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gear, which affect the elements of electric rolling stock and 
a rail track.

The dynamic parameters of shock absorbers predeter-
mine traffic safety and electric rolling stock speed in the 
intracity and rail line transportation. The smooth movement 
and dynamic performance of rolling stock are affected, first 
of all, by the type and structure of oscillation absorbers. The 
best indicators in terms of motion smoothness are demon-
strated by pneumatic shock absorbers [1]; their use, however, 

1. Introduction

The main element in the subway car running gear is 
the system of spring suspension. The effective running gear 
operation requires the presence in its structure of oscillation 
absorbers – shock absorbers that ensure the car ride smooth-
ness. Shock absorbers reduce external influences exerted on 
the running gear of electric rolling stock by irregularities 
in a track and decrease oscillations induced by the running 
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Для запропонованої конструкції елек-
тромеханічного амортизатору розро-
блено методику моделювання динаміч-
них процесів. Такі амортизатори мають 
можливість рекуперувати частину 
енергії коливань в електричну енергію з 
подальшою можливістю її використан-
ня на рухомому складі. Методика осно-
вана на вирішенні рівняння Лагранжу для 
електромеханічної системи. Особливості 
моделі є наступними. Модель має вигляд 
задачі Коши, який спритний до вживання 
при моделювання процесів роботи амор-
тизатору. Обрані дві узагальнені коор-
динати (заряд та переміщення якорю). 
Ідентифіковані складові частини рівняння 
Лагранжу. За результатами розрахунку 
магнітного поля і подальшого регресійно-
го аналізу отримано поліноміальні залеж-
ності похідних потокозчеплення по току і 
лінійному переміщенню якоря, які дають 
можливість ідентифікувати узагальне-
ну математичну модель електромеханіч-
ного амортизатору. Проведені розрахун-
ки магнітного поля методом скінчених 
елементів дозволили отримати цифро-
ву модель магнітного поля електромеха-
нічного амортизатору. Для отримання її 
безперервної моделі проведено регресійний 
аналізу дискретні моделі поля. Про виборі 
структури апроксимуючої моделі дотри-
мана можливість аналітичного диферен-
ціювання часткових похідних по всіх коор-
динатах. За результатами моделювання 
вільних коливань встановлено, що макси-
мальне по модулю значення струму скла-
дає 0,234 А, а напруги – 52,9 В. За близько 
3 с. проходить процес повного погашення 
коливань за 4 періоду. Порівняно з базовою 
конструкцією амплітуда коливань ходу 
якоря та його швидкості знизилась від 13 
до 85 % за перші три періоди, що свідчить 
про більшу ефективність роботи електро-
механічного амортизатору в порівнянні 
з гідравлічним. Енергія, що рекуперовано, 
склала 3,3 Дж, а, що розсіяно – 11,5 Дж

Ключові слова: електромеханічний 
амортизатор, метровагон, поліноми Чеби- 
шева, метод скінчених елементів, рівнян-
ня Лагранжу
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The cars of series E-KM [5], built by upgrading carss Ezh 
at PJSC “Kryukivsky carriage-building Works” (Kremen-
chuk, Ukraine), are equipped with new trolleys, model 68-
7054, with central pneumatic spring suspension supplement-
ed with hydraulic shock absorbers.

Analysis of various types of electromechanical shock 
absorbers used by vehicles was carried out in paper [2]. It 
was noted that when choosing the type of an electromechan-
ical transducer for the shock absorber, among the currently 
known types – asynchronous, synchronous, electromagnet-
ic, and direct current – the best option is the latter [6, 7]. 
First two types need, to ensure relatively small displace-
ments, complex semiconductor converters. These converters 
should change the voltage and frequency to units of Herz 
at the output. In addition, these types of engines have low 
re-handling ability. A third one is characterized by a rather 
uneven characteristic of the traction force due to displace-
ment, which is close to hyperbolic. The electromechanical 
shock absorber needs a constant traction [8] (mechanical) 
characteristic that changes only by the speed of the arma-
ture movement.

Work [9] estimated the efficiency of using an electrome-
chanical shock absorber with a direct action in combination 
with a spring using an example of the McPherson type car 
suspension. The electromechanical shock absorber consists 
of s multi-pole electric generator of synchronous type excited 
by permanent magnets. It is noted that this type of a shock 
absorber, in addition to oscillations damping, can recuperate 
electrical energy. The processes of energy recovery and its 
preservation in the onboard energy storage were addressed 
in paper [10]. The electromechanical shock absorbers can be-
come an additional source of energy for such systems, which 
could improve energy efficiency of rolling stock in general.

Study [2] proposed a structure of the electromechanical 
shock absorber for a subway car, shown in Fig. 1.

