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Abstract — This paper presents the results of research of 

plunger shape influence on the time response and attraction 

force of DC solenoid electromagnetic actuator depending on 

the length of the working gap. The plunger shape optimization 

has been performed on two-dimensional (2D) axial-symmetric 

model using a genetic algorithm, while the magnetic subsystem 

of electromagnetic actuator is analyzed by the finite element 

method (FEM).   

Keywords — DC electromagnetic actuator, finite element 

method, genetic algorithm, shape optimization, solenoid. 

I. INTRODUCTION 

OLENOID electromagnetic actuators are 

electromechanical devices which convert electrical 

energy to mechanical energy related to linear movement 

[1]. They are characterized by its compact size and simple 

structure and due to their reliability, simple activation and 

cheap production they are widely used in many components 

that accompany our daily lives [2]. 

The design of solenoid electromagnetic actuators (EMA) 

starts with the operating conditions of the device. Many 

references in that domain deals with the specific 

constructions of actuators and determination of their 

operation characteristics and parameters, while there are not 

many of them which deals with shape optimization of 

actuators [3]. DC electromagnetic actuators usually do not 

have a linear static characteristic, it can be achieved in two 

ways: by the coil current control [4], [5] (or voltage) or by 

changing the shape of magnetic circuit and the movable 

plunger [6], [7]. The current control is not usually the 

simple way and it requires sophisticated sensors, a 

microcomputer and various electronic components. It is 

more suitable way to adjust the shape of magnetic 

conductive parts of electromagnetic device which does not 

lead to a completely linear characteristic of plunger 

movement, but its shape can be considered satisfactory. 

Roters [8] has begun to study the influence of plunger 

shape on the characteristics of electromagnetic actuators 

even in the forties of the last century. With the development 

of the computer technology begins the development of 

optimization methods. In [2] is shown the shape 

optimization of electromagnetic actuator by sequential 

quadratic programing method (SQP), while in [9] is used 
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penalty method (PM) and the method of moving asymptotes 

(MMA) for the same purpose. A three-dimensional (3D) 

shape optimization algorithm is developed in [10] by 

combining the geometric parametrization of the design 

surface using spline technique and design sensitivity 

analysis. The usage of genetic algorithm (GA) for shape 

optimization of electromagnetic valve with fixed permanent 

magnet is shown in [7]. 

In this paper, the plunger shape optimization has been 

performed in ANSYS Electronics software package, on 2D 

axial-symmetric model using a genetic algorithm. The 

influence of the plunger shape related to time response and 

attractive force of DC solenoid electromagnetic actuator has 

been studied. The calculations of time dependent partial 

differential equations of magnetic, electrical and 

mechanical subsystem of electromagnetic actuator have 

been performed simultaneously. 

II. DESCRIPTION AND WORK PRINCIPLE 

The basic structure of the solenoid electromagnetic 

actuator consists of a non-magnetic shaft, conductive core 

and plunger, return spring, coil and working gap (Fig. 1.). 

 
Fig. 1. DC solenoid electromagnetic actuator – basic 

structure (cross section) 

Non-magnetic shaft separates the magnetically conductive 

parts (core and plunger) and transmits the mechanical force 
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of plunger to the certain mechanism that electromagnetic 

actuator starts. The stationary ferromagnetic core as well as 

the movable ferromagnetic plunger are the basic parts of 

actuator through which the magnetic circuit closes. The 

material of core and plunger is electrical iron with B-H 

characteristics shown in Fig. 2. 

 
Fig. 2. B-H curve of electrical iron 

The function of return spring is to return the plunger to its 

initial position after switching off the electromagnetic 

actuator. Working gap, in some references known also as 

the main air gap, is the place where attraction force between 

the plunger and the core is generated, i.e. the place of 

electromechanical conversion of energy. The coil design 

determines the electric resistance, it is wound around an 

insulator [11] which is generally called bobbin. 

 
Fig. 3. The typical response behavior of DC solenoid 

electromagnetic actuator 

 The typical response behavior of the DC electromagnetic 

actuator is illustrated in Fig. 3 and it consists of the 

following three operation periods [12]: 

I. Sub-transient period. In this period the plunger does not 

move, it is at rest despite the application of excitation 

voltage. The magnetic flux which flows through the 

plunger does not raise simultaneously with 

magnetomotive force (MMF) due to the presence of 

eddy currents.  

II. Transient period. This period starts when attraction 

force of plunger becomes larger than return spring force 

and due to it the plunger starts to move. The movement 

of plunger causes the varying magnetic flux in the 

electromagnetic actuator. Electromotive force (EMF), 

which opposes to the voltage source and causes the 

current drop, is induced in the coil due to change of 

linkage magnetic flux.  

