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ABSTRACT Designing an efficient and simplified electromagnetic capacity control system (ECCS) for
reciprocating compressors, replacing hydraulic systems, is a crucial focus for energy conservation and
efficiency enhancement in industrial production. Major challenges lie in the compressor’s high gas force and
rotational speed, coupled with the actuator coil’s self-inductance, leading to complex response characteristics
and capacity control failures under traditional on-off drive modes. To address these issues, this paper
introduces a coupling control model for capacity control under synchronous frequency with asynchronous
actuation of the actuator and suction valve, considering periodic excitation, reverse attraction, and partial
stroke contact. By simulating actuator response and compressor performance under various voltage drives,
as well as conducting a sensitivity analysis of various control parameters, we develop a load regulation
procedure using Fixed Duration Timing Shift and Variable Duration (FDTSVD). This procedure achieves
precise 0%-100% load regulation, with discharge volume relative error <7.5%. When the exhaust load
decreases from 100% to 25%, the one-cycle indicated work decreases from 593.6 J to 175.2 J, demonstrating
its effectiveness.

INDEX TERMS Capacity control, electromagnetic actuator, coupling model, dynamic simulation.

I. INTRODUCTION
As critical dynamic equipment in industrial production,
reciprocating compressor systems transport high-pressure
raw material gas media to production processes, serving
as a crucial node in the material flow of industrial pro-
duction. Historically, compressor systems have incurred
significant energy consumption [1]. With various issues of
overcapacity, mismatches between initial process design and
market demands, and increasingly prominent contradictions
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in production factor allocation, it is typically necessary to
adjust the compressor capacity to meet varying loads [2], [3].

Considerable research has been done on the capacity
control of reciprocating compressors, and various control
schemes have been proposed, such as bypass control [4],
switching cycle control [5], unloading cylinder control [6],
and so on. However, there are some shortcomings, such as low
control efficiency, easy to wear the compressor, limited con-
trol range, and uneven force, which limit the application of
the above technology. In recent years, the rapid development
of the capacity control system (CCS) based on the delayed
closure of suction valves has shown significant progress,
offering superior energy-saving effects [7]. Several scholars
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have conducted in-depth research on the CCS, resulting in
significant achievements. Hong et al. [8] established a the-
oretical model for step-less capacity control conditions in
reciprocating compressors, obtained the thermal cycle pat-
terns under different load conditions, and validated the model
through experimental testing on a prototype. Liu et al. [9]
analyzed relevant parameters of the hydraulic system, such
as the orifice size of the electromagnetic valve and piston
diameter, and their impact on the operation of the suction
valve. Xu and Hong [10] examined the dynamic perfor-
mance variations in comprehensive piston force, connecting
rod force, crankshaft tangential force, and normal force of
the reciprocating compressor under different load conditions.
Wang et al. [11] obtained relatively reasonable hydraulic
pressure, displacement, and retraction speed of the mechan-
ical actuator by analyzing the impact of hydraulic pressure,
displacement, and speed on compressor performance. Yang
et al. [12] proposed a rapid algorithm to calculate the gas pul-
sations in CCS and further incorporated it into the frequency
domainmodeling of gas pulsations. Sun et al. [13] established
a multi-platform joint simulation model, improving upon
traditional independent modeling methods for single sys-
tems. They conducted an analysis of compressor performance
under variable capacity control conditions and explored the
optimization of control parameters.

It should be noted that the existing research on capacity
control techniques based on the principle of delayed suc-
tion valve closure predominantly relies on hydraulic systems
as the driving force. While achieving good control effects,
there are issues such as system complexity, high cost, and
inevitable oil contamination, making engineering application
and maintenance challenging. Some scholars have proposed
new methods for capacity control based on electromagnetic
drive, which can effectively address the aforementioned prob-
lems. However, there is a lack of relevant simulation models
for the analysis of the characteristics of electromagnetic
capacity control systems, and the research onmulti-parameter
coupling laws and related system maturity is still limited.

ECCS replaces hydraulic force with electromagnetic force
to drive the suction valve unloading device to perform ejec-
tion and retraction motion. As the reciprocating compressor
suction valve unloading device is subject to significant forces,
including gas force and spring force, the electromagnetic
actuator not only needs to have a large driving force but also
must meet the requirements of rapid motion. The design of
the electromagnetic actuator coil turns needs to be relatively
large to produce a strong self-inductance effect. This directly
affects its dynamic characteristics, leading to compressor
capacity control failure. Electromagnetic actuators are widely
used in various valve control areas, and relevant research can
provide us with references. For example, Naseradinmousavi
and Nataraj [14] derived a coupled model of electromagnetic
dynamics, fluid dynamics, and mechanical dynamics through
some simplified assumptions. The results show that the char-
acteristics of fluid dynamic torque play an important role
in the process of valve closing and opening. Yuan et al. [15]

integrated electrical, electromagnetic, fluid dynamic, and
mechanical models to achieve an analytical and fully cou-
pled mathematical model, effectively capturing the nonlinear
dynamic performance determined by structural parameters,
materials, fluids, driving strategies, and subsystem interac-
tions. Paden et al. [16] proposed a novel electromechanical
valve actuation system consisting of an electromagnetic actu-
ator, a valve, and a storage cam/spring mechanism. Modeling
and control strategies were designed to enable the valve to
achieve sufficiently fast transitions between open and closed
positions.Wu et al. [17] optimized parameters by establishing
an analytical model, improving the static characteristics and
dynamic step response of high-speed switching valves. These
studies provide good references for modeling the electromag-
netic capacity control system of reciprocating compressors.
However, the inherent characteristics of the CCS itself should
be taken into account during modeling, such as the cou-
pling problems caused by the asynchronous working mode
of the electromagnetic actuator and the suction valve at
the same frequency, the periodic excitation characteristics
of the electromagnetic actuator, the reverse pull-in situation
of the electromagnetic actuator, and the partial stroke contact
characteristics of the actuator and the suction valve during
the retract process. These are important for the accuracy of
the model and should be fully considered.

This paper establishes a mathematical model for the ECCS
of reciprocating compressors with multi-system coupling.
To ensure the accuracy of the model, the periodic charac-
teristics of the excitation signal, the reverse attraction of the
actuator, and the partial stroke contact characteristics of the
actuator and the suction valve during the retracting process
are considered. Based on this model, the influence of different
driving modes and control parameters on the capacity control
performance is simulated and analyzed. Based on the simula-
tion data and FDTSVD method, the load control calculation
program is designed. It can realize 0 % -100 % load regula-
tion of the compressor. The load regulation experiment was
carried out and good results were achieved.

The main contributions and innovations of this paper can
be summarized as follows:

1) This paper introduces a coupling control model for
capacity control by asynchronously driving the actuator
and suction valve at synchronous frequency, estab-
lishing a working principle model for ECCS that
comprehensively considers factors such as periodic
excitation, reverse attraction, and partial stroke contact.

2) By simulating the actuator response and compressor
performance under different voltage drives, this paper
has developed a load regulation procedure based on
FDTSVD.

