
Vol.:(0123456789)1 3

Journal of the Brazilian Society of Mechanical Sciences and Engineering (2021) 43:60 
https://doi.org/10.1007/s40430-020-02768-7

TECHNICAL PAPER

Multi‑objective genetic algorithm optimization of linear proportional 
solenoid actuator

Shi Jie Wang1 · Zhi Dan Weng2 · Bo Jin1,3   · Hong Xu Cai1

Received: 8 September 2019 / Accepted: 7 December 2020 / Published online: 15 January 2021 
© The Author(s) 2021

Abstract
Linear proportional solenoid (LPS) is widely applied in different linear motion control systems as the electromagnetic actuator 
since its high reliability and low cost. LPS is difficult to optimize by changing a single variable due to amounts of structural 
design parameters, and each design parameter has a nonlinear relationship with the static electromagnetic force. This paper 
aims to improve LPS’s push force and response performance through magnetostatic finite element analysis (FEA) by ANSYS 
MAXWELL. This study compares FEA 2D model, 3D model and measurement results underrated coil current to verify the 
accuracy of FEA 2D model. In order to reveal the nonlinear relationship between shape design parameters and electromag-
net design objectives, this study compares the influence degree of each variable on each design objective by conventional 
type LPS 2D FEA model. And for the purpose of improving LPS’s push force and response performance, a multi-objective 
optimization method has been proposed in this study based on genetic algorithm (GA) and magnetostatic FEA 2D model for 
optimizing the shape design parameters. All the study results were validated in both static conditions and dynamic condi-
tions. The comparison between manufactured optimal type and conventional type results shows that the static push force in 
working stroke is improved 30.1%, displacement step response rise time is reduced 5.2% and 43.4%, and force step response 
rise time is reduced 20.5% and 44.6% with different return spring stiffness. Above all, LPS static and dynamic performance 
has been improved directly and the validation of proposed optimization method is verified in this paper.
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1  Introduction

As micro-processing units have been rapidly developed 
in recent year, the control methods in the traditional fluid 
control field have gradually shifted to electronic control. 

Electromagnetic actuators are the core component of vehi-
cle suspension system and engine, inverter compressor and 
many other pneumatic/hydraulic control systems. As a type 
of electromagnetic actuator, LPS is generally employed in 
proportional control valve (PCV) due to its simple struc-
ture, high reliability, low cost and long stroke. Therefore, 
the study of electromagnetic actuators is necessary for the 
improvement in electrohydraulic control performance.

In last decades, numerous publications about the perfor-
mance improvement in electromagnetic actuators can been 
found in the literature. For variable valve timing technique 
of vehicle engine, a study in 2015 written by Lee, S.H et al. 
aim to reduce the transient time of strokes for higher engine 
speed by using the natural frequency as an optimal design 
goal [1]. For electronic fuel injection systems of fuel cell 
vehicle engine, temperature rise and electromagnetic force 
at saturation temperature are required for ultra-high pressure 
conditions in the published paper written by Lee et al. [2]. 
High-speed solenoid valve (HSV) is the key control unit 
of common-rail injector, and Zhao et al. aim to reduce the 
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useless energy by decreasing the hold current of HSV in Ref. 
[3]. And a 3D FEA model is employed to analyze the power 
distribution under different hold current. The volume of 
electromagnetic actuators is also an important condition, and 
Cai et al. [4] optimize five main shape parameters to obtain 
the maximum electromagnetic force in a specific valve vol-
ume. Reference [5] aims at optimizing the performances of 
response time, size and thermal performance multi-objective 
optimization method. The optimization strategies of solenoid 
valve include geometry shape design [6], energy distribution 
optimization for power consumption [7] and electromechani-
cal system parameters design [2]. The numerical magnetic 
field calculation methods include equivalent magnetic circuit 
(EMC) method and finite element analysis (FEA) method. 
And the optimization algorithms of optimization method 
include the parametric analysis method, gradient optimiza-
tions and global optimization algorithms.