III. Stopping period. In this mode the plunger touches the 

upper part of core and finishes the movement, EMF 

disappears and current continues to raise. 

III. MATHEMATICAL MODEL 

Dynamic modeling of time response of electromagnetic 

actuator is difficult because of the need to simultaneously 

solve nonlinear differential equations of its magnetic, 

electrical and mechanical subsystem.  The equations which 

lead to time and space dependent electromagnetic 

magnitudes and which are also used to solve the magnetic 

subsystem of electromagnetic actuator are well known 

Maxwell’s equations:  

 𝑑𝑖𝑣�⃗� = 0, (1) 

 𝑟𝑜𝑡�⃗⃗� = 𝐽𝐸𝐶
⃗⃗ ⃗⃗  ⃗ + 𝐽 , (2) 

 𝑟𝑜𝑡𝐸𝑖
⃗⃗  ⃗ = −

𝜕�⃗� 

𝜕𝑡
, (3) 

 𝐽𝐸𝐶
⃗⃗ ⃗⃗  ⃗ = 𝜎 ∙ 𝐸𝑖

⃗⃗  ⃗, (4) 

 �⃗� = 𝜇 ∙ �⃗⃗� , (5) 

where is: �⃗�  – magnetic flux density, �⃗⃗�  – magnetic field 

strength, 𝐽  – current density, 𝐽𝐸𝐶
⃗⃗ ⃗⃗  ⃗ – eddy current density, 𝐸𝑖

⃗⃗  ⃗ 
– induced electric field strength, 𝜇 – permeability of 

material and 𝜎 – conductivity of material. To solve these 

equations in the case of axial-symmetric geometry, as is our 

case, it is convenient to use the magnetic vector potential 

defined as: 

 �⃗� = 𝑟𝑜𝑡𝐴 . (6) 

By combining the equations (2), (4), (5) and (6) the 

following equations are obtained: 

 �⃗� = 𝜇 ∙ �⃗⃗� = 𝑟𝑜𝑡𝐴  →   𝐻 = 𝐵/𝜇, (7) 

 𝑟𝑜𝑡(�⃗� /𝜇) = 𝜎 ∙ 𝐸𝑖
⃗⃗  ⃗ + 𝐽 . (8) 

Furthermore, if we put expression (6) into the equation (3) 

the following equation is obtained: 

 𝑟𝑜𝑡𝐸𝑖
⃗⃗  ⃗ = −

𝜕�⃗� 

𝜕𝑡
= −

𝜕(𝑟𝑜𝑡𝐴 )

𝜕𝑡
   →     𝐸𝑖

⃗⃗  ⃗ = −
𝜕𝐴 

𝜕𝑡
, (9) 

 𝑟𝑜𝑡 (
𝑟𝑜𝑡𝐴 

𝜇
) = −𝜎 ∙

𝜕𝐴 

𝜕𝑡
+ 𝐽 . (10) 

In the case of axial-symmetric geometry the vector potential 

𝐴  has only one component and that scalar function depends 

on two space variables (𝑟, 𝑧) and time (𝑡). The final 

expression for time dependable differential equation of 

magnetic subsystem in which are implemented all the 

causes of eddy currents and which solutions we search is: 

 
𝜕

𝜕𝑧
(
1

𝜇
∙
𝜕𝐴 

𝜕𝑧
) +

𝜕

𝜕𝑟
(
1

𝜇
∙
1

𝑟
∙

𝜕

𝜕𝑟
(𝑟 ∙ 𝐴 )) = 𝜎 ∙

𝜕𝐴 

𝜕𝑡
− 𝐽 . (11) 

This equation has to be solved taking into account the 

boundary condition (𝐴𝑧
⃗⃗ ⃗⃗ = 0) in reference system of 

stationary and movable parts of electromagnetic actuator.  

The electric subsystem is composed of coil and DC 

power supply. The applied voltage 𝑈 is given as a function 

of current and time and can be expressed, after the 

simplification of the linkage flux expression, with the 

following differential equation:  

 𝜆 = 𝑁 ∙ Φ = 𝑁𝐵𝑆 = 𝑁 ∙ 𝜇0
𝑁∙𝑖

ℎ
∙ 𝑆 = 𝐿 ∙ 𝑖, (12) 

 (𝑅𝑖 + 𝑅𝑍) ∙ 𝑖(𝑡) +
𝑑𝜆(𝑖,𝑧)

𝑑𝑡
= 𝑈(𝑡), (13) 

where is:  𝜆 – linkage magnetic flux, 𝑁 – number of turns, 

Φ – magnetic flux, 𝐵 – magnetic flux density, 𝑆 – cross 

section area of coil, 𝑖 – coil current, ℎ - height of coil,  𝑅𝑖 – 



 

resistance of power supply, 𝑅𝑧 – resistance of coil, 𝑈 – 

applied voltage.  

