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Abstract: The influence of key design parameters on the constant force characteristics of long-stroke
moving-iron proportional solenoid actuators (MPSAs) has been explored by a method combining
finite element modelling and correlation analysis. First, the finite element model (FEM) of long-stroke
MPSA was developed and validated. Subsequently, the two evaluation indexes, the average-output
solenoid force and maximum-output solenoid force variability, were introduced to disclose the influ-
ence law of pole shoe parameters on the constant force characteristics of a long-stroke MPSA. After
that, correlation analysis was employed to quantify the influence of several parameters and parameter
interaction factors on the constant force characteristics. The results indicate a strong contradiction
between the average-output solenoid force and maximum-output solenoid force variability; however,
increasing the inner diameter of the cone helps enhance the average-output solenoid force without
causing maximum-output solenoid force variability to increase. Among all the parameters examined,
the cone angle is the most significant parameter affecting the constant force characteristics. Addi-
tionally, interactions between the cone angle and the cone length, the cone angle and the inner cone
diameter, the cone angle and the outer cone diameter, the cone length and the outer cone diameter,
as well as the inner cone diameter and the outer cone diameter also have an important influence on
the constant force characteristics. This study deepens our understanding of how the key parameters
affect the constant force characteristics and assists designers in optimizing these parameters for
developing new structures.

Keywords: proportional solenoid actuator; constant force characteristics; average electromagnetic
force; electromagnetic force fluctuation; correlation

1. Introduction

The moving-iron proportional solenoid actuator (MPSA) is widely used as an auto-
matic control element in many fields due to its simple structure, large driving force, and
low cost [1-3]. The applications include robotic control [4], common rail systems with
direct injection in diesel engines [5], hydraulic braking actuators in automobile ABSs [6],
automatic transmission pressure control devices [7], and hydraulic systems [8-10]. The
relationship between the coil current of the MPSA and the output driving force is directly
proportional. Thus, both the external driving force and the displacement of the controlled
object can be regulated by adjusting the coil current signal. A good consistent force charac-
teristic of the MPSA is crucial for accurately controlling the displacement of a controlled
object. This implies that the output solenoid force of the MPSA is solely a linear function of
the coil current and is independent from the stroke, representing a horizontal stroke force
characteristic [11,12].
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Presently, research indicates that the constant force characteristic of the MPSA is mainly
determined by the shape of the pole shoe. Many scholars have examined the structural char-
acteristics and mechanisms of influence associated with pole shoes. XU et al. [13] developed a
precise model for the proportional solenoid valve, taking into account the magnetic saturation
of soft magnetic materials as well as the flow force exerted by the valve spool. This model
serves as a valuable tool for optimizing system design. WANG et al. [14] established models
of a proportional solenoid actuator for magnetostatic finite element analysis in both two and
three dimensions. They validated these models by comparing the static push force between
the two-dimensional finite element model (FEM), three-dimensional FEM, and the experi-
mental results. Additionally, they devised a genetic algorithm-based static multi-objective
optimization strategy to improve the static push force of the actuator by optimizing its struc-
tural parameters. As a result of this optimization strategy, there was a 21.8% increase in the
average static push force during operation stroke. YUN et al. [5] investigated the impact of
the gap between the plunger and control cone, as well as the dimensions of control cone, on
the constant force characteristic of the MPSA for diesel engine common rail systems. They
also utilized the finite element method to optimize the shape of the control cone. ZHNG [15]
conducted analysis on the impact of the current intensity, the armature length, the rear angle of
the iron core, and the secondary air gap on the constant force characteristic. YUAN et al. [16]
conducted a study on the pole shoe structure of a flat-type proportional solenoid actuator and
conducted detailed analysis of the impact of six different magnetic materials and geometric
parameters on the constant force characteristics. YUN et al. [17,18] examined the attraction
force characteristics of an electromagnetic proportional solenoid actuator in a pressure control
valve by varying the dither like the PWM signal and optimized the structural parameters
of the control cone. YU et al. [19] developed and validated a proposed three-dimensional
FEM of a proportional solenoid. They demonstrated that certain key shape parameters have
significant effects on electromagnetic force through parameter sensitivity analysis and made
adjustments to optimize the model.