3) This paper has developed an efficient and simplified
experimental setup for the ECCS, validating the effec-
tiveness of the theoretical model and control method.
It has been proven that the ECCS can effectively
replace the hydraulic capacity control system (HCCS)
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FIGURE 1. Stepless CCS of the reciprocating compressor.

in compressors, achieving energy conservation and
efficiency enhancement.

II. COMPOSITION AND WORKING PRINCIPLES OF CCS
The CCS of a reciprocating compressor consists of the
driving system, control system, mechanical execution mech-
anism, and monitoring system, as illustrated in Fig. 1.
According to the type of actuation, CCS can be categorized
into HCCS, which is driven by hydraulic actuators, and
ECCS, which is driven by electromagnetic actuators. The
hydraulic execution mechanism is powered by the hydraulic
system. It controls the duration of hydraulic pressure by
toggling high-speed electromagnetic valves. The electromag-
netic execution mechanism generates different magnitudes of
electromagnetic force by directly controlling the magnitude
and time of excitation voltage. ECCS greatly simplifies the
system and avoids the risk of oil leakage due to the elim-
ination of components such as oil stations and pipelines.
Typically, each valve of the compressor is equipped with a
set of mechanical execution mechanisms.

The components of the CCS are interdependent, with
strong correlations between various parameters, collectively
influencing the operational performance of the compressor.
Therefore, it is necessary to establish a multi-system coupled
analytical model to enhance computational efficiency and
accurately reflect the patterns of parameter variations within
the system.

III. WORKING PRINCIPLE MODEL OF THE ECCS
For the convenience of model construction, this paper makes
the following assumptions in the modeling process, drawing
on previous research:

1) The compression process is considered to be adia-
batic [18];

2) The pressure at the end of the reflow is approximated
as the suction pressure;

3) The magnetic permeability is assumed to be a constant
value, and the magnetic flux in the magnetic circuit is
mainly attenuated at each air gap [19];

4) The coil inductance aftermagnetization is neglected [20].

A. CALCULATION MODEL FOR DISCHARGE VOLUME AND
LOAD RATIO
The relationship between the piston motion stroke h and
the crankshaft angle θ for a reciprocating compressor is as
follows:

h = r(1 − cos θ ) + l(1 −

√
1 −

r2

l2
sin2(θ )) (1)

where r is the radius of the crank, and l denotes the length of
the connecting rod, as shown in Fig. 2.
The discharge volume Qv equals the volume of the com-

pression chamber VADV when the discharge valve just opens
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FIGURE 2. The main moving parts of reciprocating compressor and the
geometric relationship between them.

minus the clearance volume V0.

Qv = VADV − V0 (2)

When the backflow ends, the remaining gas volume in the
compression chamber VASV undergoes the compression pro-
cess to obtain the volume VADV . This process is considered
an adiabatic process, and if we approximate the pressure at
the end of backflow as the suction pressure, then:

VADV = VASV (
ps
pd

)
1
ke (3)

where ps is the suction pressure, pd denotes the discharge
pressure, and ke is the adiabatic process coefficient. The
remaining gas volume in the compression chamber after
backflowVASV can be determined by the piston stroke volume
Vh and clearance volume V0:

VASV = Vh + V0 (4)

The piston stroke volume Vh is determined by the piston
cross-sectional area and the motion stroke:

Vh =
πD2

cv

4
· h (5)

where Dcv is the diameter of the piston.
By combining the above equations, the calculation model

for the discharge volume of a reciprocating compressor under
capacity control is as follows:

Qv = 0(θbf ) =


πD2

cv
4 r(1 − cos(θbf )+

l
r (1 −

√
1 −

r
l2
2 sin2(θbf )))

−V0((
pd
ps
)
1
ke − 1)

 · (
ps
pd

)
1
ke

(6)

When operating at full load without backflow, the dis-
charge volume of a reciprocating compressor is as follows:

Q100% = 0(π ) =


πD2

cv
4 r(1 − cos(π )+

l
r (1 −

√
1 −

r
l2
2 sin2(π )))

−V0((
pd
ps
)
1
ke − 1)

 · (
ps
pd

)
1
ke

(7)

The load ratio is defined as follows:

η =
Qv

Q100%
× 100% (8)

FIGURE 3. Actuator response principles and illustration of coupling
action parameters.

B. ANALYSIS OF THE COUPLING RELATIONSHIP
BETWEEN THE ACTUATOR AND THE COMPRESSOR
As shown in Fig. 3, the capacity control with delayed suction
valve closure mainly includes the following operation pro-
cesses:

1) The actuator receives the driving signal at a certain
time in a cycle of the compressor, and the crankshaft
produces a phase signal at each half-turn. The deviation
angle of the driving signal starting time relative to the
phase signal is defined as the key phase offset angle
θoffset .

2) After receiving the drive signal, the electromagnetic
force begins to increase until it overcomes the load
force to complete the ejection action. The time elapsed
from the initiation of the drive voltage signal to the
beginning of the ejection is defined as the ejection
delay time TED. This characterizes the process of the
electromagnetic force growing from its initial value to
the critical load force for ejection.

3) Subsequently, the actuator begins its action, and the
time taken for the action process is defined as the
ejection action time TEA.

4) After the actuator completes the ejection, it acts upon
the suction valve, compelling it to remain open for a
specific duration. This period is defined as the ejection
hold time TEH .

5) When the electromagnetic force decreases to the crit-
ical load value for retraction, the actuator begins to
retract. The time taken for the retraction action process
is defined as TRA.

During the retraction process, the actuator and the com-
pressor suction valve remain in place for only a period
throughout the process. Even after the valve reaches the
closed limit position, the actuator continues to move for a
certain distance. At this point, the contact coefficient δ =√

xvalve
xδ

is defined. The duration of the interaction between
the actuator and the valve during the retraction process is as
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follows:

TδRA = δ · TRA (9)

where xvalve is the stroke displacement of the suction valve,
while xδ denotes the actuator’s stroke displacement.
Establishing the coupling relationship between the actua-

tor action parameters during the periodic response and the
phase angle of the reciprocating compressor backflow, based
on the time parameters of the aforementioned five working
processes, is outlined as follows:

θbf = θoffset + (TED + TEA + TEH + TδRA) · 2π fn (10)

where fn is the frequency of the actuator’s action, which is
determined by the compressor’s rotational speed parameters.

