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Abstract

Solenoid actuators are well-known components that convert electromagnetic energy into mechanical energy. For con-
trol purposes, it is requested to have a high magnetic force that stays almost constant in the working region of the actua-
tor. To meet these requirements, it is necessary to have an optimal geometrical design of the actuator. In this study, the
following steps are performed to optimize the geometry of the solenoid actuator. The Finite Element Analysis (FEA) is
performed, and the results of the simulation is verified with the experimental data. The effect of all geometrical para-
meters on the characteristics of the magnetic force is investigated. The parameters that highly affect the magnetic force
are chosen as design optimization parameters. Then, the Particle Swarm Optimization (PSO) algorithm is realized to find
optimal parameters. The algorithm consists of two objective functions being combined into a single objective function. It
includes a higher and more consistent magnetic force in the effective working region of the solenoid. Finally, the solenoid
actuator with optimized parameters is manufactured, and the results are compared. They show that the optimized sole-
noid actuator satisfies one of the objective functions, and magnetic force stays almost constant in the working region of
the solenoid actuator.
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important challenges in the solenoid actuators, including
a non-consistent magnetic force in the operation region
and the need for a higher magnetic force at constant
operating current. A high magnetic force that stays
almost constant in the effective working region can be
achieved through the current control of the coil of the
solenoid actuator or by improving the generated mag-
netic field inside the actuator. Since the current control of
the coil needs more complex and expensive control mod-
els, it is not preferable in industrial applications.
Therefore, the generated magnetic field inside the actua-
tor could be investigated to improve the performance of
the actuator. The magnetic field inside the actuator
depends on the geometry and dimensions of the different
parts of the solenoid actuator. Consequently, higher val-
ues of magnetic force that stay constant in the working
region can be achieved by the geometrical optimization
of the solenoid actuator.

In recent years, the design and geometrical optimiza-
tion of solenoid actuators have been considered in
some research studies. Mach et al.'” proposed a genetic
algorithm optimization approach for obtaining the
optimal shape of the plunger of the electromagnetic
actuator. In Wang et al.,'®!” the GA algorithm is per-
formed to optimize a typical solenoid actuator. Hey
et al.>° developed an optimization approach based on a
genetic algorithm for the design analysis of an electro-
magnetic actuator. The problem is considered as a
maximization problem that is looking for the highest
magnetic force per unit of heat generated in the actua-
tor. Lalitha and Gupta®! developed a design optimiza-
tion algorithm for a high-temperature superconductor
solenoid actuator. The performance analysis of the
actuator and optimization of the parameters of the
magnet were performed through a coupled field para-
metric analysis. Plavec and Vidovi¢*> proposed a
genetic algorithm optimization approach along with
Finite Element Analysis (FEA) for shape optimization
of a solenoid actuator. Maximization of the generated
magnetic force was the main objective function of the
proposed algorithm. Ebrahimi et al.?® investigated the
design optimization of the coil’s parameters of a cylind-
rical electromagnetic actuator, including two solenoids.
The objective function of the suggested approach was
to obtain the maximum magnetic field inside the actua-
tor. Beckers et al.>* proposed a FEA along with an
analytical model for design optimization and perfor-
mance analysis of a solenoid actuator. The objective
functions of the developed optimization algorithm were
to minimize the operating peak power and the copper
volume used in the actuator. Some of these research
papers propose some optimization techniques to inves-
tigate the impact of some design parameters on the
magnetic flux inside the solenoid actuators. However,
the impact of all the geometrical design parameters of
these components on the magnetic force should be

investigated completely. Furthermore, some optimiza-
tion algorithms that were used in previous studies have
more tuning parameters, and the algorithms are also
not easily programmable. Some other studies in the lit-
erature only theoretically investigate the magnetic force
characteristics of the solenoid actuators.?> 2’ However,
manufacturing the optimized design of these compo-
nents is necessary to evaluate the effectiveness of the
optimization algorithms.