It was determined that the basic geometric and elec-
tromagnetic indicators of the shock absorber correspond to 
those given in Table 1.

However, the static characteristics of the shock absorber 
do not make it possible to determine its dynamic qualities 

requires an additional pneumatic supply system – compres-
sors, which reduce the overall energy efficiency of electric 
rolling stock. 

An alternative approach to improving the dynamic in-
dicators of the running gear of electric rolling stock is the 
use of electromechanical shock absorbers [2]. These shock 
absorbers make it possible to recuperate part of the energy 
of oscillations into electrical energy providing for the subse-
quent possibility of using it by rolling stock.

International experience of constructing and using elec-
tromechanical shock absorbers gives grounds for prospects 
of their application for the running gear of subway cars. 
Employing electromechanical converters as shock absorber 
contributes to the improved efficiency of electric rolling 
stock operation in general, owing to the possibility to control 
the force of damping. In this case, there is the possibility to 
recuperate electrical energy into the network; in contrast to 
using other types of shock absorbers [2].

2. Literature review and problem statement

At present, for the most common subway cars in Ukraine, 
the series Ezh, their modifications and 81-717, 81-714, spring 
suspension of trolleys consists of the journal and central ones [3]. 
The latter is used to transmit the traction force from the car-
riage of a car body, the loading from the body weight, to the 
trolley frame, as well as rebalances the body relative to trol-
leys, thereby softening the shocks and impacts arising from 
the irregularities of the track and when fitting the curved 
sections at rolling stock motion. To reduce the friction 
forces, which are harmful to the over-spring structures in 
the transmission of hard impacts, the central suspension, as 
well as in the journal suspension of trolleys, tow-row cylin-
drical springs are used. As regards the design, as well as the 
technology of manufacturing and repair, they are 
much simpler than sheet elliptical springs. The 
suspension that is made using cylindrical springs 
is more than 1.5 times lighter than the equiva-
lent one, in terms of static deflection of spring 
suspension, with elliptical springs. Hydraulic 
shock absorbers are used to damp oscillations 
that occur at rolling stock motion in the central 
suspension of trolleys.

Based on the analysis, performed in paper 
[4], of systems for oscillation damping used by 
urban rail transport, it was indicated that the 
most common technical solution is the fric-
tional oscillation dampers, which are mounted 
in the second degree of a spring suspension. 
In order to maintain a proper level of motion 
smoothness, frictional dampers are supplement-
ed with hydraulic dampers. The most advanced 
designs of subway cars are equipped with sus-
pension that uses pneumatic springs. The shock 
absorbers, considered above, make it possible 
to damp oscillations that are created at urban 
electric transport motion; however, adjusting 
their parameters at different loading of cars 
is impossible. The use of pneumatic springs enables ad-
justing the parameters for damping, depending on the 
loading of a car and the magnitude of external influenc-
es, however, the pneumatic suspension requires additional 
energy cost and capacities of the pneumatic system [2].

 

Fig. 1. DC electromechanical shock absorber: 1 – armature; 	
2 – armature winding; 3 – frame; 4 – permanent magnet; 5 – spring
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that predetermine its capability to operate in the systems of 
spring suspension. To determine the dynamic indicators of 
the shock absorber, it is necessary to build its mathematical 
model as an electromechanical system.

Table 1 

Basic characteristics of electromechanical shock absorber in 
accordance with Fig. 1 [2]

Parameter Magnitude Notes

Fdem 2,000 N
Rated electromagnetic force on the 
shock absorber armature

Vdem 0.08 m/s
Rated velocity of the shock absorber 
armature

Δ 0.08 m Shock absorber maximal stroke

Hc 9.5 105 A/m
Coercive force of a permanent 
magnet

Bost 1.05 Tl
Ultimate permanent magnet induc-
tion

Нmax 0.3 m
Maximum height of the shock 
absorber yoke

hsp 0.035 m Height of the yoke back

bk 0.093 m Coil width

hк 0.081 m Coil height

D1 0.429 m Shock absorber outer diameter

D2 0.407 m Yoke inner diameter

D3 0.138 m Magnet inner diameter

hm 0.161 m Magnet width

bm 0.04 m Magnet height

W 3,348 Number of turns

H 0.299 m Shock absorber yoke height

I 2.227 A
Rated current of the shock absorber 
winding

E 898 V Rated EMF of the shock absorber

Modeling is based on equations of the generalized elec-
tromechanical transducer of energy (Crohn’s machine) [11].