Furthermore, it is essential to consider two dynamic behav-
iors of the actuator when it fails to respond cyclically: the
inability to retract after ejection and the failure to eject. These
behaviors are determined by the relative relationship between
the electromagnetic driving force and the load force. In such
cases, the overall coupling relationship between the electro-
magnetic actuator and the phase angle of the reciprocating
compressor backflow is as follows:

θbf =


π, (Fmax ≤ Fload min)
2π, (Fmin ≥ Fload max)
θoffset + (TED + TEA + TEH + TδRA) · 2π fn
(Fmax ≻ Fload max,Fmin ≺ Fload min)

(11)

From equation (11), it can be observed that to solve the
coupling relationship, the following tasks need to be per-
formed:

(1) Solve for different response state boundary conditions.
(2) Calculate different time parameters for the electromag-

netic actuator action.
The action parameters of the electromagnetic actuator, TED

and TEH , represent the time for the electromagnetic force
to change when the actuator is in a stationary state. The
parameters TEA for ejection action and TRA for retraction
action represent the time the actuator spends in the action
states. The action state time parameters need to be solved by
establishing the motion equation of the actuator:

Ejection action state:
dx
dt

= vE

m
dvE
dt

= Fm − Fload − Ffriction
(12)

Retraction action state:
dx
dt

= vR

m
vR
dt

= Fload − Fm − Ffriction
(13)

where vE represents the velocity variation during the actua-
tor’s ejection process, vR denotes the velocity variation during

the actuator’s retraction process, Fm denotes the electromag-
netic force, Fload represents the load force, and Ffriction refers
to the frictional force encountered during the motion process.

Based on the motion equations (12) and (13) for ejection
and retraction, the solution for the ejection and retraction
action time is as follows:

TEA =

∫
|vE max|

0

m.dv
Fm − Fload − Ffriction

TRA =

∫
|vRmax |

0

m.dv
Fload − Fm − Ffriction

(14)

where vE max is defined as the maximum motion velocity
during the ejection process, vE max = Max(vE ); vRmax is
the maximum motion velocity during the retraction process,
vRmax = Max(vR).

Ejection delay time TED and ejection holding time TEH
characterize the time for the electromagnetic force to change
in a stationary state. The change in electromagnetic force in
a stationary state is only related to the current. Therefore, the
solution can be based on the relationship between the time
parameters of the action and the current [21].

T =
L
R
ln(

U − It0R
U − It1R

) (15)

where It0 is the current at the initial moment of a certain
process, It1 represents the current at the end of the process,
and U represents the magnitude of the excitation voltage as
the current changes from time t0 to time t1, while R and L
denoting the coil resistance and inductance, respectively.

Defining the current value at the initial energization
moment as I0 and the critical current value at the onset of
actuator motion as IFL1. Considering the reverse attraction
situation when UL is not zero, the driving voltage during
the ejection process in positive attraction is UH . In the case
of reverse attraction, the driving voltage during the ejection
process isUL . Therefore, the calculation of the ejection delay
time is as follows:

TED =


L
R
ln(

UH − I0R
UH − IFL1R

) Iφ ≻ 0

L
R
ln(

UL − I0R
UL − IFL1R

) Iφ ≺ 0
(16)

Defining the critical current value after ejection as IFL2
and the critical current at the onset of retraction as IFL3, the
current transition from IFL2 to IFL3 is not a simple process;
it undergoes an initial rise followed by a decrease. Further,
defining the maximum absolute current value during the
ejection holding process as Iφ , where the current first changes
from IFL2 to Iφ and then from Iφ to IFL3. Considering both
positive and reverse attraction scenarios, the ejection hold
time TEH is calculated as follows:

TEH =


L
R
ln(

UH − IFL2R
UH − IφR

) +
L
R
ln(

UL − IφR
UL − IFL3R

) Iφ ≻ 0

L
R
ln(

UL − IFL2R
UL − IφR

) +
L
R
ln(

UH − IφR
UH − IFL3R

) Iφ ≺ 0

(17)
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Equations (16) and (17) can be further expanded.When the
number of voltage segments in each process increases, it is
only necessary to define the initial and final current values
under each voltage segment, and then sequentially calculate
and solve.

Based on the above analysis, it is evident that solving the
coupling relationship between the electromagnetic actuator
and the phase of the compressor backflow under different
response states requires the construction of an integrated
model that links the actuator’s driving voltage, operating
current, and electromagnetic driving force. This model aims
to capture the variations in operating current and electromag-
netic driving force, then solve the time parameter.

By utilizing the electromagnetic driving force model, the
solution involves determining the response boundary con-
ditions and action characteristic parameters TEA and TRA.
Simultaneously, the working current model is employed
to solve for the defined characteristic current values
I0, Iφ,IFL1, IFL2, and IFL3.

C. ESTABLISHMENT OF ELECTROMAGNETIC ACTUATOR
RESPONSE MODEL
The CCS in a reciprocating compressor, which involves
delayed closure of the intake valve, requires the implemen-
tation of unloader ejection and retraction actions in each
working cycle. Therefore, the control signal for this process
is cyclically driven. Periodic signals are often represented
by piecewise functions, which exhibit simple and intuitive
characteristics. However, solving transient currents can be
challenging, especially when the periodic signal is complex,
as shown in Fig. 4. This difficulty hinders the subsequent con-
struction and solution of models and complicates the analysis
of coupling between parameters. To address this, this section
establishes an analytical expression for an n-segment periodic
signal based on the Fourier series [22], [23], and the current
response model under periodic signal excitation is solved,
which provides a basis for subsequent model development
and parameter analysis.

Given the satisfaction of Dirichlet conditions, a non-
sinusoidal periodic voltage U (t) with a period of T can be
expanded into a Fourier series as follows:

U (t) = A0 +

∑+∞

k=1
[Ak cos kωt + Bk sin kωt] (18)

The non-sinusoidal periodic voltage source can be
regarded as a direct current (DC) voltage source combined
with numerous sinusoidal alternating current (AC) sources of
varying frequencies, all working together within the electrical
circuit.

The actuator coil and the power supply can be regarded
as an equivalent RL circuit, The design of electromagnetic
actuator and the transformation of subsystem parameters are
shown in Fig. 5. According to Kirchhoff’s voltage law, the
following expression can be obtained:

U (t) = L
di
dt

+ Ri(t) + kf
dx
dt

(19)

FIGURE 4. n-segment voltage profile illustration.

where kf represents the coefficient of induced electromotive
force, x stands for the displacement of the armature.

Through the Fourier series expansion and the orthogonality
of the trigonometric function, the transient current and the
expansion coefficient A0,Ak ,Bk are solved as (20) and (21),
shown at the bottom of the next page [24].
The equivalent magnetic circuit schematic of the electro-

magnetic actuator is shown in Fig. 6. Assuming that the
magnetic permeability is a constant value and the magnetic
circuit flux ϕ decays mainly at each air gap, the total internal
magnetoresistance of the electromagnet is as follows:

R(x) =

n∑
i=1

Rmi+
3∑
i=1

Rgi =

3∑
i=1

Rgi

Ri =
li

µiAi

(22)

where Ri is the i reluctance; m stands for the magnetic con-
ductor, g stands for the air gap; li is the equivalent length of
the i reluctance circuit;Ai is the cross-sectional area of the
i circuit; µi is the permeability of the i reluctance circuit.
The magnitude of magnetic flux in the magnetic circuit is as
follows:

ϕ =
Ni(t)
R(x)

(23)

where N is the number of turns of the coil.
Considering the nonlinear, time-varying characteristics of

the coil inductance, the coil inductance after neglecting the
magnetization can be expressed as follows:

L(x) =
N 2

R(x)
(24)

The magnitude of the magnetic induction of the air gap at
work:

Bg =
ϕ

sg1
(25)

where sg1 is the working air gap area.
Then the expression of electromagnetic force is as follows:

Fm =
B2gsg1
2µ0

=
N 2i(t)2

2µ0R(x)2sg1
(26)
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FIGURE 5. Electromagnetic actuator structure and equivalent RL circuit
schematic.