The main contributions of this research are as fol-
lows: First, the FEA of the solenoid actuator was per-
formed, and the results were verified with the
experimental data before the optimization process.
Second, the effects of all geometrical parameters,
including height, length, width, and radius of different
parts of the actuator, on the magnetic force were thor-
oughly investigated. Then, the most important para-
meters affecting magnetic force were chosen as design
parameters. Using these parameters, geometrical
optimization of the solenoid actuator through FEA is
time-consuming since too many combinations of the
parameters have to be investigated. Therefore, the
multi-objective Particle Swarm Optimization (PSO)
algorithm is implemented to optimize the geometry of
the solenoid actuator to reduce the time of finding opti-
mal solutions. Although the PSO algorithm is a well-
known optimization method that has been widely used
in various engineering optimization problems, it has
not been previously used for solenoid design optimiza-
tion purposes. The purpose of this work is not to com-
pare different optimization methods but to make use of
the PSO algorithm so that a real design problem can be
solved by formulating the problem correctly. For this
purpose, the PSO algorithm consists of two contradic-
tory objective functions being combined into a single
objective function. The objective functions are to maxi-
mize the magnetic force in the working region of the
solenoid and to keep it almost constant in that region.
Finally, the solenoid actuator design with optimized
parameters is manufactured, and the results of the
experiments are compared.

The rest of the paper is organized as follows. First, the
working principles and the mathematical model of the
solenoid actuators are described. In the next step, simula-
tion and its results are considered to find the most impor-
tant design parameters. Then, the PSO algorithm is
applied to find the optimal geometrical design parameters
of the solenoid actuator. The results of the optimization
procedure are discussed. Finally, the concluding remarks
of this research paper are provided in conclusion.

Working principles and mathematical
model

The main structure of a solenoid actuator can be repre-
sented as: (1) push-pin, (2) guider, (3) yoke, (4) plunger,
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Figure I. The main structure of a solenoid actuator: (1) push-
pin, (2) guider, (3) yoke, (4) plunger, (5) coil, (6) anti-magnetic
part, (7) air gap (working region), (8) anti-magnetic ring, (9)
plastic O-ring, and (10) pole piece.

(5) coil, (6) anti-magnetic part, (7) air gap (working
region), (8) anti-magnetic ring, (9) plastic O-ring, and
(10) pole piece. The construction of a typical solenoid
actuator is shown in Figure 1.

A typical solenoid actuator has three main models,
including electrical, magnetic, and mechanical cir-
cuits.”® The coil of the actuator is energized by an
external current or voltage source. Then, the electrical
current flows in the winding of the coil and generates
an intense magnetic field around the coil of the actua-
tor. The generated magnetic field passes through the
different parts of the actuator. The anti-magnetic part
in the guider of the solenoid actuator changes the path
of the magnetic field lines on the plunger part. The
magnetic lines flow across the plunger’s cross-section
surface and generate the magnetic force. The resultant
magnetic force pulls the moving plunger toward the fer-
romagnetic pole piece through the working gap. When
the current is applied to the coil, the pole piece acts as
a magnet that attracts the plunger to itself. Finally, the
push-pin transmits the mechanical force of the plunger
to the hydraulic valve to perform opening and closing
actions. When the coil is de-energized, the plunger
moves to its initial position through a returning spring.

The electrical model of the solenoid actuator consists
of a series connection of a resistor (R) and an induction
element (L).* The input of the model is voltage (V(¢)),
which comes from an external power supply and the
current flows in the coil winding. The voltage (¥ (¢)) in
the electrical circuit is calculated using equation (1)
from the Kirchhoff voltage law.*

V(t) = Vg(t) + Vi(¢) = Ri(t) + Lg (1)

where Vg(t), Vi(f), and i(¢) represent the voltage of the
resistance element, the voltage of the inductance

element, and the current flowing through the circuit,
respectively.

