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Abstract

The performance of linear compressors improves with smeared waveforms compared to
symmetrical ones. This paper proposes a novel method using voltage offset to examine its
impact on vibration behaviors and performance enhancement. The operating principle of
a moving magnet linear compressor is introduced, and a numerical model is established
considering the influence of stator assembly. The effect of voltage offset on the vibration
behaviors and dynamic performance of the linear compressor is analyzed in both time and
frequency domains under six voltage waveforms: the cosine waveform, the cosine waveform
without crests, the cosine waveform without troughs, and the cosine waveform without both
crests and troughs. Simulation results indicate that at a frequency of 50 Hz, under cosine
waveforms, voltage offsets inversely affect the oscillation amplitudes of the piston and stator
assemblies. Conversely, under smeared waveforms, oscillation amplitudes increase with
forward voltage offsets and decrease with reverse voltage offsets. Additionally, reverse
voltage offsets positively impact compressor efficiency and COP. Experimental results
confirm the effects of voltage offsets on the performance of the linear compressor.

Keywords: linear compressor; voltage offset; nonlinear vibration behavior; voltage waveform

1. Introduction

Linear compressors are commonly employed in household refrigerators owing to
their higher efficiency. The performance of linear compressors is significantly affected by
voltage waveforms. A novel method involving voltage offset is proposed in this paper.
Investigating the impact of voltage offset on the vibration behaviors and performance of
linear compressors is advantageous for the development of the refrigeration industry.

Understanding the principle of linear compressors is crucial for enhancing their perfor-
mance. Zhang et al. [1] experimentally validated a simulation model for two commercial
linear compressors. Bijanzad et al. [2] explored a novel moving magnet linear compressor
for household refrigerators, proposing a single-degree-of-freedom model. Chen et al. [3]
analyzed a new moving magnet linear compressor design, finding good agreement of
motor force between the FEA model and the measurements. Wei et al. [4] developed
a dual-piston linear compressor, examining the effects of piston trajectories and operating
conditions on its performance. Chen et al. [5] proposed a Co-core Bilateral Reverse Coil and
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a Halbach permanent magnet ring array structure for a moving coil linear compressor, achiev-
ing higher mechanical efficiency than conventional compressors. Li et al. [6] established
a real-time measurement bench for a moving coil linear compressor, analyzing the effects of
different parameters on efficiency and characteristics. Kong et al. [7] proposed a two-stage
moving magnet linear compressor, demonstrating excellent capacity and modulation capa-
bilities. Oh & Lee [8] utilized waste vibrations from the compressor body to create a gap
flow, enhancing efficiency through improved heat dissipation. Ding et al. [9] introduced
a method to suppress piston offset by discontinuously connecting the compression and
back chambers. Zeng et al. [10] proposed vibration isolation methods to address the vibra-
tions of linear compressor. Yang et al. [11] established a vapor-injection system, and the
heating performance significantly improved compared to that without injection. Bijanzad
etal. [12] analyzed dynamic characteristics of the linear compressor considering the gas and
electromagnetic forces, and the results indicate that the efficiency improved at the natural
frequency. Hassan et al. [13] provided the design of a moving-magnet linear compressor
and evaluated its performance. Li et al. [14] established a real-time measurement system,
revealing that the performance of linear compressor was affected by the valve stiffness.
Zou et al. [15] proposed an online measurement method of the gas force and examined
its impact on the linear compressor performance. Liang [16] developed an oil-free linear
compressor, revealing that the piston offset was effectively controlled by a solenoid valve.
Chen et al. [17] developed a numerical model of a linear compressor, and the experimental
results indicate that the check valve backflow method effectively reduced the piston offset.
Bradshaw et al. [18] developed a novel method for predicting the resonance frequency of
a linear compressor and explored its performance using a sensitivity analysis. Kim etal. [19]
developed a prototype compressor, revealing that its cooling capacity was inherently modu-
lated. Huang et al. [20] built an experimental bench of linear compressor to inhibit the piston
offset, noting that there exists an optimal opening of the valve for the best performance. Li
et al. [21] established a prototype of a linear compressor, suggesting that the piston diame-
ter significantly affected capacity-modulation performance. Previous research primarily
focused on piston dynamics, often overlooking the impact of stator assembly vibrations.

Research has demonstrated the significant impact of voltage waveforms on linear
compressor performance. Tan & Dang [22] analyzed the effects of voltage waveforms
on efficiency and cooling performance of a Stirling-type pulse tube cryocooler (SPTC).
Their experimental results showed that higher efficiencies were achieved with smeared sine
or trapezoidal waveforms. Li et al. [23] conducted experiments on a moving coil linear
compressor and found that current curves exhibited obvious distortions with various voltage
waveforms compared to standard sine wave curves. Qian et al. [24] investigated the effects
of driving voltage waveform on an oil-free linear compressor, revealing that single-side
clipped sine waves resulted in higher adiabatic efficiency. These findings underscore the
substantial influence of voltage waveform on linear compressor performance. Consequently,
a novel method involving voltage offsets is proposed to further explore their impacts
on performance. This technology adjusts the supply voltage waveform by shifting it up
and down, thereby altering waveform values and enhancing compressor efficiency and
refrigeration performance.

