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Abstract

This paper presents an optimization method for the structural parameters of a proportional solenoid. The
3D finite element method simulation model for performance analyse of proportional solenoid was
validated by force-displacement characteristic experiment. Parameter sensitivity analysis results showed
that the displacement of the armature, the length of the armature, the radius of the armature, the width
of the first half of the sleeve and the angle of the magnetic-isolated ring have significant effects on the
electromagnetic force. Key structural parameters were optimized according to the simulation results.
Experiments results showed the average electromagnetic force was increased by 20.1 % and the effective
stroke was extended to 2.1 mm.
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1. INTRODUCTION

As the key implementation equipment of the electro-hydraulic proportional directional valve,
the performance of the proportional solenoid has a direct effect on the entire hydraulic system
[1]. When the spool is excessively blocked, the proportional directional valve will be jammed
or stuck [2]. Some manufacturers of hydraulic components have enhanced the excitation current
to obtain a high electromagnetic force to reduce the probability of jamming. However, coil
heating is intensified and reliability is reduced accordingly. The proportional solenoid structure
should be optimized to obtain a higher electromagnetic force under fixed excitation to solve
this problem effectively.

Hitherto, formula method and finite element method (FEM) have been widely used in
solenoid research. Hu et al. [3] developed a simulation system of a solenoid valve by using
Visual Basic 7.0 and MATLAB to optimise the design parameters of the solenoid. However, a
large number of calculations are required to solve the objective function directly. With the
development of computer technology, FEM has gradually improved and has been applied to
electromagnetic design. Li [4] and Zhang and Xu [5] investigated the force-stroke characteristic
of a solenoid by 2D FEM. Angadi et al. [6] constructed a model of a solenoid valve by 2D FEM,
and the model can predict the heating problem well. Tao et al. [7] considered the effects of the
various properties of a soft magnetic material to optimise a solenoid valve by 2D FEM. Though,
they all need to simplify the model to a two-dimensional plane, discard some of the parameters
which may have a great impact on the calculation results accuracy. 3D FEM has been widely
used to meet the design needs and improve simulation accuracy. Zhou et al. [8] calculated the
electromagnetic force by magnetic path division and 3D FEM simulation. The result showed
that simulation values are close to measured results. Sun et al. [9] investigated the
electromagnetic energy conversion in a solenoid valve by using 3D simulation. They found that
coil turns and armature thickness are the two significant parameters. Liu et al. [10] created a
3D model of a high-speed solenoid with a non-axisymmetric structure and analysed the effects
between the key parameters based on response surface methodology. When the correlation of
these parameters is low, the accuracy of the calculation results will be low relatively. Numerous
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studies have shown that different structural parameters have different effects on the
electromagnetic force [11-13]. Furthermore, as the number of parameters increases, the
computational amount increases and it is difficult to determine the key parameters [14]. Few
scholars have proposed specific optimization methods to obtain the influence of parameters on
performance.

In this study, the following optimization targets are considered: (1) the electromagnetic
force is increased under the same excitation current and (2) the constant force-displacement
characteristic is improved. An optimization method is proposed to achieve these targets. The
specific steps of the method are as follows: First, the proportional solenoid structure is analysed,
and the 3D FEM model is established and validated. Second, parameter sensitivity analysis is
conducted to select the key parameters for analysis, simplify the analysis process. Finally, the
parameters are adjusted according to the simulation results. The optimized sample is tested and
compared with the simulation results. The experimental results show that the static performance
of the proportional solenoid optimized by the proposed method is effectively improved.

2. METHODS

In this section, the principle of proportional solenoid, 3D FEM model and experimental set up
are presented. The experimental results were used to verify of 3D FEM model.