D. FEATURE PARAMETER SOLUTION
Using the established electromagnetic actuator response
model, the solution of the characteristic parameters in the pre-
vious coupling relationship is obtained. I0 and Iφ respectively
represent the current at the onset of high-level excitation and
the corresponding current at the onset of low-level excitation.
With the known control parameters, I0 and Iφ are obtained
through (20).

I0 = i(t)t=0+ξT ,ξ=0,1,2...

Iφ = i(t)t=Tφ+ξT ,ξ=0,1,2... (27)

IFL1, IFL2, and IFL3 are obtained through force balance
analysis during the moments of actuator state transitions. The
critical force condition for the actuator to open the intake
valve, transitioning from a stationary state to the initiation of

FIGURE 6. Key structural parameters and equivalent magnetic circuit
diagram of electromagnetic actuator.

the ejection motion, is given by Fm = Fload +Ffriction. At this
point, the critical current IFL1 can be calculated as follows,
based on (26).

IFL1 =


R(x)
N

√
(Fload + Ffriction)2µ0sg1 |x = 0 Iφ ≻ 0

−
R(x)
N

√
(Fload + Ffriction)2µ0sg1 |x = 0 Iφ ≺ 0

(28)

Similarly, the conditions for the actuator to retract
and the valve to close are: Fload − Ffriction = Fm,
when the actuator is just completely ejected or begins to
retract, the force conditions areessentially identical. At this
moment, according to (26), the critical currents IFL2, IFL3

i (t) =



−1
R · e

R
L .t

+∞∑
k=1

−Ak
S · e

−R
L .t

+∞∑
k=1

Bk
S · e

−R
L .t

1
R 0 0

0
0

+∞∑
k=1

Ak
S · cos kωt

+∞∑
k=1

Bk
S · sin kωt

+∞∑
k=1

−Bk
S · cos kωt

+∞∑
k=1

Ak
S · sin kωt


·

A0 − kf dxdt
R
kωL

 (20)



A0 =
1
T

·

∫ φ1T

0
U1dt +

1
T

·

∫ (φ1+φ2)T

φ1T
U2dt + . . . +

1
T

·

∫ n∑
i=1

φiT

n−1∑
i=1

φiT
Undt

Ak =
2
T ·

∫ φ1T
0 U1 · cos(kωt)dt+

2
T ·

∫ (φ1+φ2)T
φ1T

U2 · cos(kωt)dt + . . . + 2
T ·

∫ n∑
i=1

φiT

n−1∑
i=1

φiT
Un · cos(kωt)dt

Bk =
2
T ·

∫ φ1T
0 U1 · sin(kωt)dt+

2
T ·

∫ (φ1+φ2)T
φ1T

U2 · sin(kωt)dt + . . . + 2
T ·

∫ n∑
i=1

φiT

n−1∑
i=1

φiT
Un · sin(kωt)dt

S = R2 + (kωL)2

(21)
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can be calculated as follows:

IFL2 = IFL3

=


R(x)
N

√
(Fload − Ffriction)2µ0sg1 |x = xδ Iφ ≻ 0

−
R(x)
N

√
(Fload − Ffriction)2µ0sg1 |x = xδ Iφ ≺ 0

(29)

IV. SIMULATION ANALYSIS
This section, building upon the model established in
Section III, focuses on exploring the driving modes and
capacity control methods of ECCS through simulation.
It specifically investigates the two commonly used driving
methods for electromagnetic actuators: single-voltage drive
and dual-voltage drive [25].

A. SIMULATION PARAMETER CONFIGURATION
The paper utilizes a DC electromagnet of the SDT-
158153S126A40 specification from the laboratory, and the
DW-12/2 model compressor as case studies for the research.
By measuring the key structural dimensions depicted in
Figs. 2 and 4, the simulation setup data has been derived as
illustrated in Tables 1 and 2.

B. ANALYSIS OF CAPACITY CONTROL EFFECT IN
SINGLE-VOLTAGE DRIVE MODE
The illustration of the On/Off control signal in the
single-voltage mode is shown in Fig. 5, where Tφ1 represents
the duration of the power-on period within one cycle, Tφ2
represents the duration of the power-off period within one
cycle, and the sum of these two times represents the period
length of the excitation signal, i.e., T = Tφ1 + Tφ2. The
period length T of the excitation signal is determined by the
compressor speed parameter, and with the specified speed
parameter of 300 rpm in Table 2, the period T =

60000
300 =

200ms, under the On/Off control mode, is n = 2,U2 = 0.
Using (21), we obtained the three expansion coefficients as

follows: 

A0 = U1.φ1

Ak =
sin (2kπφ1)

k.π
.U1

Bk =
1 − cos (2kπφ1)

k.π
.U1

φ1 =
Tφ1

T

(30)

1) ANALYSIS OF MULTI-CYCLE RESPONSE PROCESS FOR
ELECTROMAGNETIC FORCE AND LOAD FORCE
The load force is mainly provided by the spring force. When
the actuator is not ejected, the spring pre-compression force
is 450 N. When the actuator is completely ejected, the spring
load force is 750 N. The electromagnetic actuator has a rated
voltage of 220V. Fig. 8 illustrates the variation patterns of
electromagnetic force and load force over 25 cycles under the
excitation of the rated voltage. The power-on duration Tφ1 for
each cycle is set to 10ms, 20ms, and 30ms, respectively.

TABLE 1. Electromagnetic actuator parameters.

From the graph, it can be observed that in the multi-cycle
response scenario, regardless of the duration of the power-on
period for each cycle, the electromagnetic force undergoes
both transient and steady-state processes. The variation in
electromagnetic force generally enters a steady state around
the 10th cycle. Before the 10th cycle, the maximum (Fmax =

Max(Fm)) and minimum (Fmin = Min(Fm)) values of the
electromagnetic force change continuously within each cycle.
After the 10th cycle, the maximum and minimum values of
the electromagnetic force stabilize within each cycle, and the
pattern of electromagnetic force variation remains consistent.

From Fig. 8, it can be observed that with the continuous
increase in the power-on duration within each cycle, both
the maximum (Fmax) and minimum (Fmin) values of the
steady-state electromagnetic force increase. When the power
is on for 20ms and off for 180ms within each cycle, the
maximum value Fmax of the electromagnetic force is still
insufficient to overcome the load force. When the power is on
for 30ms and off for 170mswithin each cycle, the electromag-
netic force successfully overcomes the load force to achieve
the ejection. However, at this point, due to the armature
attraction, there is a nonlinear increase in electromagnetic
force. After the zero-voltage natural discharge occurs over
170 milliseconds, the minimum electromagnetic force within
the steady-state cycle still exceeds the load force. This means
that the actuator cannot be retracted after ejecting.

