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Abstract. The paper deals with a workflow of a proportional pressure modulator equipped with a linear electric motor of elec-
tromagnetic type (LEMET). A schematic diagram consisting of a power supply and control system has been constructed  
to determine the performance of LEMET. The power supply system is a self-contained half-bridge inverter. The converter 
input is supplied with 12 V DC voltage. The motor phase is powered by an inverter which includes transistor switches and 
diodes. The control system of the autonomous inverter consists of two channels – a current limiting channel and a linear trans-
fer channel. The study is based on the results of numerical and simulation modeling of LEMET workflows. Numerical simula-
tion is performed and investigated by a finite element method in the FEMM environment. Geometry of the LEMET model lies 
in the region of air with an electromagnetic permeability of 1. An initial radius of the grid generation for the working gap area 
is 0.5 mm, while for other areas an adaptive generation method has been applied. In order to determine a continuous power 
function at any point within a current variation interval i and a displacement x current linkage and electromagnetic force func-
tions have been approximated by polynomials use of the Curve Fitting application. The simulation LEMET model of a pro-
portional modulator has been built in the MatLab Simulink environment. The implicit Runge-Kutta method using the second- 
order inverse differentiation formulas with a variable step has been applied for solution of a mathematical model in the 
MatLab Simulink system. The equation of an electrical circuit for an inductor motor phase has been compiled according to the 
second law of Kirchhoff. The LEMET traction characteristics have been obtained by moving a locking and adjusting element 
(LCE) from 0 to 6 mm in steps of 1 mm while changing the MMF in the winding from 0 to 2 A in steps of 0.1 A. It has been 
established that in order to move the LCE by 6 mm with the speed of 40 mm/s with a resolution of 0.15 mm, the maxi- 
mum value of the current in the LEMET winding is equal to 2.5 A. In this case the value of the electromagnetic force is 120 N. 
This makes it possible to improve an accuracy of the brake drive pressure regulation by 12.3 %. Solutions have been proposed 
to increase the LEMET speedwork. Characteristics of the engine have been described and numerical parameters of LEMET 
have been determined in the paper. The developed simulation model allows to investigate functional properties and dynamic 
characteristics of the proportional modulator with a relative error of 4.07 %. 
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пиальная схема, состоящая из системы питания и управления. Система питания представляет собой автономный  
полумостовой инвертор. На вход преобразователя подается постоянное напряжение 12 В. Фаза двигателя питается от 
инвертора, в состав которого входят транзисторные ключи и диоды. Система управления автономным инвертором 
состоит из двух каналов – канала ограничения тока и канала линейного перемещения. Исследование основано на 
результатах численного и имитационного моделирования рабочих процессов ЛЭДЭТ. Численное моделирование 
выполнено и исследовано методом конечных элементов в среде FEMM. Геометрия модели ЛЭДЭТ заключена в об-
ласть воздуха с электромагнитной проницаемостью, равной 1. Начальный радиус генерации сетки для области ра- 
бочего зазора составляет 0,5 мм, а для других областей установлен адаптивный метод генерации. Для определения 
непрерывной степенной функции в любой точке интервала варьирования тока i и перемещения x функции потокос-
цепления и электромагнитной силы аппроксимированы полиномами при помощи приложения Curve Fitting. Имита-
ционная модель ЛЭДЭТ пропорционального модулятора построена в среде MatLab Simulink. Для решения математи-
ческой модели в системе MatLab Simulink выбран неявный метод Рунге – Кутта, использующий формулы обратного 
дифференцирования 2-го порядка с переменным шагом. Уравнение электрической цепи фазы индукторного двигате-
ля составлено согласно второму закону Кирхгофа. Тяговые характеристики ЛЭДЭТ получены путем перемещения 
запорно-регулирующего элемента (ЗРЭ) от 0 до 6 мм с шагом 1 мм при изменении магнито-движущей силы (МДС)  
в обмотке от 0 до 2 А с шагом 0,1 А. Установлено, что для перемещения ЗРЭ на 6 мм при скорости 40 мм/с  
с дискретностью 0,15 мм максимальное значение силы тока в обмотке ЛЭДЭТ равно 2,5 А. При этом значение элек-
тромагнитной силы равно 120 Н. Это позволяет повысить точность регулирования давления в тормозном приводе на 
12,3 %. Предложены решения, повышающие быстродействие ЛЭДЭТ. Описаны характеристики двигателя и опреде-
лены численные параметры ЛЭДЭТ. Разработанная имитационная модель позволяет исследовать функциональные 
свойства и динамические характеристики пропорционального модулятора с относительной погрешностью 4,07 %. 
 

