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Abstract: In order to enhance compressor efficiency and meet the requirements of energy conservation
and environmental protection, this study designed a direct-drive compressor with an electromagnetic
linear actuator. Starting with the structural design and performance analysis of the linear compressor,
the working process of the moving-coil linear compressor was analyzed. The basic performance of
the designed moving-coil linear motor was simulated and analyzed using the Maxwell software,
while the overall performance of the linear compressor was simulated and analyzed using the
Simulink software to verify the feasibility of controlling a linear compressor via the direct drive of a
linear motor.

Keywords: linear compressor; simulation analysis; linear motor; moving coil

1. Introduction

Compressors play an important role in modern machinery. Currently, compressors
extensively used in production and daily life include crankshaft connecting rod type,
reciprocating type, and rotary type, among others. Despite the mature technology and
a complete industrial chain, such compressors have a low mechanical efficiency [1]. By
using an electromagnetic actuator to directly drive the piston, a linear compressor conducts
reciprocating linear motion in the cylinder, with the mechanical efficiency increasing
by 15~25%, thus greatly contributing to energy conservation [2]. In addition, a linear
compressor has the advantages of small volume, long service life, low noise, controllable
piston stroke, and almost zero lateral force [3]. Nonetheless, research on linear compressors
is mainly carried out by large technology companies and scientific research institutes in
Japan, South Korea, the United States, etc. Sunpower of the United States, LG of South
Korea, and Panasonic of Japan have attained remarkable achievements in this respect [4].

Compared to foreign countries, domestic research on linear compressors in China is
disadvantageous in both theory and technology. With the advancement of science and
technology, domestic scholars have started to study linear compressors after being aware
of their importance. Since the 1980s, China has introduced foreign linear compressor
technology and carried out extensive experimental research and product development on
this basis. However, due to the weak theoretical foundation and backward manufacturing
technology, domestic production of compressors has low mechanical efficiency and high

cost, and cannot replace traditional compressors [5].

Based on the Redlich moving-magnet linear motor structure, Gao Yao et al. designed
a linear compressor using the vector analysis method, which has the advantages of low
weight and high efficiency [6]. Fang Xueliang et al. studied a new oil-free linear compressor
system and proposed a thermodynamic compressor model [7]. Zhang Kai et al. from the
Attribution (CC BY) license (https:// ~ Kunming Institute of Physics studied flexible springs in linear compressors, which provided
creativecommons.org/licenses /by / guiding significance for the design of stacked components for flexible springs [8]. Chen
40/). Hongyue et al. from the Liaoning Technical University studied E-type electromagnetic
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structure of moving-magnet linear compressors and found a way to improve the efficiency
of these linear compressors [9]. Chen Xinwen et al. studied the moving-magnet linear
motor of linear compressors, with certain results achieved [4].

China has continued its research and exploration of linear compressors. Various
research institutes and universities have carried out related research, and experts are
engaged in continuous innovation and optimization. Nonetheless, there is insufficient basic
theory and practical application of linear compressors, so further exploration and practice
are needed before the commercialization stage [10].

Compared with general-purpose compressors, small direct-drive compressors with an
electromagnetic linear actuator are more demanding in structure and performance. Thus, a
direct-drive linear compressor should meet the following requirements:

(1) Good refrigeration performance to ensure good refrigeration effect under different
working conditions.

(2) Greater mechanical efficiency on the basis of an existing compressor to meet the
requirements of energy conservation and environmental protection.

(8) Compact structure, small size, and low weight, so that installation and fixture in the
limited space of the engine room are possible.

(4) The compressor should run smoothly, especially in the working conditions of startup
and stop, to reduce noise and vibration.

2. Structure of Direct-Drive Compressor with Electromagnetic Linear Actuator

According to different types of driving parts, linear compressors can be divided into
the following three types: the first type is electromagnetic vibration type of compressors, the
second type is linear electric type of compressors; and the third type is linear stepping motor-
driven compressors. According to different electromagnetic drive patterns, electromagnetic
vibration type of compressors can be further divided into moving-coil type, moving-iron
type, and moving-magnet type [3]. Compared to a moving-coil linear compressor, a
moving-iron linear compressor easily generates radial force, so the piston significantly rubs
the cylinder wall, while a moving-magnet linear compressor has a heavy promoter, which
requires a greater elasticity of the resonant spring and makes the resonance difficult to
control. Hence, a moving-coil linear compressor is preferred [11].