Besides, the same dynamic property requirement of open-
ing/closing time as On/Off electromechanical actuator, LPS 
requires a certain degree of proportionality between the pro-
portional static electromagnetic force and coil exciting cur-
rent, which would not change with the displacement of LPS 
in working stroke [8]. Thus, the performance optimization 
of LPS is a multi-objective design problem. As performance 
optimization objectives in this research, maximum static 
electromagnetic force, moving mass and minimum electro-
magnetic force displacement gradient in working stroke are 
employed to obtain an optimal design LPS, which can meet 
the requirements of large push force and quick response. An 
optimization strategy is proposed including excitation coil 
parameters, actuator geometry shape and electromechanical 
system parameters design. Based on ANSYS MAXWELL 
FEA methods, a shape optimization of LPS is performed in 
order to obtain high accuracy. Many parametric methods are 
used for the shape optimization of electromagnetic devices 
[9, 10], but the obvious disadvantages of parametric analysis 
methods could also be found. For example, it has a heavy 
workload of multi-objective for researcher and it usually 
obtains a local optimum result. Therefore, a global optimi-
zation algorithm genetic algorithm (GA) is really necessary 
for electromechanical solenoid actuator in current researches 
[11–13]. When using genetic algorithm (GA) optimization 
algorithm to optimize the actuator, using three-dimensional 
model might waste a lot of time in simulation. Considering 
the simulation time cost of the FEA method, the two-dimen-
sional axial symmetry FEA model is more suitable for this 
research than the three-dimensional model.

In summary, the whole research would be introduced in the 
following chapters. First, it will explain the theoretical model 
of electromagnetic LPS, which is composed by two parts: the 
structure of electromagnetic LPS and electromagnetic math-
ematic model of LPS. Second, the optimization procedure of 
LPS will be described by the aforementioned method, and 

then, the optimum LPS prototype will be finalized and manu-
factured. Third, it will make a comparison between numerical 
magnetic field calculation and experimental results that could 
validate the improvement of proposed optimization procedure.

2 � Materials and methods

2.1 � The structure of electromagnetic LPS

The LPS is a push type solenoid electromagnetic actua-
tor with specific non-magnetically conductive ring (NMR) 
structure. The LPS is also an axial symmetry shape, and the 
simulation model can be simplified and shown in Fig. 1a, 
which consists of shaft, stator, coil, coil frame, yoke, non-
magnetic ring, armature and return spring. Each part of LPS 
has several design variables, the definitions of shape design 
parameters are shown in Fig. 1b, and the design range of 
these parameters are shown in Table.1.

Except above design parameters, the interstice between 
armature and armature cover yoke can also be fixed for eco-
nomical fabrication purpose. Conventionally, the interstice 
is 0.15 mm in radial direction to film Teflon non-magnetic 
conductive tap. This approach can reduce the armature mov-
ing friction.

2.2 � The electromagnetic mathematic model of LPS

In both open-loop and close-loop control system, the input 
signal (+ 10 V ~ − 10 V) is proportional to the LPS coil cur-
rent. Additionally, for the reason of spring compression and 
other resistance force, the position of armature is propor-
tional to the LPS coil current and the input signal. This lin-
ear characteristic of LPS will reduce the control complexity. 
Therefore, the main design purpose of LPS is to make sure 
the electromagnetic force is proportional to the coil current 
and is constant to the actuator displacement in operating 
stroke. Since LPS is an axial symmetry structure and the 
actuator axial electromagnetic force is a static design pur-
pose, the Maxwell’s equations will be simplified as follows:

The magnetic field strength H  is obtained by the 
Ampère’s law

where I represents coil excitation current, N is the number of 
turns of coil and� represents the length of flux path.

According to the definition of magnetic flux-� and mag-
netic flux density-B , expression (4) is obtained as follows:

(1)H =
IN

�

(2)� = BS

(3)B = �H
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(4)� =
IN

R�

where � is permeability. R� is the reluctance, the axial 
electromagnetic force of armature expression (5) [9] can 
be obtained as expression (6): 

Fig.1   (a) Structure of LPS and 
(b) parameters definitions of 
LPS
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Table 1   Definitions of LPS 
shape design parameters