2) ANALYSIS OF CAPACITY CONTROL CHARACTERISTICS
Fig. 9 illustrates the variation of compressor load, electro-
magnetic force extremes, and load force extremes with the
control parameter energization time Tφ1 under single voltage
drive mode. From the results, it can be observed that under
the single-voltage drive mode, regardless of the voltage mag-
nitude and the change in energization time, the compressor
load can only switch between 100% and 0%. This is because
the electromagnetic force undergoes nonlinear changes after
the armature is attracted, and before the actuator is fully
ejected, the maximum value of the electromagnetic force is
less than the minimum value of the load force, preventing
the suction valve from opening, resulting in the compressor
operating at full load. After the actuator is fully ejected, the

VOLUME 12, 2024 97447



D. Zhao et al.: Modeling, Simulation, and Design of ECCS for Reciprocating Compressors

TABLE 2. Configuration of compressor system parameters.

FIGURE 7. Illustration of on/off control parameters in single-voltage
mode.

electromagnetic force experiences nonlinear growth, and the
minimum value of the electromagnetic force is greater than
the maximum value of the load force, preventing the suction
valve from closing, and resulting in the compressor operating
at zero load.

C. SIMULATION STUDY OF THE POSITIVE AND REVERSE
DUAL-VOLTAGE DRIVE MODE
Through the analysis of the previous section, we concluded
that the single-voltage on-off drivemode is not suitable for the
ECC. To address this issue and improve the descent speed of
electromagnetic force after ejection, it is necessary to modify
the on-off control mode by replacing the 0 voltage with
reverse voltage. This section conducts a study on the driving
mode based on positive and reverse voltage excitations. The
schematic diagram of the positive and reverse dual-voltage
excitation signal is shown in Fig. 10, where Tφ1 represents
the excitation time of the positive voltage U1, Tφ2 represents
the excitation time of the reverse voltage U2, and the total
duration of positive and reverse voltage actions still equals
one-period length.

At this point, the three expansion coefficients can be
obtained as follows using (21):

A0 = U1 · φ1 + U2 − U2 · φ1

Ak =
sin (2kπφ1)

k.π
· (U1 − U2)

Bk =
1 − cos (2kπφ1)

k.π
· (U1 − U2)

φ1 =
Tφ1

T

(31)

FIGURE 8. Schematic diagram of the response relationship between
electromagnetic force and load force over 25 cycles.

Firstly, analyze the relative variation relationship of the
extremum values of electromagnetic force and load force
within the steady-state cycle under different combinations of
positive and reverse voltage magnitudes and excitation time,
as shown in Fig. 11.

From the results shown in Figs. 11 (a), (b), and (c), the
following conclusions can be drawn:

1) Compared to the results under the single-voltage on-
off control mode shown in Figure 10, the introduction
of reverse voltage significantly improves the nonlinear
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FIGURE 9. Analysis of capacity control characteristics under single
voltage drive mode.

FIGURE 10. Schematic representation of control parameters for positive
and reverse dual-voltage excitation.

variation of the electromagnetic force extremum.
In each voltage combination, there appears a time
region that satisfies the single-cycle response condi-
tion, i.e., Fmax ≥ Fload max,Fmin ≤ Fload min.

2) The electromagnetic actuator exhibits two time regions
in a single-cycle response. When the positive voltage
magnitude and duration are large, the electromagnetic
actuator engages under the positive voltage and disen-
gages under the reverse voltage, defined as the positive
engagement response region 1tp. When the reverse
voltage magnitude and duration are large, the electro-
magnetic actuator engages under the reverse voltage
and disengages under the positive voltage, defined as
the reverse engagement response region 1tr .

3) When the positive voltageU1 is greater than the reverse
voltage U2, the positive engagement response region
1tp performs well and has a broader range. In this
case, the maximum and minimum values of the elec-
tromagnetic force (Fmax and Fmin) increase with the
increase in the excitation time Tφ1. Conversely, when
the positive voltage U1 is less than the reverse voltage
U2, the reverse engagement response region 1tr per-
forms well and has a broader range. In this scenario, the
maximum and minimum values of the electromagnetic
force (Fmax and Fmin) increase with the increase in the
excitation time Tφ2.

FIGURE 11. Variation patterns of the extremum values of electromagnetic
force and load force.

Building upon the aforementioned study, further research
was conducted on the variation patterns of thermodynamic
parameters, the phase angle θbf , and the compressor load
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FIGURE 12. Variation patterns of the thermodynamic target parameters
under different control parameters.

ratio η to energization time within the single-cycle response
region. By selecting the optimal response ranges correspond-
ing to different voltage combinations in Fig. 11, we obtained
results through model simulation as illustrated in Fig. 12.

Fig. 12 shows the influence of control parameter variation
on capacity control performance under positive and negative
dual-voltage drive mode. It can be seen from the diagram that
the positive and negative double voltage excitation can effec-
tively improve the response characteristics of the actuator
and the capacity control performance of the compressor, it is
evident that when the positive voltage surpasses the reverse
voltage, within the positive engagement response region,
an increase in the on-time of positive voltage and a decrease in
the on-time of reverse voltage within a single cycle lead to an
increase in the phase angle θbf and a decrease in the compres-
sor load η. Conversely, when the positive voltage is less than
the reverse voltage, the reverse engagement response region
performs more effectively. In this scenario, an increase in the
on-time of positive voltage and a decrease in the on-time of
reverse voltage within a single cycle result in a decrease in
the phase angle θbf and an increase in the compressor load η.

In addition, as the difference between positive and reverse
voltages increases, there is a noticeable improvement in the
accuracy and range of capacity control for the compressor.
However, this also indicates an increase in the power con-
sumption and energy consumption of the electromagnetic
actuator. For example, when the positive and reverse exci-
tation voltages for the actuator are 90 V/-55 V, the capacity
control range is 0% to 76.51%, with an adjustable time inter-
val of 8 milliseconds. This corresponds to a capacity control
accuracy of 9.56% per millisecond. When increasing the
magnitude of positive and reverse voltages to the maximum
rated voltage, i.e., 220 V/-220 V, the actuator’s power con-
sumption reaches its maximum. At this point, the single-cycle
response and capacity control performance of the actuator
are optimal, with a capacity control range of 0% to 100%,
and the maximum adjustable time interval reaching 36 mil-
liseconds. However, the capacity control exhibits a nonlinear
variation pattern with energization time. Within the range of
0% to 20% load variation, the corresponding adjustable time
is approximately 16 milliseconds, with a capacity control
accuracy of approximately 1.25% per millisecond. When the
load varies within the range of 100% to 20%, the corre-
sponding adjustable time is approximately 20 milliseconds,
with a capacity control accuracy of approximately 4% per
millisecond. This indicates that the capacity control accuracy
in this range remains challenging to meet the requirements.

