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Abstract. This paper presents the research on the in-
fluence of coil parameter on the force of DC electro-
magnetic actuator. The coil parameter discussed in
the paper is the angle between the windings. The re-
search method is based on analyzing the magnetic path
of DC electromagnetic actuator and on comparison of
analytically obtained results with the numerical simu-
lation results. Transient numerical simulation of DC
electromagnetic actuator has been performed on the
2D axial-symmetric model using the Finite Element
Method (FEM). The main contribution is the coil wind-
ing angle impact on the force of DC electromagnetic
actuator. The results showed that, by reducing the coil
winding angle, it is possible to increase the electromag-
netic force, reduce the coil dimensions, and thus the
dimensions of electromagnetic actuator.
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1. Introduction

Solenoid electromagnetic actuators are electromechan-
ical devices which convert electrical energy to mechani-
cal energy related to linear motion [1] and [2]. They are
characterized by their compact size and simple struc-
ture. Because of their reliability, simple activation and
cheap production, they are widely used in many com-
ponents that accompany our daily lives [3].

The DC Electromagnetic Actuators (EMA-s) usually
start some kind of tripping mechanism and they need
a certain force value to overcome the initial force of
tripping mechanism [4]. When developing an EMA,

the goal is to meet the constraints on the force and
time response, while maintaining dimensions as small
as possible.

The coils are the main constructional elements of
an EMA. Thus, the coil parameters selection process
is a prerequisite to build a fully efficient device [5].
The precise selection of coil’s parameters is essential to
achieve the maximum speed of the plunger. The force
acting on ferromagnetic core depends on the product of
current flowing through wires and number of coil turns
[6] and [7].

The selection of coil parameters regarding the coil’s
size and number of turns is investigated in [5]. The
impact of the coil diameter and length on the volt-
age distribution in a machine stator winding fed by
PWM inverter was investigated in [8]. A study of ef-
fects on size and number of turns based on signal dis-
tribution on impedance plane diagram is performed in
[9]. The influence of coil radius on electromagnetic re-
pulsion mechanism performance is considered in [10].
However, there is no paper which investigates the im-
pact of coil winding angle on the force of EMA, while
maintaining the coil resistance constant.

In this paper, the investigation of the impact of coil
winding angle on the force of DC EMA has been per-
formed. The research method is based on analyzing
the magnetic path of DC EMA and comparison with
the numerical simulation results. The coil parameter
discussed in the paper is the coil winding angle. The
coil resistance is usually confined by the current which
switch is capable of breaking. In that case, it is possible
to lower the coil dimensions by coil winding procedure
or by using the wire with the smaller diameter, while
still maintaining the constraint on the force.

Transient numerical simulation of DC electromag-
netic actuator has been performed in ANSYS Desktop
Electronics software, on the 2D axial-symmetric model,
using Finite Element Method (FEM). The results of
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numerical simulations are compared with analytically
obtained results.

2. Description and Work
Principle

The basic structure of the solenoid EMA consists
of a non-magnetic shaft, magnetic core, air gap,
plunger, non-magnetic plate and return spring (Fig. 1).
The materials of EMA’s parts are stated in Tab. 1.
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Fig. 1: The 2D axial-symmetric model of DC solenoid EMA -
basic structure (cross-section).

Tab. 1: The basic parts of EMA.

Label Part Material
1. Non-magnetic shaft Stainless steel 304
2. Magnetic core Steel 1010
3. Air gap -
4. Spring area -
5. Plunger Steel 1010
6. Non-magnetic plate Stainless steel 304
7. Coil Copper

The non-magnetic shaft transfers the mechanical
force of the plunger to a certain mechanism that EMA
starts. Ferromagnetic core, as well as the movable fer-
romagnetic plunger, are the basic parts of the EMA
through which the magnetic circuit closes. The core
and plunger are made of electrically conductive mate-
rial with non-linear B-H characteristics. The coil is
wound around an insulator which is generally called
bobbin. Air gap, in some references also known as the

main working 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
function of return spring is to return the plunger to its
initial position after switching off the EMA.

The typical response behavior of DC EMA consists
of the following three operation periods [11]: sub-
transient period, transient period and stopping pe-
riod. 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. When electromagnetic force overcomes
the initial force of the return spring, the plunger starts
to move, which is also the beginning of the transient
period. The movement of plunger causes the vary-
ing 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.