The magnetic model represents the magnetic flux and
magnetic field strength inside the guider of the solenoid
actuator.’® The magnetic flux density (Zf) is produced by
the magnetic field strength (ﬁ) as equation (2):

E = M’rlu’()l:j (2)

where w, and u, are material’s relative permeability
and the permeability constant, respectively. The depen-
dency of the relative permeability to the field strength
(H) is usually analyzed using the B-H curves of the
materials. If there is no saturation, the product of the
permeability constant and the relative permeability will
bg constant regardless of the magnetic field strength
(H). .

For higher values of the magnetic field strength (H),
saturation effects become more important and it cannot
be considered as a constant value. The B-H curve of the
ferromagnetic parts of a typical solenoid actuator,
which is 11SMN30, is shown in Figure 2.*' It shows
that there is a nonlinear relationship between the mag-
ngtic field strength (FI) and the magnetic flux density
(B).

The well-known Maxwell equation, which represents
the distribution of the electromagnetic field of the sole-
noid actuator, can be expressed as equation (3).%?

a'% + VX ( !
ot Mg

VXA) —O'VX(VXA):jext (3)

where o, 4, and j,,, are the electrical conductivity, the
magnetic vector potential, and the current density due
to the external source, respectively. V is Nabla or Del
operator for vector calculations which is used as a vec-
tor differential operator.

The basic mechanical model of the solenoid actuator
uses the second law of Newton to formulate the displa-
cement of the plunger as equation (4).%>

2

m% + c% + kx(f) = Fi(t) — F(2) 4)
where m, ¢, and k are mechanical parameters which rep-
resent the mass of the moving part, the friction coeffi-
cient, and the stiffness of the spring, respectively. F,,(¢)
and F,(¢) represent the magnetic force and the friction
force, respectively.

In the solenoid actuators, there is a linear relation-
ship between the magnetic force and the current of the
coil. However, this linear relationship is valid only for
a portion of the full displacement of the plunger.** For
the other portion of the plunger’s displacement, there is
a nonlinear relationship between the magnetic force
F,.(¢), the current of the coil i(f), and the displacement
of the plunger x(¢).
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Figure 2. B-H curve of the ferromagnetic parts of the solenoid actuator.
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Figure 3. The simulation and experimental result of the magnetic force versus displacement of the plunger.

Simulations and experimental test results

In this research, the magnetic field analysis is performed
through electromagnetic modeling and FEA of the 2D
axis-symmetric model of the solenoid actuator. The
material used for the simulation of the different parts of
the solenoid actuator is as follows: The material of the
coil is assigned as copper. Stainless steel is used for the
anti-magnetic parts of the actuator. Since the electro-
magnetic characteristics of the material (B-H curve,
electrical conductivity, relative permeability, and rela-
tive permittivity) of the existing solenoid actuator are
similar to those of 11SMN30, it has been assigned to
the ferromagnetic parts of the solenoid actuator.

The nonlinear B-H curve of the ferromagnetic mate-
rial 11ISMN?30 is used for magnetic field calculations.
The input current to the coil is 2.7 A and it consists of
430 turns of winding. The electrical conductivity of the
coil windings and the coil windings’ diameter are cho-
sen as 6X107S/m and 0.7mm, respectively. The

magnetic force is calculated for the full displacement of
the plunger in the working gap. For each position of
the plunger, different parts of the solenoid actuator are
analyzed with triangular mesh. The numerical simula-
tion result of the solenoid actuator is validated with
experimental data for magnetic force versus displace-
ment of the plunger and is represented in Figure 3. The
maximum error between the model and the experimen-
tal data within the working region range of 2.7-5mm is
as low as 1.82%.

The force increases up to a maximum value where
the plunger reaches its effective working region. In this
position, the plunger reaches the edge of the anti-
magnetic part. This portion of displacement is used for
fluid flow control in hydraulic valves. In solenoid
actuators, having a high magnetic force that stays
almost constant in the effective working region of a
solenoid actuator is a desirable goal that should be
achieved.
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Figure 4. The re-designed model of the solenoid actuator.