A moving-coil linear compressor is mainly composed of a power unit (moving-coil
linear motor), an engine body, a connecting rod, cylinder block parts, piston parts, intake
and exhaust pipelines, bolt screw holes, and other accessories, as shown in Figure 1. The
power unit mainly includes the motor and related support parts. The main power source
of the linear compressor is the internal moving-coil linear motor, which directly drives
the piston to reciprocate in the cylinder and can maintain the stability of the direction of
movement to complete subsequent cycle processes. The body mainly plays a bearing role
in the structure of the linear compressor, including the two major structures of the fuselage
and the base. There are various moving parts inside the fuselage that provide positioning
and guiding for each transmission part. A cylinder formed by the base is installed on the
base, and the linear motor is fixed to the base by fasteners [12].

In a linear compressor, the cylinder block is an important structure for compressing
refrigerants. The main components include the cylinder block, the cylinder head, etc. The
cylinder parts have a more complex structure than other parts because they bear a heavy
air pressure. The cylinder is provided with an intake and exhaust chamber at one end, with
an air inlet and exhaust port arranged on both sides of the cylinder. The two are connected
to the intake and exhaust chamber through the ventilation pipe, and a piston is placed in
between. The piston parts mainly include the piston, the piston ring, etc. The piston is
connected to the piston rod, the other end of which is connected with the promoter of the
linear motor by fasteners. A 3D model is shown in Figure 2 [13].
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Figure 1. Structure diagram of a moving-coil linear compressor: 1. piston; 2. air pipe; 3. exhaust
port; 4. open hole; 5. screw; 6. promoter; 7. permanent magnet; 8. boss; 9. Fixing bolt; 10. iron core;
11. connecting rod; 12. air inlet; 13. cylinder; 14. intake valve; 15. exhaust valve; 16. intake and
exhaust chamber; and 17. cylinder head.

Figure 2. Three-dimensional model of the moving-coil linear compressor.

3. Modeling of Direct-Drive Compressor with Electromagnetic Linear Actuator

In the design of a moving-coil linear motor, the priority should be size design and
material selection according to its intended use. The next stage is the stator and promoter
structure design, magnetic circuit analysis, and coil structure design. Finally, the structure
and function of the moving-coil linear motor should be determined as a whole to achieve
the best results through parameter adjustment and structure optimization.

3.1. Mathematical Model of the Moving-Coil Linear Motor

The running equation of a linear motor is composed of a balance among the circuit
system, the magnetic field system, and the mechanical system [14].

The circuit system converts voltage in the moving coil into current, which can be
equivalent to a resistor and an inductor in series, and the moving coil moves in a magnetic
field, generating a back EMF. The coil voltage balance equation [15] is as follows:

) di
Uin = Ri+ L5 + Eony (1)

The counter electromotive force E. ¢ can be expressed as follows:
Eemt = BINV = Kev (2)

where Uj, is the supply voltage; i is the coil current; R is the coil resistance; L is the
coil inductance; E ¢ is the counter electromotive force during moving coil motion in the
magnetic field; Ke is the counter electromotive force constant; v is the promoter motion
velocity; B is the magnetic flux density; and N is the turns per coil.



Actuators 2023, 12, 185

40f18

The magnetic field system enables the linear motion of the promoter through the
electromagnetic force generated in the interaction between the circuit system and the
magnetic field. According to the Lorentz force on the energized coil in the magnetic field,
the electromagnetic force balance equation is as follows:

Fe = kyBINi = ki 3)

where kj, is the structural coefficient; Bis the magnetic flux density of the coil; I is the
effective length of each coil in the magnetic field; and k. is the driving force constant of the
linear motor.

During operation, the moving-coil linear motor needs to overcome friction force and
inertia force in motion. In addition, there is a load force; thus, the mechanical balance
equation [15] is as follows:

2
Fe:m% +kv%+FL 4)
where Fp, is the electromagnetic force; m is the mass of the coil assembly; x is the promoter
displacement; ky is the damping force coefficient of the moving component in the magnetic
field; and Fy_ is the load force.