LPS design parameter Symbol Range

Actuator radius Ry 22.5 mm(fixed)
Armature radius Ra Correlated with Ry, Ha, Hc, He
Spring bore radius Rb 5–9 mm
Armature length La 24–46 mm
Spring bore depth Lb 2 ~ 18 mm
Coil length Lc Correlated with Hc
NMR to stator distance Ld1 1.9–2.9 mm
NMR front length Ld2 0.1 ~ 2.4 mm
Front yoke thickness Le1 4 mm (fixed)
Back yoke thickness Le2 4 mm (fixed)
NMR back length Lf1 1–7 mm
NMR length Lf2 2.7–7.7 mm
Armature cover yoke thickness Ha 1.5–3.5 mm
Coil thickness Hc 4.5–6 mm
Coil cover yoke thickness He 2.5 mm (fixed)
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where �0 = 4� × 10−7 H∕m is the permeability of free 
space, and S  represent the cross sectional area of LPS’s 
armature. Ignoring the reluctance of ferromagnetic material, 
the simplified magnetic flux line is shown in Fig. 2.

The shaft is fixed by the hole located in middle of the 
armature and the electromagnetic force of armature trans-
ferred to the valve spool by shaft. Thus, each magnetic flux 
line reluctance can be described as follows:

where Aa is the effective area of armature head surface. x is 
the displacement to the stator.

where d is the interstice in radial direction between armature 
and armature cover yoke.

Thus, the reluctance R� is:

(5)Fx =
1

2
⋅

B2S

�0

(6)Fx =
1

2
⋅

I2N2

�0R
2

�
S

(7)R1 =
x

�0�Aa

(8)R2 =

�

4
(d + z)

�0�Ra
2 − �0�(Ra + d − z)2

, z =
2x

�

(9)R3 =
d

�0�(2Ra + 2d)(Ld1 − x)

(10)R4 =
d

�0�(2Ra + 2d)(La + z − Ld1 − Lf2)

(11)R� =
R1R2R3

R1R2 + R1R3 + R2R3

+ R4

Consider Eqs.  (6) and (11), the static axial electro-
magnetic force of armature and the coil current maintain 
a nonlinear relationship in different armature displace-
ment. For the linear control requirement f LPS, the shape 
design of LPS is an important process in LPS performance 
improvement.

Coil winding design is the first process in LPS optimiza-
tion. The mathematic model of coil winding is described by 
following equations:

where fw is the winding stacking factor and sw is the wire 
cross section. The actuator design parameter Lc and Hc can 
be determined by the winding number N , fw and sw . Based 
on practical experience, the winding stacking factor is fixed 
as 0.7 and sw less than 0.54 mm2. According to the cable 
maximum temperature and electronic control drivers power 
consumption, this paper will choose cable upper limit sw and 
set rated coil excitation current as 5.4A for obtaining the less 
coil power consumption.

3 � Description of LPS FEA model 
and optimization process

The FEA model of LPS is used to calculate the static elec-
tromagnetic force by ANSYS Electronics software Maxwell. 
LPS shape design GA optimization is employed to obtain 
the ideal static electromagnetic force–displacement curve 
and moving part mass.

3.1 � FEA model description

In this study, 2D FEA model is applied to reduce the time 
cost of manufacture experiment. Therefore, the conventional 
shape LPS is applied in comparison test to validate the avail-
ability of 2D FEA model. Except some fixed parameter, all 
GA optimization design variables and values are presented 
in Table.2. And the static force versus displacement curves 
obtained from 2D FEA simulation, 3D FEA simulation 
and experiment result are shown in Fig. 3. These curves 
are underrated excitation current 2.4A (total 1188 A turns). 
Through the comparison of those curves, Fig. 3 indicates 
that maximum deviation rate of 2D FEA model is 8.1%, and 
3D model is 7.1%. Meanwhile, the comparison results also 
demonstrate that 2D FEA model has almost same simulation 
accuracy with 3D model in magnetostatic numerical calcula-
tion. Thus, both static force obtained by 2D FEA model and 
3D FEA model showed good agreement with the measure-
ment results and 2D FEA model has less time cost.

(12)N =
fwLcHc

sw

Fig.2   Simplified magnetic flux line in FEA 3D model



Journal of the Brazilian Society of Mechanical Sciences and Engineering (2021) 43:60	

1 3

Page 5 of 11  60

3.2 � Multi‑objective problem description

The maximum working stroke of LPS is 2 mm and sam-
pling interval is set as 0.2 mm. By using the FEA models 
in ANSYS MAXWELL software, the numerical calcula-
tion of static electromagnetic force is established at each 
sampling displacement. For LPS multi-objective problem, 
it can be explained by three objectives as follows:

(1)	 Average electromagnetic force—F

	   The average electromagnetic force is calculated by 
each sampling point force. It is used to evaluate the 
excitation force performance in coil rated current.