On the other hand, numerous scholars have conducted extensive research on the design
and optimization of pole shoe structures. MENG et al. [20] proposed a novel modulation
method to enhance the constant force characteristic of proportional solenoid actuators by
introducing a by-pass air gap. Furthermore, they optimized the structural parameters of the
proportional solenoid actuator with a by-pass air gap using a multi-objective optimization
algorithm based on particle swarm. DING et al. [21] developed a new oil-immersed propor-
tional actuator that is pressure-resistant, featuring a magnetic grid magnetic-isolated ring
instead of the traditional magnetic-isolated ring structures. This design simplifies the manu-
facturing process by reducing the need for welding compared to that of magnetic-isolated ring
structures made of nonmagnetic material. WANG et al. [22,23] conducted the optimization of
the structural parameters of a pole shoe and the moving core of an MPSA by employing a
combination of two-dimensional FEM and a multi-objective genetic algorithm. LIU et al. [24]
optimized the pole shoe shape and working air gap size in an MPSA through a multi-objective
optimization method based on traditional surrogate models and machine learning techniques.
This resulted in an improvement of the constant force characteristic of the MPSA.

Although there are many precedents on the effect of the magnetic material types, the
driving current, and the pole shoe structure parameters on the constant force characteristics
of the MPSA, the above studies provide a good basis for improving the constant force
characteristics of the MPSA. They mainly center on research on MPSAs with small strokes
(an effective working stroke is less than 2 mm), with only a few reports on research on
long-stroke MPSAs. The long-stroke MPSA can be used as direct actuators for high-power
diesel engine speed control systems [25], vehicle robot driving [3], and so on, as well as for
potential applications in electrohydrodynamic pump systems [26].

In addition, the existing precedents mostly provide qualitative analysis and subjective
judgments regarding the influence of various key factors on the constant force character-
istics of MPSAs. However, the quantitative indexes for evaluating such influences are
still lacking. Furthermore, previous research has primarily analyzed the constant force
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characteristics from the perspective of the overall solenoid force, ignoring the influence
of the combination of the axial solenoid force F; acting on the armature end face and the
additional axial solenoid force F; acting on the armature taper.

Moreover, previous research mainly focuses on the respective effect of some single
factors on the constant force characteristics and does not pay more attention to the effect
of parameter interaction factors. Therefore, the quantitative analysis of the influence
of key design parameters on the constant force characteristics for long-stroke MPSAs is
insufficient for research, and an investigation of the interaction factors of these parameters
on the constant force characteristics needs to be conducted.

This study focuses on a long-stroke MPSA with a working stroke of 20 mm and an
effective working stroke of 10 mm as the research object. This study begins by describing
the structure and working principle of the system, as well as identifying the key parameters
for analysis. Subsequently, an electromagnetic FEM for the long-stroke MPSA is established
and validated. Two evaluation indicators, namely the average-output solenoid force Fy
and maximum-output solenoid force variability dmayx, are then introduced to assess the
constant force characteristics of the long-stroke MPSA. Based on these indicators, combined
with electromagnetic component force analysis, this study examines the influence laws
of five key parameters on the constant force characteristics. Finally, using correlation
analysis methods, this study quantifies both the degree of influence of these five parameters
and their interactive effects on the constant force characteristics. It provides powerful
theoretical guidance for further optimizing the design of long-stroke MPSAs. The primary
contributions of this study are as follows:

(1) An introduction of two evaluation indexes, namely the average-output solenoid
force and maximum-output solenoid force variability, to quantitatively evaluate the
constant force characteristics of long-stroke MPSA.

(2) The revelation of the influence rules of the key design parameters on the constant
force characteristics of long-stroke MPSAs from the perspective of the electromag-
netic components.

(8) The quantification of the influence degree of parameters and their parameter inter-
action factors on the constant force characteristics of long-stroke MPSAs through
correlation analysis.