3.2. Parameter Design and Material Selection of the Moving-Coil Linear Motor

In the design of a moving-coil linear motor used in a direct-drive compressor with an
electromagnetic linear actuator, there are the following requirements:

(1) The driving force and the working stroke of the linear motor should be increased
within the limited installation range;

(2) The thrust performance of the linear motor should be increased to reduce fluctuation
during motor operation;

(38) The electromagnetic density and the magnetic circuit should be properly designed to
reduce temperature rise during motor operation;

(4) The mechanical efficiency and energy utilization efficiency of the motor should be
increased to reduce the working energy consumption as much as possible;

(5) It is necessary to meet the requirements of small size, compact structure, reliable
operation, and high space utilization rate.

Therefore, the basic parameters and sizes of the moving-coil linear motor are designed
as shown in Tables 1 and 2 below:

Table 1. Basic parameters of a moving-coil linear motor.

Item Name Parameter Requirement
Rated voltage/V 12 (V)
Maximum current/A 10 (A)
Rated power/kw 3 (kw)
Maximum thrust/N 450 (N)
Maximum stroke/mm 20 (mm)

Table 2. Basic size of a moving-coil linear motor.

Structure Name Size
Stator outer diameter (mm) 84
Stator inner diameter (mm) 24
Permanent magnet internal diameter (mm) 38
Motor length (mm) 194

Moving-coil length (mm) 185
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3.3. Mathematical Model of the Moving-Coil Linear Compressor

The mechanical motion system of a moving-coil linear compressor is dominated by
the reciprocating motion of the promoter, so it can be simplified to a model of a forced
damping vibration system with a single degree of freedom and a single mass [16]. For a
sample machine of the moving-coil linear compressor, the specific parameters are shown in
Table 3. By studying the principle of the linear compressor, it is possible to simplify the
mechanical subsystem into a damping vibration system with a single degree of freedom if
thermodynamics factors are ignored.

Table 3. Basic parameters of the linear compressor.

Parameter Name Value
Promoter mass 0.74 kg
Piston diameter 0.025 m

Linear motor force constant 40N/A
Intake pressure 0.84378 MPa
Exhaust pressure 1.0166 MPa

Piston stroke 20 mm

Self-inductance coefficient 1.1 mH

Coil loop resistance 0.66 O

Damping factor 20 N-s/m

Spring rate 22,950 N/m

The mechanical subsystem of the moving-coil linear compressor is dominated by the
reciprocating linear motion of the promoter of the linear motor, which is now simplified as
forced damped vibration with a single degree of freedom and a single mass. The promoter
is taken as the research object, which is subjected to an electromagnetic force Fe(t), a
gas load force Fg(t), a friction force Fy,(t), a spring force Fs(t), an inertia force, and a
damping force. These forces form the force balance equation of the mechanical subsystem
of the moving-coil linear compressor. According to the mechanical subsystem model of
the permanent-magnet moving-coil linear compressor, its force balance equation can be
obtained as follows [17]:

d>(t)  dx(b)
m3e T d

+ K[x(t) — Xs] = Fe(t) + Fg(t) (5)

where m is the promoter mass; x(t) is the promoter motion displacement; t is the working
time; X, is the static equilibrium position of the promoter; K is the spring stiffness coefficient;
c is the damping coefficient of the mechanical subsystem; Fq(t) is the electromagnetic
driving force; and Fg(t) is the gas load force.

The gas load force Fg(t) is the force acting on the piston under the pressure difference
between the interior and exterior of the cylinder, which size is proportional to the area and
the pressure difference of the piston:

Fg(t) = A[Pc(t) — Py (6)

where A is the cross-sectional area of the piston; P¢(t) is the gas pressure in the cylinder;
and Py, is the exhaust back pressure outside the cylinder, which is the atmospheric pressure
under normal situations.