D. SENSITIVITY ANALYSIS
Figs. 11 and 12 clearly illustrate the impact of control parame-
ters, such as voltage magnitude and timing, on key objectives
like electromagnetic force, reflow termination phase angle,
and compressor load. Furthermore, this paper employs the
Sobol method [26] for an in-depth sensitivity analysis of
these control parameters. The Sobol method, based on the
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TABLE 3. Sensitivity index calculation results.

principle of variance decomposition, is particularly effective
in identifying the sensitivity of parameter interactions in
highly nonlinear models, and its results exhibit a high degree
of robustness and reliability [27]. Since the electromagnetic
force and reflow termination phase angle are intermediate
variables within the system, while the compressor load is
the final output of the system model, this study focuses on
analyzing the sensitivity of the load output to these three
control parameters. Through this analysis, we can identify
the parameters that have the greatest impact on system perfor-
mance, providing an important reference for the design of the
system controller. The ECCS under study can be described by
Equation (32), which details the mathematical model of the
system’s dynamic behavior.

Y = f (x) = f (X1,Xi . . .Xn) (32)

The first-order sensitivity index is calculated as follows:

Si =
Var(E [Y |Xi ])

Var(Y )
(33)

where E [Y |Xi ] is the expected value of output Y given the
parameter Xi. Var(Y ) is the variance of output Y .
The total effect index is calculated as follows:

STi =
Var(E

[
Y

∣∣allXj̸=i ]) − Var(E [Y |Xi ])

Var(Y )
(34)

where E
[
Y

∣∣allXj̸=i ] is the expected value of output Y , given
all parameters are fixed except for Xi.

The results of the Sobol method sensitivity analysis are
shown in Table 3.
The first-order influence index of the positive voltage

magnitude is 0.0674, indicating that the positive voltage mag-
nitude has a positive effect on the compressor load, but its
impact is relatively minor. The first-order influence index of
the negative voltage magnitude is −0.1336, which suggests
that the negative voltage magnitude has a negative effect on
the compressor load, and its degree of influence is slightly
greater than that of the positive voltage magnitude. The
first-order influence index of the positive voltage duration is
0.3844, demonstrating that the positive voltage duration has
a significant positive impact on the compressor load, and it is
the most influential among the three parameters.

The total effect index of the positive voltage magnitude is
0.0108, which means that after considering the interactions of
all parameters, the impact of the positive voltage magnitude

on the compressor load is relatively minor. The total effect
index of the negative voltage magnitude is 0.0152, indicating
that the overall impact of the negative voltage magnitude is
slightly greater than that of the positive voltage magnitude,
but it is still not the most significant influencing factor. The
total effect index of the positive voltage duration is 0.5233,
demonstrating that after taking into account the interactions
of all parameters, the positive voltage duration continues to
have the greatest impact on the compressor load.

In summary, the positive voltage duration has the most
pronounced impact on the compressor load, regardless of
whether it is viewed from the perspective of the first-order or
total effect index. The influence of the positive and negative
voltage magnitudes is relatively minor, but the absolute value
of the first-order influence index for the negative voltage
magnitude is greater than that for the positive voltage mag-
nitude, indicating that its impact on the load may be more
pronounced. These results suggest that controlling the load
by selecting the positive voltage duration can achieve better
outcomes.

V. DESIGN OF CAPACITY CONTROL PROCEDURE BASED
ON FDTSVD METHOD
In an in-depth analysis of the interaction between the dynamic
behavior of actuators and the suction valve of compressors,
it has been recognized that the duration and timing of the
excitation signal have a significant effect on the dynamic
response of the actuator and the capacity control effect.
Therefore, developing effective control strategies to precisely
manage these two key variables is particularly critical. This
study innovatively proposes a load regulation method named
FDTSVD load regulationmethod, which integrates three core
concepts: Fixed Duration (FD), Variable Duration (VD), and
Timing Shift (TS).

The concepts of FD and VD have been widely adopted
in the fields of psychology and behavioral science [28],
[29], [30] to explore the specific impact of stimulus duration
on behavioral responses. This study draws on the research
achievements of these fields and deeply explores the impact
of the duration of the excitation signal on the dynamic behav-
ior of the actuator through these twomethods. In addition, this
study innovatively introduces the concept of timing shift [31]
and combines it with fixed duration to adjust the timing of
the action of the excitation signal, thereby further optimizing
the dynamic response of the actuator and the capacity control
effect of the compressor.

As shown in Fig. 13(a), as the positive time sequentially
changes from T11 to T12 and T13 at equal intervals, the
actuator’s ejection phase angle continuously decreases, and
the retract phase angle increases. The pressure variation in
the compressor’s volumetric chamber also changes with the
backflow phase angle. This regulation is called VD. It should
be noted that when the actuator’s ejection phase varies within
the range of 0 to 180 degrees, it has no significant impact
on the capacity control function. On the contrary, premature
ejection increases the energy consumption of the actuator.
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FIGURE 13. FDTSVD method schematic diagram.

FIGURE 14. Capacity control strategy flowchart.

Therefore, by changing the timing of excitation for the control
signal, while ensuring that the duration of the actuator’s
ejection remains unchanged, linearly altering the ejection and
retraction positions of the actuator becomes a key measure
to improve the linearity of capacity control and reduce the
energy consumption of the actuator, this regulation is called
Fixed Duration Timing Shift (FDTS), as shown in Fig. 13(b).

While maintaining the duration of the positive electrical
excitation (Tφ1) unchanged, the timing of the excitation volt-
age is changed in equal intervals, applied successively after
the key phase signals θ1, θ2, and θ3. It can be observed that the
ejection and retraction positions of the actuating mechanism
linearly shift backward in sequence. Moreover, the ejection
holding phase of the actuator before 180◦ is significantly
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FIGURE 15. Reciprocating compressor electromagnetic capacity control
experimental rig.

FIGURE 16. Polynomial fitting curve.

reduced compared to the adjustment method of changing the
voltage time. This indicates that a wider range of capacity
control can be achieved with lower energy consumption of
the actuator.

This article comprehensively employs the concepts of
FDTSVD. It utilizes time-shift scheduling to alter the tim-
ing of actuator excitation signals, and variable time scaling
to modify the duration of these signals. Consequently, the
compressor capacity control procedure is designed. The flow
chart of the control algorithm is shown in Fig. 14, and the
pseudo code is as follows:

1) Based on the load ratio calculation model established
in Section III, the variation in compressor load (η) with
respect to the backflow termination phase angle (θbf )
is determined. Utilizing this data, a reverse polynomial
fitting is performed to derive the function θbf = f1(η),
which represents the relationship between the backflow
termination phase angle and load variations.

2) The variation of the coupling action time (Tco) of
the actuator and the suction valve with the control
parameter positive energization time (Tφ1) is obtained
by simulation. Based on this data, a transformation
function Tφ1 = f2(Tco) was derived using polynomial
fitting.

3) Specify the initial coupling phase angle, θej, between
the actuator and the suction valve. Using the target load,
calculate the ideal backflow termination phase angle,
θbf , based on the fitting function from Step (1).