Addressing the compressor efficiency and performance challenges of smeared wave-
forms highlighted in previous literature, a novel voltage offset method is introduced to
examine its impact on the vibration behavior and performance enhancement of a linear
compressor. The operating principle of a moving magnet linear compressor is introduced,
and a numerical model is established accounting for the impact of the stator assembly. The
influence of voltage offset is analyzed on vibration behavior and performance improvement
across both time and frequency domains under various voltage waveforms. Simulation
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results revealed the optimal voltage offset for performance enhancement across differ-
ent waveforms. Experimental results confirmed the impact of voltage offset on dynamic
characteristics.

2. Linear Compressor
2.1. Operating Principle

Figure 1 illustrates a schematic of a moving magnet linear compressor, which consists of
two main components: the moving assembly and the stator assembly. The moving assembly
includes a piston equipped with an inlet valve and an armature containing permanent
magnets. The stator assembly comprises a cylinder, outer yokes with coils, and a series
of back irons. When alternating current (AC) is applied to the coils, two side legs of the
outer yoke are polarized in one direction, while the middle leg is polarized in the opposite
direction. A magnetic flux path is created through the outer yoke legs, permanent magnets,
and back irons beneath the armature. The resulting magnetic force propels the piston in
one direction. When the AC is reversed, the piston moves in the opposite direction.

Outer Yoke Coils

Permanent

Magnets

Outlet Valve
Armature

Back Iron

Inlet Val
Outlet Valve nlet Valve

Springs

Piston

Cylinder

Figure 1. Schematic of a moving magnet linear compressor.

The working cycle consists of two main phases: the first half, which includes compres-
sion and discharge processes, and the latter half, which involves expansion and suction
processes. During compression, the piston moves from the bottom dead center (BDC) to
the top dead center (TDC), compressing gas in the chamber and increasing the chamber
pressure. The discharge process begins when the piston reaches the pumping start point
(PSP), where the chamber pressure matches the discharge pressure, allowing gas to be
expelled through the outlet valve. Once the piston arrives at TDC, the minimum clearance
volume is achieved. When the AC is reversed, the piston moves in the opposite direction,
causing the clearance volume to expand and the chamber pressure to decrease. Once the
external pressure surpasses the chamber pressure, gas enters through the inlet valve.

2.2. Numerical Model

A linear compressor comprises three subsystems: mechanical, electrical, and thermo-
dynamic [25]. Figure 2 presents the numerical model of the linear compressor.
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The vertex of the cylinder in a static state serves as the coordinate origin. The governing
equation for the piston is presented in Equation (1):

= E) + k1 (27 = X0 — (Xy + Xogeer — X2) ) = Fo(t) + Fpug (B) + Fo(1) (1)
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Figure 2. Numerical model of linear compressor.

The governing equation for the stator assembly is given by Equation (2):

dx;  dx,

+h(x —Xp) - Cl(E - E) - kl(xl — Xy — (X1 + Xoffser — Xz)) = —Fo(t) = Fppe(t) = Fo () (2)

where x; and x, denote the positions of the piston and stator assembly, respectively, with
their corresponding masses represented by m1; and m,. The total stiffness of the resonance
springs is indicated by k;, while the stiffness of the suspension system is represented by
k,. The damping coefficient between the piston and the cylinder is denoted by c;, and the
damping coefficient of the suspension system is represented by ¢,. X; and X, are initial
positions of the piston and stator assembly, respectively. x4, signifies the piston offset
caused by the pressure differential between the compression chamber and its back chamber.
The electromagnetic force is estimated by modeling the solenoid as a perfect circle and
disregarding the reluctance of the magnetic flux loop relative to that of the air. Furthermore,
the fringing effect at the edges of the solenoid is neglected [12]. The electromagnetic force
F,(t) is described as a product of motor constant and instantaneous current [2], which is

expressed by Equation (3):
F,(t) = K,i(t) (3)

where K, represents the motor constant related to the current i(¢) flowing through the coils.
The magnetic spring force f,,,, (x) represents the axial force on the piston when no current
is applied. The equivalent magnetic spring stiffness k,,, is given by Equation (4) [26]:

mag

2 S/2
Wjo fmag(x)dx (4)

where S denotes the piston stroke. Considering the vibrations of the piston and stator
assemblies, and the piston offset, the equivalent magnetic spring force F,,,,(t) is described
by Equation (5):

qug(t) = kmag(xl — X = (Xl + xoﬁ’set - XZ)) (5)

The gas force F,(t) is given by Equation (6):

Fg(t) :Ap(Pcyl(t) _Psuc) (6)
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where A, denotes the piston cross-sectional area, P, indicates the suction pressure, P.(t)
is the instantaneous pressure in the compression chamber.

