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The Impact of Plunger Angle and Radius on the Force and Time Response
of DC Solenoid Electromagnetic Actuator used in High-Voltage Circuit

Breaker

Eduard Plavec*, 1, Božidar Filipović-Grčić2 and Mladen Vidović1

Abstract—This paper presents the research on the impact of plunger angle on the force and time
response of DC solenoid electromagnetic actuator used in high-voltage circuit breaker (HVCB). The
research method is based on analytical analysis of the magnetic path of DC solenoid electromagnetic
actuator and comparison with the numerical simulation results. Transient numerical simulation
of DC electromagnetic actuator has been performed on 2D axial-symmetric model using finite
element method (FEM). Numerical simulation includes simultaneously solving differential equations
of magnetic, electrical and mechanical subsystems. The electrical and mechanical subsystems are
modelled separately and then mutually coupled with the magnetic subsystem which is analysed by
FEM in ANSYS Electronics software package. The measurement results obtained after the production
and laboratory testing of electromagnetic actuators with different plunger angles are compared with
the analytical and numerical simulation results.

Keywords: electromagnetic actuator, plunger angle, plunger radius, time response.

1. INTRODUCTION

A HVCB is the essential mechanism and defensive device in electric power system. Smart grid has
been improving quickly in a short time, pointing for enhancing the security and dependability of
utility grid [1]. According to the requirement of fast control and protection of the modern power
grid, increasing the operation speed and breaking capacity of circuit breakers is of great importance
to ensure equipment reliability and system stability as circuit breaker is the key element in electric
power system [2]. However, predictable switching apparatus are traditional and tough to familiarize
to modern electronics powered apparatus and power protection system. The opening and closing
operation of the HVCB is controlled by operating mechanism, which is mostly started by DC solenoid
electromagnetic actuators (EMA-s). The time response of EMA, along with the plunger displacement
and electromagnetic force acting on the plunger, have a direct impact on the opening/closing time of
HVCB.

Solenoid EMA-s are electromechanical devices which convert electrical energy to mechanical
energy related to linear motion. They are characterized by their compact size and simple structure. Due
to their reliability, simple activation and cheap production, they are widely used in many components
that accompany our daily lives [3, 4].

The design of EMA-s starts with the operating conditions of the device. Many references in
that domain deals with the specific constructions of actuators and determination of their operational
characteristics and parameters, while there are not many of them which deals with the shape of the
EMA’s parts. DC EMA-s usually start a mechanism and they need a certain force to overcome the
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initial force of mechanism. The aim of development of every EMA is to meet the constraints on the
force and time response, while maintaining dimensions as small as possible [5].

The research of plunger shape influence on the attraction force was started by Roters in the forties
of the last century. He developed force equations for the flat, truncated, conical and wedged shaped
plunger, neglecting the fringing flux and saturation effect [6]. The moving line technique is used in [7]
to carry out the dynamic FEM analysis without remeshing of the total element number. The influence
of four different plunger shapes on the attraction force were investigated in [8], where the sequential
quadratic programming (SQP) method was used to execute the plunger shape optimization. In [9]
genetic algorithm-based approach is used to optimize the shape of core and coil, while the virtual
work approach is used to evaluate the magnetic force. The Eggshell method is used to determine
the actuator’s static characteristic, while the shape optimization of plunger length and radius is
performed by suitable genetic algorithm [10]. The shape optimization algorithm which combine
the geometric parameterization of the design surface using spline technique and design sensitivity
analysis is developed in [11]. However, none of the papers did not investigate the influence of cone
plunger angle on the attraction force and time response of DC solenoid EMA-s, while maintaining the
mass of the plunger constant.

In this paper, the investigation of the plunger angle impact on the attraction force and time
response of the DC solenoid EMA has been performed. The research method is based on analytical
analysis of the magnetic path which includes the fringing flux between the plunger and core of
DC solenoid EMA. The plunger parameters discussed in the paper are radius and angle. Transient
numerical simulation of DC solenoid EMA has been performed using ANSYS Electromagnetics Suite
software package, on the 2D axial-symmetric model. The calculations of time dependant partial
differential equations of magnetic, electrical and mechanical subsystem of EMA have been solved
simultaneously. The electrical and mechanical subsystems are modelled separately and then mutually
coupled with magnetic subsystem which is analysed by FEM. The measurement results obtained after
the production and laboratory testing of EMA-s with different plunger angles are compared with
the analytical and numerical simulation results. The presented EMA is used in the HVCB with the
following parameters (Tab. 1).