4) By using the ideal backflow termination phase angle,
θbf , and the specified initial coupling phase angle, θej,
calculate the coupling action time, Tco = (θbf −

θej)/360 × 60000/nrpm, between the actuator and the
suction valve.

FIGURE 17. Calculation results of control parameters under different
compressor loads.

5) Based on the coupling action time Tco from Step (4)
and the fitting function Tφ1 = f2(Tco) from Step (2),
determine the positive energization time Tφ1.

6) Input the solved actuator control parameters Tφ1 into
the established working model, setting θoffset = 0

◦

.
This process yields the actual backflow termination
phase angle of the compressor θbf 0 under a keyless
phase offset scenario.

7) Based on the ideal backflow termination phase angle
θbf calculated for the target load, and the actual back-
flow termination phase angle θbf 0 obtained without key
phase offset, solve to determine the required key phase
offset θoffset = θbf − θbf 0.

Based on the aforementioned steps, it is possible to obtain a
combination of control parameters for the actuator that min-
imizes energy consumption under any load condition. This
approach not only enhances the precision of capacity control
but also reduces the energy consumption of the actuator itself.

VI. EXPERIMENTAL VALIDATION
As illustrated in Fig. 15, an experimental rig was set up
to validate the accuracy of the developed model and the
effectiveness of the proposed capacity control method. The
compressor used in the laboratory test rig is a DW-12/2
model. The setup of relevant system parameters is consis-
tent with Table 2, and the settings for the electromagnetic
actuator align with those in Table 1. The data acquisition
system is capable of real-time collection of sensor signals
for displacement, phase, current, and pressure. It achieves
synchronous continuous acquisition across 32 channels at a
sampling frequency of 25.6 kHz and converts sensor mea-
surements for transmission to a PLC. The PLC, a Siemens
S7-300 model, is responsible for real-time calculation of
valve opening signals and actuator energization times (both
forward and reverse), based on collected crankshaft key phase
signals and given load values. These control parameters are
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FIGURE 18. Dynamic pressure and actuator displacement response under different loads.

TABLE 4. Calculation of intermediate parameters under different load conditions.

TABLE 5. The change of thermodynamic performance parameters under different loads.

then transmitted to a field drive board, which converts them
into excitation voltages for the actuator.

As indicated in the simulation results of Section IV, when
the actuator operates at the minimum response power voltage
of 90 V/-55 V, the capacity control range is 0%-76.51%, with
a capacity control precision of 9.56% per millisecond. This
paper focuses on the 90 V/-55 V voltage excitation as an
example. Through the model simulation, the variation law of
the coupling time between the electromagnetic actuator and
the suction valve with the forward voltage excitation time is
determined. This relationship Tφ − Tco was derived through
a second-order polynomial fitting [32], [33], as shown in
Fig. 16(a). Furthermore, using the compressor capacity con-
trol working model established in Section III, the variation in
compressor load under different backflow termination phase

angles was obtained. This was fitted with a reverse fifth-order
polynomial to establish the θbf − η function relationship,
as illustrated in Fig. 16(b):
It can be seen from the analysis of Fig. 13 that when

the actuator is ejected too earlier than 180◦, the ejecting
holding time of the actuator is too long, which will increase
the energy consumption of the actuator itself. Conversely,
activation too close to 180◦ can lead to delayed response
errors during the valve closure process, increasing the risk
of collisions between the actuator and the valve. There-
fore, this paper stipulates that the actuator’s ejection phase
angle, θej, should be fixed around 150◦. Building on these
steps, the algorithm proposed in Section V was used to
determine control parameters for various loads, as shown
in Fig. 17.
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FIGURE 19. The relative error in discharge volume.

FIGURE 20. The relative error in backflow termination phase angle.

Further, to verify the effect of the control, load values of
25%, 50%, 75%, and 100% were selected for testing. The
backflow termination phase angle θbf , coupling action time
Tco, positive voltage energization time Tφ1, and key phase
offset angle θoffset were calculated for these four different load
conditions, as shown in Table 3.

Based on the control parameters derived from Table 4,
experiments were conducted to obtain the dynamic pres-
sure in the compressor’s volume chamber and the actua-
tor’s displacement response under different load conditions,
as depicted in Fig. 18.
Based on the experimental results obtained in Fig. 18, the

effect of electromagnetic capacity control is further analyzed
in detail through thermodynamic performance parameters
such as discharge pressure, indicator work, compression
energy efficiency, and energy saving efficiency. The indicator
workW is based on the Matlab software and obtained by the
polyarea function algorithm, that is:

W = Polyarea(V ,P) (35)

The compression energy efficiency Eη is defined as the
ratio of the compressor’s single-cycle discharge volume to the
indicator work consumption, which characterizes the target
pressure gas volume that the compressor can discharge per
unit energy consumption.

Eη =
Vd
W

(36)

The energy saving efficiency ES is defined as the ratio of
the indicated work saved under different discharge loads of
the compressor relative to full load operation:

ES =
W100% −Wη

W100%
× 100% (37)

Through data post-processing, other thermodynamic
parameters of the compressor under different discharge loads
are shown in Table 4. It can be seen from Table 4 that the
ECCS has a significant energy-saving effect and reliable
working performance. When the exhaust load is 25%, the
single cycle indication function consumption decreases from
593.6 J of 100 % load to 175.2 J, and the energy saving
efficiency is as high as nearly 70.5%. The discharge pressure
error under different loads is stable in the range of ±10
Kpa. It is worth noting that when the load becomes lower,
the compression energy efficiency is also reduced. When
the load decreases from 100% to 25%, the gas volume
under the target pressure that can be discharged under unit
energy consumption decreases from 7.81 cm3 to 6.58 cm3.
Therefore, how to optimize the design of system parameters
to improve the compression energy efficiency under different
loads has become the focus of future research.

From Figs. 19 and 20, it can be observed that the pro-
posed load control method performs well under different load
conditions. The accuracy of control is determined by the
relative error between the actual value and the target [34].
The relative error between the experimental exhaust volume
and the target value under all loads does not exceed 7.5%,
and the errors in the backflow termination phase angle do
not exceed 3%, which are primarily influenced by system
deviations such as mechanical and control variances. This
validates the reliability of the established working model and
the effectiveness of the control procedure.

Although the designed ECCS can significantly enhance the
operational efficiency of reciprocating compressors, special
attention must be given to the following potential challenges
when implementing ECCS on existing compressors, along
with corresponding resolution strategies:

1) Intake valve modification issue: To accommodate the
installation of the ECCS actuator, the original intake
valve requires modification. The following measures
are recommended:

• Conduct a thorough analysis of the valve structure
and performance to determine the necessity and
feasibility of the modification.

• Design and manufacture specialized adapters or
conversion parts to ensure that the ECCS actuator
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TABLE 6. The main components of the ECCS and their corresponding carbon emission coefficients.

TABLE 7. The main components of the HCCS and their corresponding carbon emission coefficients.