In the simulation of the solenoid actuator, the mate-
rial of different parts of the solenoid, the coil character-
istics, including current, the diameter of the windings,
and the number of windings are kept constant and are
not considered as optimization parameters. The effect
of all the geometrical parameters of the solenoid actua-
tor on the magnetic field is investigated when it oper-
ates at 2.7A. For this aim, Finite Element Analysis
(FEA) is performed for different geometrical para-
meters of all parts of the solenoid actuator to investi-
gate their effects on the magnetic force. Moreover,
some geometrical variations were made to simplify the
manufacturing of the solenoid actuator. The conical
angles on both sides of the anti-magnetic part were
eliminated and fixed to zero degrees. Since the tubular
shape of the plunger gives the flexibility to control the
magnetic force, the flat tubular shape of the plunger is
changed to a conical tubular shape. For simplicity,
some parts of the actuator that are not affecting the

magnetic field were eliminated in the simulation pro-
cess. The push-pin is made of stainless steel and can be
ignored in the model as it does not affect the magnetic
field. The re-designed model of the solenoid actuator
and the most important parameters, including R, W,
L1, L2, and 6 that highly affect the magnetic field are
represented in Figure 4.

The five most important parameters (R, W, L1, L2,
and 0) that affect the magnetic force values in the plun-
ger’s working region are chosen as optimization para-
meters. Five different values of these parameters,
including their lower and upper bounds, are selected as
optimization constraints. Since the solenoid actuator
will be attached to the hydraulic valve mechanism, the
geometry of the solenoid actuator has to fit within the
mechanism’s bounds. Therefore, the lower and upper
bounds of the solenoid actuator are determined by the
dimensions of the hydraulic valve mechanism. The
effect of each of these parameters on the magnetic force
is shown in Figures 5 to 9.

Figure 5 shows that the magnetic force values
increase by increasing the value of R. It shows that the
magnetic force reaches its maximum and minimum val-
ues in the plunger’s effective working region (2.7—
Smm) when R is 11.35 and 8.35mm, respectively. It
could be concluded that this parameter affects the mag-
nitude of the magnetic force and it has to be considered
as an optimization parameter.

Figure 6 shows that the magnetic force values
increase by increasing the value of W. It demonstrates
that the magnetic force reaches its maximum and mini-
mum values in the effective working region of the plun-
ger (2.7-5mm) when Wis 3.5 and 1.5 mm, respectively.
Consequently, it could be concluded that 1 has a sig-
nificant effect on the magnitude of the magnetic force.

Figure 7 shows that the magnetic force values
increase by increasing the value of L1 in some working
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Figure 5. The effect of R on the magnetic force.
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Figure 6. The effect of W on the magnetic force.
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Figure 7. The effect of LI on the magnetic force.

regions of the plunger. It demonstrates that the mag-
netic force reaches its maximum and minimum value in
some portions of the effective working region of the
plunger (3.7-5mm) when L1 is 2.5 and 5.7 mm, respec-
tively. However, a slight change in the magnetic force
values is observed in the other portion of the effective
working region (2.7-3.7mm). Moreover, L1 values
affect the slope of the magnetic force versus plunger
displacement. Consequently, it could be concluded that
L1 has a significant effect on the magnitude and consis-
tency (the slope of the magnetic force vs plunger displa-
cement curve) of the magnetic force.

Figure 8 shows that the magnetic force values
increase by decreasing the value of L2 in some working
regions of the plunger. It shows that the magnetic force
reaches its maximum and minimum value in different
effective working regions of the plunger when L1 is 4
and 6mm, respectively. Consequently, it could be

concluded that L2 has a significant effect on the magni-
tude of the magnetic force.