2.1 Working principle of proportional solenoid

Fig. 1 shows a schematic diagram of the proportional solenoid called GP45, which was provided
by HOYEA Co., Ltd. [15]. Its total stroke is 2.5 mm, its effective working stroke is 2.1 mm, and
its average electromagnetic force is 100 N at a rated current of 2.5 A. This proportional solenoid
structure is made of magnetic and non-magnetic materials. The magnetic components include
the sleeve, armature, fixed iron core and shell cover. The non-magnetic materials include the
magnetic-isolated sheet, magnetic-isolated ring, plunger, nut and other components. The sleeve
is divided into two parts by the magnetic-isolated ring, namely, the first half of the sleeve and
the second half of the sleeve. The basin-type pole shoe structure with a cone-shaped end is
formed by combining the first half sleeve and the fixed iron core. The excitation control coil is
placed between the sleeve and the shell cover. The left end of the armature is connected to the
plunger, which is used for outputting the electromagnetic force, whereas the other end of the
armature is assembled with a spring and a nut, which is used to reset the armature displacement.
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1. armature; 2. coil; 3. shell cover; 4. nut; 5. oil conduit; 6. second half of the sleeve;
7. magnetic-isolated ring; 8. first half of the sleeve; 9. fixed iron core; 10. plunger

Figure 1: Schematic diagram of GP45.
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When the coil is excited by a current, two magnetic circuits, namely @1 and &, are formed
by the special structure of the magnetic-isolated ring [16] as shown in Fig. 2. The
electromagnetic force Fm1 is generated because the magnetic flux in @1 and the magnetic flux
in &> drive the armature to generate electromagnetic force Fm2. When combined, Fm1 and Fm
yield the resultant force Fn. The variation trends of Fm, Fm1 and Fm2 are shown in Fig. 3. With
the movement of the armature, Fm: gradually decreases with the increase in armature
displacement and Fm> gradually increases with the increase in armature displacement,
compensating for the force reduced by Fmi. Thus, the total electromagnetic resultant force Fny
does not vary with the changes in the armature displacement. Theoretically, the force-
displacement curve is a straight line, which has a great constant characteristic within the
working stroke, which is advantageous for proportional control [17, 18].
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Figure 2: Distribution of magnetic circuits. Figure 3: Laws of electromagnetic force.

2.2 3D FEM model and verification

The simulation 3D FEM Model of proportional solenoid is run on the ANSYS Workbench
platform.

Working principle of proportional solenoid

Structural analysis shows that some components do not have any effect on the magnetic
circuit, such as the nut and plunger. The simulation model should be simplified to reduce the
number of elements and consequently improve the calculation speed. The sleeve, fixed iron
core and shell cover are made of the same magnetic material, which is DT4. In order to improve
the simulation accuracy, the magnetisation curve of this is measured and it is shown in Fig. 4 a.
These three components have fixed relative distances and are combined into an integral
component with a Boolean model. The magnetic-isolated ring, magnetic-isolated sheet, coil
frame and nut are made of non-magnetic alloys, and their relative magnetic permeability is the
same as that of air; thus, air can be directly used to replace these components.
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a) Magnetization curve of DT4 b) Simplified model of GP45 ¢) Local grid

1 —fixed support; 2 — air boundary; 3 — excitation source; 4 — motion block

Figure 4: Modelling and simulation details.
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In the simplified 3D model (Fig. 4 b), the entire solenoid is divided into three parts, namely,
motion block (armature), fixed block (shell cover, iron core, sleeve and other components) and
excitation source (direct current [DC] coil). The use of the balloon boundary is a reasonable
approach and can significantly reduce the scope of the solution domain; as a result, the memory
and central processing unit overheads are minimized. The proportional solenoid is surrounded
by rectangular air, and the outer surface of the air is defined as the balloon boundary.

The local grid is magnified in Fig. 4 c. Mesh quality directly affects the accuracy of the
calculation results; thus, the air gap mesh cells between the sleeve and the armature are
densified to more than two layers to reflect the electromagnetic force variation caused by air
gap changes accurately. The angle of the magnetic-isolated ring is processed using the same
approach. The excitation coil is driven by the DC current, regardless of the skin effect.

Experimental platform

The mechanical structure of the experimental platform consists of the test bracket, position
adjustment lead screw (not shown), proportional solenoid, force transmission device, force
sensor, laser displacement sensor, proportional control amplifier and signal generator, as shown
in Fig. 5. The host computer is composed of the computer and data acquisition card. The host
computer software is developed based on LabVIEW. The static characteristic test of the
proportional solenoid can be measured by manually adjusting the lead screw to change the
position of force sensor. Fig. 6 shows some experimental samples experimental platform. The
specifications of the main sensor equipment of the experimental platform are shown in Table I.
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Figure 5: Experimental platform diagram.
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Figure 6: Experimental samples and platform.
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Table I: Precision of main equipment.

