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Abstract: This study presents the design and analysis of a proportional solenoid used in electro-
pneumatic brake systems for heavy vehicles. The solenoid was designed using a traditional method,
and its static and dynamic characteristics were investigated both theoretically and experimen-
tally. ANSYS 2024 R1 Maxwell was employed for theoretical static analysis, focusing on the ef-
fects of the geometric dimension parameters in the fixed and moving pole contact regions on the
force—displacement characteristics. The optimal dimensions for proportionality were determined
under constraint parameters. The static analysis results provided the magnetization curve data,
which were used to create Look-Up Tables for a dynamic model in MATLAB R2024b-Simulink, and
this method reduced the simulation time and increased the dynamic simulation accuracy. Following
static analysis, a prototype electromagnet was manufactured and tested. The solenoid achieved
a constant magnetic force of 45 + 3 N with a current of 1.3 A over a working range of 1-3 mm.
The dynamic model, incorporating data from ANSYS, yielded results that closely matched the
experimental findings.

Keywords: electromagnetic; actuator; FEM; proportional solenoid actuator; constant force characteristics;
proportional solenoid valve; solenoid; dynamic model; look-up table; optimization

1. Introduction

Electromechanical actuators are essential components of mechatronic systems [1], play-
ing a critical role as the final control element that converts electrical signals into mechanical
motion. Their applications span a wide range of industries, from automotive systems to hy-
draulic and pneumatic controls, process automation, and even home electronics [2]. Within
this context, electromechanical proportional valves have become increasingly important,
driven by advances in electronic technology that have significantly broadened their use [3].

At the heart of these systems is the solenoid, a fundamental electromechanical device
that converts electrical energy into mechanical force. A solenoid typically consists of a coil
of wire that generates a magnetic field when a current passes through it, causing a movable
plunger to move. This mechanism is widely used because of its simplicity, reliability, and
fast response, making solenoids a common choice for such applications.

There are two types of solenoid actuators: the on—off type and the proportional
type [1]. On—off solenoids work like a simple switch—they are either fully activated (on)
or completely deactivated (off). While these are ideal for straightforward operations, they
fall short in applications requiring precise or variable control. Proportional solenoids,
on the other hand, provide smooth, adjustable control by varying the current input [2,3].
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This allows them to generate a continuous range of outputs rather than just binary states,
making them indispensable in systems requiring high precision and flexibility. However,
designing a proportional actuator is complex and depends on different parameters.

To create a proportional solenoid from an on-off design, modifications are needed [4],
especially in the geometry and magnetic circuit [5], to achieve the desired range of control.
Traditional methods often struggle with the nonlinear behavior of magnetic systems [6],
leading to complex equations and longer computation times. Although research has
explored the impact of geometry on force characteristics [4,5] and dynamic system mod-
els [7,8], these approaches are often limited by their computational inefficiency.

Finite element method (FEM) analysis is a powerful tool for designing electromechan-
ical systems by predicting thrust force characteristics under various conditions. In their
study, Tran and Hwang [9] used the FEM to optimize three electromagnetic actuators—a
solenoid actuator, a moving coil actuator (MCA), and a moving magnet actuator (MMA)—for
jet valve applications. The results showed that the MCA and MMA required lower exci-
tation currents (1.8 A and 1.9 A) and maintained consistent thrust forces with minimal
drop-offs (0.7% and 1.8%) compared to the solenoid actuator, which showed significant
force reduction over longer strokes. These findings highlight the efficiency and reliability
of MCA and MMA models for jet dispensers.

Current research suggests that the constant force characteristic of proportional solenoids
is primarily influenced by the shape of the pole shoe. Numerous researchers have analyzed
the structural properties and impact mechanisms of pole shoes. Xu et al. [10] proposed an
accurate model for a proportional solenoid valve, incorporating the effects of magnetic sat-
uration in soft magnetic materials and the flow force acting on the valve spool. This model
provided a valuable framework for optimizing system design. Liu et al. [11] enhanced
the pole shoe design and working air-gap dimensions of a proportional solenoid using a
multi-objective optimization approach that combined traditional surrogate models with
machine learning techniques. This led to an improvement in the constant force character-
istic. Ma et al. [12] demonstrated a robust framework for the optimization of high-speed
on—off valves (HSVs), leveraging machine learning and metaheuristic algorithms to handle
complex, nonlinear design interactions.