2. Structure and Principle

Figure 1 is a structural sketch of a long-stroke MPSA, which mainly includes an actua-
tor shell, a proportional solenoid shell, an armature, a coil skeleton, a coil, a reset spring, a
reset spring collar, a transmission shaft, and an actuator cover. When the coil is electrified,
the proportional solenoid shell, the armature, and the coil skeleton are magnetized.

reset spring collar proportional solenoid shell

actuator shell

P

actuator cover

AESSSSSSH—

coil skeletén coil armature transmission shaft
reset spring

Figure 1. Structural sketch of long-stroke MPSA.
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As shown in Figure 2, the main magnetic flux @ is classified into two paths of magnetic
fluxes @1 and @,. The magnetic flux @, is divided into two paths of magnetic fluxes ®1;
and @1;. The magnetic flux @17 enters the coil skeleton through the working air gap
between the armature end face and the cone of the coil skeleton, while the magnetic flux
@1, enters the coil skeleton through the working air gap between the armature end face
and the bottom of the coil skeleton. The magnetic flux @, enters the coil skeleton through
the working air gap between the armature taper and the coil skeleton taper.

Figure 2. Magnetic circuit sketch of long-stroke MPSA.

With the approach of the armature to the coil skeleton, there is a gradual decrease in
the reluctance of the working air gap between the armature tapers and the coil skeleton
tapers in the magnetic flux ®; loop. The degree of reduction is greater than that between
the armature end face and the coil skeleton in the magnetic flux ®; loop. This makes
the magnetic flux @; gradually decrease, while the magnetic flux @, gradually increases,
resulting in a decrease in the axial solenoid force F; acting on the armature end face and an
increase in the additional axial solenoid force F, acting on the armature taper.

However, as the armature moves closer to the coil skeleton, there is a significant
decrease in reluctance of the working air gap between the armature end face and the
bottom of the coil skeleton, causing an increase in magnetic flux @;. Thus, the axial
solenoid force F; starts to increase.

As a result, the output solenoid force F obtained using a superposition of the two
remains unchanged within a certain working stroke, i.e., it forms a horizontal stroke force
characteristic, which is a constant force characteristic (as shown in Figure 3).
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Figure 3. Stroke force characteristics of long-stroke MPSA.

3. Methodology

According to magnetic circuit analysis, the performance of an MPSA is mainly affected
by the shape of the pole shoe and the size of the working air gap. Therefore, the key design
parameters mainly include the pole shoe parameters and the air gap control parameters
(armature initial position). The positions of specific parameters and their value ranges
are shown in Figure 4 and Table 1. When studying the influence of one parameter, other
parameters should be taken as reference values. However, when studying the influence
of the cone inner diameter, the armature end width should be kept constant (the differ-
ence between the cone outer diameter and the cone inner diameter), as well as the other
parameters at the reference values.
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Figure 4. Schematic diagram of key parameters.
Table 1. The key design parameters and their value ranges.
Parameters Ranges Reference Value
Cone angle « (deg) 3-15 9
Cone length L; (mm) 20-32 24
Cone inner diameter r; (mm) 10-16 11
Cone outer diameter r, (mm) 12.25-18.25 15.25
The initial position of the armature xy (mm) —4-8 2

To reveal the influence law of key parameters on the electromagnetic force of the
long-stroke MPSA, the average-output solenoid force Fy (defined by Equation (1)) and
maximum-output solenoid force variability dmax (defined by Equation (2)) are employed to
quantify this influence. These two indexes are used to quantitatively describe the overall
standard of the electromagnetic force and the position of the maximum electromagnetic
force, respectively. The output solenoid force Fg is equal to the resultant force of the axial
solenoid force F; acting on the armature end face and the axial solenoid force F; acting
on the armature taper, as shown in Equation (3). The axial solenoid forces F; and F; are
calculated according to Equation (4). Through analysis of the electromagnetic component
forces, a more comprehensive understanding of the influence mechanisms associated with
the key parameters can be achieved.