(2)	 Standard deviation of static electromagnetic force—F�

	   The standard deviation of electromagnetic force is 
used to evaluate the nonlinearity degree of static elec-
tromagnetic force and coil current in working stroke.

(3)	 The average electromagnetic force-to-mass ratio of 
moving parts—F∕m

The mass of armature is the objective of LPS, and it is 
determined by the shape design parameters. And force-to-
mass ratio is one of the LPS dynamic performance evaluat-
ing indicator.

These objectives clearly evaluated the LPS shape 
design performance. Hence, the influence of each LPS 
shape design parameters should be qualitative analyzed 
before multi-objective optimization. The changing influ-
ence on F , F� and F∕m is shown separately in Figs. 4, 5 
and 6. All parameter variations are based on the value of 
conventional shape LPS. For example, in y-axis of Fig. 4, 
the items denote the variables of LPS design parameter 
by + 10% changing rate or  − 10% changing rate. The 
x-axis of Fig. 4 shows the influence of each single vari-
able in ± 10% changing rate. These comparisons in Figs.4, 
5, 6 are using 2D FEA simulation result. In these figure, 
The parameter Hc, Ld1 and Rb can be considered as most 
influential parameters of F , while Ld1, Hc, Ld2 as most 
influential parameters of F� and Hc, Ha, Ld1 as most influ-
ential parameters of force-to-mass ratio. All the parameter 
changes are nonlinear relationship with F,F� and the force-
to-mass ratio. Therefore, normal parameterization design 
method hardly gets an optimal LPS shape. This paper 
employed the validated 2D FEA model and employed a 
multi-objective LPS parametric optimization process, 

Table 2   Value of LPS shape design variables

Symbol of parameter Conventional value

Ra 9.35 mm
Rb 6.75 mm
La 27 mm
Lb 7.3 mm
Lc 40 mm
Ld1 2.38 mm
Ld2 1.15 mm
Lf1 0.72 mm
Lf2 5.2 mm
Ha 2 mm
Hc 6.75 mm
Armature mass 46.2 g
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Fig.3   Static force versus displacement curve comparison about meas-
urement, 3D FEA model and 2D FEA model
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ventional shape LPS
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which includes GA parametric optimization and LPS out-
put force magnetostatic numerical calculation.  

To obtain normalized F , F� and force-to-mass ratio, 
the multi-objective fitness function of optimization can be 
described as follows:

Base on the fitness function, multi-objective design prob-
lem can be converted to the minimization cost problem in 
formula (13), where g1 = 1.1 , g2 = 1 and g3 = 1.4 are nor-
malized factor. Fex is the expectation force, and Kex is the 
expectation force-to-mass ratio. In this paper, the Fex is set 
to 160 N and the Kex is set to 3.

3.3 � Genetic algorithm and ANSYS MAXWELL FEA 
simulation model description

GA optimization tool in ANSYS MAXWELL is used to 
obtain the optimal LPS shape. And GA optimization pro-
cess includes initialization, selection, genetic operators 
and Pareto front selection. The shape design parameters 
and values can be encoded as genes in chromosomes. And 
the optimization design parameters of the GA method are 
shown in Table 3. The variables of initial individual are set 
as conventional values. After 20 Generations iteration, the 
GA optimization individuals are shown in Fig. 7.

After 20 generations of GA optimization process, an opti-
mal result is obtained. The static force versus displacement 
curve of the result is shown in Fig. 8, and the values of 
design variables are shown in Table 4.