TABLE 8. Comparison of total carbon emissions and costs between two systems.

is compatible with the existing intake valve instal-
lation.

• During the modification process, ensure that the
sealing performance and durability of the valve
are not affected, while optimizing the valve’s flow
characteristics to enhance overall performance.

2) Dynamic characteristics of the electromagnetic actu-
ator: The electromagnetic actuator in the ECCS is
sensitive to air gap variations, hence the following sug-
gestions are made:

• Optimize the structure of the electromagnetic actu-
ator during the design phase to reduce sensitivity to
changes in the air gap.

• Use high-precision measuring tools and methods
during the installation process to strictly control
installation errors and ensure the air gap is within
the designed range.

• Train operators to fully understand the working
principles and maintenance requirements of the
electromagnetic actuator, reducing errors caused
by human factors.

With these meticulous considerations and thoughtful mea-
sures, it is possible to effectively address the challenges that
may be encountered when applying ECCS to existing recip-
rocating compressors, ensuring the smooth implementation
and efficient operation of the system.

VII. ENVIRONMENTAL AND ECONOMIC ANALYSIS
This article employs the life cycle analysis method [35],
[36] and compares it with the HCCS described in the litera-
ture [13], in order to analyze the environmental and economic
impacts of transitioning from HCCS to ECCS. The study
selects the production of a set of CCS and ensures stable
operation for one year (i.e., 8000 hours) as the functional
unit to analyze the impact of CCS on the environment and
economy. In the environmental evaluation, carbon emissions
are chosen as a key indicator to quantify the potential envi-
ronmental impact of the system.

Table 6 and Table 7 provide a detailed list of the main
components and their required quantities within the func-
tional unit of the two systems. Over a one-year (8000-hour)
operating period, there are significant differences in the
degree of consumption of different components, leading to
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TABLE 9. Energy saving and carbon emission calculations under different operating loads.

corresponding changes in the boundaries of analysis. For
instance, moving parts in the CCS, such as electromagnetic
actuators and hydraulic actuators, have an analysis boundary
that covers the entire lifecycle from production (cradle) to
disposal (grave) due to the need for regular replacement.
In contrast, other components that are less prone to damage
can operate for a long time, so their analysis boundary is
limited to the production to use phase (from cradle to gate).
To obtain the carbon emission factors corresponding to each
component, the study refers to the ‘‘China Product Life Cycle
Greenhouse Gas Emission Coefficient Library,’’ a resource
that provides key data for assessing the environmental impact
of each component throughout its entire lifecycle.

Taking the operating data of the hydrogen compressor in
the exhaust gas workshop of a certain photovoltaic electronics
company as an example, this article conducts an in-depth
analysis of the carbon emissions and economic performance
during the operation of the CCS. The compressor is driven
by an electric motor with a rated power of 1250 kW. Under
specific conditions of an intake pressure of 0.591 MPa and
an exhaust pressure of 1.385 MPa, the shaft power of the
unit at rated full load operation is 854 kW. The indicated
power of the gas, which is the actual power consumed by the
gas, is approximately 70% of the shaft power, resulting in an
indicated power of about 597 kW.

Currently, the average operating load of the unit is 37%,
and the excess gas volume is regulated through a recircula-
tion valve. However, on average, 63% of the excess gas is
compressed repeatedly, leading to significant energy waste.
After the installation of the CCS, the recirculation valve can
be completely closed, thus saving the energy required to
compress 63% of the excess gas.

Further, with the addition of CCS, the energy-saving
effects under different loads are remarkable, and the spe-
cific energy-saving data are presented in Table 9. This
improvement not only enhances the system’s energy effi-
ciency but also helps to reduce carbon emissions, achiev-
ing optimization on both economic and environmental
fronts.

The formula for calculating annual electricity cost savings
is as follows:

Annual electricity cost savings= Saved indicated power×
Operating hours × Unit price (industrial electricity at
0.5 yuan/kWh)

The formula for calculating the reduction in carbon emis-
sions during operation is as follows:

Reduce carbon emissions = Saved indicated power ×

Operating hours × Average grid emission factor
(0.581 kgCO2/kWh)
Through the comparative analysis of Tables 6-8, it is

evident that the ECCS has made significant progress in sim-
plifying the system components compared to the HCCS. This
simplification is not only reflected in the design but also
in the total carbon emissions of a single set of the system,
which has been significantly reduced from 10263.17 kgCO2
to 7443.44 kgCO2, while the cost has also been reduced
from 220750 yuan to 156950 yuan. Such improvements
have brought significant enhancements in both environmental
impact and economic viability.

The data in Table 9 further reveal the remarkable effects
of a single set of CCS in saving electricity cost and reduc-
ing carbon emissions over an 8000-hour operating period in
one year. Especially under the common operating condition
of 37% load, the energy-saving rate reaches 63%. Under
this load condition, the annual electricity cost savings can
reach 1.5 million yuan, while reducing carbon emissions by
1747648 kgCO2. This indicates that the system can achieve
positive returns in both economic and environmental benefits
within just one year, making a positive contribution to pro-
moting sustainable development.

VIII. CONCLUSION
In this paper, the capacity control working principle model of
the coupling control mode of the reciprocating compressor
actuator and the suction valve under synchronous frequency
with asynchronous actuation is established. The model high-
lights the complexity of electromagnetic capacity control and
provides information for more effective system design. Based
on the model, the response characteristics of the electro-
magnetic actuator and the load regulation characteristics of
the compressor under different driving modes and control
parameters are studied.

Our research indicates that single-voltage drive modes
are ineffective due to self-inductance and armature attrac-
tion. In contrast, dual-voltage drive modes enhance actuator
responsiveness, improving capacity control. We found that
actuators achieve optimal load control at maximum power,
enabling a control range of 0% to 100%with a 36-millisecond
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adjustment interval. However, precision challenges arise at
loads between 100% and 20%.

To overcome these limitations, we selected the optimal
control parameters through sensitivity analysis and designed
a load control program based on simulation data and the
FDTSVD method. The results demonstrate that the actua-
tor achieves step-less capacity control from 0% to 100% at
the minimum response power voltage. The accuracy of the
adjustment effect was verified under 25%, 50%, 75%, and
100% load conditions. Under each load condition, the relative
error between the experimental exhaust volume and the target
value under all loads does not exceed 7.5%, and the error
in the backflow phase angle was no more than 3%, at the
same time, the ECCS has remarkable energy saving effect,
stable and reliable operation. When the exhaust load is 25%,
the single cycle indication function consumption decreases
from 593.6 J of 100% load to 175.2 J, and the energy saving
efficiency is as high as nearly 70.5%. The discharge pressure
error is stable in the range of ±10 Kpa under different loads,
confirming the effectiveness of the method and the accuracy
of the model.

At the same time, environmental and economic analyses
indicate that the application of the ECCS system has reduced
carbon emissions by 2819.73 kgCO2 compared to the tra-
ditional HCCS, reduced costs by 63.8 thousand yuan, and
can achieve a positive return on environmental and economic
benefits within one year, demonstrating good practical value.
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