FV:¥(5§S§15,SGN) )
Fs — Fy
Jmax= max{ds}=maxq |[———| ¢ x 100% (5 < S <15, S€N) 2)
Fs=Fk+h 3)
2l
F = / / opdldg (i =1,2) )
o Jo

where S represents the working stroke size; Fs represents the output solenoid force when
the working stroke is S; 1 represents the calculated number of working strokes; és represents
output solenoid force variability when the working stroke is S, N represents a set of non-
negative integers; pr represents the edge force density, which can be derived from finite
element analysis; and ! represents the length of the end or cone of the armature.
Moreover, to further analyze the influence degree of each characteristic parameter and
the interaction between characteristic parameters on the constant force characteristics of the
long-stroke MPSA quantitatively, correlation analysis was conducted, and the correlation
coefficient was used as the measurement index. The correlation coefficient is defined
as follows:
_ cov(X,Y)
- oxoy

R

where R is the correlation coefficient; cov(X, Y) is the covariance of variable X and variable

Y; and ox and oy are the standard deviation of variable X and variable Y, respectively.
The value range of the correlation coefficient is from —1 to +1, and the correlation

strength is shown in Table 2. The larger the absolute value of the correlation coefficient is
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and the higher the correlation strength is, the more significant the influence of one variable
on another variable is, as the positive and negative signs of the correlation coefficient
indicate the direction of influence [27]. Two hundred sample points and their response
values were obtained by a uniform Latin Hypercube method based on the minimum
correlation criterion [28] and the FEM of the long-stroke MPSA, and then correlation
analysis was conducted in MODDE in this study.

Table 2. Information on correlation strength.

Correlation Strength Absolute Value of Correlation Coefficient
Low 0~0.3
Medium 0.3~0.6
High 0.6~1

4. Finite Element Model and Its Verification

For this study, a two-dimensional FEM of a long-stroke MPSA was developed in
ANSYS Maxwell. Due to the relatively closed magnetic circuit of the long-stroke MPSA, the
magnetic lines of force are primarily concentrated in the magnetic circuit composed of soft
magnetic materials, such as a proportional solenoid shell, an armature, a coil skeleton, and
a transmission shaft; consequently, the magnetic flux leakage is minimal. Therefore, these
components were predominantly considered in modeling. The boundary conditions are
defined as balloon boundary conditions. The mesh element type utilized is triangular. The
mesh was refined using an adaptive meshing method, with a 30% densification applied at
each iteration until both the energy error and iteration error of the solution were reduced
to less than 0.1%. The developed FEM is illustrated in Figure 5.

29

43

67

107

73
71

9

Figure 5. A simplified model of the actuator being studied: (a) a proportional solenoid shell; (b) a
coil skeleton; (c) a coil; (d) a transmission shaft; (e) an armature; (f) an assembly model; (g) and a
mesh demonstration.

Additionally, we have established an electromagnetic force test bench for the MPSA,
as depicted in Figure 6. As shown in Figure 7, with the increase in drive current, the
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output solenoid force correspondingly rises. The maximum relative absolute error of
the solenoid force under all the working conditions is 4.3%, while the average relative
absolute error is 2.3%. This discrepancy arises because the simulation model does not
account for the hysteresis phenomenon present in soft magnetic materials; instead, a
monotonic magnetization curve was employed to replace the actual magnetization curve.
This substitution results in an inherent deviation between both the curves, and subsequently
leads to calculational inaccuracies. Furthermore, during experimentation, a certain degree
of static friction exists between the transmission shaft and bearing, which also contributes
additional errors to the measurement of electromagnetic force. Overall, the simulation
results presented in Figure 7 demonstrate good agreement with the experimental results.
Further details regarding the model and its validation can be found in [29].

)
force display instrument voltage-stabilized source

free-hand
of bench

force sensor dial indicator

fixed-end of bench

bench base ‘ |

actuator

Figure 6. The electromagnetic force test bench for the MPSA: (a) a device photograph; (b) a
schematic diagram.
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Figure 7. The result comparison of the simulation and the experiment: (a—c) with working strokes of

5 mm, 10 mm, and 15 mm, respectively.