The dynamic behavior of the valve causes a pressure drop, while gas leakage contributes
to power loss [14]. Assuming the fluid behaves as an ideal gas, and disregarding valve
dynamics and the gas leakage, the process is considered isentropic. Under these conditions,
the instantaneous pressure P, (t) is presented in Equation (7).

Xy +Xopat+ Xy " .
Psuc # COTI’ZPT’eSSIOI’l
X+ X oppser+ X1 COSWE

P Discharge

Xy +¥opee— X1 " .
Py | ————— Expansion
dis X+ Xopser+ Xy cOswt Xpansio

Py (t) = (7)

P, Suction

where P, represents the discharge pressure, X; denotes the piston oscillation amplitude,
w signifies the driving angular frequency, # is the heat capacity ratio.

The high-order nonlinear gas force is linearized using the describing function
method [27]. Both LV [26] and XIE [28] have validated that the equivalent model de-
rived from this method accurately reflects the actual performance of the linear compressor
system. The gas force is expressed by Equation (8) using the describing function method.

du;  du,
Fo (1) =—heq<ﬁ—ﬁ> — kog(uy — 1) + F (8)

where u; and u, represent the oscillatory functions of the piston and stator assemblies,
respectively. F; is the static component of gas force, and h,, denotes the equivalent damping
coefficient of the gas force, as represented by Equation (9).

he,
heq = ; (9)
where heq' is defined by Equation (10).
27
A, (P, (t) — P,,.) sin(wt)d(cwt)
héq — fO P( yl ) (10)

n(X; - X3)
where X, is the stator assembly oscillation amplitude. ke, indicates the equivalent stiffness

of the gas force, which is given by Equation (11).

. _foznAp(PCyl(t) - Psuc) cos(wt)d(wt) a1
: (X - X;)

The governing equation for the electrical subsystem is given by Equation (12).

dx, dx, di(t) o
e<? - E) + Le— + Rei(t) = U() (12)

where L, represents the equivalent inductance, R, denotes the equivalent resistance, U(t) is
the supply voltage.
The piston position x; is expressed as follows:

X1 = Xl + xoﬁset + 1
The stator assembly position x, is represented as follows:
x2 = X2 + 1/[2

The equivalent dynamic model of the linear compressor is reformulated in Equation (13).
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m1% 4 (Cl + heq)(dul _ dﬂ) + (k1 + koy — k,,mg)(u1 —uy) = K,i(#)

ar T
2 d d d .
My 4 o+ Kotz (e + heq)(% - 7) — (ky + Koy = kg ) (11 — 113) = =K, (1) (13)
Ke(‘% - ddit) + L2504 Ri(h) = U(h)
The equivalent model is transformed into matrix form, as shown in Equation (14)
du
— =AU+B (14)

where the independent variable vector U is presented as follows:

d d . T
U=[u1 % Uy % z(t)]

Figure 3 exhibits the flowchart for the initial current iteration, which employs the
bisection method. The input current is derived from specific minimum and maximum
values. The fourth-order Runge-Kutta method iterates the no-load equation, modeled
without gas force, to determine the output value. If the difference between the output
and the median is less than the error margin, the median is set as the initial current. If
the difference exceeds the error, the maximum or minimum values are adjusted, and the
iteration continues until the desired accuracy is achieved. The bisection method ensures
the initial current accuracy of 1072 A.

START

lmin SIinpul SImz\x

A

1
Iinpur =E(lmin +Imax)

y

No-Load State

Equation Imax =Ium[m1 Imin =Iau!pm
A

Y

.

output

Y

I

input >err

output

N

I,.=1

ini — * input

Figure 3. Flowchart for initial current iteration.
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The equivalent model of the linear compressor is solved using the fourth-order Runge-
Kutta method [29]. The initial conditions are as follows:

U:[xcleur 0 00 iinz’ ]T

where x,,,, denotes the piston clearance for the initial position.
The compressor efficiency is represented by Equation (15).

Heom = Mmotor X mech (15)

where 7,5t0r aNd Hpeqn are motor and mechanical efficiencies of the linear compressor,
respectively, as shown in Equations (16) and (17) [4,26]:

p,, —I2,.R

Mmotor = % (16)
mn
"2

o (wXy)
=1-— -7 17
mech 2<Pin - IVZrnsRe) ( )

where I,,,; denotes the root-mean-square current, P;, is the input power.
The cooling capacity of the linear compressor is described by Equation (18):

QC = tit(hy — h3) (18)

where 71 signifies the mass flow rate of the linear compressor, ; represents the enthalpy for
the suction conditions, k5 is the inlet enthalpy of evaporator.
The COP of the linear compressor can be described as follows:
COP = % (19)

mn

3. Experimental Setup

Figure 4 illustrates the test rig setup for the linear compressor. The compressor was
secured to a platform. The piston movement was measured by a displacement sensor, with
data stored on a PC. A DC power source was used to ensure the stable operation of the
displacement sensor. A pressure sensor was used to measure the discharge pressure. When
AC power was supplied with varying frequencies and waveforms, the real-time current
was measured by a current transducer, and this dynamic data was also recorded on the PC.
Table 1 details the instruments used in the test rig.