Rated Voltage [kV] 145

Opening speed [m/s] 6

Closing speed [m/s] 4

Contact travel [mm] 100

Opening time [ms] 25±3

Closing time [ms] 55±3

Table 1: High-Voltage Circuit Breaker parameters.

2. DESIGN AND WORK PRINCIPLE

The basic design of solenoid EMA consists of non-magnetic shaft, core, air gap, spring, plunger, non-
magnetic plate and coil (Fig. 1, Tab 2).
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Figure 1: DC solenoid EMA - basic
design

Label (Fig. 1) Part Material
1. Non-magnetic shaft Stainless steel
2. Magnetic core Pure Iron
3. Coil Copper
4. Air gap -
5. Plunger Steel 1010
6. Non-magnetic plate Stainless steel
7. Spring area -

Table 2: The basic parts of solenoid EMA

The core and plunger are the basic parts of the EMA thorough which the magnetic circuit closes,
they are made of electrically conductive material. The air gap is the place of electromechanical
conversion of energy, i.e. the place where the attraction force is generated. The coil determines the
electric resistance of EMA, it is wound around an insulator. The purpose of the non-magnetic plate is
to initialize the plunger position, while the function of the spring is to return the plunger to its initial
position. The typical response behaviour of DC EMA consists of the following three operation periods:
sub-transient period, transient period and stopping period [5]. In sub-transient period there is no
movement of the plunger, despite the application of excitation voltage. The magnetic flux which flows
through the plunger is building the electromagnetic force acting on the plunger. The transient period
starts when plunger starts to move, i.e. when electromagnetic force overcomes the initial force of the
return spring. The movement of plunger causes the varying magnetic flux in the EMA. 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. Stopping period starts when the plunger finishes the movement,
EMF disappears and current continues to increase.

3. MATHEMATICAL MODELS

3.1. Analytical mathematical model

As stated in the introduction, the solenoid EMA is observed as a magnetic circuit, so it can be described
using Ampere’s and Hopkinson’s law. If the same current flows through all windings, the Ampere’s
law can be written in the following form [12]:

�
Hdl =

N

∑
i

Ii = NI, (1)

�
Hdl =

�
B
µ

dl =
�

Φ
µS

dl = NI, (2)

where H is the magnetic field strength, I are the currents flowing in the N windings, B is the magnetic
field, µ is the permeability of magnetic material, Φ is the magnetic flux and S is the area crossed
by magnetic flux. Assuming that all the magnetic flux remains contained inside the electromagnetic
actuator, it can be considered as a constant. Since there are two types of materials along the path of
integration (magnetic material and air) and considering reluctance R=

� dl
µSa

the equation (2) can be
written as:

Φ
( �

m

dlm

µSm
+

�
a

dla

µSa

)
= NI, (3)

Φ(Rm +Ra) = NI, (4)
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where Rm is the magnetic material reluctance and Ra is the air gap reluctance. The reluctances are
defined as follows:

Rm =
lm

µ0µrSm
, Ra =

la

µ0Sa
, (5)

Sm = Sa = S, (6)
where lm is the length of the path along the magnetic material, µ0 = 4π × 10−7 H/m is the magnetic
permeability of air, µr is the permeability of magnetic material and la is the length of the air gap. Since
permeance is a measure of magnetic flux for a number of coil turns it is used to describe magnetic flux
in the air gap, it is defined as:

Pa =
1

Ra
=

µ0Sa

la
, (7)

The total permeance of the air gap (Pa) is the sum of permeances in the main path and fringing path
(Fig. 2):

Pa = Pa1 +Pa2. (8)

Figure 2: The cross-section of DC solenoid EMA - core, air gap and plunger.