5. Results and Discussion
5.1. Influence of Key Parameters

The changing situations of the average-output solenoid force Fy, output solenoid
force variability /5 and maximum-output solenoid force variability dmax under the effect
of these five key parameters were obtained by FEM. We observe that the average-output
solenoid force Fy, output solenoid force variability 65 and maximum-output solenoid force
variability dmax show different trends with different key parameter changes.

5.1.1. Cone Angle

It can be observed from Figure 8a,b that with the increase in the cone angle «, the
average-output solenoid force Fy exhibits an approximately linear increase. Meanwhile,
maximum-output solenoid force variability dmax first decreases, and then increases, and
maximum-output solenoid force variability appears at both ends of the effective working
stroke. This phenomenon can be attributed to the occurrence of local magnetic saturation
within the cone of the proportional electromagnetic actuator when the cone angle is small.
However, as the cone angle increases, there is a corresponding increase in the cross-sectional
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area of magnetic flux within the cone (as shown in Figure 8c), leading to alleviation of local
magnetic saturation and consequently an increase in the output solenoid force due to the
higher effective working magnetic flux.
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Figure 8. The influence of the cone angle on the constant force characteristics: (a) the average-output
solenoid force and maximum-output solenoid force variability; (b) output solenoid force variability;
(c) the magnetic field cloud map; (d) and the electromagnetic component forces.

Additionally, the change in the cone angle directly increases the suction area of the
cone side and axial force acting on the cone side. This results in a greater influence of the
cone angle on the additional axial solenoid force F, compared to the axial solenoid force F;
(as shown in Figure 8d).

Meanwhile, the additional axial solenoid force F; increases approximately linearly
with the stroke, and the growth rate continuously increases with the cone angle. For small
cone angles, the axial solenoid force F; initially decreases, and then increases with the
stroke, with a greater decrease in the axial solenoid force F; compared to the increase in
the additional axial solenoid force F; at this point. As the cone angle reaches a certain
value, the axial solenoid force F; decreases approximately linearly with increasing stroke.
However, beyond a certain cone angle, the axial solenoid force F; will fluctuate as the
stroke increases.

Therefore, an appropriate cone angle can be obtained to optimize the horizontal
characteristics of the stroke force curve, thereby minimizing fluctuations in the output
solenoid force.
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5.1.2. Cone Length
From Figure 9a,b, it can be observed that as the cone length L; increases, the average-
output solenoid force Fy approximately decreases linearly, while maximum-output solenoid
force variability dmax begins to decrease rapidly, and then gradually decreases. Additionally,
it is noted that maximum-output solenoid force variability occurs at both ends of the
effective working stroke. This phenomenon can be attributed to the fact that a longer
cone results in a larger working air gap on the side of the cone, leading to increased
magnetic resistance in the working magnetic circuit. Consequently, this reduces the effective
working magnetic flux and lowers the magnetic induction intensity of the cone (as shown
in Figure 9c¢), resulting in a lower output solenoid force.
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Figure 9. The influence of the cone length on the constant force characteristics: (a) the average-output
solenoid force and maximum-output solenoid force variability; (b) output solenoid force variability;
(c) the magnetic field cloud map; (d) and the electromagnetic component forces.

S (mm)

Furthermore, due to the larger excitation area for generating additional axial solenoid
force Fp compared to that for generating axial solenoid force Fj, the impact of changes in
the working air gap caused by variations in the cone length on additional axial solenoid
force F; is greater than that on the axial solenoid force F; (as shown in Figure 9d).

Simultaneously, the additional axial solenoid force F, approximately increases linearly
with the increase in stroke, while the growth rate decreases gradually with the increase in
cone length. When the cone length is small, the axial solenoid force F; first decreases, and
then gradually increases with the increase in the stroke, and the decreasing degree of the
axial solenoid force F; is less than the increasing degree of the additional axial solenoid
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force F;. When the cone length increases to a certain value, the axial solenoid force F;
approximately decreases linearly with the increase in the stroke.