The position of movable plunger is defined by the 

following equation of motion: 

 𝑚
𝑑2𝑧

𝑑𝑡
+ 𝛾

𝑑𝑧

𝑑𝑡
+ 𝑘𝑧 = 𝐹𝑒 − 𝐹𝑅, (14) 

where is: 𝑚 – mass of plunger, 𝛾 – friction coefficient, 𝑘 – 

stiffness coefficient, 𝐹𝑒 – electric force, 𝐹𝑅 – friction force. 

The model of all three subsystems connected together in 

ANSYS Electronics software package is shown in Fig. 4. 

 
Fig. 4. The model of DC solenoid electromagnetic actuator 

in ANSYS Electronics 

IV. OPTIMIZATION PROCEDURE AND METHODS 

The optimization is carried out by ANSYS Electronics 

software package. When optimizing the proposed 

electromagnetic actuator the trail-and-error method based 

on physics, Sequential Nonlinear Programming (SNP) 

method or Quasi-Newton method can be used. However, it 

is difficult for all of the above methods to lead to an optimal 

solution, especially for multi-parameter optimization 

process [12]. Unlike these local optimization techniques 

above, GAs are not highly dependent on either initial 

condition or constraints in the solution domain.  

The five design variables are selected to operate shape 

optimization of the top end area of the plunger because this 

part is sensitive to the change of reluctance. The design 

variables are at the distance of 1 mm and they can change 

its values only in 𝑧 direction (Fig. 5.).  

 
Fig. 5. The principle of plunger shape optimization 

The GA process which is used in this optimization and 

implemented in ANSYS Electronics is shown if Fig. 6. 

 
Fig. 6. Genetic algorithm process  

V. ANALYSIS OF RESULTS 

In order to examine a more uniform attraction force–

working gap relation, twelve plunger shapes were 

geometrically modelled (Fig. 7.) and simulated using the 

standard axisymmetric ANSYS 2D transient analysis. All 

the models have the same applied DC voltage of 220 V and 

the same number of turns (1456). The diameter of used 

copper wire is 0.2 mm. Also, all the modelled plungers have 

fixed width (5 mm) and mass (6 g). The simulations are 

performed for the working gaps in range of 5 to 12 mm. The 

simulations results with the maximum attraction forces at 

the end of the movement and the time response are shown 

in Table 1.  

 
Fig. 7. Different plunger shapes of the solenoid DC 

electromagnetic actuator



 

TABLE 1: COMPARISON OF DIFFERENT PLUNGER SHAPES DEPENDING ON THE LENGTH OF WORKING GAP. 

Name of the shape 
Working gap [mm] 