The comparison between the measurement and the simu-
lation result underrated coil current (total 1188 A-turns) are 
shown in Fig. 8. The experimental results can verify the 
validity of the optimization approach by FEM. The maxi-
mum relative error between measurement and simulation is 
less than 16%, in LPS working stroke from 0.4 to 1.4 mm. 
Under this working stroke, the static force curve of the opti-
mal result maintained a good constant value. From average 

(13)fitness = g1
Fex − F

Fex

+ g2
F�

F
+ g3

Kex − F∕m

Fex
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Fig.6   Force-to-mass ratio changing rate of each parameter based on 
the conventional shape LPS

Table 3   GA optimization design parameters

GA design parameters Value

Number of individuals 100
Roulette selection 5
Total crossover type Simulated binary
Crossover probability 0.4
Mutation type Guass distribution
Total mutation probability 0.25
Number of survivors in Pareto front 15
Maximum number of iterations 20
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force point of view, the measurement comparison result 
between optimal shape and conventional shape changed 
from 106.5 to 138.6 N, which increased about 30.1% in total. 
From standard deviation of force point of view, the measure-
ment comparison result changed from 1.98 to 2.16 N, which 
increased about 9.1% in total. From static force-to-mass ratio 
point of view, the measurement comparison result changed 
from 2.31 to 2.48, which increased about 7.6% on the whole.

4 � Comparison studies

The conventional structure LPS and optimized structure 
prototype are manufactured. The parameters of manufac-
tured coils are shown in Table 5. To ensure the accuracy of 
measurement results, ZLDS100 (ZSY GROUP LTD) laser 
displacement sensor and U9C (HBM) force transducer are 
employed in LPS’s static and dynamic performance tests. 
And a 1MS/s, 16-channels analog inputs, 16-bit resolution 
multifunction DAQ Card(ADVANTECH) is employed to 
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Fig.7   Individuals of GA optimization
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Fig.8   Static force versus displacement curve comparison of param-
eters LPS exciting current 5.4 A

Table 4   Comparison of 
conventional values and optimal 
values

Symbol of 
design param-
eter

Optimal value

Ra 10.9 mm
Rb 7.35 mm
La 27.1 mm
Lb 15.9 mm
Lc 37.5 mm
Ld1 2.02 mm
Ld2 0.63 mm
Lf1 3.38 mm
Lf2 4.36 mm
Ha 2 mm
Hc 5.15 mm
Armature mass 55.9 g

Table 5   Coil parameters of conventional LPS and optimal LPS

Coil parameters Conventional Optimal

Resistance 2.7 Ω 0.9 Ω
Number of winding 495 turns 220 turns
Wire diameter 0.63 mm 0.83 mm
Rated current 2.4 A 5.4 A

Fig.9   (a) LPS and the testing devices. (b) LPS dynamic and static 
performance test
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given coil current order to LPS amplifier, and sampling the 
coil current signal, push force signal and displacement sig-
nal. LPS performance test device is shown in Fig. 9.

The static performance comparison of optimal shape and 
conventional shape is obtained as shown in Fig. 10a. The 
static force versus displacement curves indicate that the opti-
mal shape LPS has good linearity as conventional type in 
working stroke and the static force. And static force versus 
Ampere-turn test result in Fig. 10b presented the static mag-
netic force of optimal shape large than conventional shape 
in each Ampere-turn at whole working stroke position. Start 
position (1.4 mm) and middle position (0.9 mm) and end 
position (0.4 mm) are selected to illustrate these results, 
respectively. For both the static force of conventional type 
and optimal type in Fig. 10a and b, the improvement in static 
force is distinguishable for optimal LPS.

Figure 11 illustrates the dynamic response performance 
of electromagnetic force of the LPS at a fixed position. Since 
the phase frequency characteristics of the force are better 
than the amplitude frequency characteristics, the amplitude 
frequency characteristic curve is only shown in this figure. In 

comparison with conventional shape, the results indicate that 
the dynamic frequency response of the electromagnetic force 
of the optimal shape is not significantly improved under the 
same magnetic material (electromagnetic pure iron). When 
the displacement increases, the frequency response will 
increase accordingly. The amplitude frequency response is 
increased from 35 Hz at the end position of stroke (0.4 mm) 
to 40 Hz at the start position of stroke (1.4 mm).