In the calculation of the electromagnetic force F.(t) generated by the driving linear
motor, the turns per coil N, the air-gap magnetic induction intensity B, and the effective
length 1 of the single-turn coil are all constant values; only current i is a variable. Thus, the
electromagnetic driving force Fe(t) can be expressed as follows:

Fe(t) = Kei @)
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Because of the constant reciprocating motion of the piston in the cylinder, the gas
pressure P(t) in the cylinder changes constantly. A reciprocating linear motion of the
piston involves four processes: intake, compression, exhaust, and expansion. The gas
pressure in the cylinder can be expressed using a piecewise function [18]:

Ps Air intake process

n
P [S;(;S)o} Compression process

Pe(t) = P4 Exhaust process ®

p, [ ]" E i
|5y xpansion process

where Ps is the intake pressure of the air inlet, which is the atmospheric pressure under
normal circumstances; P4 is the exhaust pressure of the exhaust port; S is the stroke of the
linear compressor piston; Sy is the distance from the piston apex to the valve assembly at
the end of the exhaust process, i.e., the clearance; and n is the polytropic exponent.

The movement pressure diagram of the compressor [19] is shown in Figure 3. The
figure shows the following: one to two is the compression process; two to three is the
exhaust process; three to four is the expansion process; and four to one is the intake process.

p

Figure 3. Compressor pressure diagram.

Due to the use of suction and exhaust valves to control the flow of working fluids, a
linear compressor for refrigeration has an ideal working process, as shown in Figure 3, and
the process is a nonlinear process.

Due to the existence of gap volume, the gas in the cylinder will exchange heat with the
wall in contact during the expansion process; thus, the expansion process is not a straight
line as shown by the theoretical cycle, but a curve, as shown in Figure 3.

During the actual operation, because of the influence of the spring force, flow re-
sistance, heat exchange, etc., of the gas valve, the suction and exhaust valve is delayed
in opening, and the pressure and temperature of the actual suction and exhaust process
change, which is not according to the linear process shown by the theoretical cycle, but a
curve process with fluctuations that slightly convex up and down; however, its fluctuations
and changes are small, and it is still regarded as the linear process shown by the theoretical
cycle when analyzed.

The intake and exhaust valves are based on the LG compressor which model is
LA95LAEM. The exhaust mechanism collects compressed gas in the cylinder to reduce
exhaust noise and introduce the gas to the next place of use, as shown in Figures 4 and 5.

The intake mechanism can suck low-pressure gas into the body, which is screened by
the intake valve and then fed into the working chamber to compress air in the piston to
complete the compression of the gas. This is shown in Figures 6 and 7.
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&

Figure 4. Vent valve disc and seat.

Figure 5. Connection diagram of each exhaust part.

Figure 6. Inlet valve plate.

Figure 7. Connection diagram of each component of the intake valve.

R134a is selected as the compressor refrigerant. According to the pressure enthalpy
diagram, the exhaust pressure is 1.016 MPa and the intake pressure is 0.08437 MPa. The
dividing points of the linear compressor during the compression, exhaust, expansion, and
intake processes are obtained from Equation (8).

According to the equivalent circuit diagram of the electromagnetic subsystem of the
moving-coil linear compressor, the voltage balance equation can be obtained as follows [20]:
di(t)

dx(t) _
S Lo = U )

Rei(t) + Bele

where R is the effective resistance of the moving coil; i is the current in the moving coil; Be
is the magnetic field intensity in the air gap; l. is the effective total length of the moving
coil; L is the self-inductance coefficient of the moving coil; and U(t) is the voltage at both
ends of the moving coil.
The linear motor efficiency 1 of the permanent-magnet moving-coil linear compressor
can be expressed as follows:
W f Fevdt

T Wo [ Uidt (10)
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where 1 is the linear motor efficiency of the permanent-magnet moving-coil linear compres-
sor; W1 is external work performed by the permanent-magnet moving-coil linear compres-
sor; and Wy is the input energy of the permanent-magnet moving-coil linear compressor.

4. Results
4.1. Simulation Analysis of the Moving-Coil Linear Motor under Maxwell

For an axially symmetric moving-coil linear motor, only half of the two-dimensional
motor model needs to be built, as shown in Figure 8. The two-dimensional model of the
moving-coil linear motor mainly consists of an inner magnetic yoke, an outer magnetic yoke,
a bottom plate, a coil, a coil former and a permanent magnet, among other components.
Hence, after the establishment of the two-dimensional model for the motor, material
selection and distribution is carried out for the above parts, with the materials of each part
shown in Table 4 [21].