Figure 9 shows that the consistency of the magnetic
force values varies by increasing the value of 6 in the
plunger’s effective working region (2.7-5mm). It shows
that the magnetic force is more consistent (the slope of
the magnetic force vs plunger displacement curve is very
small) when 6 values are chosen at about 8°. However,
increasing or decreasing the 6 value from this value
inversely affects the consistency of the magnetic force,
which is not desirable. It means that the positive or neg-
ative slope of the magnetic force versus plunger displa-
cement curve, which is observed in 16° and 0°, should
be avoided. As a result, 6 has a significant effect on the
consistency and magnitude of the magnetic force.

Consequently, these five parameters, which consider-
ably affect the magnitude and consistency (the slope of
the magnetic force versus plunger displacement curve)
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Figure 9. The effect of 6 on the magnetic force.

of the magnetic force in the plunger’s effective working
region, are chosen as optimization parameters. For
obtaining the generated magnetic force in the solenoid
actuator, five different simulations were carried out for
five different values of parameters within their lower
and upper bound values. In total, 5° simulations (3125)
were repeated for all combinations of these five para-
meters. To save time during the optimization process,
data for the different combinations of these parameter
values within simulated values was generated using the
interpolation technique in MATLAB software.

Design optimization of the solenoid
actuator with a particle swarm
optimization (PSO) algorithm

In recent years, evolutionary techniques for solving dif-
ferent optimization problems have become a very

popular research topic in different engineering fields.
There are many evolutionary algorithms, such as
Genetic Algorithms (GA), Differential Evolution (DE),
Particle Swarm Optimization (PSO), etc., that are com-
monly used to solve geometry optimization problems.
In the literature, some comparative studies discuss the
PSO algorithm’s advantages over other evolutionary
methods. Wihartiko et al.** state that the PSO algo-
rithm is superior in terms of complexity, accuracy,
iteration number, and program simplicity in finding the
optimal solution when compared to the Genetic
Algorithm (GA).** They show that the average accu-
racy of GA is 99% for obtaining an optimal solution,
whereas the PSO always gives the solution with 100%
accuracy for the proposed optimization problem. In
other research, Kecskes et al.* state that the PSO algo-
rithm is a simple and effective method for complex opti-
mization problems. They showed that the PSO
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algorithm gives better and faster results compared to
the GA. Moreover, some studies have been performed
to evaluate the performance of the PSO algorithm using
statistical analysis. In Firouzi et al.,>® the performance
of different optimization algorithms is compared using
statistical post hoc analysis. The PSO algorithm shows
relatively accurate performance in finding the optimal
solutions. The performance of a typical multi-objective
particle swarm optimization algorithm is investigated in
Nebro et al.*’ They statistically demonstrated that the
PSO algorithm with multiple objectives gives more
accurate estimations and also converges to the Pareto
front more swiftly. In other work, statistical analysis is
performed to test the performance of the PSO algo-
rithm.*® They showed that the standard deviation of the
estimation of the PSO algorithm is very low, which
shows the robustness of the obtained optimal solutions.
Although the PSO algorithm is a well-known optimiza-
tion method, it has not been used for solenoid design
optimization purposes. Hence, in this research, it is pre-
ferred to use the PSO algorithm for geometry optimiza-
tion of the solenoid actuator due to its superiority over
other methods. Furthermore, a multiple objectives are
introduced as a novelty of this research to optimize the
existing solenoid actuator.

The PSO is an optimization method that is inspired
by animal swarming behavior and it iteratively searches
for the optimal solution.* The three main steps that
are used to find an optimal solution are particle initiali-
zation, particle velocity update, and particle position
update. In the first step, the particle positions are initia-
lized randomly within the acceptable lower and upper
bounds of the data. Then, the velocity (V;,) of the parti-
cle uses equation (5) to direct the position of the parti-
cles (X;4) within the solution space of the problem.