Main equipment | Force sensor Displacement sensor

Type C9C-200N ZLD-S100-10 Laser displacement sensor
Producer HBM ZSY Group Ltd.
Measurement range | O N to 200 N 0 mm to 10 mm
Non-linearity <02% <0.05%

Verification of 3D FEM model

For the force-displacement characteristic experiment, the coil current value is fixed and the
lead screw is adjusted. The computer records the force of the plunger at different displacement
points. This process is performed iteratively to obtain the force-displacement curves at different
excitation currents.

The force-displacement curves with different currents obtained from the experiment and
from the simulation of original parameters are shown in Fig. 7.
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Figure 7: Simulation and experimental results based on the original parameters.

Under different excitation levels, the variation trends of the simulation curves are consistent
with those of the experimental curves. However, deviations exist between the experimental
results and the simulation results. In addition to the material factor, the deviations may be
caused by the simplification of the proportional solenoid model, and this process may have an
influence on the calculation. Furthermore, the simulation was conducted under an ideal
condition, and certain factors, such as the magnetic leakage, frictions and temperature changes,
have been disregarded. Statistical analyses were conducted at each point of errors, and the
results are shown in Table 1. When the currents are 1.5, 2.0 and 2.5 A, the average errors are
4.4 %, 4.5% and 4.0 %, respectively. It is clear that this 3D FEM model has enough accuracy
to carry out the optimization task.

Table Il: Errors between the simulation and experimental results.

Current (A) | Average error (%) | Maximum error (%) | Minimum error (%)
15 4.4 9.2 0.8
2.0 4.5 7.7 0.1
25 4.0 6.9 0.5

2.3 Methods of parameters optimization

The structural parameters of the proportional solenoid have different effects on the
electromagnetic force and considering all structural parameters will cause the model to be
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highly complex and the computation amount will be huge. The parameter sensitivity analysis
method can help in the selection of some key parameters and improve the optimization
efficiency.

The steps of sensitivity analysis are as follows:
(1) establishing the system model,
(2) selecting the uncertainties,
(3) determining the range of factors,
(4) determining the benchmark (here are the original parameters of the solenoid),
(5) calculating the sensitivity coefficient, and
(6) selecting the key factors.

Assuming that the framework of the proportional solenoid does not change, the structural
size of the coil, shell cover and fixed iron core is unchanged. The parameters in Table I1I are
selected as the analysis objects. The parameters are defined in Fig. 8.

Table I11: Range of the parameters.

Parameters Benchmark Range
L (mm) 27 25-30
Armature R (mm) 9.35 9-9.4
S (mm) 1 0-2.4
. a(°) 60 35-70
Magnetic-isolated R 60 3570
ring
IM (mm) 5.2 4-6
Sleeve FM (mm) 7.3 6-9
N\ /N
( ¥
. !! X
- | _ R
—_— N\ Y
>, > B L .

Figure 8: Definition of the parameters.

Supposing that a system exists, the system characteristic P is mainly determined by n
factors: a={as, az, ...,an}, P=f (a1, az, ..., an}. For a certain benchmark a’={a"1,a", ...,a"n},
the system characteristic is P”. When each factor changes within its range, the trend and range
of system characteristic P, which deviated from the benchmark P, are analysed because of the
changes in its related factors.

If the system characteristic P is the electromagnetic force, the original structural parameter
of the proportional structure is the benchmark and the armature length, armature radius,
magnetic-isolated ring length and other parameters comprise the factor a, then sensitivity
analysis of each parameter can be conducted accordingly.