Internal yoke L{ X

Coil skelaton

Excternal yoke

External permanent magnets
/ Movar

Figure 8. Two-dimensional model of the moving-coil linear motor under Maxwell.

Table 4. Materials for each part of the moving-coil linear motor.

Item Name Material Name
(inner) inner magnetic yoke Steel 1008
(outer) outer magnetic yoke Steel_1008
(under) bottom plate Steel 1008
(coil) Cooper
(former) coil former Teflon
(PM) Permanent magnet NdFeB35

For axisymmetric moving-coil linear motors, only half of the 2D motor model needs
to be created. Using the Maxwell 2D module, the coordinates are established so that the
Z-axis is the axis of rotational symmetry, and a model is created, as shown in Figure 9,
according to the specified motor parameters. Among them, Figure 9a—c show the magnetic
contour distribution diagram, the magnetic vector distribution diagram, and the magnetic
flux distribution diagram of the linear motor.

According to the simulation results, the maximum magnetic field line is
4.7422 x 10~* Wb/m, and the maximum magnetic induction intensity is about 2.25 T.
According to Gauss’s law, each magnetic field line is closed, and the size of the magnetic
field line gradually decreases from the inside to the outside due to the mutual repulsion of
the magnetic field lines, resulting in each magnetic field line being independent and not
intersecting with other magnetic field lines.
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Figure 9. Magnetic distribution diagram of the linear motor. (a) Magnetic contour distribution
diagram of the linear motor; (b) Magnetic vector distribution diagram of the linear motor; (c) Magnetic
flux distribution diagram of the linear motor.

Through simulation, it is possible to know the thrust fluctuation, the promoter motion
velocity variation, and the promoter position change of the moving-coil linear motor, with
the specific simulation results shown in Figures 10-12.

force linear_motor 4
Curve Info
- — Movingi Force 3|
i

-1 1.1r]

1000.00

Moving1 Force_z [newton]
°
8

-1000.00

T T T T T T
560 10.00 15.00 20.00 2500 30.00 3500 40.00

Tioma tansl

Figure 10. Positioning thrust fluctuation diagram of the moving-coil linear motor.

When the linear motor begins operation, its thrust is negative and increases rapidly.
With the passage of time, the thrust gradually decreases, with the direction turning from
negative to positive. At about 13 ms, the thrust reaches the maximum value of about 800 N,
which satisfies the expected design requirements. The thrust then gradually decreases and
hovers around 0 N.

The designed moving-coil linear motor has a maximum stroke of 20 mm. According
to the variation curve of its motion position with time, the promoter of the moving-coil
linear motor completes two reciprocating motions within 40 ms, reaching the maximum
stroke of 20 mm at about 5 ms and 23 ms, respectively.
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position linear_motor A

Position [mm]
3
4
8
L

0.00
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Figure 11. Linear motion position diagram of the moving-coil linear motor.

speed linear_motor A

Speed [m_per_sec]

-7.50

Curveinto |
— sSeeed
Setup!_Transient

s5do 1000 1500 2500 3000 3500 4000

20100
Time [ms]
Figure 12. Velocity fluctuation diagram of the moving-coil linear motor.

At the beginning, the promoter velocity first increases and then decreases. When the
maximum motion stroke is reached, that is, after about 5 ms, the velocity is 0. Then, the
promoter motion velocity increases in the opposite direction. In the meantime, the promoter
performs a counter motion and returns to its origin with a velocity of 0 at about 15 ms.
Afterward, the motion velocity increases in the positive direction. When the maximum
stroke is reached again, the velocity slows to 0 at about 23 s. Then, it accelerates in the
reverse direction, and the promoter returns in the opposite direction, with its velocity
decreases to zero at the end of the motion.

