03 (p‘ 17,,) (@)

X, +X X, -
— "D, — " p, |coswtd (ot
'[ [ X, Xs1na)t) P (X0+Xsinwt) pd} (@f)
+Ap 27 X, +X "

—_— cos wtd (wt)
2% X, - Xsinawt |

1 (o .
b(X,X,)= —j F,(1)sin otd (o)
V4 0

n

—_

7@Iﬁ_ X, +X
0 X, - Xsinowt
+éjﬁz( X, -X Y b, — X, +X
75| X, - Xsinot” 7' "X, + Xsinat

sin wtd (ot) + éj?(pd - p, )sin wrd (wt)
o

)" p, } sin wtd (ot)

Ap el x+x ] A
+ A _1 (Xn+)(sinwt _sma)ta’(a)t)Jr”L‘ (p, — p,)sin wrd(awr)
Ao Xo+X 0 X=X .
b 37”|:(X0—Xsinwt) P (Xn +Xsinwt) pd:|sma)td(a)t)
ﬂ 27 X, +X v 1 e
+ - J‘& {(7)(0_)(““@) 1:|sma)td(a)t)
1 por
FOXX) =] F (0d(@n)
Ap Xo+X A 5
= ————)" -1 |d(ot)+—|*(p, — p,)d (ot
2z J.”{XD—Xsinwt) } (@) ZHJ.HI(pd ps) (@r)
4, X0+X
— "p,— "p, ld(ot
-[ [X ~Xsinwr * X0+Xsina)t) ps} (@)

iz

)"}d(m) [ (- py)d(@n

¢l

X, +X
X, + Xsinot

+AP,‘J€3 1—
27 7
A 04( X, +X ¢ X, —
2z X, - X sin ot P X, + X sinot

+—

)" Py }d (@)

[ X, +X

X~ Xsin ) —l}z’(wt)

For the no pumping cycle:

a(X,X,)= %Lﬂﬁ,(l)coswtd(wt)

:@F X“+¥ - X“_)‘( X“+X )" |cos wtd (cwt)
o X, - Xsinwt X,+ Xsinot”™ X, — Xsinot |
az[ 1
S S e B . S ) L)
3 | X, —Xsinwt” X, - Xsinewt X, + Xsinot™ |
ﬂ]':; ( Xn'*'X _ X“_f\/ X"+X " |cos wtd (et)
2| X, —Xsinet X, + Xsinot™ X,— Xsinot™ |
1 2= .
h(X,X,)= — |7 F,()sin wrd(or)
:ﬂj’? X0+X _ XD*{( X‘3+{( " |sin wtd (ot)
7 0 X, - Xsinet X,+ Xsinot” X, - Xsinot™ |
3z
+ﬂj2( Moo X o Xd X K FX G ond(an)
i X,—Xsinwt™ X, - Xsinot X, + Xsinot
+£ - | C Kot X - X°7),( X°+%( )" [sin wtd (wt)
X, - Xsinot X, +Xsinwt™ X, — Xsinot
F(X,X,)= fj' F,(t)d(er)
Ap, (5 X, +X X, - X X, +X
= LB R (e (e (e fd )
| X,—Xsinwt X, +Xsinot™ X,—Xsinot
dp, (2| X, -X X, +X X, +X
L7« () () ()
T X,—-Xsinwt™ X, - Xsinowt X, + Xsinot
+Ap,;j~ﬂ( Xt X XomX KX T
X, - Xsinawt X,+Xsinot™ X,—Xsinot

The gas force of the DOLC is symmetrical. Thus,
F/(X,X,)=0. The gas force can be linearized using formula
(A2)

dx
F,=kx+c, % (A2)

where c, is the gas equivalent damping coefficient and £, is
the gas equivalent stiffness coefficient. Both can be expressed
by:

k= %Xo) (A3)
B, "
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