Zhu et al. [13] conducted a detailed simulation study on a direct-drive compressor
powered by an electromagnetic linear actuator. These researchers designed and analyzed
the structural and dynamic performance of a moving-coil linear motor integrated into a
compressor. Through simulations using ANSYS Maxwell and MATLAB-Simulink, they
demonstrated how this design achieves higher mechanical efficiency, reduced noise, and
compactness compared to conventional compressors.

The electro-pneumatic braking system (EPBS), commonly referred to as the braking
system, plays a vital role in ensuring the safe and efficient operation of high-speed trains.
Yang et al. [14] showed that the AMESim co-simulation method for the dynamic modeling of
the behavior of electro-pneumatic brakes faces slow simulation speeds caused by increased
model complexity, data exchange overhead, and communication delays. They propose a
fast simulation approach for EPBSs using equivalent models, significantly reducing the
simulation time without compromising accuracy.

Genetic algorithms have been effectively employed to optimize design parameters, en-
hancing the performance and efficiency of electromechanical systems such as proportional
solenoids. Mingxi et al. [15] utilized a genetic algorithm to optimize the key design param-
eters of a proportional solenoid for hydraulic throttle valves in tractor suspension systems,
ensuring better control overflow rates in hilly terrains. Their simulations demonstrated
improved electromagnetic force characteristics and validated the solenoid’s performance
through finite element analysis and Simulink modeling.

Methods for reducing calculation time, such as those employing Look-Up Tables, have
shown significant promise. For example, Topcu et al. [16] developed a technique using
Look-Up Tables for the dynamic system modeling of solenoids, cutting simulation times by
approximately 50% compared to fully analytical and differential equation-based modeling.
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This approach leverages air-gap—current—force data from static simulations to streamline
the modeling process. However, this model uses approximate magnetic data, utilizing an
analytical formulation.

Building on this type of innovative approach (Look-Up Tables), our study uses ANSYS-
Maxwell simulations to extract air-gap—current—force data and generate a Look-Up Table for
the dynamic system of a solenoid. By reducing the computational time without sacrificing
accuracy, this method provides a practical and efficient way of analyzing and optimizing
the performance of proportional solenoids. This method has the advantage of providing
more accurate magnetic data for dynamic modeling.

In this research study, the effects of the design parameters of the proposed proportional
electromagnetic actuator are investigated. We propose a systematic approach using FEM
electromagnetic analysis results (as Look-Up Tables) in a dynamic system simulation. Our
results demonstrate that this technique is faster and more accurate than calculating magnetic
flux by analytical formulation in a dynamic model environment. The experimental tests
prove that the proposed method, analysis, and simulations are in agreement with the
measurement results.

2. Materials and Methods

In this study, firstly, a flat-faced piston-type electromagnet that provides 50 N of
force under certain limitations for an electromechanical pneumatic brake valve was pre-
designed [17,18]. A conical-type solenoid was achieved by making some modifications
to the flat-faced piston-type solenoid. Then, by changing the geometric parameters using
FEA (finite element analysis) on the conical region, as in the literature [3,5], we optimized a
proportional solenoid design that provided sufficient constant force in the desired working
region. A mathematical model for the whole system (electrical, magnetic, and mechan-
ical subsystems) was introduced. The solenoid was modeled in the MATLAB-Simulink
environment. The magnetic data (such as the magnetic flux or current) were fed from
the magnetic FEA results by means of Look-Up Tables. For experimental validation, a
test bench was designed and manufactured. Static tests for the actuator were performed
for various current and plunger positions. Dynamic measurements were performed by
measuring the current response. The theoretical results for both static and dynamic cases
were validated through the experiments.