Consequently, with the increase in cone length, the growth rate of the additional axial
solenoid force F, will be close to the decline rate of the axial solenoid force Fj, so that the
stroke force curve will gradually level and the fluctuation rate of the output solenoid force
will gradually decrease.

5.1.3. Cone Inner Diameter

As illustrated in Figure 10a,b, with the increase in cone inner diameter r1, the average-
output solenoid force Fy increases approximately linearly. Meanwhile, maximum-output
solenoid force variability dmax begins to increase rapidly, and then its growth rate de-
creases. Maximum-output solenoid force variability appears at the end of the effective
working stroke. This occurs when the inner diameter of the cone becomes larger; the
lateral cross-sectional area of magnetic flux in the cone of the proportional solenoid actuator
increases, while the magnetic induction intensity of the cone remains unchanged (as shown
in Figure 10c), thus increasing the output solenoid force.
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Figure 10. The influence of cone inner diameter on the constant force characteristics: (a) the average-
output solenoid force and maximum-output solenoid force variability; (b) output solenoid force
variability; (c) the magnetic field cloud map; (d) and the electromagnetic component forces.

Additionally, Figure 10d indicates that the additional axial solenoid force F, approx-
imately increases linearly with the increase in the stroke, and the growth rate gradually
increases with the increase in the inner diameter of the cone. In contrast, with the increase
in stroke, the axial solenoid force F1 approximately decreases linearly at first, and then grad-
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ually decreases, while the decreasing degree of the axial solenoid force F; is not affected by
the change in cone inner diameter. However, at the initial cone inner diameter, the decrease
rate of the axial solenoid force F; is the closest to the increase rate of the additional axial
solenoid force Fp, with the stroke force curve tending to be the most horizontal at this time.
As the inner cone diameter increases, there is also a gradual increase in maximum-output
solenoid force variability.

5.1.4. Cone Outer Diameter

According to Figure 11a,b, with an increase in the outer cone diameter r;, the average-
output solenoid force Fy approximately increases linearly. Meanwhile, maximum-output
solenoid force variability dmax first decreases, and then gradually increases, and maximum-
output solenoid force variability appears at the end of the effective working stroke. The
reason for this performance lies in the fact that when the outer diameter of the cone is small,
there is a serious local magnetic saturation phenomenon in the cone of the armature of the
proportional solenoid actuator. However, as shown in Figure 11c, with an increase in the
outer diameter, there is an alleviation of this local magnetic saturation due to an increase in
the cross-sectional area of magnetic flux within the cone of the armature. As a result, there
is an increment in the effective working magnetic flux, leading to an increase in the output
solenoid force.
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Figure 11. The influence of cone outer diameter on the constant force characteristics: (a) the average-
output solenoid force and maximum-output solenoid force variability; (b) output solenoid force
variability; (c) the magnetic field cloud map; (d) and the electromagnetic component forces.

Moreover, Figure 11d shows that the additional axial solenoid force F, approximately
increases linearly with the increase in the stroke, and the growth rate gradually increases
with the increase in the outer diameter of the cone. However, when the outer diameter
of the cone is small, the axial solenoid force F; remains unchanged with the increase in
the cone’s outer diameter within a specific range. The increase in the axial solenoid force
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Fj at the initial end of the effective working stroke is larger than that at the end of the
effective working stroke, resulting in a gradual decrease in the axial solenoid force F; with
an increasing working stroke and a faster decrease rate with larger cone outer diameters.
While the cone outer diameter increases beyond a specific value, the decrease rate of the
axial solenoid force F gradually decreases.

Thus, with the increase in outer cone diameter, the increase in additional axial solenoid
force F; first approaches the decrease rate of axial solenoid force Fq, and then will be greater
than its decrease rate. Hence, maximum-output solenoid force variability decreases first,
and then gradually increases.