When constructing such models, assumptions are made 
about the linearity of the magnetic system, the uniformity 
(smoothness) of an air gap. These assumptions make it possi-
ble to construct systems with relatively weak nonlinearities. 
It is impossible to account for local saturations occurring 
in linear electromechanical systems, to which an electro-
mechanical shock absorber in a frame belongs, under such 
an approach. Therefore, the models, widely used at present, 
that are created based on this principle yield significant 
errors. However, their main advantage is a capability to 
implement software-oriented models that make it possible 
to perform calculations of dynamic processes rather quickly; 
given the modern level of technology, even close to real time. 
That makes it possible to use them as a basis for algorithms 
that control microprocessor systems of automated drives of 
different types [12].

Another approach is the construction of a “circuit-field” 
model of the electromechanical transducer [13]. Under this 
approach, the electromechanical shock absorber parameters 
are determined based on the results from calculating a mag-
netic field [14]. Typically, using numerical methods, such as a 
finite-element method [15], is proposed for it. The magnetic 
field parameters, obtained in this way (flux linkage and its 
derivatives ‒ the differential inductance and a coefficient for 
counteracting electromotive force (CEMF) [12, 15]), identify 
the mathematical model. These models are significantly better 

at describing the processes in an electromechanic transducer; 
however, the computational cost increases considerably. The 
order of these models can be assessed in the form of a system 
that employs tens, hundreds of thousands of nonlinear alge-
braic equations, which in turn identify the differential equa-
tions constituting the mathematical model of the transducer.

Therefore, it appears expedient to devise an approach 
that would make it possible to build a mathematical model 
of the electromechanical shock absorber, whose order would 
be much lower than the order of the model proposed in [14]. 
The feature of such a model could be accounting for local 
saturations and nonlinearity of the electromechanical con-
verter. As it follows from our analysis of the current state 
of this issue, that could solve part of the problem associated 
with the derivation of dynamic indicators such as the time 
and efficiency of oscillation damping, as well as a possibility 
to construct a generalized mathematical model of the spring 
suspension in a subway car.

3. The aim and objectives of the study

The aim of this study is to devise a procedure for modeling 
dynamic processes in the electromechanical shock absorber 
in a subway car. This would make it possible to determine 
dynamic indicators of the electromechanical shock absorber.

To accomplish the aim, the following tasks have been set:
– to define the main provisions for a mathematical model 

of the electromechanical shock absorber; 
– to identify parameters for a mathematical model of the 

electromechanical shock absorber in a subway car; 
– to model and analyze the shock absorber operation at 

free oscillations in order to confirm the adequacy and feasi-
bility of the model.

4. Modelling dynamic processes of the electromechanic 
shock absorber in a subway car

We accepted the following assumptions in our study. The 
accumulated electromagnetic energy, which is used to de-
scribe the machine, is regarded only as a field energy of zero 
order, that is the energy of a static magnetic field. 

The electrostatic field energy is concentrated only in the 
capacitor.

4. 1. Basic provisions for the procedure
We shall select the following generalized energy parameters 

of the shock absorber: generalized coordinate ,kq  generalized 
speed ,kq′  generalized force pulse ,kр  generalized force .kf   
For a mechanical system, there is generally no doubt what the 
coordinate, speed, force, or pulse denote. Another situation 
arises when choosing electrical coordinates [16].

The saved electrical energy of an electromechanical system 
consists of potential energy and kinetic co-energy. This means 
that if one denotes the charge q as the generalized coordinate 
qk, the electric saved energy would be defined as potential.

Let us represent a shock absorber in the form of a system 
having one electric q1=q and one mechanical coordinate 
q2=x (Fig. 2). To increase the performance rate of a shock ab-
sorber, the electrical circuit includes a capacitor C. The elec-
tric circuit L-R-C, formed in this way, represents a resonance 
circuit, which is set to the frequency of natural oscillations of 
the body of a subway car.
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Fig. 2. Electromechanic circuit of shock absorber

If we consider the action of the non-conservative force Qk 
along the k-th coordinate qk together with the conservative 
forces of the system, then, according to D’Alembert’s princi-
ple, at dynamic equilibrium, the sum of all forces, including 
the non-conservative one, should equal zero. Therefore, the 
Lagrange equation takes the form [16]

d
0,

d k
k k k

L L F
Q

q t q q

   ∂ ∂ ∂
− − + =   ∂ ∂ ∂    

	 (1)

where L is the Lagrange power function, F is the Rayleigh 
function that described losses in the system. 

After determining the generalized coordinates, we choose 
a Lagrange power function or the Lagrangian ( ), , ,L q q t  
which will be used to derive equations of motion. A Lagrang-
ian is defined as the difference between the kinetic co-energy 
T and potential energy V, that is

.L T V= − 					      (2)

We shall use generalized variables to write expressions 
for the kinetic co-energy and potential energy for the con-
servative part of the system in line with the equations that 
follow. 