3. Coil Winding Angle Impact
- Analytical Analysis

If the solenoid EMA is observed as a magnetic circuit,
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
= NI, (2)

where H is the magnetic field strength, Ii are the cur-
rents 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 mag-
netic flux. Assuming that all the magnetic flux re-
mains contained inside the EMA, 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, < =

∫ dl
µS , the Eq. (2)

can be written as:

Φ

(∫
m

dlm
µSm

+

∫
a

dla
µSa

)
= NI, (3)

Φ (<m + <a) = NI, (4)
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where <m is the magnetic material reluctance and
<a is the air gap reluctance. The reluctances are de-
fined as follows:

<m =
lm

µ0µrSm
, <a =

la
µ0Sa

, (5)

Sm = Sa = S, (6)

where lm is the length of the path along the magnetic
material, µ = 4π ·10−7 H · m−1 is the magnetic perme-
ability of air, µr is the permeability of magnetic mate-
rial and la is the length of the air gap. By combining
the equations in expression (Eq. (2)) and expression
(Eq. (5)), the magnetic induction equation is obtained:

Φ

µS

(
lm
µr

+ la

)
= NI → Φ =

µ0S ·NI(
lm
µr

+ la

) = BS,
(7)

B =
µ0NI(
lm
µr

+ la

) .
(8)

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 EMA as [13]:

σxx =
1

µ0
BxBx −

1

2µ0
B2δxx, (9)

σxx =
1

µ0
B2 − 1

2µ0
B2 =

B2

2µ0
= F. (10)

By combining the Eq. (8) and Eq. (10), the final
equation for electromagnetic force (Fe) acting on the
plunger is obtained:

Fe =
µ0 (NI)

2
S

2

(
lm
µr

+ la

)2 . (11)

The cross-section area of the plunger can be obtained
using the equation:

S = π ·
(
r2po − r2nms

)
, (12)

where rpo is the plunger outer radius and rnms is the
radius of non-magnetic shaft. Length of the path along
the ferromagnetic material (Fig. 2) is calculated using
the following equation:

lm = 2lx + 2ly − la =

= 4tco + 2wc + 2hc − la,
(13)
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Fig. 2: Design variables overview.

with the following notations: lx, ly - the paths
along the magnetic material in the x and y direction,
tco - the thickness of core, wc - the coil width and
hc - the coil height.

To calculate the coil height, the Pappus centroid the-
orem for volume of solids of revolution is used:

V = 2π ·A · d = L ·Aw =
R

Rlin
·Aw, (14)

where A is the area of the surface which is rotating,
d is the distance of its geometric centroid from the axis
of revolution, L is the length of wire, Aw is the area
of the wire cross section, R is the coil resistance and
Rlin is the linear resistance. The distance and area can
be obtained using the equations:

d = rpo +
wc
2
, (15)

A = Nx ·Ny ·Aw, (16)

Ny =
hc
Dw

. (17)

By combining the Eq. (14), Eq. (15), Eq. (16) and
Eq. (17) the equation for calculation of the coil height
is obtained:

hc =
Dw · L

π ·Nx · (2rpo + wc)
. (18)
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The coil width is dependent on the coil turn arrange-
ment. The angle between wires affects the coil width
(Fig. 3).

α
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Fig. 3: The coil turn arrangement.

In order to obtain the dependence of winding angle
to the coil width, the following relations can be written
from Fig. 3 [14]:

Nx = 3, (19)

dx = 2rw sinα = Dw sinα, (20)

wc = 2rw + 2dx = Dw + (Nx − 1)Dw sinα, (21)

wc = Dw [1 + (Nx − 1) sinα] , (22)

with following notation: rw - the wire radius, α - the
angle between windings and dx - the distance between
two windings in x direction. The total number of turns
(N) is defined as:

N = Nx ·Ny = Nx ·
hc

Dw
=

L

π (2rpo + wc)
. (23)

The length of wire has been already defined in
Eq. (14), but it can be also written as:

L =
R0

Rlin
=

U

Rlin · I
=

4U

Rlin · JmaxπD2
iw

, (24)

where Jmax is the maximum current density and
Diw is the inner wire diameter. Substituting Eq. (23)
and Eq. (24) into Eq. (11) results in the final equation
for electromagnetic force:

Fe =
µ0U

2
(
r2po − r2nms

)
2R2

linπ (2rpo +Dw [1 + (Nx − 1) sinα])
2 ·

· 1(
(4tco+2Dw[1+(Nx−1) sinα]+2hc−la)

µr
+ la

)2 . (25)

From the equation Eq. (25), it can be clearly seen the
electromagnetic force dependence on the angle between
windings.

4. Coil Winding Angle Impact
- Numerical Analysis

Dynamic modeling of EMA’s time response is difficult
because of the need to simultaneously solve non-linear
differential equations of its magnetic, electrical and me-
chanical subsystem [15]. The equations which lead to
time and space dependent electromagnetic magnitudes
and which are also used to solve the magnetic subsys-
tem of EMA are well known Maxwell’s equations. In
the case of axial-symmetric geometry, the vector poten-
tial A has only one component and that scalar function
depends on two space variables (r, z) and time (t) [16].
The final expression for time dependable differential
equation of magnetic subsystem is [17]:

∂

∂r

(
1

µ · r
· ∂
∂r
· (r ·Aϕ)

)
+

∂

∂z

(
1

µ
· ∂Aϕ
∂z

)
=

=
N · i
Sc
− σ∂Aϕ

∂z
σ · v δAϕ

δz
,

(26)

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 ve-
locity. The voltage equilibrium equation in the circuit
is defined as:

u = R · i+
2π ·N
Sc

∫
Sc

∂

∂t
(r ·Aϕ) dSc, (27)