The permeance of main path (Pa1) and fringing path (Pa2) can be written as:

Pa1 =
πµr1

h cos α

(
r1

cos α
− h sin α

)
, (9)

Pa2 =
πµr1

h cos α

(
1− h

2
sin α cos α

)
h sin α, (10)

where r1 is the plunger radius, h is the height of air gap and α is the plunger angle. The total permeance
of air gap according to equation (8) is:

Pa =
πµr1

h cos α

(
r1

cos α
− h2

2r1
sin2 α cos α

)
. (11)

The ratio of magnetic flux density in the plunger due to the normal flux between cones only (Bp) and
total magnetic flux density (B) in the air gap is given as:

Bp

B
=

Pa1

Pa1 +Pa2
(12)
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By performing the long division, the quotient is obtained:

Bp

B
= 1− h

r1
sin α cos α +

h2

2r2
1

sin2 α cos2 α + ... (13)

All the terms beyond the second are negligibly small [6], so the final expression can be written as:

Bp = B
(

1− h
r1

sin α cos α
)

. (14)

By combining the equations in expression (2), (4) and (7) the magnetic flux density equation is obtained:

Φµ0S
(

µr

lm
+

1
la

)
= NI → Φ =

NI

µ0S
(

µr
lm + 1

la

) = BS, (15)

B =
NI

µ0

(
µr
lm + 1

la

) . (16)

From the definition of Maxwell Stress Tensor and the properties of Kronecker delta, considering the
fact that the magnetic field B has only y component (Fig. 2), it is possible to write the electromagnetic
force acting on the plunger of electromagnetic actuator as [13]:

σxx =
1
µ0

BxBx −
1

2µ0
B2δxx, (17)

σxx =
1
µ0

B2 − 1
2µ0

B2 =
B2

2µ0
, (18)

By combining the equations (14), (16) and (18), the final equation for electromagnetic force (Fe) acting
on the plunger is obtained:

Fe =
B2

p

2µ0
=

N2 I2
(

1− h
r1

sin α cos α
)

2µ0

(
µr
lm + 1

la

) . (19)

3.2. Numerical mathematical model

Dynamic modeling of EMA is difficult because of the need to simultaneously solve non-linear
differential equations of its magnetic, electrical and mechanical subsystem [14]. 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. 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 is [15]:

∂

∂r

(
1
µr

∂

∂r
(rAφ)

)
+

∂

∂z

( 1
µ

∂Aφ

∂z

)
=

Ni
Sc
− σ

∂Aφ

∂z
+ σv

∂Aφ

∂z
, (20)

where Aφ is the circular component of the magnetic vector potential, Sc is the cross-section area of coil,
σ is the electric conductivity and v is the plunger velocity. The voltage equilibrium equation in the
circuit is defined as:

u = Ri +
2πN

Sc

�
Sc

∂

∂t

(
rAφ

)
dSc, (21)

where u is the voltage supply and R is the coil resistance. The position of the movable plunger is
defined by the following equation of motion:

m
dv
dt

+ βv = Fe − Fl , (22)
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where m is the plunger mass, β is the damping coefficient, v is the velocity of plunger movement in z
direction and Fl is the load force. The plunger velocity in z direction is given as:

v =
dz
dt

. (23)

The calculation of electromagnetic force acting on the plunger, in every time step, is performed from
the magnetic energy change:

Fe =
dW
dz

=
∂

∂z

[ �
V

( � H

0
BdH

)
dV

]
, (24)

where W is the magnetic energy, H is the magnetic field strength and V is the volume of EMA. The
magnetization curve of used magnetic material is illustrated in Fig. 4. The electromagnetic calculation
is performed using ANSYS Electronics software package.

Figure 3: The model of DC solenoid EMA in ANSYS Electronics software package.

4. ANALYSIS OF NUMERICAL RESULTS

The numerical simulation is performed on the nine models of solenoid EMA. The influence of plunger
angle on the force and time response of EMA was observed at angles of 0, 30 and 45 degrees, while the
plunger radius was varied from 5 to 7 mm. All the simulated models have the same excitation voltage
(U = 220 VDC), coil resistance (R = 90Ω) and plunger mass (m = 18 g).

Dirichlet’s boundary condition for magnetic field (Aφ = 0) have been applied to the outer edge of
the simulated models. This results in magnetic flux to be tangential to the model boundary, confining
the flux within the model. The coils were modelled according to the calculated number of turns with
aim of limiting the current value to the amount of 2,5 A.

