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In the paper, a study of the influence of the middle pole shape on the static force characteristic of a 

direct-current solenoid actuator with T-shaped armature is presented. For this purpose, computer models 
of the actuator have been developed in the COMSOL software, considering the following shapes of the 
middle pole: conic pole with different angles, flat pole, truncated cone and reduced truncated cone. The 
finite element method has been used to analyze the three-dimensional magnetic field of the actuator with 
the T-shaped armature. The electromagnetic force acting on the armature of the actuator in case of various 
air gaps has been determined by the method of Maxwell Stress Tensor in COMSOL. The static force 
characteristics of the actuator for the different middle pole shapes have been obtained for cold and warm 
state of the coil. The influence of the pole shape on the force characteristic of an especially developed 
construction of direct-current solenoid actuator with T-shaped armature has been evaluated. The obtained 
characteristics can be used for optimization of the actuator, at known opposite force characteristics of the 
mechanism driven by the actuator.  
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Влияние на формата на средния полюс върху електромеханичната характеристика на 
електромагнит с Т-образна котва (Иван Хаджиев, Диан Маламов, Йоско Балабозов, Иван 
Ячев). В статията е представено изследване на влиянието на формата на средния полюс върху 
статичната електромеханична характеристика на соленоиден електромагнит за постоянен ток с 
Т-образна котва. За тази цел са разработени компютърни модели на електромагнита в софтуера 
COMSOL, със следните форми на средния полюс: конусен полюс с различни ъгли, плосък полюс, 
пресечен конус и степенчат конус. За анализ на тримерното магнитно поле на електромагнита с 
Т-образна котва е използван методът с крайни елементи. Електромагнитната сила действаща 
върху котвата на електромагнита при различни въздушни междини е определена по метода с 
тензор на напреженията на Максуел в COMSOL. Получени са статичните електромеханични 
характеристики на електромагнита при различните форми на средния полюс за студено и топло 
състояние на намотката. Направена е оценка на влиянието на формата на полюса върху 
електромеханичната характеристика на разработена конструкция на соленоиден електромагнит 
за постоянен ток с Т-образна котва. Получените характеристики могат да се използват за 
оптимизация на електромагнита, при известна характеристика на противодействащите сили на 
задвижвания от електромагнита механизъм. 

 

Introduction 
The shape and the location of the DC actuators’ 

poles considerably influence their force characteris-
tics. The magnetic field is distributed in solenoid elec-
tromagnetic systems in a complex way. Therefore, 
numerical studies of the influence of construction 
factors on the electromagnetic processes are normally 
carried out with the help of models based on the finite 
element method [1], [2]. 

There are great opportunities to influence the force 
characteristics of both solenoid electromagnetic actua-
tors and actuators with T-shaped armature by means 
of changing their design parameters [3], [4]. Intensive 
investigation and patenting of the actuators with T-
shaped armature has been done in the second half of 
the last century (e.g., [5], [6], [7]). Nowadays, when 
new materials and simulation tools have appeared, 
these kinds of actuators are again subject of great in-
terest [8], [9], [10]. 
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Previous studies of the force characteristic of a so-
lenoid actuator with a T-shaped armature are present-
ed by the authors in [11], [12]. An experimental study 
of the static force characteristic of the actuator is re-
ported in [11], carried out by means of both the finite 
element method and the reluctance network method. It 
has been found that at bigger air gaps, the actuator 
with a T-shaped magnetic system has a higher elec-
tromagnetic force in comparison to an actuator with 
E-shaped magnetic system and external armature. In 
[12], experimental and numerical studies of the heat-
ing of an actuator with T-shaped armature are carried 
out. It has been found that the heating influences the 
electromagnetic force to a more significant extent than 
it influences the magneto-motive force. 

The studies in the present paper are further devel-
opment of the works reported in [11] and [12]. The 
influence of the middle pole’s shape on the static force 
characteristic has been studied. The studies were con-
ducted at the following shapes of the middle pole: 
conic pole with different angles, flat pole, truncated 
cone and reduced truncated cone at cold and warm 
state of the coil. A comparison has been made be-
tween the obtained numerical results for the electro-
magnetic force at the different shapes of the middle 
pole. 

Constructions of the studied actuator 
The construction of the studied DC actuator is 

shown in Fig. 1. The minimum cone angle for the 
studied actuator is 65о due to limitations by the con-
struction of the actuator. The maximum cone angle is 
180о, which corresponds to a flat shape of the arma-
ture. 

 
Fig.1. Construction of the solenoid actuator with a T-

shaped armature: 1, 2, 3 – conic pole with an angle of 65о, 
90о and 120о, correspondingly; 4 – flat pole; 5 – truncated 
cone; 6 – reduced truncated cone; 7 – armature; 8 – yoke; 

9 – stopper; 10 – core poles; 11 – coil; 12 – sleeve. 