The solenoid pre-design was carried out using rough empirical formulations. By fol-
lowing the classical electromagnet design steps [17], we obtained the solenoid dimensions
(Figure 1) for providing the desired force according to the size limitations, as shown in
Table 1.

The magnetic force of the pre-designed electromagnet is expressed as follows:

2
Fm _ ‘quC(NI)

2(x; — x)? @

As seen in Equation (1), the magnetic force varies directly with the square of the
applied current and is inversely proportional to the amount of the result in mechanical
movement. Accordingly, the magnetic force is a nonlinear function of the current and
displacement. The displacement-magnet-force characteristics for a constant current for this
electromagnet were obtained using the magnetic finite element method in the Maxwell
module of the ANSYS program. It is known that for on—off-type solenoids, the magnetic
force is high in the range where the distance between the fixed pole and the moving pole
is very small, whereas the magnetic attraction force decreases suddenly as the distance
increases. Therefore, a nonlinear characteristic is seen in the force curve corresponding
to the change in distance for a given current [19,20]. This type of solenoid is suitable for
on-off-type valves but not for proportional valves. As seen in Figure 2, in proportional
solenoids, it is possible to provide a magnetic force proportional to the current change by
creating a region that provides a constant force in a certain operating range between the
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position and the force. It is possible to obtain a proportional solenoid by changing the
geometric structure of the classical on-off-type solenoid, and there are various studies and
applications on this subject in the literature [3,21]. In this study, a proportional solenoid
design was developed using the ANSYS Maxwell solenoid model, and new geometric
dimensions were defined. As can be seen from Equation (1), the magnetic force, F,, = f(i, x),
in standard solenoids is a nonlinear function of the current and displacement. Conversely,
in proportional solenoids, the magnetic force can be expressed as F,, = f (i), independent of
the amount of movement in the working region and only depending on the current change.
Generally, in solenoid-controlled valves, the moving element works against a spring force,
and the balance of these forces can be expressed as follows:

Fm+Fspring:f(i)_kx:0:>x:(1/k)f(i) 2)

where F, is the magnetic force, Fypying is the spring counter force, k is the spring constant,
x is the displacement, and i is the exciting current. The f(i) function is linear and can
be controlled by varying the current. As can be seen in Figure 2, proportionality can
be established between the position of the moving element x and the current i passing
through the coil. Because of the linearity of the f function, solenoids of this type are called
proportional solenoids (linear solenoids). The force—displacement characteristic of the
proportional solenoid is given in Figure 2. Here, the range in which the force remains
constant is defined as the proportional operating region.
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Figure 1. Solenoid cross-sectional view and dimensions.

Table 1. The dimensions of the flat-faced piston-type electromagnet.

Symbol Explain Magnitude [mm]
1 Moving core radius 9.00
&) Fixed part inner radius 18.00
3 Fixed part outer radius 19.50
rp—1 Coil thickness 9.00
h Coil height 35.00
t Fixed part thickness 7.00

== Proportional Solenoid
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Magnetic Force

O\

»
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Figure 2. A comparison of typical proportional and on—off-type actuator characteristics.
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In this study, a change was made in the geometry of the fixed pole opposite the moving
pole, as seen in Figure 3a,c. This change means adding a conical part to the fixed part
opposed to the armature. A detailed schematic view can be seen in Figure 3c.
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Figure 3. The proportional actuator geometry. (a) The magnetic flux path in the proportional actuator,
(b) the magnetic reluctance in the proportional actuator and the magnetic flux path, and (c) geometric
parameters of the proportional actuator.

The use of this type of conical geometry ensures that some of the magnetic flux flows
through the iron material at a low air-gap distance, preventing an excessive increase in force.
The approximate analytic expression for the magnetic reluctance of the iron is as follows:

ZPE
Rrg = 3
FE ,uOAFE ( )

The magnetic reluctance at the air-gap is as follows:

1)

S)L{air = ]/107

(4)

As can be seen from Figure 3b, the total magnetic flux ¢iot is a combination of the
magnetic flux at the iron ¢pg and the magnetic flux at the air gap ¢,i;. However, the axial
force is generated by the magnetic flux of the air gap, because the ¢rp does bypass through
the iron part.