5.1.5. Initial Position of the Armature

As shown in Figure 12a,b, with the increase in the initial position of the armature x,
the average-output solenoid force gradually increases, while maximum-output solenoid
force variability dmax first decreases, and then increases significantly, with maximum-
output solenoid force variability appearing at the end of the effective working stroke. It is
noticeable that a larger initial diameter of the armature results in a smaller working air gap
between the armature and the coil skeleton, leading to less magnetic resistance, a larger
working magnetic flux, and a stronger magnetic field (as shown in Figure 12c). Therefore, a
larger average-output solenoid force is observed when there is a larger initial diameter of
the armature.
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Figure 12. The influence of initial position of the armature on the constant force characteristics: (a) the
average-output solenoid force and maximum-output solenoid force variability; (b) output solenoid
force variability; (c) the magnetic field cloud map; (d) and the electromagnetic component forces.
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Furthermore, it is seen from Figure 12d that additional axial solenoid force F; ap-
proximately increases linearly with the increase in the stroke. The growth rate remains
unchanged when the initial position of the armature has less than a certain value. How-
ever, for small initial position values of the armature, the axial solenoid force F; gradually
decreases as the stroke increases, and the rate of decline gradually intensifies. On the other
hand, for large initial position values of the armature, the axial solenoid force F; initially
decreases with an increase in the stroke; however, when the working stroke is substantial,
there is a significant reduction in the working air gap between the forward direction of the
armature and the bottom of the coil skeleton. Consequently, this leads to an increase in
magnetic flux @15, including the axial solenoid force F;.

Consequently, with an increase in the initial position value of the armature, the increase
in the additional axial solenoid force F; first approaches the decrease rate of the axial
solenoid force Fy, and then the output solenoid force increases. Hence, maximum-output
solenoid force variability first decreases, and then increases.

5.2. Correlation Analysis
5.2.1. Main Factors

Figure 13 shows the variation in the correlation coefficient between the main factor
and the average-output solenoid force, maximum-output solenoid force variability, and two
evaluation indexes. Firstly, it is seen from Figure 10 that there is a relatively strong positive
correlation between the average-output solenoid force and maximum-output solenoid force
variability, and the correlation coefficient between them is 0.55, indicating that increasing
or decreasing the average-output solenoid force will simultaneously lead to increases or
decreases in maximum-output solenoid force variability. Therefore, there is a strong contra-
dictory relationship between the two evaluation indexes. This is because the correlation
directions between the main factors, the average-output solenoid force, and maximum-
output solenoid force variability are the same. The cone length is negatively correlated with
the average-output solenoid force and maximum-output solenoid force variability, while
the other main factors are correlated positively with the average-output solenoid force
and maximum-output solenoid force variability. The change in the main factors will lead
to the phenomenon of the average-output solenoid force and maximum-output solenoid
force variability increasing or decreasing simultaneously. This makes the average-output
solenoid force and maximum-output solenoid force variability develop a strong coupling
relationship. Therefore, these two evaluation indexes need to be synthetically considered
in optimization design.

1 r

08 F == ] 6max FV
04 ! -

woz ) NLHNLEHW
ol 1

-04
-06 L

a L, ry ) xg Fy

Figure 13. The correlation coefficients of the main factors and the evaluation indexes. ** denotes a
statistically significant correlation at the levels of 0.01 based on a two-tailed significance test.

Secondly; it is seen from Figure 13 that the cone angle has the strongest correlation
with the average-output solenoid force and maximum-output solenoid force variability,
with correlation coefficients of 0.76 and 0.58, respectively. This means that a change in the
cone angle affects the average-output solenoid force and maximum-output solenoid force
variability. Therefore, more attention should be paid to the cone angle in optimization
design. The correlation between the other main factors and the average-output solenoid



Actuators 2024, 13, 408

14 of 16

force is relatively strong. The correlation coefficients of the average-output solenoid force
and the outer cone diameter, the cone length, the cone inner diameter, and the armature’s
initial position are 0.59, —0.42, 0.38, and 0.32, respectively. Changes in these factors will also
significantly affect the average-output solenoid force. However, the correlation strength
between the other main factors and maximum-output solenoid force variability is relatively
weak, particularly the correlation strength between the inner diameter of the cone and
maximum-output solenoid force variability, which is the weakest, is 0.06. The correlation
coefficients of the other main factors, between the initial position of the moving core, the
outer cone diameter, the cone length, and maximum-output solenoid force variability are
0.27,0.27, and —0.2, respectively. The changes in these factors have relatively little influence
on maximum-output solenoid force variability. Because the correlation strength between
the cone inner diameter and the average-output solenoid force is strong, but the correlation
strength between the cone inner diameter and maximum-output solenoid force variability
is relatively weak, increasing the inner cone diameter can increase the average-output
solenoid force without significantly increasing maximum-output solenoid force variability,
and will not cause a strong contradiction between the average-output solenoid force and
maximum-output solenoid force variability. Therefore, it is important to pay attention to
this when optimizing the design.