Table 1. Instruments for test rig.

Instruments Type Accuracy
Oscilloscope GWINSTEK-GDS-1072A-U +0.01%
AC Power NF EC1000 SA -
Current Transducer BOCHEN ETA-5301 +0.3%
Pressure Sensor Vadias-FST-YS-VD 0.5%
Displacement Sensor Keyence LK-H080 10.02%
Voltage Sensor UNI-T UT-V23 +0.5%
DC Power ITECH-IT6932a -
Data Acquisition Card Advantech ADAM-4117 10.2%
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Figure 4. Test rig for linear compressor.

The fundamental equations for uncertainty analysis are presented in Equations (20)
and (21), derived from the specifications and uncertainties of the experimental test rig [30].

R= R(XelferIXESI"'Xen) (20)

N /3R 2 172

6R = {;( axe,.‘SX”) } (21)
where R denotes the function of experimental measurement X,;, and each term represents
the contribution of uncertainty from an individual variable 6X,; to the overall uncertainty
of the result JR.

4. Results and Discussions

The performance of linear compressors improves when driven by non-standard voltage
waveforms compared to standard sine waveforms [24]. In this paper, the influence of voltage
offset is investigated on the nonlinear vibration behaviors and dynamic performance of
alinear compressor under various voltage waveforms. The voltage waveform types are listed
in Table 2, and the corresponding voltage curves are shown in Supplementary Materials.

Table 2. Voltage waveform types.

Waveform Number

Voltage Waveform Type

Cosine waveform with reverse voltage offsets
Cosine waveform with forward voltage offsets

https://doi.org/10.3390/machines14111314
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Table 2. Cont.

Waveform Number

Voltage Waveform Type

N U1 W~

Cosine waveform without crests with forward voltage offsets
Cosine waveform without troughs with reverse voltage offsets
Cosine waveform without crests and troughs with reverse voltage offsets
Cosine waveform without crests and troughs with forward voltage offsets

The parameters used for the simulation of linear compressor are listed in Table 3.

Table 3. Parameters for simulation of linear compressor.

Parameters Value
Piston assembly mass m; (kg) 0.67
Stator assembly mass m, (kg) 8.93
Resonance spring stiffness k; (N/m) 5.2 x10*
Suspension spring stiffness k, (N/m) 1x10°
Magnetic spring stiffness k,,,, (N/m) 1x10%
Damping coefficient between the piston and cylinder 10
¢; (N-s/m)
Damping coefficient of the stator assembly ¢, (N-s/m) 12
Equivalent inductance L, (mH) 88.3
Equivalent resistance R, ((}) 27.8
Piston assembly initial position X; (m) 6x1073
Rated voltage U (V) 220
Driving frequency f (Hz) 50
Suction pressure P,,. (MPa) 0.1
Discharge pressure P, (MPa) 0.3

4.1. Cosine Waveform

The effects of voltage offset are analyzed on the performance of linear compressors in
both time and frequency domains under cosine waveforms. The voltage offset ratio is defined
as the ratio of voltage offset to rated voltage. A negative ratio indicates reverse voltage
offsets, while a positive ratio signifies forward voltage offsets. To facilitate comparisons
of the impacts of voltage offset, the reductions in voltage amplitude are set to equal to
voltage offsets.

4.1.1. Dynamic Characteristics in Time Domain

Figure 5 illustrates the force responses during the first half cycle with for waveforms
1 at 50 Hz. Initially, gas enters the chamber through the inlet valve, requiring the linear
compressor to expend significant energy to compress it. This process causes the electro-
magnetic force to gradually increase. As the piston moves, the clearance volume decreases,
compressing the gas and increasing the equivalent gas spring force. Simultaneously, the
magnetic spring force rises due to its positive relationship with the displacement difference
between the piston and stator assemblies, as shown in Equation (5). The electromagnetic
force reduces due to increasing magnetic spring force, leading to the reduction in equivalent
gas spring force. Additionally, as gas enters the compressor chamber, the equivalent gas
damping force gradually increases. During the discharge process, gas exits through the
outlet valve, causing the equivalent gas spring and damping forces to decrease, which in
turn reduces the electromagnetic force. When reverse voltage offsets increase, the supply
voltage decreases, leading to a reduction in electromagnetic force and a subsequent decrease
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in thrusting force. This reduction in thrusting force results in a decrease in the equivalent

gas force.
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Figure 5. Force responses with reverse voltage offsets at 50 Hz. (a) Electromagnetic force. (b) Equivalent
gas force.

Figure 6 presents the motion responses of the piston and stator assemblies at 50 Hz with
varying voltage offsets. The piston moves relative to the stator assembly. During the unstable
stage (the first two cycles), both oscillation displacements show decreasing amplitude
patterns, with vibration intensity diminishing as reverse voltage offsets increase. In the stable
stage (from the third cycle onward), which exhibits the stable system performance, the piston
oscillation displacements follow quasi-sinusoidal trends, while the stator assembly displays
decreasing amplitude trends. This behavior likely results from continuous electromagnetic
forces on the piston, whereas the stator assembly experiences gas friction forces without
additional power input. The oscillation amplitudes of both the piston and stator assemblies
decrease with larger voltage offsets, possibly due to the combined force in the chamber.

