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INFLUENCE OF THE SHAPE OF THE INPUT PULSES ON THE CHARACTERISTICS
OF HYBRID ELECTROMAGNETIC SYSTEM WITH MAGNETIC FLUX MODULATION
Introduction. Nowadays, the accelerated development of materials and technologies and the finding of new ones is a prerequisite for
the improvement of well-known electromagnetic constructions used in various devices, as well as for the development of new ones.
New construction of hybrid electromagnetic system with magnetic flux modulation (HEMSMM) is studied. The construction is
composed of: ferromagnetic frame with air gaps, input and output coils and permanent magnets. Two input coils connected to the
pulsed power supply are used to change the path of the generated by the permanent magnets constant magnetic flux. Input pulses
with different shapes are applied to the input coils and signals in the output coils are obtained and compared. The main purpose of
the work is to find the shape of the input pulses which leads to higher output power in comparison with the other shapes. Methods.
Finite element method and COMSOL software is used for computer modelling of the proposed construction, where coupled
electromagnetic field – electric circuit analysis is carried out. Results. A mathematical and numerical 3D model of new HEMSMM
construction is realised and studied. The model allows to calculate and compare power efficiency of the studied device, when input
pulses with different shapes are applied. Practical value. The developed computer model enables the study of the HEMSMM and
other electromagnetic devices at different operating modes. It can be further improved and used in the search for optimal parameters
of a particular electromagnetic device. References 13, table 1, figures 13.
Key words: FEM modelling, hybrid electromagnetic system, magnetic flux modulation, permanent magnets.
Вступ. У наш час прискорене вдосконалення існуючих і винахід нових матеріалів та обладнання є необхідною умовою
вдосконалення відомих електромагнітних конструкцій, що використовуються в різних пристроях, а також для розробки
нових виробів. Досліджується нова конструкція гібридної електромагнітної системи з модуляцією магнітного потоку
(ГЕСМММ). Конструкція складається з: феромагнітної каркасу з повітряними зазорами, вхідних та вихідних котушок та
постійних магнітів. Дві вхідні котушки, підключені до імпульсного джерела живлення, використовуються для зміни шляху
постійного магнітного потоку, що створюється постійними магнітами. Вхідні імпульси різної форми подаються на вхідні
котушки, а сигнали у вихідних котушках отримуються та порівнюються. Основна мета роботи – знайти форму вхідних
імпульсів, що призводить до вищої вихідної потужності в порівнянні з іншими формами. Методи. Метод скінченних
елементів та програмне забезпечення COMSOL використовуються для комп'ютерного моделювання запропонованої
конструкції, де проводиться аналіз зв'язаних електромагнітного поля та електричного кола. Результати. Реалізовано та
досліджено математичну та числову тривимірну модель нової конструкції ГЕСМММ. Модель дозволяє розрахувати та
порівняти енергетичну ефективність досліджуваного пристрою, коли застосовуються вхідні імпульси різної форми.
Практична цінність. Розроблена комп'ютерна модель дозволяє досліджувати ГЕСМММ та інші електромагнітні
пристрої при різних режимах роботи. Вона може бути додатково вдосконалена та використана для пошуку оптимальних
параметрів конкретного електромагнітного пристрою. Бібл. 13, табл. 1, рис. 13.
Ключові слова: моделювання методом скінченних елементів, гібридна електромагнітна система, модуляція
магнітного потоку, постійні магніти.

Introduction. Energy efficiency in the creation of
new devices and in the modernization of existing ones is
one of the basic requirements laid down in their design.
The need to increase device efficiency leads to continuous
search for new constructive variants and application of
new materials and technologies. In electromagnetic
systems, a good opportunity to increase their energy
efficiency and to improve their technical parameters is the
application of permanent magnets by means of which the
neutral electromagnetic actuators can be replaced with
polarized ones. There are also electromagnetic systems in
which the magnetic flux created by a permanent magnet
(PM) is redirected to parallel ferromagnetic paths using a
control coil. The change of magnetic field in the system is
used to generate electricity. Such devices are hybrid
electromagnetic systems with magnetic flux modulation
(HEMSMM).
The idea of creating a hybrid device that uses a
magnetic flux of a permanent magnet in combination with
a variable magnetic flux created by a coil is not new [1-3].
Some of these designs are only conceptual and not
realized due to lack of available materials with suitable
characteristics.
Many HEMSMM constructions with closed (without
an air gap in the path of the magnetic flux) and open