2.1. Optimization of Solenoid Taper Section Geometry

Different methods have been used to linearize the current—force characteristic of
solenoids [22]. For this study, force characteristics for different situations were investigated
by adding a conical geometry to the fixed pole. As shown in Figure 3, the parameters
added to the radius of the fixed pole, known as the taper section width tg, the taper section
length ¢}, the taper section tip width ¢p, and the taper height 4, were variable parameters.
The effects of the t;, tp, and t); values of these parameters on the force-displacement
characteristics of the solenoid were analyzed in a computer environment. Two out of these
three parameters were analyzed by changing the constant, and the other was changed
within the specified range. As seen in Figure 4, the effect of each parameter change on the
solenoid characteristics is different.

Therefore, the different parameter values for solenoid geometry should be selected
according to the desired static force characteristics. In order to obtain a constant attraction
force independent of displacement under a certain current in the working region, the
parameters ¢, tp, and fs are chosen as design variables, and force characteristics can be
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obtained for their different combinations. The appropriate dimensions can be obtained
through optimization using the least squares method, as shown in Figure 5.

Force(N)

1 2 3 4
Air gap(mm) Air gap(mm) Air gap(mm)
(a) (b) ()

Figure 4. Effect of parameter changes on force characteristics. (a) t1, (b) tp, and (c) tp;.
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Figure 5. A representative graph of the objective function.
The objective function is defined as follows:

N

Fyj =Y (Fo—F) ®)

i=1

In Equation (5), N is the number of force characteristics to be calculated, Fj is the
intended force magnitude, and F; represents the calculated magnetic force values at different
x positions of the moving pole. The t; parameter is set from 2 mm to 4 mm in 0.25 mm steps;
the tp parameter is set from 0.5 mm to 2.5 mm in 0.9 mm steps and also at {p = 0.1 mm and
tp = 0.3 mm. By increasing the ¢j; parameter from 0.5 mm to 5 mm by 1 mm steps, the air
gap was increased by 0.5 mm from 1 mm to 3.5 mm; 2268 analyses were carried out, and
the most appropriate results are shown in Figure 6.

70
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tL=3.2; tD=0.1 ; tM=2.5mm

—tL=3.0; tD=0.2; tM=2.5mm
—tL=3.2; tD=0.2; tM=2.5mm

05 1 15 2 25 3 35
Airgap(mm)

Figure 6. Force characteristics for the parameters with the lowest objective function.
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2.2. Finite Element Model and Experimental Setup

According to this optimization, it has been determined that the parameters f; = 3.0 mm,
tp = 0.2 mm, and t); = 2.5 mm represent the dimension combination with the lowest value
for the objective function for the design. Finite element analysis was performed for this
dimension, and the magnetic field strength and magnetic flux density analyses are shown
in Figure 7a,b. As seen in this Figure, the largest flux density is in the conical part of the
solenoid and is of the order of 0.9 Tesla.

H [A/m] B [teslal
106000, BB0A 1.5000
l 9333. 3348 . 1. 4900
5666, 6670 1. 3000
5000 . DA 1. 2000
7333.3335 1.1000
6666, 6678 1.0000
6000, BB 2. 9000
5333. 3335 0. 8000
4666. 6670 @, 7000
4200 . o0 0. 6008
3333.3335 @, 5608
2666, 6667 2. 4008
2000 ., BB 2. 3000
1333. 3334 2. 2000
666. 6667 9. 1000
2. 0000 0. 0000
(a) (b)

Figure 7. The solenoid designed for g = 0.1 mm: (a) magnetic field strength (H); (b) magnetic flux
density (B) analysis.

Magnetic flux paths of the solenoid and are shown in Figure 8, below.

A [Weber]

2.63x107°%
2.45x107°%
2.27x1075
2.10x107°

1.92x107°
1.75x107°
1.57x107°
1.41x107°
1.23x107°
1.05x107°
8.76x107°
7.01x1076
5.25x1076
3.51x1076
1.75x107¢
2.62x107°

A [Weber]

l 2.50x1075

9.13x1076
8.00x10°

(@) (b)

Figure 8. The magnetic flux path of the solenoid: (a) the overall magnetic flux on a large scale; (b) the
magnetic flux path for a certain range.