Voltage Offset Ratio=0%

Voltage Offset Ratio=—10%

Voltage offset Ratio=—20%

x1073 = Piston ® Stator x107* x107 x107
g or £ sof 39
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g 3t g 2 133 &
i3 S 44} £
z .l z £ |, £
= £ 8 k
= 0 =73 Pl
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= - QO 8
g 13 € 2 36} g
2 -6} S A 124
& " o " 0 n n @ n n n n 0
0 20 40 60 80 100107 -30 20 -10 0 10 20 30
Time/sec Voltage Offset Ratio/%
(@) (b)

Figure 6. Responses of oscillation displacement with reverse voltage offsets at 50 Hz. (a) Oscillation
displacements of the piston and stator assemblies with time. (b) Oscillation amplitudes of the piston
and stator assemblies across various voltage offsets.

Figure 7 presents the power performance at 50 Hz with varying voltage offsets. The
lowest input power is required at a 10% voltage offset ratio for both waveform types. For the
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cosine waveform with reverse voltage offsets, the minimum input power is approximately
190.4 W, a 9.3% reduction from the 210 W required without voltage offsets. In contrast, with
forward voltage offsets, the minimum input power is 181.4 W, a 13.6% reduction. Maximum
compressor efficiency occurs at a 15% reverse voltage offset ratio, affected by input power
and copper loss. However, the compressor efficiency decreases with increasing forward
voltage offsets due to rising copper loss. Without voltage offsets, compressor efficiency
is about 0.53, while it peaks at 0.65 with a 15% reverse voltage offset ratio, marking a
23% increase.

Voltage Offset Ratio/% Voltage Offset Ratio/%
0 5 10 15 20 25 0 5 10 15 20
230 —r T T T T T 0.66 T T T T T 0.6
4210
405
220} ;::0.63 - 2;
= 200 2E 14 é
S - St
2 25 oo =
S 210F O 403 =
= ~ 2 T2
=200} 119 5 & {2 &
=] =]
Q 0.1 Q
0.54 F 1"
wop T 0 L dis0 A
=25 =20 -15 -10 -5 0 =25 -20 =15 -10 =5 0
Voltage Offset Ratio/% Voltage Offset Ratio/%

(a)

Figure 7. Power performance to various voltage offsets at 50 Hz. (a) Input power. (b) Compressor
efficiency.

Figure 8 exhibits the COP across various voltage offsets at 50 Hz. The maximum COP
is achieved at a 15% reverse voltage offset ratio, influenced by input power and cooling
capacity. In contrast, as forward voltage offsets increase, the COP decreases.

Voltage Offset Ratio/ %

0 5 10 15 20 25
0.64 F 105
0.6} 404
A A
@) )
© 0.56 F &)
403
0.52}
402
048}

=25 =20 -15 -10 =5 0
Voltage Offset Ratio/%

Figure 8. COP across various voltage offsets at 50 Hz.

4.1.2. Dynamic Characteristics in Frequency Domain

The performance of linear compressors is mainly determined by its driving frequency.
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Figure 9 illustrates the compressor efficiency at different frequency. For the cosine
waveform with reverse voltage offsets, the highest compressor efficiency occurs at a 5%
reverse voltage offset ratio at 58 Hz. In contrast, the compressor efficiency reaches its peak
without voltage offsets for the cosine waveform with forward voltage offsets.

[—8— Voltage Offset Ratio=0% =@ Voltage Offset Ratio=-5% == Voltage Offset Ratio=0% ==@= Voltage Offset Ratio=5%
[~ Voltage Offset Ratio=-10% === Voltage Offset Ratio=-15% == Voltage Offset Ratio=10% === Voltage Offset Ratio=15%
Voltage Offset Ratio=-20% ==& Voltage Offset Ratio=-25% Voltage Offset Ratio=20%

075 075
- 07T /> B
Z z 06}
g g
g 0.65F g
E 50.45 -
= 0.6} =
= =
@ @
20.55F g 03f
3 3

w

<} 05 L <} \ v v v
Q QO0.15F

045F

L Il L O Il L Il
45 50 55 60 45 50 55 60
Frequency/Hz Frequency/Hz

(a) (b)

Figure 9. Compressor efficiency at different frequency. (a) Compressor efficiency with reverse voltage
offsets. (b) Compressor efficiency with forward voltage offsets.

Figure 10 presents the COP at different frequency. As frequency rises, the COP improves.
For the cosine waveform with reverse voltage offsets, the COP peaks at a 10% voltage offset
ratio, due to minimal input power. Conversely, with forward voltage offsets, the highest COP
occurs at a 5% voltage offset ratio.