The above simulation results show that, when the linear motor starts operation, the
thrust increases in a reverse direction under the system interference, and both the velocity
and motion stroke of the moving coil are 0 mm. Over time, the thrust changes from negative
to positive, and the motion velocity of the moving coil also increases, with the motion
stroke curve presenting an upward trend. When the maximum stroke is nearly reached,
the linear motor current provided by the system decreases, with the motion velocity and
thrust of the moving coil also decreasing. The velocity slows to 0 m/s when the moving
coil stroke is 20 mm. During the return of the moving coil, the velocity increases in the
reverse direction, and the thrust decreases slowly with the decrease in the stroke until it
reaches 0 mm. At about 15 ms, the moving coil restores the initial state in terms of thrust,
velocity, and stroke.
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4.2. Dynamic Simulation and Analysis of the Moving-Coil Linear Compressor under Simulink
4.2.1. Dynamic Modeling Simulation

According to the working principle of the moving-coil linear compressor, a model of
air pressure under the four working conditions can be established in Simulink. When the
piston moves, the piston movement needs to be exchanged between the four states, and the
corresponding conditions need to be set to change the state. This can be achieved with the
help of the chart module in Stateflow, as shown in Figure 13. In order to bring the simulation
closer to reality, special cases must be considered, including when the electromagnetic force
is too small, so that the displacement does not reach 0.003471 m during expansion and the
speed is already less than 0 m/s, which causes the expansion state to jump directly into the
compression state. Similarly, during the compression process, when the displacement does
not reach 0.006050 m, the speed is already greater than 0 m/s, causing the compression
state to jump directly into the expansion state. The Simulink model of the gas load force is
built; the input signals are the displacement and velocity, and the output signals are the gas
load force and the gas pressure in the cylinder, as shown in Figure 14.

intake/ [v<0&0.006050<x<0.021] [empress/
entry:s1=1,s2=0,53=0,s4=0 entry:s1=0,s2=1,s3=0,s4=0;

[v<0&xx20.003471]

[v>08&0.003471<x<0.021] [v<0&0.001<x<0.006050]
[v>0&x>0.006050]

{v>080.001<x<0.003471] (exhaust/
entry:s1=0,

Figure 13. Stateflow model diagram of piston movement.

s1

B

e

D

o x 1 L Pt

merge >+
——(0.0004809
100000f - g

1016600 1 1 > A

-

P

Figure 14. Simulink model diagram of gas load force.

After the gas load force Simulink model is built, according to Equation (5), the me-
chanical subsystem of the Simulink model could be obtained, and the output signals of this
model are the displacement X, velocity v, current I, and electromagnetic driving force Fe(t),
as shown in Figure 15.
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Figure 15. Power system model diagram of the moving-coil linear compressor.

According to Equation (9), the electromagnetic subsystem of the Simulink model could
be obtained. The input signals of the electromagnetic subsystem of the Simulink model are
the motion speed v of the piston and the current i in the moving coil, and the output signal
is the voltage U in the moving coil, as shown in Figure 16.

O

glE
\5

>

Figure 16. Model diagram of electromagnetic subsystem.

According to Equation (10), the calculation model of the efficiency of the direct-
drive compressor [22] with an electromagnetic actuator in Simulink could be obtained,
as shown in Figure 17. The input signals of this model are the electromagnetic driving
force, the speed v of the moving coil, the voltage U across the moving coil, and the
current i in the moving coil. The output signal is the efficiency of the permanent-magnet
moving-coil linear compressor. As can be seen from Figure 18, the Simulink model for
this efficiency continuously accumulates the instantaneous power value of the permanent-
magnet moving-coil linear compressor and the instantaneous power value of the energy
of the permanent-magnet moving-coil linear compressor’s external input, and divides
the two; then, the efficiency of the permanent-magnet moving coil linear compressor is
obtained. With an increase in simulation time, the efficiency value tends to a stable value,
which is the efficiency value of the linear motion of the permanent-magnet moving-coil
linear compressor.
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Figure 18. Simulink model diagram of the linear compressor.

The dynamic linear compressor in the Simulink model is composed of the mechani-
cal subsystem, electromagnetic subsystem, and compressor cooling capacity calculation
module. The refrigeration capacity is the product of the unit refrigeration capacity and the
mass flow; the refrigeration capacity is linearly related to the mass flow, as the refrigeration
capacity is proportional to the mass flow. Therefore, a linear function module is established,
and the refrigeration capacity of the linear compressor [23] could be obtained. The Simulink
model of the moving-coil linear compressor is shown in Figure 18. The efficiency of the
linear motor currently reaches more than 80%, and there is still room for improvement in
the motor efficiency after further control.