Via = xVia + C1(pBest — X;g) X 1y 5)
+ Ca(gBest — Xig) X1,

where, y, Cy, and C, are positive values corresponding
to the inertia weight, the self-confidence, and the swarm
confidence, respectively.”® The values of global best
and particle best are shown with gBest and pBest. The
differences between the global best and particle best are
multiplied by the random values between ranges [0 1]
which are represented by r; and r,. The PSO algorithm
parameters are set using a trial-and-error method, and
the values of the corresponding parameters are as fol-
lows: The algorithm has five dimensions, and 10 parti-
cles are assigned to each of these dimensions. The
maximum iteration is 1000 and the inertia weight (y) is
chosen as 0.9. The values of the self-confidence (C)
and the swarm confidence (C;) are tuned to 2.

After particle velocity calculation, the new positions of
the particles (Xj;) are updated as shown in equation (6).*

Table |I. Dimensions of the particles and their bounds.

Dimension Lower bound Upper bound Unit
R 8.35 11.35 mm
w 1.5 35 mm
LI 37 5.7 mm
L2 3 6 mm
(] 0 16 °

These iterative steps are repeated until the optimal solu-
tion is found.

Xia = Xig + Via (6)

In this research, the optimization problem is consid-
ered a maximization problem that has two distinct
objectives. One of the design objectives is to obtain the
maximum value of the magnetic force and the other
one is to minimize the DF /DX (the slope of the mag-
netic force vs plunger displacement curve) values to
obtain an almost constant magnetic force throughout
the effective working stroke. To combine these two
design objectives into a single objective function,
1/(DF/DX) is used in the objective function, reducing
the problem to a maximization problem with a single
objective function. The overall objective function (J) of
the solenoid actuator design problem is obtained as
shown in equation (7).

J = k1(Jy) + k2(J) (7)

where k1 and k2 are the weights of each component of
the objective function. According to the design goals,
the weights could be tuned easily between 0 and 1 val-
ues to give weights to the objective functions. In this
research, there is a trade-off between the two design
goals. Hence, the value of both weights is set to 1. J;
and J, are objective functions of the PSO algorithm,
which are introduced as equations (8) and (9) so that
they both have an equal effect on the optimization. The
values of F, and 1/(DF/DX) are normalized using
equations (8) and (9) so that they both have an equal
effect on the optimization.

Fm - (Fm)min
(Fm)max - (Fm)min> (8)

J» = Max((1/DF /DX),,

_ (1/DF /DX)—(1/DF/DX),,.. 9
_Max((l/DF/DX) —(1/DF/DX) ) ©)

Ji = Max((F)y) = Max(

max min

The geometrical design parameters of the solenoid
actuator are the dimensions of particles that should be
optimized to satisfy both parts of the objective func-
tion. The dimensions of the particles and their bounds
are given in Table 1.
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Table 2. Optimized design parameters and their original values.

Parameter Orriginal value Optimized value Unit
R 9.35 10 mm
w 2.5 2 mm
LI 47 37 mm
L2 4 4 mm
] 0 45 °

Figure 10. The manufactured solenoid with the optimized
parameters along with the experimental setup.

Results and discussion

The optimized design parameters obtained through the
PSO algorithm and their original values are given in
Table 2.

The numerical simulations were repeated for opti-
mized parameters to obtain the magnetic force. Finally,
the solenoid actuator with optimized parameters is
manufactured and attached to the industrial hydraulic
valve. The manufactured solenoid along with the
experimental setup is shown in Figure 10.

The comparison of the simulation and experimental
magnetic force results of the manufactured solenoid
actuator with optimal design parameters along with
original design is shown in Figure 11.