magnetic path (with one or more air gaps in the path of
the magnetic flux) and their working principles are
described in [1]. The patent application and patents of
motionless magnetic generator are described in [2-6].
Electromagnetic construction with two input and two
output coils and special microprocessor circuits are
described in [2]. The electronic control system of that
device ensures ferromagnetic resonance of the core.
Several modifications of construction with built-in PM
and airgaps with variable resistors is proposed in [3].
Construction with control coil that is positioned outside of
the frame with main magnetic flux is presented in [4].
Combination of DC and AC current source are used for
power feeding of the system. In [5], two PMs are placed
close to the coil with magnetic core and airgap between
them is controlled to achieve change in magnetic flux. A
device with perforated disks inserted in the airgaps is
presented in [6]. The control system is realized with
simple multivibrators. In [7] main working principles of
hybrid electromagnetic system are described and using of
new nanocrystalline materials for better energy efficiency
of such devices is proposed. A three-dimensional
computer model of magnetic field is used for studying
influence of geometry of permanent magnet over the
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energy efficiency of an electromechanical system in [8].
Basic theoretical principles and formulations related to
electromagnetism and magnetic field are discussed in
[9] and [10].
The goal of the paper is to study the influence of
input pulses with different parameters, mainly their shape,
on the characteristics of a new construction of
HEMSMM. The obtained results from the FEM
simulations are compared.
Studied construction. Previous research by the
authors for HEMSMM device is published in [11], where
an existing simple construction with one PM and two
control coils is studied. Also, an experimental study with
a prototype of the HEMSMM system was conducted by
the authors in [12]. In the present paper, a new
construction with two built-in permanent magnets (PMs)
in ferromagnetic core is presented. The path of magnetic
flux from the PMs is controlled with two input coils
which are supplied with voltage pulses with different
shapes. It is also possible to set different amplitude,
frequency and filling factor of the voltage pulses. In the
ferromagnetic core, where the input coils are mounted,
two air gaps are included in the centre of the coils. Four
output coils are connected to resistive load and the output
power is determined.
In Fig. 1, the main parts of the studied construction
are shown. They are:
 1 – ferromagnetic frame;
 2 – input (control) coil 1;
 3 – input (control) coil 2;
 4 – output (signal) coil 6;
 5 – output (signal) coil 5;
 6 – output (signal) coil 4;
 7 – output (signal) coil 3;
 8 – permanent magnets;
 9 – air gaps.

sinusoidal, rectangular and triangular pulses are made.
The electric circuit used in the simulations is given
in Fig. 2.

Fig. 2. Electric circuit used in the simulations

The mathematical model consists of one field
equation and 6 circuit equations (one for each coil). The
computer model with studied HEMSMM construction is
solved in two steps. In the first step, the electric circuit
does not participate and a stationary problem with respect
to the electromagnetic field is solved. Results for the
static magnetic field created only by the permanent
magnets are achieved and are used as initial condition for
the next step. In second step, time dependent coupled
field-circuit problem is solved. Here, the coils are
connected and powered by the electric circuit in Fig. 2.
All simulations can be also used to study the system
for different frequencies and duty cycle of the input
pulses.
Field equation for the first step (static case) is:





  01  A  M  0 ,
(1)
where A is the magnetic vector potential; M is the
magnetization; 0 is the magnetic permeability of
vacuum.
Field equation for time dependent step is:
A
i t 
   01  A  M  N 

,
(2)
t
S
where  is the electrical conductivity of the material; N is
number of turns in the coil; i is the current through the
coil; S is the coil cross section.
The circuit equations for the six coils are:
u1 t   R1  i1 t   Ψ1 t ;
(3)





u2 t   R2  i2 t   Ψ 2 t ;

Fig. 1. Geometry of the studied new HEMSMM construction

Mathematical and numerical model. COMSOL
Multiphysics [13] software is used for computer
modelling, where coupled 3D electromagnetic field –
electric circuit problem is solved. Inductance and active
resistance of the coils are obtained from electromagnetic
field interface and are directly employed in electric
circuit. An active load is connected to the output coil.
The influence of the shape of the input (voltage) pulses
applied to the control coils is studied. Simulations with