4.2.2. Dynamic Simulation Analysis

According to the above Simulink linear compressor model, the simulation results
obtained using the trial method are as follows:

The push-to-push control strategy [24] is used to set the magnitude of the current in
the coil. By feeding periodic DC power to the armature linear compressor, the DC generates
periodic electromagnetic forces in different directions and is accompanied by damping
forces. It has been calculated that the linear motor compressor requires at least a 450 N
electromagnetic driving force. The working process of the direct-drive compressor with an
electromagnetic actuator is shown in Figure 19.
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Figure 19. Signal input diagram of electromagnetic force current.



Actuators 2023, 12, 185

14 0f 18

When the direct-drive compressor with an electromagnetic actuator is energized and
starts working, the moving coil is first given a positive excitation current of 14 A. When
the piston moves from the initial displacement of 11 mm to the displacement of 15 mm,
the current in the moving coil becomes zero. Then, the piston moves under the action of
inertia to a displacement of 20 mm. The piston then begins to move in a negative direction
into the compression process. When the piston moves to a displacement of 19 mm, the
current in the moving coil becomes —19 A until the piston moves to a displacement of
14 mm. When the current in the moving coil becomes zero, then the piston moves under
the action of inertia to a displacement of 6.050 mm, and the compression process ends.
The piston then enters the exhaust process under the action of inertia until it moves to a
displacement of 1 mm, at which point the velocity is zero and the exhaust process ends.
Under the action of the spring, the piston begins to move in a positive direction into the
expansion process. When the piston moves to a displacement of 4 mm, the current becomes
14 A, and when the piston moves to 3.471 mm, the expansion process ends. Then, the
piston still moves positively under the action of the electromagnetic force and enters the
suction process; when the piston moves to a displacement of 7 mm, the current becomes
zero. Then, the piston moves to 21 mm under the action of inertia. At this point, the speed
is zero and the intake process ends. Then, the piston moves in a negative direction to enter
the compression process, and the cycle begins again.

Using the trial method, each group of current is simulated in the whole system to
obtain the appropriate current parameters, that is, this set of current data allows the linear
compressor to work continuously to prove the feasibility of the compressor’s control
strategy accordingly. The data obtained by the trial method can be input into the system,
and the simulation results of the direct-drive compressor with an electromagnetic actuator
can be obtained, as shown in Figures 20-22.
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Figure 20. Dynamic linear compressor displacement simulation waveform.
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Figure 21. Dynamic coil linear compressor speed waveform diagram.

The piston carries out periodic movement in the cylinder. The amplitude of the piston
is kept at about 20 mm, and there is a slight fluctuation, with a maximum amplitude
between [—0.01, 0.020]. This error is within the allowable range. The result is fully in line
with the working requirements of the moving-coil linear compressor.
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Figure 22. Current waveform diagram.

From the waveform diagram of the motion speed of the linear compressor piston, it can
be seen that the simulation results of speed are kept within the [—6, 6] range, the movement
speed of the piston is kept within the allowable maximum speed of the compressor, and
the movement speed is reasonable and meets the working requirements of the compressor.

The coil current is the input signal, and it can be seen from Figure 16 that the change
law of the input coil current setting is specified when setting the model. Due to the unstable
working state of the compressor at start-up, the input of the coil current fluctuates slightly,
but as the compressor operates, the working state gradually stabilizes, and the coil current
remains periodically changing between —19 A and 14 A. The electromagnetic force drives
the compressor to work normally, and the current flow meets the basic requirements of
the compressor.

According to the efficiency calculation principle of the linear compressor motor and
Equation (10), from the output waveform diagram, it can be seen that the efficiency value
increases rapidly, until it reaches 80.93%, and slowly becomes stable, which is in line with
the basic requirements of compressor work, as shown in Figure 23.
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Figure 23. Linear motor efficiency waveform diagram.

In the figures below, Figure 24a—e shows the simulation results of the compressor motor
efficiency under different strokes, different compression ratios, different coil resistance and
damping, different mover masses, and different piston diameters, respectively.