The plunger was modelled in a specially defined motion area. In this area, the finite element mesh
is changed due to the plunger motion. Therefore, when selecting the size of mesh elements, it must
be borne in mind that no significant deformation of the elements will occur. The excessive element
deformation can affect the accuracy of the solution due to error in calculation of magnetic flux density
in the proximity of the plunger. The maximum size of mesh element in the motion area is 0,1 mm, while
the maximum size of plunger and coil elements is 0,3 mm. The load force (Fl) consists of a constant
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Figure 4: Numerical simulation results. Plunger radius - (a) 5 mm, (b) 6 mm, (c) 7 mm

component - the preload spring force (F1 = 0, 5 N), on which is superposed the variable spring force,
modelled as function of plunger displacement:

Fl = F1 + kz, (25)

where k is the spring constant and z is the plunger displacement. The simulation time step is set to
0,2 ms, while the total duration of the simulation is set to 12 ms. The typical response behavior of
DC EMA consists of the following three operation periods [16]: sub-transient period, transient period
and stopping period. In the sub-transient period there is no movement of the plunger, despite the
application of excitation voltage. The magnetic flux which flows through the plunger is building the
electromagnetic force acting on the plunger. When electromagnetic force overcomes the initial force of
the return spring, the plunger starts to move, and it is also the beginning of the transient period. The
movement of the plunger causes the varying magnetic flux in the EMA. 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. Stopping period starts when the plunger touches the core and finishes the
movement, EMF disappears and current continues to increase (Fig. 4). Numerical simulation results
of the electromagnetic force acting on the plunger in relation to the plunger displacement, and coil
current in relation to elapsed time are shown in the following figures.

For the plunger radius of 5 mm, the maximum obtained value of the attraction force, in case of the
angle value of 0 degrees, is 411,6 N, while the time response is equal to 4,6 ms. For the same plunger
radius and the angle value of 30 degrees, the maximum obtained force is equal to 321,1 N and its time
response is 4,4 ms. In case of the angle value of 45 degrees, the maximum obtained force is equal to
239,6 N, while its time response is 4,2 ms (Tab. 3, Fig. 4 - (a)).

For the plunger radius of 6 mm, the maximum obtained value of the attraction force, in case of the
angle value of 0 degrees, is 449,5 N, while the time response is equal to 4,8 ms. For the same plunger
radius and the angle value of 30 degrees, the maximum obtained force is equal to 343,9 N and its time
response is 4,6 ms. In case of the angle value of 45 degrees, the maximum obtained force is equal to
231,7 N, while its time response is 4,56 ms (Tab. 3, Fig. 4 - (b)).

For the plunger radius of 7 mm, the maximum obtained value of the attraction force, in case of the
angle value of 0 degrees, is 502,2 N, while the time response is equal to 5,2 ms. For the same plunger
radius and the angle value of 30 degrees, the maximum obtained force is equal to 376,7 N and its time
response is 5,0 ms. In case of the angle value of 45 degrees, the maximum obtained force is equal to
247,9 N, while its time response is 4,9 ms (Tab. 3, Fig. 4 - (c)).

5. MANUFACTURING AND TESTING OF PROTOTYPE MODELS

After the completion of numerical transient simulations, the 3D models of EMA-s have been modelled
in SolidWorks, after which the prototypes have been sent to manufacturing. A total of 6 prototype
models with the plunger radius of 5, 6 and 7 mm have been produced. Each plunger has been made
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Plunger radius 5 mm

Angle [deg] 0 30 45

Max Force [N] 411,58 321,07 239,62

Time response [ms] 4,6 4,4 4,2

Plunger radius 6 mm

Angle [deg] 0 30 45

Max Force [N] 449,52 343,88 231,67

Time response [ms] 4,8 4,8 4,56

Plunger radius 7 mm

Angle [deg] 0 30 45

Max Force [N] 502,23 376,67 247,88

Time response [ms] 5,2 5,0 4,96

Table 3: Numerical simulation results.

in two variants, one with a plunger angle of 0 degrees and another with a plunger angle of 45 degrees.
The manufactured and tested EMA’s parameters are given in Table 4, while the fixed design variables
are given in Table 5.