[—=— Voltage Offset Ratio=0% 0.9 | [=== Voltage Offset Ratio=0%
|—8— Voltage Offset Ratio=-5% —e— Voltage Offset Ratio=5%
0.9 |- Voltage Offset Ratio=-10%) & Voltage Offset Ratio=10%
[—v— Voltage Offset Ratio=-15% / |—v— Voltage Offset Ratio=15%
08k Voltage Offset Ratio=-20% 0.75F Voltage Offset Ratio=20%
. [=—<— Voltage Offset Ratio=-25%
0.7F / 8 ool
: o
0.6
0.45F
05F
03F
0.4F
L L L 1 1 1
45 50 55 60 45 50 55 60
Frequency/Hz Frequency/Hz

(a)

Figure 10. COP at different frequency. (a) Reverse voltage offsets. (b) Forward voltage offsets.

4.2. Cosine Waveform Without Crests

The impact of voltage offset is analyzed on the performance of linear compressors in
both time and frequency domains under cosine waveforms without crests. In this paper,
a cosine waveform without crests is defined as having a crest height that is 70% of the
standard cosine crest height.
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4.2.1. Dynamic Characteristics in Time Domain

Figure 11 depicts the responses of oscillation amplitudes of the piston and stator
assemblies at 50 Hz. As voltage offsets increase, the oscillation amplitudes rise. Additionally,
at different crest heights, these oscillation characteristics also increase, given a specific
voltage offset. This behavior occurs because higher supply voltages, resulting from larger
crest heights, provide more energy.
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Figure 11. Responses of oscillation amplitudes with forward voltage offsets at 50 Hz.

Figure 12 illustrates the power performance with voltage offsets at 50 Hz. As voltage
offsets increase, compressor efficiency decreases due to rising copper loss. The least input
power is required at a 5% voltage offset ratio. When crest heights increase, the input power
rises due to higher voltage supply. The COP decreases with increasing voltage offsets,
because of higher input power and reduced cooling capacity. At a specific voltage offset,
the COP increases with smaller crest heights, owing to the reduction in input power.
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Figure 12. Power performance with forward voltage offsets at 50 Hz. (a) Input power and compressor
efficiency. (b) COP.

https://doi.org/10.3390/machines14111314


https://doi.org/10.3390/machines14111314

Machines 2026, 14, 1314

14 of 23

4.2.2. Dynamic Characteristics in Frequency Domain

Figure 13 presents the power performance of the linear compressor with forward
voltage offsets at different frequencies. The compressor efficiency peaks at 58 Hz with-
out voltage offsets, due to the motor output power and the friction force between the
piston and stator assemblies. As frequency increases, the COP also increases, peaking with
a 5% voltage offset ratio. This peak results from the optimal balance between input power
and cooling capacity.
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Figure 13. Power performance with forward voltage offsets at different frequencies. (a) Compressor
efficiency. (b) COP.

4.3. Cosine Waveform Without Troughs

The impact of voltage offset is analyzed on the performance of linear compressors
in both time and frequency domains under cosine waveforms without troughs. In this
paper, the cosine waveform features a trough height that is 70% of the standard cosine
trough height.

4.3.1. Dynamic Characteristics in Time Domain

Figure 14 illustrates the responses of oscillation amplitudes of the piston and stator
assemblies with reverse voltage offsets at 50 Hz. As voltage offsets increase, the oscillation
amplitudes decrease due to the combined force. Conversely, when the trough heights
increase, the oscillation amplitudes rise, attributed to the higher supply voltage.

Figure 15 exhibits the power performance of the linear compressor with reverse voltage
offsets at 50 Hz. The minimum input power occurs at voltage offset ratios of 5%. However,
the compressor efficiency peaks at a voltage offset ratio of 20%. This suggests that compressor
efficiency improves with appropriate voltage offsets. Conversely, as the trough heights
increase, the input power and compressor efficiency also increase. This indicates that further
performance enhancement is achieved by adjusting trough heights. The highest COP occurs
at a 15% voltage offset ratio. As trough heights increase, COP decreases because of more
input power.
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Figure 14. Responses of oscillation amplitudes with reverse voltage offsets at 50 Hz.
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Figure 15. Power performance with reverse voltage offsets at 50 Hz. (a) Input power and Compressor
efficiency. (b) COP.

4.3.2. Dynamic Characteristics in Frequency Domain

Figure 16 presents the power performance with reverse voltage offsets at different
frequencies. Compressor efficiency peaks at a 15% voltage offset ratio at 56 Hz. The highest
COP is observed with a 5% voltage offset ratio at 60 Hz, influenced by both cooling capacity
and input power.
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Figure 16. Power performance with reverse voltage offsets at different frequencies. (a) Compressor
efficiency. (b) COP.
4.4. Cosine Waveform Without Crests and Troughs

The effects of voltage offset are analyzed on the performance of linear compressors
in both time and frequency domains under cosine waveforms without crests and troughs.
These waveforms are categorized into two types, as detailed in Table 4.

Table 4. Voltage waveforms without crests and troughs.