Mathematical model 
The definition of the distribution of the magnetic 

field characteristics is based on solving the 
electromagnetic problem for the actuator at steady-
state using the software COMSOL. The magnetostatic 
field is described by the equation 

(1) 1x x
μ

 
 
 

∇ ∇ = eA J , 

where A – magnetic vector potential, μ – magnetic 
permeability, Je – apparent current density in the coil. 
The magnitude of the apparent current density is 
determined by 

(2) ( ) c

c c
e l S

U T qJ σ= , 

where U – supply voltage, σ(Т) – specific electrical 
conductivity of the coil wire which depends on the 
coil temperature, qc – cross-section of the coil wire, lc 
– average length of the coil turn, Sc – cross section of 
the coil. 

The numerical studies were conducted at the 
following temperatures: 

- coil temperature equal to the ambient temperature 
(cold state of the coil); 

- coil temperature equal to the temperature at 
steady-state and determined in [12] (warm state of the 
coil). 

The electromagnetic force is defined according to 
the following expression using Maxwell Stress Tensor 
approach: 

(3) 2

0
)1 1( 2S
dSBμ= −F B.n.B n , 

where S – closed surface, comprising the armature, n 
– outward unit normal vector to this surface, B – 
magnetic flux density. 

The studied actuator is with a semi-closed 
magnetic system and there is a buffer zone around it 
with a size equal to the size of the actuator. 

The electromagnetic problem has been solved at 
the following boundary conditions: 

- the electric current I is set in the cross-section of 
the coil; 

- flux-parallel condition is set at the boundary of 
the buffer zone. 

3D Computer models of an actuator with T-
shaped armature 

Based on both the construction parameters of the 
actuator and the mathematical model, the finite 
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element method and 3D computer models in 
COMSOL software [13] for studying the static force 
characteristic of the actuator at the different shapes of 
the middle pole have been employed. The 
electromagnetic problem has been solved for steady-
state. Typical finite element mesh is shown in Fig. 2. 
The mesh contains 199560 finite elements. 

 
a) 

 
b) 

 
c) 

Fig.2. Mesh of finite elements of the actuator: a) magnetic 
system and a coil; b) magnetic system; middle pole’s 

shapes 1, 2, 3, 4, 5, 6 (in accordance with Fig. 1). 

Numerical study of the influence of the middle 
pole’s shape of an actuator with T-shaped 
armature on the static force characteristic 

By means of the developed 3D computer models of 

the actuator, results about its static force 
characteristics were obtained at the following shapes 
of its middle pole: conic pole with different angles, 
flat pole, truncated cone and reduced truncated cone. 
The tests were performed by changing the air gap 
from 10mm (open armature) to 0.3mm (closed 
armature). The obtained results are for cold and warm 
state of the coil and supply voltages of 220V DC. 

T-shaped armature with conic middle pole 

The studies, carried out for the case of a conic 
shape of the middle pole, are usually for angles at the 
top of the cone 65о, 90о and 120о, correspondingly. 
Part of the obtained results are given in the figures 
below. Figs. 3, 4 and 5 show the distribution of the 
magnetic flux density across a cross-section of the 
actuator's magnetic system at open and closed 
armature. The obtained static force characteristics of 
the actuator at cold and warm state of its coil are given 
in Figs. 6, 7, and 8. Fig. 9 shows a comparison 
between the force characteristics at the different cone 
angles and at a warm state of the coil. 

 
a) 

 
b) 

Fig.3. Distribution of the magnetic flux density (T) across a 
cross-section of the magnetic system of the actuator at cone 

angle 65о and an air gap: a) 10mm; b) 0.3mm. 
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a) 

 
b) 

Fig.4. Distribution of the magnetic flux density (T) across a 
cross-section of the magnetic system of the actuator at cone 

angle 90о and an air gap: a) 10mm; b) 0.3mm. 

 
a) 

 
b) 

Fig.5. Distribution of the magnetic flux density (T) across a 
cross-section of the magnetic system of the actuator at cone 

angle 120о and an air gap: a) 10mm; b) 0.3mm. 

 
Fig.6. Static force characteristic of the actuator at cone 

angle of 65о for cold and warm state of the coil. 

 
Fig.7. Static force characteristic of the actuator at cone 

angle of 90о for cold and warm state of the coil. 

 
Fig.8. Static force characteristic of the actuator at cone 

angle of 120о for cold and warm state of the coil. 

 
Fig.9. Static force characteristics of the actuator at warm 

state of the coil and cone angle of 65о, 90о and 120o. 
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T-shaped actuator with flat shape of the middle 
pole 

Part of the obtained results are given in Fig. 10 and 
11. Fig. 10 shows the distribution of the magnetic flux 
density across a cross-section of the actuator’s 
magnetic system at open and closed armature. The 
obtained static characteristics of the actuator at cold 
and warm state of the coil are given in Fig. 11. 

 
a) 

 
b) 

Fig.10. Distribution of the magnetic flux density (T) across 
a cross-section of the magnetic system of the actuator with 

flat cone shape of the middle pole and an air gap: a) 
10mm; b) 0.3mm. 