The difference in dynamic performance between the opti-
mized LPS and the conventional LPS is illustrated in Fig. 12, 
by the coil current and push force step response at the mid-
dle position of working stroke (0.9 mm). The measurement 
result of step response in rated coil current (1188 A-turn) is 
shown in Fig. 12a. The rise time in Table 6 is the variables 
rise from 10 to 90%, and it indicates that the coil current 
rise time can be reduced by 55.6% and the rise time of push 
force is reduced by 6.8%. The step response of the falling 
edge shown in Fig. 12b and the fall time in Table 6 are the 
variables fall from 90 to 10%, the coil current fall time can 
be reduced by 34.5%, and falling edge response is faster 
than rising edge due to the LPS amplifier’s drive circuit. 
Hence, the push force fall time of optimal LPS is increased 
by 39.0%. This phenomenon can be potentially explained for 
the large push force and quick current response.

The displacement step response is another dynamic per-
formance validation approach, except force step response 
and frequency response at fixed position. The coil cur-
rent input signal, coil actual current, LPS push force 
and armature displacement are measured by the testing 
devices. Tables 7 and 8 present the comparison between 
optimal LPS and conventional LPS transient step response, 

(a)

(b)

Fig.10   (a) Static force versus displacement test and (b) static force 
versus Ampere-turn test

Fig.11   Dynamic force frequency response at fixed position
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meanwhile the details are shown, respectively, in Figs. 13 
and 14. Under different spring stiffness (10400 N/m and 

32900 N/m) and 1.5 mm spring pre-compression operat-
ing condition, the displacement step response rise time of 
optimal LPS is reduced 5.2% and 43.4%, and force step 
response rise time is reduced 20.5% and 44.6%. Conse-
quently, the optimization method proposed in this paper 
can simultaneously improve the static force and dynamic 
response of the electromagnet. The optimized LPS has a 
better performance, particularly in high push force and 
quick motion usage.

5 � Conclusions

This paper presents a shape design optimization pro-
cess of LPS, by using the GA method and magnetostatic 
force 2D FEA method. It aims to optimize the static and 
dynamic LPS performance through its shape design and 
rated current.

According to the actual usage in this research, the appli-
cable coil structure parameters are proposed and the multi-
objective GA optimization process is adopted to optimize 
the static force in working stroke. The accuracy of 2D FEA 
model is validated by the comparison of 3D FEA and the 
measurement. In addition, the optimization results dem-
onstrate that the whole test could spend less time on the 
process by using 2D FEA and the 2D FEA has the equal 
accuracy as 3D FEA in the test; meanwhile, the errors 
reflected from the experimental work are acceptable.

Through using the proposed GA optimization method 
in this paper, an optimal LPS shape parameters result is 
obtained and this optimal LPS shape is manufactured. A 
series of experimental tests are conducted to validate the 
static performance and dynamic performance. By the com-
parison of conventional shape LPS, the proposed optimal 
shape average static force in normal working stroke is 
138.6 N, and it has improved 30.1% by the comparison of 
conventional shape. The optimal shape current rise time 
and fall time have been reduced, respectively, by 55.6% 
and 34.5%, in the test of coil current step input response 
at fixed stroke position. Meanwhile, LPS displacement 
step response rise time has been reduced 5.2% and 43.4%, 
and force step response rise time is reduced 20.5% and 
44.6% by under different spring stiffness (10400 N/m and 
32900 N/m) and 1.5 mm spring pre-compression operating 
condition. Above all, the multi-objective GA optimization 

(a) 

(b)

Fig.12   (a) Rising edge of force step response at stroke middle posi-
tion and (b) falling edge of force step response at stroke middle posi-
tion

Table 6   Force step response at stroke middle position

Performance Conventional LPS Optimal LPS

Coil current rise time 7.2 ms 3.2 ms
Push force rise time 14.6 ms 13.6 ms
Coil current fall time 2.9 ms 1.9 ms
Push force fall time 8.2 ms 11.4 ms

Table 7   Transient step response in spring stiffness 10400 N/mm

Performance Conventional LPS Optimal LPS

Displacement rise time 3.8 ms 3.6 ms
Push force rise time 3.9 ms 3.1 ms

Table 8   Transient step response in spring stiffness 32900 N/mm

Performance Conventional LPS Optimal LPS

Displacement rise time 15.9 ms 9.0 ms
Push force rise time 15.7 ms 8.7 ms
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of LPS’s validity could be testified by the static and 
dynamic performance test devices.
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Fig.13   Displacement step response under spring stiffness 10,400 N/mm

Fig.14   Displacement step response under spring stiffness 32,900 N/mm
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