5 6 7 8 9 10 11 12 

Shape 1 
Max Force [N] 378.51 373.89  372.95 368.08 364.28 359.2 320.02 269.34 

Time response [ms] 2.8 3.2 3.4 3.6 3.8 4.0 4.0 4.2 

Shape 2 
Max Force [N] 153.94 152.8 149.61 140.1 98.16 53.77 2.53 -18 

Time response [ms] 2.8 3.0 3.2 3.4 3.6 3.6 3.8 4.0 

Shape 3 
Max Force [N] 305.33 303.87 299.44 299.45 276.73 228.35 182.48 134.17 

Time response [ms] 2.8 3.0 3.2 3.4 3.4 3.6 3.8 4.0 

Shape 4 
Max Force [N] 335.44 334.86 330.49 329.96 307.21 261.1 207.86 166.97 

Time response [ms] 2.8 3.0 3.2 3.4 3.6 3.8 4.0 4.0 

Shape 5 
Max Force [N] 340.14 338.86 199.0 331.26 325.54 285.31 232.64 183.37 

Time response [ms] 2.8 3.0 3.2 3.4 3.6 3.6 3.8 4.0 

Shape 6 
Max Force [N] 203.55 202.42 335.65 197.82 187.63 149.0 101.0 58.19 

Time response [ms] 2.6 2.8 3.0 3.2 3.4 3.6 3.8 3.8 

Shape 7 
Max Force [N] 337.85 336.68 320.99 329.55 323.87 291.0 239.58 196.23 

Time response [ms] 2.8 3.0 3.2 3.4 3.6 3.8 4.0 4.0 

Shape 8 
Max Force [N] 328.21 325.3 202.78 318.18 306.2 263.03 213.33 170.74 

Time response [ms] 2.8 3.0 3.2 3.4 3.6 3.6 3.8 4.0 

Shape 9 
Max Force [N] 208.67 206.11 262.73 200.83 190.07 148.48 100 58.83 

Time response [ms] 2.6 2.8 3.0 3.2 3.4 3.6 3.8 3.8 

Shape 10 
Max Force [N] 269.18 268.07 331.89 259.63 248.1 208.8 158.41 116.52 

Time response [ms] 2.8 3.0 3.2 3.4 3.6 3.6 3.8 4.0 

Shape 11 
Max Force [N] 340.7 338.43 303.1 329.4 323.78 279.94 227.01 179.01 

Time response [ms] 4.0 4.2 4.4 4.8 5.0 5.4 5.6 5.8 

Shape 12 
Max Force [N] 309.1 306.93 320.23 300.81 281.43 233.66 181.06 139.18 

Time response [ms] 4.0 4.0 4.4 4.6 5.0 5.2 5.6 5.8 

Optimized 

shape 

Max Force [N] 341.05 338.45 332.21 339.59 341.87 310.28 262.35 225.36 

Time response [ms] 2.7 3.0 3.2 3.4 3.6 3.8 3.8 4.0 

The results show that the flat shape of the plunger (Shape 

1) has the highest value of attraction force in the working 

gap range from 5 to 12 mm, but it is not the fastest one. The 

optimized shapes have a lower maximum attraction force, 

but the higher attraction force during the movement and 

faster time response. Calculation results of attraction forces 

for working gap of 8 mm are shown in Fig. 8.

 
Fig. 8. Comparison of generated attraction forces of 

different plunger shapes 

VI. CONCLUSION 

This paper presents the plunger shape optimization based 

on a genetic algorithm and finite element method using 

ANSYS Electronics software package. The results show the 

improved time response and attraction force during the 

motion which can be used in designing of EMA-s. 

REFERENCES 

[1] D.Cvetković, I.Ćosić, A-Šubić, “Improved performance of the 

electromagnetic fuel injector solenoid actuator using a modelling 
approach”, International Journal of Applied Electromagnetics and 

Mechanics, vol. 27, pp. 251-273, IOS Press, 2008. 

[2] S-B.Yoon, J.Hur, Y-D.Chun, D-S.Hyun, “Shape Optimization of 
Solenoid Actuator Using the Finite Element Method and Numerical 

Optimization Technique”, IEEE Trans. Mag., vol. 33, Sept. 1997. 

[3] T.Glück,”Soft Landing and Self-sensing Strategies for 
Electromagnetic Actuators”, Aachen 2013. 

[4] A. Ribic, V.Sinik, “Power Current Control of a Resonant Vibratory 

Conveyor Having Electromagnetic Drive”, Journal of Power 
Electronics, Vol.12, No.4, pp.678-689, July 2012. 

[5] Z.V.Despotovic, Z.V.Stojiljkovic, ”Power Converter Control 

Circuits for Two-Mass Vibratory Conveying System with 
Electromagnetic Drive: Simulations and Experimental Results”, 

IEEE Trans. Ind. Electronics, Vol.54, pp.453-466, February 2007.  

[6] F.Mach, I.Novy, P.Karban, I.Doležel, “Shape optimization of 
Electromagnetic Actuators”, IEEE Conf. ELEKTRO 2014, pp. 595-

598 

[7] O.G.Bellmunt, L.F.Campanile, “Design rules for Actuators in Active 
Mechanical Systems”, Springer, New York, 2010. 

[8] H.C.Roters, “Electromagnetic Devices”, New York, 1941. 
[9] J.S.Ryu, Y.Yao, C.S.Koh, S.N.Yun, D.S.Kim, “Optimal Shape 

Design 3D Nonlinear Electromagnetic Devices Using Parametrized 

Design Sensitivity analysis”, IEEE Trans. Mag., vol. 41, no.5, 2005. 
[10] R.Narayanswamy, D.P.Mahajan, S.Bavisetti, “Unified Coil Solenoid 

Actuator for Aerospace Application”, Electrical Systems for 

Aircraft, Railway and Ship Propulsion (ESARS), IEEE, 2012. 
[11] K.Bessho, S.Yamada, “Analysis of Transient Characteristics of 

Plunger-Type Electromagnets”, Electrical Engineering in Japan, Vol. 

98, No. 4, 1978. 
[12] S.H.Lee, H.C.Yi, K.Han, J.H.Kim, “Genetic Algorithm-Based 

Design Optimization of Electromagnetic Valve Actuators in 

Combustion Engines”, vol. 8, pp. 13222-13230, ENERGIS 2015. 

http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=6375603
http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=6375603