 
Fig.11. Static force characteristic of the actuator with flat 
cone shape of the middle pole for cold and warm state of 

the coil. 

T-shaped actuator with truncated cone shape of 
the middle pole 

Fig. 12 and 13 present part of the obtained results. 
The distriution of the magnetic flux density across a 
cross section of the actuator’s magnetic system at 
open and closed armature is shown in Fig. 12. In 
Fig. 13 the static force characteristics of the actuator 
at cold and warm state of the coil are given. 

 
a) 

 
b) 

Fig.12. Distribution of the magnetic flux density (T) across 
a cross-section of the magnetic system of the actuator with 
truncated cone shape of the middle pole and an air gap: a) 

10mm; b) 0.3mm. 

 
Fig.13. Static force characteristic of the actuator with 

truncated cone shape for cold and warm state of the coil. 
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T-shaped actuator with reduced truncated cone 
shape of the middle pole 

Part of the obtained results are given in Fig. 14 and 
15. Fig. 14 illustrates the distribution of the magnetic 
flux density across a cross-section of the actuator’s 
magnetic system at open and closed armature. The 
obtained static force characteristics of the actuator at 
cold and warm state of the coil are given in Fig. 15. 

 
a) 

 
b) 

Fig.14. Distribution of the magnetic flux density (T) across 
a cross-section of the magnetic system of the actuator with 
reduced truncated cone shape of the middle pole and an air 

gap: a) 10mm; b) 0.3mm. 

 
Fig.15. Static force characteristic of the actuator with 

reduced truncated cone shape of the middle pole for cold 
and warm state of the coil. 

Comparison of the obtained numerical results 
Fig. 16 presents the comparison between the 

obtained results about the electromagnetic force of the 
actuator at the different shapes of its middle pole and 
220V DC supply voltage of the coil. 

 
a) Air gap 10mm 

 
b) Air gap 0.3mm 

 
c) Air gap 10mm 

 
d) Air gap 0.3mm 

Fig.16. Dependence of the electromagnetic force at cold 
state of the coil (a, b) and warm state of the coil (c, d) on 
the actuator’s pole shape: 1 – cone shape with 65о cone 

angle; 2 – cone shape with 90о cone angle; 3 – cone shape 
with 120о cone angle; 4 - flat armature; 5 – truncated cone 

shape; 6 – reduced truncated cone shape. 
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Fig. 17 presents the comparison between the 
obtained results about the static force characteristics 
of the actuator at the different shapes of its middle 
pole and 220V DC supply voltage of the coil. 

 
Fig.17. Static force characteristics of the actuator at warm 
state of the coil and the following middle pole’s shapes: 1 – 

cone shape with 65о cone angle; 2 – cone shape with 90о 
cone angle; 3 – cone shape with 120о cone angle; 4 – flat 
shape; 5 – truncated cone shape; 6 –reduced truncated 

cone shape. 

Conclusion 
From the conducted numerical experiments it 

becomes clear that the pole shape has considerable 
influence on the static force characteristics. This is 
due to the air gap permeance gradient with respect to 
the armature stroke. 

In the case of cone middle pole, together with 
decreasing the cone angle at the maximum air gap 
(open armature position), the electromagnetic force 
increases, while at a minimum air gap (closed 
armature position) it decreases. For example at the 
maximum air gap, the electromagnetic force at cone-
shaped pole with angle of 120о, the electromagnetic 
force increases by about 18% with respect to its value 
at flat armature, while at cone angle of 65о, the 
electromagnetic force increases by about 105% with 
respect to the value, corresponding to flat shape of the 
armature. At the minimum air gap, the 
electromagnetic force at cone-shaped pole with angle 
of 120° decreases by about 19% with respect to its 
value at flat armature, while at cone angle of 65° the 
electromagnetic force decreases by about 59%. The 
highest value of the electromagnetic force at air gap 
within 3÷8mm range is obtained for reduced truncated 
cone shape. 

The heating of the coil of the actuator leads to a 
decrease in the electromagnetic force for all studied 
shapes of the middle pole of the actuator. The effect of 
the coil heating on the electromagnetic force is more 

significant at the maximum air gap than at the 
minimum air gap of the actuator. The electromagnetic 
force at maximum air gap and warm state of the coil 
decreases by about 38% compared to the 
electromagnetic force at cold state of the coil for all 
shape types of the middle pole. The electromagnetic 
force at minimum air gap and warm state of the coil 
decreases by about 10% in comparison with the 
electromagnetic force at cold state of the coil for all 
shape types of the middle pole. 

The developed computer models of the actuator 
with T-shaped armature and the obtained results could 
be used for optimization of the actuator pole shape at 
known opposite force characteristics of the 
mechanism driven by the actuator. This could be 
subject of further study. 
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