When the effect of factor ax on characteristic P is analysed, the other parameters are set to
the fixed benchmark, ax is changed within a given range and the performance of system
characteristic P is expressed as:

P = f(ai, .., @1, Qg Ay, -, an) = Bpc(ar) (1)
Numerous parameters are involved; thus, the units of the parameters vary, and the
sensitivity function and sensitivity factor of the dimensionless form are defined accordingly.
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The ratio of the relative error, 8, = |Aay|/ay, of the system characteristic P is defined as the
sensitivity function S, = (ay) of parameter a;:

@
Aa
(%)
When |Aay|/a, is small, S, = (a;) can be approximated as:

Si(ax) = |d(®k(ak) *, k=12,..,n 3)

dag p’

AP
Aak

Z k=1,2,..,n (2)

P

Si(ag) =

If a, = ay, then the sensitivity factor S;, of parameter a;, can be obtained as:

(d(bk(ak))
darx 7 qi=aj,

Ahigh Sy indicates that P is more sensitive to ay, in this benchmark. A comparative analysis
of the sensitivity of the factors of the system characteristics can be conducted by comparing
their sensitivity factors S;. The orthogonal method was used for sensitivity analysis, and the
values of the parameters in a given range were adjusted at evenly spaced intervals. The
calculation can be completed on the Workbench platform.

*

Sk = Selar) = k=12..,n (4)

F:

3. RESULTS AND DISCUSSION

3.1 Sensitivity analysis results

The parameter sensitivity analysis results are shown in Fig. 9. The parameters are arranged
according to their sensitivity.
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Figure 9: Parameter sensitivity analysis results.

Firstly, the armature displacement (S) has the strongest effect on the electromagnetic force.
This result indicates that the force-displacement characteristic of the proportional solenoid is
unsatisfactory when the benchmark is used. In an ideal case, the force-displacement curve of
the proportional solenoid should be a straight line, and S has a minimal effect on the
electromagnetic force. The sensitivity of S to the electromagnetic force reflects the force-
displacement characteristic of the proportional solenoid and shows the poor performance of the
proportional solenoid, which should be improved.

Secondly, the first half sleeve width (FM), armature radius (R), armature length (L) and
magnetic-isolated ring angle () also exhibit sensitivity. By contrast, the magnetic-isolated ring
width (IM) and magnetic-isolated ring angle (5) are less sensitive to the electromagnetic force;
thus, both parameters are disregarded temporarily.
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In summary, FM, R, L and « have significant effects on the electromagnetic force; thus,
they can be further analysed and optimized as the key parameters.

3.2 Analysis of the key parameters

The static performance of the proportional solenoid is mainly reflected by the force-
displacement curve; thus, the force-displacement curve was considered the analysis object in
the subsequent analyses.

First half sleeve width (FM)

FM changes from 6 mm to 9 mm, and seven force-displacement curves are drawn according
to the different FMs, as shown in Fig. 10. When the FM deviation from the benchmark is
gradually reduced, the shape of the force-displacement curve becomes closer to the switching
solenoid, that is, when the armature is far from the fixed iron core, the electromagnetic force
decreases significantly. However, when the armature is close to the zero position, the
electromagnetic force increases remarkably. When the FM deviation from the benchmark
increases gradually, the constant force-displacement characteristic improves. With the
continuous increase in FM, the force-displacement curve will show an ‘upturned’ phenomenon,
that is, the average value of the second half of the curve is greater than the average value of the
first half of the curve. From the structural point of view, the change in FM directly influences
the location of the magnetic-isolated ring. When FM is reduced, the relative distance between
magnetic-isolated ring and fixed iron core and the effective displacement of the armature are
reduced. Therefore, the appropriate increase in FM can improve the constant force-
displacement characteristic, increasing the effective displacement distance of the armature,
whereas not significantly reducing the electromagnetic force.
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Figure 10: Influence of the first half sleeve width on the electromagnetic force.

Armature radius (R)

R directly affects the size of the radial air gap. When the sleeve diameter is fixed, the
increase in R reduces the radial air gap. As shown in Fig. 11, when R gradually increases from
9 mm to 9.4 mm, the thickness of the radial air gap decreases from 0.5 mm to 0.1 mm and the
average electromagnetic force increases continuously. With the continuous increase in R, the
force-displacement curve upturns slowly. Therefore, increasing R and reducing the thickness
of the radial air gap is an effective approach to increasing the average value of the
electromagnetic force. From the magnetic point of view, the reduction in the thickness of the
radial air gap results in the reduction in the loss of the magnetic circuit in the air. Given cost of
the actual products, R should not be infinitely close to the internal radius of the sleeve; thus,
comprehensive consideration is required in setting the value.
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Figure 11: Influence of the armature radius on the electromagnetic force.