By changing the piston stroke, for example, we set the piston stroke to 15 mm and
25 mm, we can see that the stroke has almost no effect on the efficiency of the motor. In
subsequent work, we will control the model more accurately through a control algorithm
to observe the factors influencing efficiency more clearly. Three sets of displacements are
listed, which are 15 mm, 20 mm, and 25 mm, and the efficiency comparison chart is shown
in Figure 24a.
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Figure 24. Efficiency under different conditions. (a) The efficiency of the compressor at different
strokes; (b) The efficiency of the compressor at different compression ratios; (c) The efficiency of

the compressor under different resistance and damping; (d) The efficiency of the compressor under
different mover masses; (e) The efficiency of the compressor at different piston diameters.

It can be seen from Figure 24b that with an increase in the compression ratio, the
compressor efficiency gradually increases, and the compression ratio has a greater impact
on the compressor efficiency. However, it is not the case that larger compression ratio is
better; the choice of compression ratio should be considered comprehensively in order to
reduce energy consumption as much as possible, and the compression ratio should not be
too large.

As shown in Figure 24c, the simulation curve of compressor efficiency under different
coil resistances is comparable, and the influences of resistance and damping on efficiency
are comparable. It can be seen from the figure that as the coil resistance increases, the
compressor efficiency decreases. This is because the coil resistance directly affects the size
of the driving current, which in turn affects the supply voltage, resulting in a decrease in
compressor efficiency. The magnitude of the damping directly affects the acceleration of
the system, thereby affecting the efficiency of the compressor. Therefore, in the design and
manufacturing process of dynamic linear compressors, the damping friction between the
piston and the cylinder and the coil resistance should be reduced as much as possible.

The mover mass of the linear compressor is an important factor affecting the efficiency
of the compressor, as shown in the simulation curve of the compressor efficiency under
different mover masses (Figure 24d). As the quality of the piston increases, the compressor
becomes less and less efficient. This is because the greater the mass of the piston, the more
energy the system loses and, thus, the lower the efficiency.

The piston diameter is also an important factor affecting the efficiency of the motor
and the compressor, as shown in the simulation curve of the compressor efficiency under
different piston diameters (Figure 24e). This is because as the piston diameter increases, the
gas load force also increases, and the greater the force that the motor needs to overcome,
the lower the compressor efficiency is.

5. Discussion and Conclusions

In this paper, a direct-drive compressor with an electromagnetic linear actuator is
designed, and the moving-coil linear motor and linear compressor are simulated by the
Maxwell software and Simulink software, respectively. This paper establishes a mathemati-
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cal model for the direct-drive compressor with an electromagnetic actuator. However, there
are still areas for improvement, such as the stepless adjustment of refrigeration capacity
through control strategies, so that the efficiency of the compressor is further improved,
so as to improve the refrigeration efficiency and reduce energy consumption. The main
conclusions are as follows:

1.  Based on the analysis of the working principle of moving-coil linear compressors,
a direct-drive compressor with an electromagnetic linear actuator was designed.
Compared to a traditional compressor, this paper adopts the direct-drive mode of
high-performance electromagnetic linear actuator, which simplifies the structure, has
no friction, reduces energy consumption, realizes the miniaturization and intelligent
needs of the compressor, and improves the compressor efficiency.

2. The Maxwell and Simulink software were used to simulate the kinematics of the
moving-coil linear compressor. The “push-to-push” control strategy was used to
control the compressor current. The piston velocity displacement and electromagnetic
force current exhibit periodic changes and meet the design requirements. Although
the established design requirements are met, further experiments and improvements
are needed in practical applications. This verifies the feasibility of a direct-drive
compressor with a linear electromagnetic actuator.

3. Through the method of multiple trials, a set of data could be obtained to make the
compressor work continuously, and the efficiency of the linear motor could reach 80%.
In future work, through employing a control algorithm, the efficiency of the linear
motor and the cooling efficiency can be improved.

4. Through simulation, the efficiency of the compressor under different strokes, different
mover masses, different resistance and damping, different compression ratios and
different piston diameters is obtained, which further verifies the feasibility of using
electromagnetic actuators to directly drive compressors.
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