Ключевые слова: пропорциональный модулятор давления, линейный двигатель электромагнитного типа, метод ко-
нечных элементов, моделирование, рабочий процесс 
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Introduction 
 
It is a well-known fact that the development of 

measures to improve the structural safety of the car 
has a global character nowadays. The reason for 
this is the increasing complexity of road traffic, 
which in turn poses problems to the driver while 
steering the car that one may not always be able to 
cope with. The above problems can only be solved 
by on-board computer systems, since other admini- 
strative measures do not lead to sustained decline 
in the number and complexity of accidents. In this 
regard, on-board computer systems, processing the 
streaming information, can systemize it, record it, 
and if there is a necessity, provide or modify the 
appropriate steps in the light of prevailing traffic 
conditions. From this point of view, the most mo- 
dern braking system is the electro-pneumatic brake 
system (EPBS). The air pressure in the brake cir-
cuits of such a system is formed by electronic con-
trol pressure modulators. The control is carried out 
by means of electronics based on sensor infor-
mation included in the configuration of any auto-
mated system. The quality of control is determined 
by the executive devices (modulators) whose struc-
ture many parameters of traffic safety depend  

upon. Increasing the speed of modulators helps in 
solving a number of technical problems, while im-
proving their design leads to the reduction of the 
cost of production of brake equipment and the 
brake system as a whole. 

 
Analysis of publications 
 

The works of A. K. Alexander, L. V. Gurevich, 
A. I. Popova; L. A. Ryzhykh [1], D.N. Leontiev [2] 
deal with the creation and improvement of EPBS. 
At the Automobile Department of KhNAHU there 
was developed and introduced into manufacture a 
proportional modulator EPBS designed on the ba-
sis of a rotary electric stepper motor FL57STH76-
2084B with a gear-train rack pinion. It is estab-
lished that the range of the rotary stepper electric 
motor operation in the proportional modulator is 
very narrow, which is irrational. To address this 
shortcoming, in this paper it is proposed to apply a 
gearless drive based on the linear electric motor of 
the electromagnetic type (LEMET). Drives based 
on the linear electric motor of the electromagnetic 
type are widespread in the field of railway techno- 
logy for drives of the body tilt systems of high 
speed electric rolling stock [3], and in the switches 
of sleeper type [4]. 
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Goal and problem statement 
 

The aim of the given work is to determine the 
possibility of using in the pressure modulator of 
the electro-pneumatic brake system a linear electric 
motor of electromagnetic type.  

To achieve this goal it is necessary to solve the 
following tasks: to develop a mathematical model 
of linear electromagnetic motor; to develop a 
mathematical model of the proportional pressure 
modulator with a linear electric motor of the elec-
tromagnetic type; perform a simulation study of 
the workflow of proportional pressure modulator 
with a linear stepper electric motor. 

 

Modeling of working processes  
is proportional to the pressure modulator  
 

To select the main parameters of the propor-
tional modulator with a linear electric motor of the 
electromagnetic type as well as build its sta 
tic characteristics, the following initial data is re-
quired: z – increment of the locking control ele-
ment (LCE); t – time of the full stroke of the shut- 
off control element. 

Discreteness of the locking control element 
displacement is determined by the dependence  
of the locking control element displacement and 
outlet pressure. In the traditional proportional (ser-
vo) machines, namely, in brake valves, the grada-
tion of the output pressure is one of the indicators 
of pneumatic actuator quality. Regulations are not 
proposed. There is no specified gradation change 
of the output pressure in proportional devices. Pro-

ceeding from other recommendations, the permis-
sible value of the pressure degree in the pneumatic 
brake actuator should not exceed 3–4 % of the 
maximum pressure and 0.02 MPa [5, 6]. 

Thus, the discrete displacement of the locking 
control element can be determined by the follo- 
wing formula. 

 

max

deg
,Pz

P
=                               (1) 

 

where Pmax – the maximum pressure in the actua-
tor; Pdeg – measure of the degree of change in pres-
sure. 

The minimal time of the locking control ele-
ment turn in serial brake valves is determined by 
the time of brake-pedal actuation during emergen-
cy braking, which is regulatory established to be 
0.2 s [5, 7]. Thus, the maximum travel time of LCE 
in the proportional modulator shall not exceed 0.2 s 
and the minimum time is limited by the inertial 
parameters of the linear electric motor of  electro-
magnetic type. The design scheme is proportional 
to the pressure modulator with a linear stepper 
electric motor shown in fig. 1.  