Figure 8a shows the magnetic flux path on a large scale between 2.62 x 10~? and
2.62 x 107> Weber. According to the results of the FEM analysis, approximately 54% of the
equivalent magnetic flux lines pass through the added conical region, 23% pass through
the flat face of the fixed pole, and the remaining 23% represent the fringing flux.

If the lower limit of the scale is selected as 8 x 10~® Wb in the Maxwell program, then
Figure 8b is obtained. Since magnetic flux lines lower than 8 x 10~® Wb are not shown in
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Figure 8b, the low flux passing through the flat part of the solenoid is not visible. Most of
the useful magnetic flux passes through the conical part, as expected.

The designed proportional solenoid was successfully manufactured. The CAD model
and pictures of the manufactured solenoid are provided in Appendix Figures A2 and A3. A
test bench was designed and manufactured for static and dynamic tests. The experimental
setup was designed so that the plunger moved in a horizontal direction but not in a
vertical direction, and the gravitational acceleration was neglected. The experimental
setup designed for the experimental analysis of static and dynamic characteristics is shown
in Figure 9. Figure 9a shows a general view of the experimental setup designed and
implemented for static characteristic measurement. It consists of a load cell for measuring
the force, a position sensor for measuring the air gap/position of the plunger, a power
supply, and a current circuit driver. Figure 9b shows a detailed view of the current circuit
driver (see Appendix A for the current circuit driver electronic scheme). The load cell
used for force measurement in this setup was a Puls Elektronik STA Series Load Cell,
manufactured by Puls Elektronik, based in Istanbul, Turkey, with a maximum capacity of
50 kg.. In the experimental setup, a Panasonic Laser Sensor HL-G105-A-C5, manufactured
by Panasonic Corporation, headquartered in Osaka, Japan, was used to measure the
position of the moving core of the solenoid. This sensor features a resolution of 1.5 pm, a
measuring range of 10 mm, and selectable sampling times of 200 ps, 500 ps, 1 ms, or 2 ms..
The current driver circuit was driven by 15 V DC electrical voltage; two LM741 opamps
were used. In the experimental setup, linear motion was facilitated by a Proxxon KT70
model screw shaft mechanism module, manufactured by Proxxon GmbH, based in Fohren,
Germany. This module provides a stroke of 134 mm in the X direction and 46 mm in the
Y direction.. A feedback brand power supply providing £15 V DC electrical voltage was
used to feed the circuit.

TN
Tuned Resistor |
‘forinput

Current Driver Circuit

Figure 9. Experimental setup for static characteristics: (a) general view, (b) current circuit driver.

The measurement conditions for static measurements included a test bench with a
current applied in the range of 0.1 A to 1.5 A, and the air gap (position sensor) varying from
0.1 mm to 3.5 mm. The dynamic system response measurements were performed using
the NI (National Instruments) PCI-6221 Multifunction Data Acquisition Board (DSUB).
A signal generator block in MATLAB-Simulink was employed for dynamic system re-
sponse measurements. The measurement conditions for the dynamic tests included current
variation between 0.1 A and 1.6 A.

2.3. Dynamic Model of the Solenoid

In Figure 10, a dynamic model of a proportional solenoid of which the static char-
acteristics were obtained using ANSYS-Maxwell is shown. The physical structure of the
solenoid that underwent dynamic analysis consists of electrical, magnetic, and mechanical
subsystems [11].
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Figure 10. The Simulink model of the solenoid for dynamic behavior.
2.3.1. Electrical Subsystem

The coil, which forms the electrical part of the solenoid, is ideally modeled as a
series-connected resistor and an inductance element.

e(t) = er(t) +er(t) (6)
e(t) = Ri+ %(Li) = Ri+ Nd;t) (7)

where dL/dx is the motion-dependent change in inductance, and the magnetic flux is a
function of current and displacement in the form of ®(i,x).