Rated Power [W] 540
Rated Voltage [V] 220
Coil Resistance [Ω] 90
Time response [ms] 4,2 - 5,6
Dimensions
Height [mm] 41
Width [mm] 36
Length [mm] 36

Table 4: EMA’s properties.

Label Description Value
1. rnms Non-magnetic shaft radius 3 mm
2. tco Core thickness 2 mm
3. wc Coil width 7 mm
4. hc Coil height 27 mm
5. la Air gap length 6 mm
6. N Number of turns 1890
7. Dw Wire diameter 0,2 mm

Table 5: Values of fixed design variables.

The prototype models of the EMA-s, after the manufacturing process, have been tested in the
laboratory. The measured sizes are: electromagnetic force on the plunger, coil current and coil
resistance. The coil resistance is measured by using a standard multimeter - FLUKE 179. To supply
electromagnetic actuators with DC voltage, the TDK Lambda Genesys 300-11 DC power sources have
been used. The transient recorder (National Instruments TR12K) with the sample rate of 20 MS/s and
its acquisition unit have been to measure fast transient phenomena precisely. The test configuration
for time response/current measurement is illustrated in Figure 5.

Figure 5: Time response measurement of prototype EMA.
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The measurement method of electromagnetic force acting on the plunger has been improved
compared to [3]. The attraction force acting on the plunger has been measured using the universal
machine for testing materials - Zwieck Roell Z020. The electromagnetic force have been measured
using the force sensor Zwieck/Roell Type XForce HP with sensitivity of 2 mV/V, having the linear
characteristic for measurement range from 0 to 500 kg. In this area, the sensor has a force measurement
precision of ±2%. The measurement has been performed in such a way that the top of the material
testing machine has been set at the distance of 1 mm from the top of the plunger in its final position,
the handling with the EMA and the material testing machine were electronically synchronized. The
head velocity of material testing machine was set to vtm = 1 mm/s. During the head movement of
the material testing machine together with the force sensor, the force sensor reads the value of the
electromagnetic force acting on the plunger along its displacement. The force measurement procedure
is shown in Figure 6.

Figure 6: The force measurement procedure.

For the plunger radius of 5 mm, the maximum measured value of the attraction force, in case of
the angle value of 0 degrees, is 420,1 N, while the time response is equal to 4,55 ms. For the same
plunger radius and the angle value of 45 degrees, the maximum obtained force is equal to 245,2 N and
its time response is 4,18 ms. (Tab. 6, Fig. 7 - (a)).

For the plunger radius of 6 mm, the maximum measured value of the attraction force, in case of
the angle value of 0 degrees, is 463,8 N, while the time response is equal to 4,72 ms. For the same
plunger radius and the angle value of 45 degrees, the maximum obtained force is equal to 240,2 N and
its time response is 4,52 ms. (Tab. 6, Fig. 7 - (b)).
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Figure 7: Comparison of measurements and numerical simulation results. Plunger radius - (a) 5 mm, (b) 6 mm, (c) 7 mm
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For the plunger radius of 7 mm, the maximum measured value of the attraction force, in case of
the angle value of 0 degrees, is 517,9 N, while the time response is equal to 5,16 ms. For the same
plunger radius and the angle value of 45 degrees, the maximum obtained force is equal to 259,8 N and
its time response is 4,91 ms. (Tab. 6, Fig. 7 - (c)).

6. COMPARISON OF RESULTS

The comparison of analytical results, numerical simulation results and measurements is shown in Table
4. All of them showed that the maximum force acting on the plunger of the solenoid EMA increases
with increasing the plunger radius while simultaneously reducing the plunger angle (Tab. 6, Fig. 7).
On the other side, regarding the attraction force of solenoid EMA, if the plunger angle is bigger, the
EMA will generate more attraction force at the beginning of its movement for the bigger plunger radius
(Tab. 6, Fig. 7). The reason why the EMA-s, with the plungers which have bigger plunger angle, have
smaller time response and bigger electromagnetic force at the beginning of the movement is the faster
building of magnetic flux in the area of air gap and through the plunger.