5.2.2. Interaction Factors

Figure 14 shows the change in correlation coefficient between each interaction factor
and the average-output solenoid force, as well as maximum-output solenoid force vari-
ability. It can be seen from Figure 13 that the interaction factors a*L1, a*rq, a*rp, L1*r;, and
r1*rp have strong correlations with the average-output solenoid force, with correlation coef-
ficients of —0.44, 0.53, 0.36, —0.48, and 0.42, respectively. Simultaneously, the correlation
coefficients between a*r,, L1*r,, and maximum-output solenoid force variability are also
stronger, with correlation coefficients of 0.37 and —0.4, respectively. This indicates that for
these interaction factors, when one parameter is at a different level, the influence of the
other parameter on the constant force characteristics significantly changes. The correlation
coefficients between the remaining interaction factors and the average-output solenoid force
and maximum-output solenoid force variability are weak, and the correlation coefficients
are less than 0.3, particularly the correlation coefficients between the interaction factor
2*x, the average-output solenoid force, and maximum-output solenoid force variability,
which are close to 0. It is seen that the interaction between the cone angle and the cone
length, the cone angle and the cone inner diameter, the cone angle and the cone outer
diameter, the cone length and the cone outer diameter, and the cone inner diameter and the
cone outer diameter have an important influence on the constant force characteristics of
long-stroke MPSAs. Hence, revealing the interaction mechanism of these interaction factors
on the constant force characteristics is the premise to determine the specific improvement
direction of each parameter.

I -
08
0.6
04

2 P A il
—0.2-U - 8 U U )

~04 F
-0.6 -

@s Fy

max

ok oy

a¥Ly a*ry oty a¥xg LYy Litr, Likxg T 1N 1Y

Figure 14. The correlation coefficients of the interaction factors. * and ** denote statistically significant
correlations at the levels of 0.05 and 0.01 based on a two-tailed significance test, respectively.
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6. Conclusions

This paper focuses on a long-stroke MPSA. The two evaluation indexes, the average-
output solenoid force and maximum-output solenoid force variability, were introduced to
reveal the influence rules of the key design parameters on the constant force characteristics
of the long-stroke MPSA. The influence of parameters and parameter interaction factors on
the constant force characteristics was quantified. The conclusions drawn from the results
can be summarized as follows:

(1) The average-output solenoid force gradually increases with the increase in the cone
angle, the inner cone diameter, the outer cone diameter, and the initial position
of armature, but decreases with the increase in the cone length. Maximum-output
solenoid force variability first decreases, and then increases gradually with the increase
in the cone angle, the outer cone diameter, and the initial position value of the
armature; moreover, it decreases gradually with the increase in the cone length and
increases with the increase in the inner cone diameter.

(2) Thereis a strong contradiction between the average-output solenoid force and maximum-
output solenoid force variability, with a correlation coefficient of 0.55; however, increasing
the inner diameter of the cone helps enhance the average-output solenoid force without
significantly increasing maximum-output solenoid force variability.

(3) The cone angle is the most significant parameter affecting the constant force charac-
teristics, and its correlation coefficients with the average-output solenoid force and
maximum-output solenoid force variability are 0.76 and 0.58, respectively. Simultane-
ously, the interaction between the cone angle and the cone length, the cone angle and
the inner cone diameter, the cone angle and the outer cone diameter, the cone length
and the outer cone diameter, as well as the inner cone diameter and the outer cone
diameter also have an important influence on the constant force characteristics.
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