Waveform Waveform Type

Cosine waveform with reverse voltage offsets

Cosine waveform with forward voltage offsets

Crest height to be 70% of standard cosine crest height, and
trough height to be 50% of standard cosine trough height
Crest height to be 50% of standard cosine crest height, and
trough height to be 70% of standard cosine trough height

4.4.1. Dynamic Characteristics in Time Domain

Figure 17 illustrates the oscillation amplitudes of the piston and stator assemblies with
voltage offsets at 50 Hz. With increased reverse voltage offsets, their oscillation amplitudes
decrease, owing to the combined force. Conversely, with forward voltage offsets, increasing
voltage offsets lead to higher oscillation amplitudes. Compared to a symmetrical waveform
with crest and trough height ratios of 70%, the parameters of symmetrical waveforms are
significantly larger than those of asymmetrical ones. This difference results from the greater
electromagnetic force generated by higher supply voltage.

Figure 18 shows the power performance with voltage offsets at 50 Hz. The lowest
input power for both waveform types is required at a 5% voltage offset ratio, indicating
that input power is minimized by adjusting the voltage offset appropriately. Compared
to symmetrical waveforms, where both crest and trough height ratios are 70%, the in-
put power for symmetrical waveforms is significantly higher than that for asymmetrical
waveforms. This is due to the larger energy supplied by a higher voltage supply. For the
cosine waveform with reverse voltage offsets, the peak compressor efficiency is achieved at
a20% voltage offset ratio. Maximum compressor efficiency reaches 0.62, a 77% improvement
over the compressor efficiency of 0.35 without voltage offsets. In contrast, for the symmet-
rical waveform, the maximum compressor efficiency is 0.63 at a 15% voltage offset ratio,
a 26% improvement compared to that without voltage offsets. This demonstrates that the
increase in compressor efficiency is more pronounced with asymmetrical waveforms than
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with symmetrical ones. Conversely, with forward voltage offsets, increasing voltage offsets
reduces compressor efficiency.

Figure 19 illustrates the COP of the linear compressor at various voltage offsets for
two waveform types at 50 Hz. With reverse voltage offsets, the COP peaks at a 15% voltage
offset ratio. Conversely, with forward voltage offsets, the COP decreases as the voltage
offsets increase. When comparing the COP of asymmetrical and symmetrical waveforms,
the asymmetrical waveform exhibits a significantly higher COP. This suggests that applying
voltage offsets to asymmetrical waveforms is more beneficial for enhancing COP.
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Figure 17. Responses of oscillation amplitudes with voltage offsets at 50 Hz. (a) Reverse voltage
offsets. (b) Forward voltage offsets.
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Figure 18. Power performance with voltage offsets at 50 Hz. (a) Input power. (b) Compressor efficiency.
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Figure 19. COP across various voltage offsets at 50 Hz.

4.4.2. Dynamic Characteristics in Frequency Domain

Figure 20 presents the compressor efficiency of the linear compressor across various
voltage offsets in the frequency domain. For the cosine waveform with reverse voltage
offsets, the compressor efficiency peaks at a voltage offset ratio of 15% around 54 Hz.
Compared to the efficiency without voltage offsets, compressor efficiencies with voltage
offsets are significantly higher, indicating that proper adjustment of reverse voltage offset
and frequency greatly improves compressor efficiency. In contrast, for the cosine waveform
with forward voltage offsets, the compressor efficiency peaks without voltage offsets.
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Figure 20. Compressor efficiency with voltage offsets at different frequencies. (a) Reverse voltage
offsets. (b) Forward voltage offsets.

Figure 21 illustrates the COP at different frequencies for two waveform types. For
the cosine waveform with reverse voltage offsets, the COP peaks at a 10% voltage offset
ratio. Compared to the maximum COP of 1.148 without voltage offsets, a 10% voltage offset
ratio boosts COP to an estimated 1.339, marking a 17% improvement. In contrast, with
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forward voltage offsets, the maximum COP of 1.426 is achieved at a 5% voltage offset ratio,
a 5% enhancement over the peak value of 1.355 without voltage offsets.
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Figure 21. COP with voltage offsets at different frequencies. (a) Reverse voltage offsets. (b) Forward
voltage offsets.

4.5. Performance Cross-Comparison

Table 5 compares compressor efficiency and COP across various waveforms at 50 Hz.
The highest compressor efficiency occurs at a 20% voltage offset ratio under the cosine
waveform without troughs. Conversely, the COP peaks at a reverse voltage offset ratio of
15% under the cosine waveform without crests and troughs. Furthermore, the maximum
compressor efficiency and COP are achieved with reverse voltage offsets. In contrast, with
forward voltage offsets, these parameters peak without voltage offsets. These findings
suggest that reverse voltage offsets positively influence compressor efficiency and COP.

Table 5. Cross-comparison of performance at 50 Hz among different waveforms.