Figure 11 shows that the new design of the solenoid
actuator with optimal geometrical design parameters
satisfies the first part of the objective function. For eva-
luation of this part of the objective function, the slope
of the magnetic force versus displacement of the plun-
ger (DF/DX) in the effective working region between
x =3mm and x = 5mm is calculated. The change of
magnetic force in the effective working region (DF /DX)
for the original design is —3.85 N/mm and for the opti-
mized design is 0.66 N/mm. It shows that there is an

almost constant magnetic force in the working region
of the optimized design of the solenoid actuator. The
simulation results show that both parts of the objective
function are satisfied. It means that the simulated
model with optimal parameters gives a higher magnetic
force that stays almost constant in the effective working
region of the solenoid actuator. However, the experi-
mental result shows that only the first part of the objec-
tive function of the optimization algorithm is satisfied.
For some possible reasons, the second part of the objec-
tive function is not satisfied. The material of the ferro-
magnetic parts of the solenoid actuator has an
important effect on the magnetic force. Since the B-H
curve of the ferromagnetic material used in the manu-
facturing of the solenoid actuator was not available, the
exact B-H curve values of the material were not used in
the simulations. Another possible reason for lower
magnetic force values is related to manufacturing pro-
cess errors. Since the conic tubular plunger needs a sen-
sitive machining process, the angle of the conic part
may not be equal to the optimal angle value.

Conclusion

In this research, the PSO algorithm with multiple objec-
tives was realized to optimize the geometry of a typical
solenoid actuator. For this aim, numerical simulation
of the existing solenoid actuator is performed and veri-
fied with experimental data before the optimization
process. To improve the performance of the existing
design of the solenoid actuator, the following variations
were made: The flat tubular shape of the plunger is
altered to a conic tubular shape to improve the gener-
ated magnetic field. For simplicity in manufacturing,
the angles of the anti-magnetic part were eliminated
and fixed to zero degrees. Then, the FEA is performed
to investigate the effect of all design parameters on the
magnetic field. To simplify the problem, the most
important parameters were chosen as optimization
parameters. For the design optimization of the solenoid
actuator, a PSO algorithm is coded and implemented in
the MATLAB software package. The optimization
algorithm consists of two goals combined into a single
objective function, including maximizing the magnetic
force and keeping it almost constant (DF /DX should be
minimized) in the working region of the solenoid actua-
tor. The suggested objective function allows more flexi-
bility in the design procedure, which helps to give a
desired weight to each of the objective functions accord-
ing to their priority. The simulation is repeated for the
optimized parameters to obtain the magnetic force ver-
sus displacement of the plunger. Finally, the solenoid
actuator with optimal parameters was manufactured,
and the experimental setup was built to acquire the
magnetic force values of the actuator for a given input
current (2.7 A). The simulation and experimental results
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Figure 1 1. The simulation and experimental magnetic force results of the manufactured solenoid actuator with optimal design

parameters along with original design.

of the magnetic force values for the solenoid actuator
with optimal design parameters were compared. It has
been shown that the magnetic force values of the simu-
lation result satisfy both parts of the objective function.
However, the experimental result acquired from the
manufactured solenoid actuator with optimal design
parameters only satisfies the second part of the objec-
tive function. It means that the magnetic force values
stay almost constant (DF /DX was minimized) in the
effective working region of the actuator, which is a sig-
nificant improvement compared to the original design.
However, the second part of the objective function,
which is to obtain higher magnetic values in the effec-
tive working region, is not satisfied. There are some
possible reasons for the discrepancy between the simu-
lation and experimental results. First, since measuring
the exact B-H curve of the material used for the manu-
facturing of the solenoid actuator was not possible, the
utilized approximated curves in the simulations may
not represent the real electromagnetic characteristics of
the material. Another possible reason for lower mag-
netic force values is related to manufacturing process
errors. According to the existing machining errors, the
tubular plunger with the conical edge has not been
manufactured with high precision.

In future work, the reasons for the existing discre-
pancy between simulation and experimental results will
be investigated. Moreover, the design parameters of the
coil of the solenoid actuator will be further improved
with the utilization of the optimization algorithm. The
optimization algorithm can be used to improve the per-
formance of the other electromagnetic components.
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