®(i, x) = /(e—Ri)%dt ®)
Therefore,
A= Nd(i,x) = /(e ~Ri)dt )

The numerical solution of this equation is achieved by either inductance or the mag-
netic flux change method.

2.3.2. Magnetic Subsystem

The magnetic subsystem consists of a coil of copper conductor wire, a fixed pole, and
a moving pole in the electromagnetic material in which this coil is placed. A magnetic
attraction force occurs as a result of the magnetic energy change occurring in this subsystem.
The magnetic attraction force is expressed as Equation (6) depending on the inductance
change, and this equation is used to calculate the force in the inductance method.

The magnetic attraction force depending on the magnetic flux change is as follows:

B2A 1)
F,=—orF, = 1
" 2u0 o fm 2Apug 10

2.3.3. Mechanical Subsystem

The mechanical subsystem is modeled as the mass (), spring (k), and damper (b). The
equation of motion for the mechanical subsystem can be obtained using Newton’s equations:
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d?x dx

2.3.4. Solving the Dynamic Equations

Because the equations for each subsystem of the solenoid and describing the whole
system are not linear, their analytical solutions are very difficult to solve. In this study, a
computer-aided numerical solution was applied using MATLAB-Simulink. The Simulink
model for the solution of dynamic equations can be constructed using two methods [9,12].

In the first method, as well as the basic equation of the three subsystems, the reluctance
and permeability equations of the magnetic circuit are used. This equation contains complex
algebraic expressions that depend on the geometry of the magnetic circuit. In addition,
algebraic expressions in the Simulink model extend the solution time and often make
it insoluble.

Another method uses tables of reluctance and magnetic flux values due to electric
current and displacement. These tables, which are prepared through experimental or static
analysis or calculations, can be used as a Look-Up Table function in the Simulink model. In
this way, the solutions are faster, and the simulation results are closer to the real results [16].

In this study, the Look-Up Table method was used to solve dynamic behavior equations
in the Simulink environment. The data in the Look-Up Table were obtained from the
solution of the magnetic analysis data from the ANSYS-Maxwell finite element program.

Based on the Maxwell FEM analysis results, matrices that give the values for force
F)1 and magnetic flux linkage A were created versus current—air-gap—flux linkage values.
The calculated magnetic force data versus the current i and displacement x values in the
Maxwell model are defined in the block named “Lookupl, F,, = f(i,x)” in the Simulink
model. The air-gap—current-magnetic-force data are shown in Figure 11a.

05

o o o
o oW A

A Flux Linkage [Wb]
°

F Magnetic Force [N]

Y

2

1 C t [Al i
s Airgap [mm] 6 0 | Current [Amper] urrent [Amper] 0 o s Airgap [mm]

(a) (b)

Figure 11. Magnetic FEM analysis in the working region: (a) air-gap—current-magnetic-force;
(b) current—air-gap—flux linkage.

Figure 11b shows the current-air-gap—flux linkage data taken from the Maxwell
program. However, for dynamic simulation, current-air-gap—magnetic-flux linkage data
are needed and desired. Therefore, a MATLAB program was prepared that gives the
magnetic flux linkage A versus the current-air-gap. The obtained current data versus the
air gap x and flux linkage A values in the MATLAB program are defined in the block named
“Lookup 2, i = f(x,A)” in the Simulink model.

The electrical subsystem of the dynamic model seen in Figure 10 was prepared using
the expression given in Equation (9). The mechanical subsystem was modelled using the
expression given in Equation (11). Proportional solenoids have moving and fixed poles.
When current is applied to the coil, the moving element completes its movement in the
air gap in three stages: (i) the starting motion (F;, < Fp, x = 0), (ii) the moment of motion
(Fm > Fp, 0 < x < Xpax), and (iii) the end of motion (x > xy4y). These stages are defined
in the Conditions subsystem of the dynamic model.
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A solenoid with the resistance R = 5 (), e = 8 V input voltage was applied in the
model. It was assumed that the movable element moves 3 mm. The pretension force, spring
coefficient, and viscous friction coefficient were neglected. The solenoid coil (copper) was
wound using 23 AWG (American Wire Gauge) wire, which has a standard outer diameter
of 0.573 mm. The coil comprises 716 turns in total.