By analyzing the impact of the coil current to the time response of EMA, the numerical simulations
and measurements, showed that the time response of solenoid EMA is faster if the plunger radius is
smaller and the plunger angle bigger at the same time (Tab. 6, Fig. 7). The maximum deviation

Plunger radius 5 mm

Measured Simulated Analytical

Angle [deg] 0 45 0 45 0 45

Max Force [N] 420,1 245,2 411,58 239,62 441,73 270,11

Time response [ms] 4,55 4,18 4,6 4,2 - -

Resistance [Ω] 89,62 89,68 90 90 90 90

Plunger radius 6 mm

Measured Simulated Analytical

Angle [deg] 0 45 0 45 0 45

Max Force [N] 463,8 240,2 449,52 231,67 483,71 261,66

Time response [ms] 4,72 4,52 4,8 4,6 - -

Resistance [Ω] 89,61 89,63 90 90 90 90

Plunger radius 7 mm

Measured Simulated Analytical

Angle [deg] 0 45 0 45 0 45

Max Force [N] 517,9 259,8 502,23 247,88 540,24 281,71

Time response [ms] 5,16 4,91 5,2 4,96 - -

Resistance [Ω] 89,62 89,62 90 90 90 90

Table 6: Comparison of analytical results, numerical simulation results and measurements.

between the simulated and measured values of the electromagnetic force acting on the plunger is
4,81%, at plunger radius of 7 mm and angle of 45 degrees (Fig. 8). At the same time, the maximum
deviation between the simulated and measured time response is 1,7%, at plunger radius of 6 mm and
angle of 45 degrees (Fig. 8). The maximum deviation between the simulated and measured values of
the electromagnetic force, acting on the plunger, is 10,16%, at plunger radius of 5 mm and angle of 45
degrees (Fig. 8 - (b)). The total measurement uncertainty is ±8% and it is shown in Figure 9.
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(a) (b)

Figure 8: Deviation between numerical results and measurements - (a), deviation between analytical results and
measurements - (b).

Figure 9: Measurement uncertainty - ±8%

7. CONCLUSION

The aim of any electromagnetic actuator development is to develop an actuator with higher
electromagnetic force acting on the plunger, with as fast time response as possible, while maintaining
the dimensions as small as possible.

In this paper, it has been performed investigation on the impact of the plunger angle on the
attraction force and time response of the DC solenoid EMA, while maintaining the mass of the plunger
constant. The research method is based on analytical analysis of magnetic path which includes the
upgraded model with the fringing flux between the plunger and core of DC solenoid EMA. The
plunger parameters discussed in the paper are its radius and angle, while the main parameter of EMA
is its time response.

The results of numerical simulations have shown that, by reducing the plunger angle from 45
degrees to 0 degree, it is possible to increase the maximum electromagnetic force by 102,6%, while
reducing the time response for only 4,6%. After completion of numerical transient simulations, a total
of 6 prototype models with plunger radius of 5,6 and 7 mm were produced. Each of the plunger
has been made in two variants, with a plunger angle of 0 degree and with a plunger angle of 45
degrees. All the prototype models are tested in laboratory. The measured sizes are electromagnetic
force acting on the plunger and the time response of EMA. The maximum deviation between the
simulated and measured values of the electromagnetic force acting on the plunger is 4,81%, while
the maximum deviation between the simulated and measured time response is only 1,7%. At the same
time, the presented method gives the maximum deviation of 10,16% between the analytical results and
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measured values of the electromagnetic force acting on the plunger.
Both, the numerical simulation results and measurements showed that the maximum force acting

on the plunger of the solenoid EMA increases with increasing the plunger radius while simultaneously
reducing the plunger angle. On the other side, if the plunger angle is bigger the EMA will generate
more force at the beginning of its movement for the bigger plunger radius and the EMA will have faster
time response compared to the flat shape plunger. Based on the obtained results, it can be concluded
that this method can successfully predict the maximum value of EMA’s electromagnetic force and
therefore it can be used for quick calculations.

The future work will be related to the improvement of the analytical model with the non-linearity
of magnetic permeability of ferromagnetic materials using the Prandtl-Ishlinskii (PI) model.
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