4

(4)
 Ψ 3 t  R3  i3 t ;
(5)
 Ψ 4 t  R4  i4 t ;
(6)


 Ψ 5 t  R5  i5 t ;
(7)
 Ψ 6 t  R6  i6 t ,
(8)
where u1(t) and u2(t) are voltages of coil 1 and coil 2
respectively; R1 to R6 are active resistances of the coils;
i1(t) to i6(t) are currents through the coils; Ψ is flux
linkage.
Some of the main parameters used in computer
modelling of the construction are:
 all coils are cylindrical with 100 turns made of
copper conductor;
 the magnetic frames are of ferromagnetic material of
B-H curve presented in Fig. 3. The cross section of the
frame is 1010 mm;
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 the permanent magnets are modelled with relative
permeability µr = 1.05 and coercive force of 970 kA/m.

Fig. 3. B-H curve of used ferromagnetic material used
in the modelling

Results from simulations. Distribution of the
magnetic flux density of the studied construction, when
the control coils are not energized is shown in Fig. 4. In
this case the fluxes are due to PMs built in the
ferromagnetic frame.

Fig. 6. Voltage of input coil 1 and output coil 5 with sinusoidal
waveforms

Fig. 4. Magnetic flux density of the studied HEMSMM
construction, when the input coils are not energized

Fig. 7. Voltage of input coil 1 and output coil 5, pulses with
rectangular shape

The flux density working point of the permanent
magnet is close to the point of the remanent flux density
and its variation is less than 1 %. The change of magnetic
flux density in the system, when voltage pulses are
applied to the input coil 1 and to input coil 2, is presented
in Fig. 5.

a
b
Fig. 5. Magnetic flux density of the studied HEMSMM
construction:
a) power supply of input coil 1
b) power supply of input coil 2

In Fig. 6 to Fig. 8, results for the voltage of input
coil 1 and output coil 5, when different shapes of input
pulses are applied, are presented. Due to similarity, the
results for the other coils are not given.

Fig. 8. Voltage of input coil 1 and output coil 5, pulses with
triangular shape

Currents through input and output coils in the
system for two of the cases (rectangular and triangular
pulses) are given in Fig. 9 and Fig. 10. It is worth to note
that the current through output coils 3 and 4 is closer to
sinusoidal form when the input pulses are triangular, the
reason for that is the slower changing of the magnetic
fluxes in the magnetic core of that zone of the system,
when triangular pulses are applied.
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Fig. 9. Currents through the coils when triangular pulses are
applied

Fig. 10. Currents through the coils when rectangular pulses are
applied

Results for the input and output power of each coil
of the system and for the studied three different shapes
(sinusoidal, rectangular and triangular) of the input
pulses, are obtained. Some of the results are shown in Fig.
11 to Fig. 13.

Fig. 11. Input and output power when rectangular pulses are
applied

When rectangular pulses are used, the shape of
output power does not match the input power shape. In
the case with triangular pulses, the shapes of input and
output power match better.

6

Fig. 12. Input power when triangular pulses are applied

Fig. 13. Output power when triangular pulses are applied

The average input and output power of the coils is
calculated and is presented in Table 1, where and
comparison is made and efficiency of the system for input
pulses with different shapes is achieved.
Table 1
Comparison of input and output power of the studied system
Shape of the
Average
Average output
input power
input power
power (coils
Efficiency
pulse
(coil 1 + 2)
3 + 4 + 5 + 6)
Sinusoidal
46,14 W
8,10 W
17,55 %
Rectangular

60,69 W

22,25 W

36,66 %

Triangular

24,44 W

9,73 W

39,82 %

The table shows the results obtained for the average
input and output power of the system under different
shapes of the input power pulses.
Conclusions.
The developed computer model enables the study of
the hybrid electromagnetic system with magnetic flux
modulation at different operating modes. For the proposed
construction, the influence of the shape of the input power
pulses on the efficiency of the system is studied. From the
results obtained for the studied pulse shapes, the best
results with respect to the efficiency are obtained with
triangular pulses. The developed computer models can
also be used to investigate other parameters, as well as to
optimize the design of such devices.
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