Voltage Offset Ratio

for Maximum Maximum Compressor  Voltage Offset Ratio .
Waveform Number Compressor Efficiency for Maximum COP/% Maximum COP
Efficiency/%
1 15 0.647 15 0.649
2 0 0.532 0 0.488
3 0 0.566 0 0.532
4 20 0.659 15 0.663
5 20 0.622 15 0.897
6 0 0.538 0 0.762
Table 6 presents a comparison of compressor efficiency and COP across various fre-
quencies and waveforms. The highest compressor efficiency is achieved at 58 Hz with
a 5% reverse voltage offset ratio under the cosine waveform. Conversely, the COP peaks with
a 5% forward voltage offset ratio under the cosine waveform without crests and troughs
at 60 Hz. Notably, the maximum COP is observed at 60 Hz for all six waveform types,
suggesting that COP increases with frequency.
Table 6. Cross-comparison of performance across various frequencies among different waveforms.
Voltage Offset Frequency for . Voltage Offset
Ratio for . Maximum . Frequency for
Waveform . Maximum Ratio for . .
Maximum Compressor . Maximum Maximum COP
Number Compressor . Maximum
Compressor Efficiency/Hz Efficiency COP/% COP/Hz
Efficiency/% y
1 58 0.702 10 60 0.935
2 60 0.69 5 60 0.86
3 58 0.67 5 60 0.983
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Table 6. Cont.
Voltage Offset Frequency for . Voltage Offset
Ratio for . Maximum . Frequency for
Waveform . Maximum Ratio for . .
Maximum Compressor . Maximum Maximum COP
Number Compressor L Maximum

Compressor Efficiency/Hz Efficiency COP/% COP/Hz

Efficiency/% Y
4 15 56 0.694 5 60 0.969
5 15 54 0.631 10 60 1.339
6 0 56 0.582 5 60 1.426

4.6. Experimental Validations

To validate the effects of voltage offset on the performance of linear compressors, exper-
iments were conducted under these voltage waveforms. Each test was repeated three times,
and the average values, error bars, and Mean Absolute Percentage Error (MAPE) of the
positions of the piston and stator assemblies were calculated at 50 Hz, as shown in Figure 22.
The figures in the Supplementary Materials compare simulations and experiments, detailing
the amplitudes of the piston and stator assemblies over voltage offsets and frequencies.
The simulations assumed the fluid behaved as an ideal gas, excluding the effects of valve
vibrations and gas leakage. The MAPE for these parameters remains within an acceptable
range of 15%.
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Figure 22. Comparison of the positions of the piston and stator assemblies between simulations and
experiments at 50 Hz. (a) Waveform 1. (b) Waveform 2. (c¢) Waveform 3. (d) Waveform 4. (e) Waveform
5. (f) Waveform 6.
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5. Conclusions

This paper presented the voltage offset method applied to different waveforms and
investigated its effects on the vibration behavior and performance of linear compressors.
Reverse voltage offsets positively affect compressor efficiency and COP. Although this study
used a specific linear compressor and operating environment, the proposed mathematical
model is modular. For other linear compressors with similar geometries and boundary
conditions, the findings remain relevant. From an engineering standpoint, given the per-
formance gains reported in this study, future project implementations should evaluate
economic benefits by comparing those gains with the specific retrofit costs. To further
validate the generality of our results, future work will extend the linear compressor model
operating over larger pressure ranges and under different environmental conditions, aiming
to provide broader engineering guidance.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/machines14111314/s1, The supplementary materials have been uploaded
with the manuscript. The content with the name ‘1. Voltage waveform curves’ corresponds to 4;
the content with the name ‘2. Cosine Waveform’ corresponds to 4.1; the content with the name ‘3.
Cosine Waveform without Crests’ corresponds to 4.2; the content with the name ‘4. Cosine Waveform
without Troughs’ corresponds to 4.3; the content with the name ‘5. Cosine Waveform without Crests
and Troughs’ corresponds to 4.4; the content with the name ‘6. Validation” corresponds to 4.6.
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Abbreviations
A, Piston cross-sectional area (m?) Py, Instantaneous pressure (MPa)
fo Damping coefficient between piston Py, Discharge pressure (MPa)

and cylinder (N-s/m)

Cy Damping coefficient of stator assembly P, Suction pressure (MPa)
(N-s/m)
F, Electromagnetic exciting force (N) R Experimental function
F, Gas force (N) R, Equivalent resistance ()
Foag Magnetic spring force (N) u Supplied voltage (V)
i Current (A) X Piston assembly position (m)
ky Resonance spring stiffness (N/m) X Piston assembly initial position (m)
k, Suspension spring stiffness (N/m) X, Piston oscillation amplitude (m)
K, Thrust coefficient (N/A) Xy Stator assembly position (m)
Kyiag Magnetic spring stiffness (N/m) X, Stator assembly initial position (m)
L, Equivalent inductance (mH) X, Stator oscillation amplitude (m)
m Piston assembly mass (kg) X; Experimental measurement
m, Stator assembly mass (kg) Xofiset Piston offset (m)
n Heat capacity ratio w Angular frequency (rad/s)
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