The simulation results of the dynamic model are given in the Results section.

3. Results

In this study, we designed and analyzed a proportional solenoid constituting the pilot
stage of a electro-pneumatic brake valve for use in heavy vehicles. The design criteria were
taken from a system used in the application, and a standard on—off-type solenoid design
was followed during the preliminary design phase.

By changing the geometry of the pre-designed on-off-type solenoid magnetic circuit,
we obtained a solenoid design that provided proportional characteristics. Due to this, the
diameter of the fixed pole forming the magnetic circuit was increased compared to the
moving pole, and a conical projection was formed, in which the moving pole operated. In
this way, the magnetic flux path was deflected in small air gaps, and a permanent magnetic
force was obtained within a certain operating range. This allowed the magnetic force to be
independent of the air gap in a certain working region and made it proportional only to
the current change.

It is not possible to derive a direct mathematical relationship between the solenoid
magnetic circuit and the force—current variation. Therefore, the optimization of the geom-
etry providing the proportional characteristics could be performed with the help of the
ANSYS-Maxwell program, based on the finite element method. The analysis program was
run more than 2000 times, and we determined the proportional solenoid geometry that
would provide constant magnetic force and achieve the design criteria.

In the analysis performed for the ANSYS-Maxwell solenoid model, the design of
which was completed, it is shown that the force-air-gap characteristic provides the desired
42 N force in the range of 1-3 mm with a current of 1.3 A (Figure 12a).

Airgap(mm)

1=1.4A 7or $=0.5mm
1=1.3A 60+t s=1.0mm
:1?2 50l $=2.0mm
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0
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Current(Amper)
(a) (b)

Figure 12. Magnetic force (FEM analysis): (a) various currents; (b) various air gaps.

The force graph for the optimized solenoid for different currents at different positions
is given in Figure 12b, where the current—force curves are superimposed on each other when
the air gap is between 1.00 mm and 3.00 mm. However, for values outside 1.0-3.0 mm of the
air gap (0.5 and 3.5 mm for this graph), the current—force curves are scattered up and down.
In other words, it can be interpreted that this region corresponds to the uncontrollable
region for the proportional solenoid. However, that was out of our scope; we considered
only the “working region” that has proportionality.

As can be seen in Figure 12a, in the working region (between 1.0 mm and 3.0 mm),
the force values are almost constant. This means that when the current is stationary, the
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force does not change, even if the plunger position is changed inside the working region.
Therefore, it can be concluded that the force does not rely on the position (in traditional
electromagnetic actuators, the force is a function of the current and the air-gap/plunger
position, as indicated in Equation (1)). For each different current value, different forces
were obtained, regardless of the displacement. In this way, the force function for the form
Fn = f(I,x) is dependent only on the current, taking the form F,, = f(I) and ignoring the
displacement term x. The force can only be controlled by changing the applied current.
The current-force proportion constant value can be easily obtained from Figure 12b (inside
the working region; this means that air-gap values of 0.5 mm and 3.5 mm are neglected in
Figure 12b).

When the on—off-type solenoid valve with the same geometry is compared with the
designed proportional valve, the on-off-type solenoid provides a relatively high magnetic
force, at 70 newtons in low air gaps, and drops to the order of 10 newtons in wide air-
gaps, whereas the designed proportional solenoid provides a magnetic force of around
45 newtons at maximum current, but it can maintain this value throughout the movement.

The force characteristic of the designed proportional solenoid is only a function of
the current, independent of the displacement. It has been proven that the force increases
approximately linearly with the current. Thus, it has become possible to drive and control
the proportional solenoid with the current.

The actuator design (the one with optimized parameters) is manufactured and mea-
sured for its force characteristic (for 0.1 A-1.6 A values). It is shown in Figure 13 how
much force the actuator produces for the corresponding current and air-gap values. The
theoretical force results (obtained from FEM analysis), which are taken from the design, are
compared with the measured force in Figure 13. For the force measurements, the plunger is
fixed at a specific position at a specific current, and then the plunger is moved to another
position. Therefore, the points on the graph in Figure 13 correspond to each measured force
value at the specific position/air gap. As seen in Figure 13, the force characteristic for the
static case of the actuator aligns well with the measurement results.