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

m
dv
dt

+ β · v = Fe − Fl, (28)

where m is the plunger mass, β is the damping co-
efficient, v is the velocity of plunger movement in
z direction and Fl is the load force. The plunger ve-
locity in z direction is given as:

v =
dz
dt
. (29)

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

]
, (30)

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

The numerical simulation is performed on the two
models of solenoid EMA (Fig. 5). Both have the same
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Fig. 4: B-H curve of used magnetic material.

excitation voltage (U), coil resistance (R), coil height
(hc) and plunger dimensions, but different coil width
(wc) and angle between coil turns (α). The model in
Fig. 5(a) is simulated for 90 degrees (α = 90◦) an-
gle between coil turns, while the model in Fig. 5(b) is
simulated for 60 degrees angle (α = 60◦). Dirichlet’s
boundary condition for magnetic field ((Aϕ = 0◦)) has
been applied to the outer edge of the models. This
results in magnetic flux to be tangential to the model
boundary, confining the flux within the model. The
coils were modeled according to the calculated number
of turns in x direction. The fixed design variables of
simulated EMA are given in Tab. 2.

(a) α = 90◦. (b) α = 60◦.

Fig. 5: 2D axial-symmetric model of solenoid EMA.

Tab. 2: Values of fixed design variables.

Label Description Value
1. rnms Non-magnetic shaft radius 1 mm
2. rpo Plunger outer radius 3 mm
3. tco Core thickness 2 mm
4. hc Coil height 4.92 mm
5. la Air gap length 2.5 mm
6. Ny Number of turns in y direction 20
7. Dw Wire diameter 0.24 mm
8. Diw Inner wire diameter 0.2 mm

The simulation time step is set to 0.05 ms, while
the total duration of the simulation is set to 5 ms.
The load force (Fl) consists of a constant component,
preload spring force (F1), on which the variable spring
force modeled as function of plunger displacement is

superposed:

Fl = F1 + ky, (31)

where k is the spring constant and y is the plunger dis-
placement. Numerical simulation results of the plunger
displacement and electromagnetic force acting on the
plunger are shown in Fig. 6.
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Fig. 6: Comparison of numerical simulation results.

Figure 6 shows that electromagnetic force produced
by coil turns at angle of 60 degrees achieves higher val-
ues of force from the beginning of the simulation. Also,
it can be seen that coil winding angle has an impact on
the time response of EMA, which has not been included
in analytical analysis. The time response is improved
for 5.26 % by winding the coil at an angle of 60 degrees.
At maximum plunger displacement, the dynamic elec-
tromagnetic force has its maximum value in amount of
86.91 N for the model with an angle of 90 degrees be-
tween the coil turns, while the maximum force for the
model with an angle between the coil turns of 60 de-
grees is 90.62 N. By using the coil, which has the angle
of 60 degrees between the coil turns, the maximum
value of electromagnetic force is increased for 4.27 %.

5. Comparison of Numerical
and Analytical Results

In order to compare analytical and numerical simula-
tion results, the numerical magnetostatic calculation
have been done. Both, the analytical and numerical
results show that the amount of force acting on the
plunger of solenoid EMA is bigger if the coil winding
angle is smaller. The results are shown in Tab. 3.

The analytical calculation does not consider the non-
linear B-H curve of the material. It neglects the fring-
ing flux effect in the air gap, the impact of the small
air gaps and the impact of the coil insulation. It gives
the approximate results of the electromagnetic force
amount which in the worst case have the maximum
deviation of 17 % compared to the results of numerical
simulations (Fig. 7).
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Tab. 3: Comparison of analytical and numerical results.

Plunger Displacement
(mm)

Force (N) - 90◦

(Analytical)
Force (N) - 60◦

(Analytical)
Force (N) - 90◦

(Numerical)
Force (N) - 60◦

(Numerical)
0 29.02 37.30 28.59 32.30
0.5 33.79 43.71 33.73 37.44
1.0 39.83 51.93 39.67 43.38
1.5 47.64 62.70 47.48 51.19
2 58.00 77.21 60.98 64.69
2.5 72.13 97.4 86.91 90.62
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Fig. 7: Comparison of numerical and analytical results.

6. Conclusion

The aim of any EMA development is to develop an ac-
tuator 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, the impact of coil winding angle on the
force of DC solenoid EMA is observed, where the coil
resistance and coil height are fixed, while coil width
depends on the coil winding angle. The coil winding
angle directly determines coil filling factor, which is the
largest at the ideal winding angle of 60 degrees and its
value in that case is 0.907.

The results of numerical simulations have shown
that, by reducing the coil winding angle, it is possible
to increase the electromagnetic force by 4.27 %. Also,
by reducing coil winding angle, compared to the worst
angle (90◦), it is possible to reduce the coil dimensions,
and thus the dimensions of electromagnetic actuator.
The results of numerical simulations were compared to
the results of analytical calculations and a maximum
deviation of 17 % was established. In order to reduce
this percentage, an analytical model needs to be up-
graded in further work.
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