Armature length (L)

L gradually increases from 25 mm to 30 mm, as shown in Fig. 12. The electromagnetic
force increases with the increase in L, but the increase value become very small after L greater
than 28 mm. In summary, an increase in L to a certain extent can increase the electromagnetic
force; however, as length becomes longer, the increase in the electromagnetic force becomes
less. Compared with the benchmark, L can be increased appropriately within a limited range,
because of the following reasons: (1) the increase in L does not result in a significant increase
in the electromagnetic force and (2) a considerable increase in the armature mass may slow
down the dynamic response speed.
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Figure 12: Influence of armature length on electromagnetic force.

Magnetic-isolated ring angle («)

The curves shown in Fig. 13 correspond to the variation in the force-displacement
characteristic of o, which increases from 35° to 70°. The curves have a junction at 1.2 mm
displacement and are symmetrical through this centre point. An adjustment in o can adjust the
shape of the force-displacement curve. An increase in a can improve the constant force-
displacement characteristic to some extent, but has minimal effect on the average value of the
electromagnetic force within the entire stroke.

Magnetic-isolated ring width (1M)

As shown in Fig. 14, IM increased from 4 mm to 6 mm, and the force-displacement curves
overlapped one another. Thus, the change in the electromagnetic force is insignificant when 1M
is increased or decreased within the vicinity of the benchmark. The simulation results are
consistent with the sensitivity analysis results, verifying that IM has a weak sensitivity to the
electromagnetic force.
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Figure 13: Influence of the magnetic-isolated ring angle « on electromagnetic force.
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Figure 14. Influence of magnetic-isolated ring width on electromagnetic force
3.3 Parameters optimization and experimental verification

According to the simulation results from Figs. 10 to 14, FM should be increased to enhance the
force of the second half curve, R should be expanded to the maximum value within the possible
scope of processing to improve the overall electromagnetic force, L and o should be adjusted
to maintain the constant force-displacement characteristic. The parameters with lower
sensitivity can be remained unchanged temporarily. After debugging, a set of parameters was
obtained and they are shown in Table IV. As shown in Fig. 15, when the current is 2.5 A, the
optimized parameters generally enhanced the electromagnetic force at every point. According
to the simulation results, the electromagnetic force is enhanced and the effective stroke is
extended to 2.1 mm.

A new solenoid with optimized parameters was built and tested in the experimental platform
shown in section 2.2. The experimental results before and after optimization is shown in Fig. 16.
After optimization, the electromagnetic force is increased by an average of 20.1 % within the
working stroke, and the effective stroke is extended from 1.8 mm to 2.1 mm at the rated current
2.5 A.

Table IV: Structure parameter optimization.

Parameter — [?at_a
Original Optimized Change

FM (mm) 7.3 7.6 +0.3
D (mm) 9.35 9.45 +0.1

L (mm) 27 29 +2

a () 60 55 -5

B(©) 70 70 0

IM (mm) 5.2 5.2 0
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Figure 15: Simulation results with optimized and original parameters.

------- igi — Optimize
160+ Original p

<7 1315
140 1226 1209 1208 1204 1203 1185
120 reee 101.3

L1007 1009 1055 1054 1053 1042 g015 e

T 80 - 903 -
60 | 76.5
40
20

0 1 1 1 1
0 0.3 0.6 0.9 1.2 15 1.8 2.1 24
S/mm

Figure 16: Experimental results with optimized and original parameters.

4. CONCLUSIONS

Optimization of the structural parameters by using the proposed optimization method
combining 3D finite element simulation and parameter sensitivity analysis, the force-
displacement characteristics of the proportional solenoid can be significantly improved. The

main conclusions are listed in the following:

Parameter sensitivity analysis can reduce the number of parameters significantly. The result
showed that the key parameters are first half sleeve width, armature radius, armature length and
magnetic-isolated ring angle a. By contrast, magnetic-isolated ring width and magnetic-isolated

ring angle f are less sensitive to the electromagnetic force.

The electromagnetic force of the proportional solenoid and the effective stroke can be
increased effectively by adjusting the key parameters. After optimization, the electromagnetic
force increased by an average of 20.1 % and the effective stroke extended by 16.7 %. In addition,

the constant force-displacement characteristic has also been slightly improved.
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