The mathematical model of the linear electric 
motor of the electromagnetic type consists of equa-
tions of electric circuits and the movement of ar-
mature. The equations of the electric circuit 
describe the workflow of the linear electric motor 
of  electromagnetic type whose phases are based 
on the solution of the Lagrange equations for 
electromechanical systems [8, 9]. 

 

 
 

Fig. 1. Analytical model of proportional modulator: 
1 – anchor, LEET; 2 – LSE rod; 3 – return spring; 4 –double-seat valve; 5 – spring of double-seat valve; 

6 – follow-up air piston; 7 – follow-up air piston spring; 8 – case of modulator  



Mechanical Engineering  
 

 

        443 Наука  и техника. Т. 17, № 5 (2018) 
   Science and Technique. V. 17, No 5 (2018) 

Transforming it with respect to the derivative 
of the current, we obtain the differential equation 
of the first order in the form of: 

 

,di U iR vK
dt L

− −
=                   (2) 

 

where U – voltage; i – current strength; R – re-
sistance of the winding field; v – linear speed; 
K = ∂ψ/∂x – private derivative of the flux linkage 
to move x, at constant current i; L = ∂ψ/∂i – partial 
derivative of the flux linkage according to current 
i, at constant displacement of x; ψ – flux linkage of 
the motor phase. 

According to the Newton's second law, the 
equation of armature motion takes the following 
form: 

 

2

2 ,e sF Fd x
mdt
−

=                    (3) 

 

where m – is the mass of the moving parts of the 
proportional modulator; Fe – is the electromagnetic 
force of the linear electric motor of electromagne- 
tic type; Fs –is the force of resistance. 

Expressions for determining the flux linkage ψ 
and its derivatives according to the current and the 
displacement, as well as the electromagnetic force 
Fe are the functions of linear displacement x and 
the current i: 

 

( , ); ( , ).ef x i F f x iψ = =              (4) 
 

The definition of parameters ψ, L, K, Fe are 
performed using the finite element method and the 
subsequent regression analysis. Modeling and 
study of LEMET of the proposed design was car-
ried out in the FEMM environment [10]. When 
building the model, the following basic parameters 
and assumptions were taken into account: the 
magnetic system is axially symmetric; the body 
material and the motor armature is made of steel 
2020, the stator winding is made of copper with 
MDS 1000 A; the eddy currents and hysteresis in 
the magnetic core are not taken into account, the 
keys of the converter have ideal current-voltage cha-
racteristics [11–13]. The estimated area of LEMET  
is limited to a sphere (fig. 2a, item 4) filled with 
air. On the border of region A they set the bounda-
ry condition of Dirichlet [3]. This makes it possible 
to keep the magnetic flux within this area. Finally, 
the total force is determined by integrating the  
differential force on the loop around the anchor. 
This contour is automatically determined by the 
software package FEMM. As a result of generation 
of the finite element mesh the model contains 
25798 nodes and 51528 elements (fig. 2b). To ob-
tain a family of traction characteristics LEMET, 
they carried out a set of numerical experiments by 
varying the movement of LCE and the anchor x in 
the range from 0.1 to 8.0 mm with increments of 
0.1 mm and with the current change in the coil 
from 0 to 2 in increments of 0.1 A. 

 
    

                                 a                                                                 b                                                                     c 

     
 

Fig. 2. Finite element model of LEMET 
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At each step of calculation they carried out auto-
matic calculation of the electromagnetic field 
(fig. 2c), the magnitude of the traction force Fe and 
the flux linkage ψ for the current value i and dis-
placement x. The values of these parameters were 
measured according to the method presented in [11].  

Using the MatLab Curve Fitting application, re-
gression analysis was carried out and the continuous 
dependence of functions ψ = f(x, i) and Fe = f(x, i),  
in the form of polynomials 4 and 5 degree was, res- 
pectively, obtained. Then, the partial derivatives of 
the flux linkage according to the movement (K) and 
current (L) were determined analytically. 

A simulation model of the actuator of propor-
tional modulator on the basis of the linear electric 
motor of electromagnetic type was built in the 
MatLab Simulink environment, which  reflects  
the consistent transfer of energy from the power 
source to the executive element – LSE, given the 
law of the input signal and structural parameters  
of the linear stepper motor (fig. 3). It contains:  
the unit INVERTOR simulating the operation of 
the inverter and the control system of the drive, the 
unit ID_EL describing the work of energy trans-
formation in the LEMET and MEHANIKA block 
in which they simulate a dynamic process of the 
mechanical part of the drive. 