701
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® 1.3 A(Measured)
= 1.4 A (Theoretical)
0.8 A (Theoretical)
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Air Gap [mm]
Figure 13. The force characteristic (static case) of the actuator.

The dynamic simulation (theoretical model) and dynamic test (measurement) results
are given in Figure 14 below.

As seen in Figure 14, the moving element completes its motion in about 15 ms. Ac-
cording to the simulation results, the response rate for a 1.6 A current, that is, the time in
which the moving element completes its movement, is 15 ms, and the time to settle to the
final current value is 120 ms. It can be seen that the current curve forms a pit during the
completion of the movement. In this type of electromechanical system, the time for which
the current forms a pit is used to determine the response time [23]. When the movement
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was completed, the current increased and reached its final value in 120 ms. Therefore, it
can be said that the dynamic response is 15 ms for the plunger. As shown in Figure 14, the
dynamic model aligns well with the measurement results.

—_
N
J1

i

il N |

0.5 // ——Current (Theoretical)
/

Current[A]

= Current (Measured) [

0 0.01 0.02 0.03 0.04 0.05 0.06
Time [s]

Figure 14. Current characteristics of measurement and theoretical models.

4. Discussion and Conclusions

In this study, we successfully designed, manufactured, and tested a proportional
solenoid, achieving the objectives set within the scope of the research. A test setup was
developed specifically to determine the static and dynamic characteristics of the solenoid,
enabling comprehensive evaluation. The results demonstrated sufficient agreement be-
tween the simulation and experimental findings regarding the dynamic characteristics of
the solenoid, as well as the force characteristic of the solenoid for the static case. It was
determined that the solenoid has a response time of approximately 15 ms, which is suitable
for the target application. Furthermore, this response time is particularly effective for heavy
vehicle braking systems, where proportional solenoid valves are commonly used.

The solenoid design was found to meet the established design criteria, and the theoret-
ical and experimental results showed reasonable compatibility within the study’s scope.
The proposed method uses Look-Up Tables generated through electromagnetic finite ele-
ment method (FEM) analysis, effectively reducing the computation time for solving the
differential equations of the dynamic model.

However, this study faces certain limitations. Firstly, gravitational acceleration was
neglected in both the theoretical design and experimental setup, limiting the method’s
applicability in scenarios where gravitational effects are significant. Secondly, the solenoid
force range was confined to values below 70 N. Additionally, the Look-Up Table approach
requires detailed data, including air-gap, flux linkage, and current values over a wide range,
derived from FEM analysis. The absence of such data could limit the method’s applicability.

In conclusion, this research provides a validated approach to the design and analysis
of proportional solenoids, demonstrating the feasibility of utilizing FEM-based Look-Up
Tables for dynamic modeling. The findings contribute to advancing proportional solenoid
applications and offer a foundation for further improvements.
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Nomenclature

Symbol Description SI Units
AC Cross-section area m?

B Magnetic flux density T

H Magnetic field A/m
u Magnetic permeability H/m
¢ Magnetic flux Wb

F Force N

k Spring constant N/m
X Displacement m

R Magnetic reluctance H!

R Electrical resistance QO

L Inductance H

m Mass kg

b Damping coefficient Ns/m
Appendix A

+15V DC +15VDC o

Input signal

-15vV DC

Figure A1. Driver circuit.
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1- Solenoid top cover

2- Plunger

3- Non-magnetic part

4- Solenoid body

5- Solenoid bottom cover
6- Coil

7- Coil bed

8- Non-magnetic washer

Figure A2. Solenoid CAD model.

(b) 1- Non-magnetic washer
2- Plunger
3- Solenoid top cover
4- Solenoid body
5- Coil bed
6- Coil wired

Figure A3. Manufactured solenoid: (a) top view, (b) front view.
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