To solve the mathematical model in the 
MatLab Simulink system, the implicit Runge- 
Kutt method using the reverse differentiation for-
mula of the 2nd order as well as in the further solu-
tion with a variable pitch [8] was chosen. The si- 
mulation time constituted t = 0.5 s. The integration 
step was equal to 10–9. The current analysis of dy-
namic processes in the given model was performed 
using Scope blocks. To analyze and evaluate the 
dynamic dependencies in the function on parame-
ters of the modulator the simulation results are 

stored as a dataset in an Excel file, using the blocks 
To Workspace. The results of simulation of the 
workflow of proportional modulator reflects the 
dependence of the force Fe, the displacement x, and 
the current i in the modulator on the time t. 

Fig. 4a shows the dependence F = f(t) at dif- 
ferent maximum speeds of movement of the  
rod LSE 20 mm/s and 40 mm/s, respectively.  
The graph shows that the maximum value of the 
force which is required to overcome the resistance 
forces is achieved during 0.2 seconds with maximum 
speed of 40 mm/s and varies in proportion to the re-
sistance force Fc. While analyzing the characteristics 
of the workflow, it was established that at the ma- 
ximum set speed of movement of LSE 20 mm/s,  
the output of operational performance relative  
the established procedure increased by 34.8 %.  

The dynamic fluctuations that occur in the es-
tablished mode, testify to the automatic adjustment 
of the workflow characteristics that is a conse-
quence of PID controller application in the simula-
tion model. Fig. 4b reflects the graph of depen 
dence x = f(t). The figure shows that a full stroke  
of LSE is achieved within 0.2 s, which corresponds 
to the requirements of normative documents [14]. 
Fluctuations that are observed in the established 
mode occur within 0.1 mm, which practically does 
not affect the working process of the electro-
pneumatic braking system, as they are in the dead 
zone of the actuator.  

Fig. 4c shows the dependence i = f(t). The graph 
indicates that in the mode of gathering the power, 
as well as actuation of the locking and regulating 
element, the maximum value of the current is 2.5 A, 
which is 20 % higher than the calculated value. This 
suggests that at the initial stage of designing a linear 
stepper motor, one has to calculate its operational 
performance for the maximum current of 3–4 A. 

 

 
 

Fig. 3. Simulation model of LEMET drive 
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                              0.1           0.2         0.3          0.4   t, s   0.5                                          0.1           0.2           0.3          0.4    t, s   0.5 
 

 

                                              с         
       
 
 
 
 
 
 
 
 

 
 Fig. 4. Results of modeling workflow of proportional modulator with 

LEMET: ----- – with maximum speed of 20 mm/s;  
        – with maximum speed of 40 mm/s  

                            0.1           0.2          0.3           0.4   t, s   0.5 

 
It is also clear that at a steady state, the value of 

the current is reduced by about 40 %. In the result 
of theoretical study, the physical model of the 
LEMET drive of the proportional pressure modula-
tor is developed with the following parameters: the 
discrete displacement of LCE z equals 0.15 mm, 
and allows to adjust the accuracy of pressure re- 
gulation in the brake system by 4.5 %; the power 
delivered to the drive of the linear motor of elec-
tromagnetic type is not more than 30 W, which 
allows to economize the electric power of the car 
by 17.2 %. 

  
CONCLUSIONS 

 
1. Theoretical studies of the physical model  

of the linear stepper motor of the brake system 
modulator made it possible to increase the accura-
cy of pressure regulation by 4.5 %. At the same 
time, the economy of the vehicle electricity consti-

tuted 17.2 % in comparison with the stepper motor 
described in [1]. 

2. It is established that at the maximum speed 
of movement of the regulating element of the line-
ar stepper motor, the speed of more than 0.2 sec is 
achieved. It was also revealed that the speed in-
creased by 35 %. 

3. To overcome the resistance forces in the 
modulator at the maximum speed of movement  
of regulating element of 40 mm, it is necessary to 
create an electromagnetic force of 120 N. 

4. On the whole, the performed simulation 
studies showed that the developed mathematical 
model makes it possible at the stage of preliminary 
design to analyze the effects of various parameters 
on the performance and dynamic characteristics  
of the proportional pressure modulator with a line-
ar motor of the electromagnetic type. The expedi-
ency of the linear electric motor of the electromag-
netic type application and the relative error of the 
results of investigation of 4.07 % are established. 
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