Record expressions for the kinetic co-energy and po-
tential energy for the conservative part of the system based 
on equations (3) and (4) for the electromechanical shock 
absorber:

( )2

0

1
, d ,

2

i

T Mv i x i= ⋅ + Ψ∫
 
		   (3)

( )2 21 1
,

2 2nV k x x Cq= − + − 	 (4)

where M, v are the oscillating mass and the armature speed 
equal to x ; Ψ is the flux linkage of the coil, C, q is the ca-
pacity and charge of the capacitor;  ( )nk x x+  is the spring 
resistance force, which is simultaneously included with the 
shock absorber at rigidity k  that  is compressed from the 
beginning by nx  meters. 

The conservative Lagrangian, in line with (2), equals

( ) ( )22 2

0

1 1 1
, d , .

2 2 2

i

nL Mv i x i k x x Cq= ⋅ + Ψ − + −∫ 	 (5)

Record a Rayleigh loss function

( )2 21
,

2
F Ri v= + α 	 (6)

where α is the coefficient of mechanical damping, R is total 
electrical resistance of the shock absorber winding and 
load.

Substituting expressions (5) and (6) into (1) and by tak-
ing appropriate derivatives, we obtain: 

– for electrical coordinates, an equation in the form:

( )( )d
, 0,

d
Cq i x Ri

t
− − Ψ − = 	 (7)

( )
( ) ( )0

, d
d

0.
d

i

n g

i x i

k x x Mv v F
x t

Ψ
− + − − α + =

∂

∫
	 (8)

Expression 

( )
0

, d
i

e

i x i

F
x

Ψ
=

∂

∫  

determines the electromagnetic force generated by the shock 
absorber. 

Since in the flux linkage Ψ  is a complex function that

depends on all coordinates, the overall derivative 
d

,
dt
Ψ

 can 
be represented in the form

d d d
.

d d d
i x

t i t x t
Ψ ∂Ψ ∂Ψ

= ⋅ + ⋅
∂ ∂

	  (9)

Considering ,cU Cq= −  record equation (7) in the form

d d
0.

d dc

i x
U Ri

i t x t
∂Ψ ∂Ψ

− ⋅ − ⋅ − =
∂ ∂

	 (10)

Expressions dL
i

∂Ψ
=

∂
 and dK

x
∂Ψ

=
∂

 determine the dif-

ferential inductance and a coefficient at CEMF [17], which 
can be identified based on the results from magnetic field 
calculations. 

In general, expression (7) can be represented in the form:

d
,

d

d
.

d

c d

d

c

U i R K vi
t L

U i
t C

− ⋅ − ⋅ =

 = −

	 (11)

Given that ,gF Mg=  where g  is the free fall accelera-
tion, and M is the reduced body weight, expression (8) can 
be transformed to the form

( )d
.

d
e nF mg k x x vv

t M

− − + − α
= 	 (12)

By adding to (11) and (12) a relation equation 
d
d

x
v

t
= , we 

obtain a generalized mathematical model of the electrome-
chanical shock absorber in the form of a Cauchy problem.

( )

d
,

d

d
,

d

d
,

d
d

.
d

c d

d

c

e n

U i R K vi
t L

U i
t C

F mg k x x vv
t M
x

v
t

− ⋅ − ⋅ =



= −


− − + − α =

 =

	
(13)

C

R
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q, i
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Mathematical model (13) takes the form, which is conve-
nient to use when modelling the processes of shock absorber 
operation; however, its application necessitates the identifi-
cation of the model parameters – differential inductance and 
coefficient at CEMF.

4. 2. Identification of parameters of a mathematical 
model of the electromechanical shock absorber in a sub-
way car

The basic energy parameters of the electromechanical shock 
absorber are given in Table 1, and its circuit is shown in Fig. 1. 

Features of the shock absorber imply, first, that the mag-
netic field in the working zone is axially symmetrical in na-
ture; second, the dependence of flux linkage in the workflow 
changes and is not periodic in character. 

Similar to [16], the identification of parameters of math-
ematical model (13) should be carried out using a set of 
digital experiments representing magnetic field calculation 
by numerical methods, followed by the subsequent approxi-
mation of the results [17]. Fig. 3 shows the estimated area of 
the magnetic field.

Fig. 3. Estimated area of the magnetic field

The following assumptions were accepted:
– the magnetic field in the region of a linear electro-

mechanical transducer is accepted as axially symmetrical 
relative to the shock absorber axis; 

– the magnetic field is bounded by the spherical region, 
which is represented in the magnetic field calculation as a 
semicircle (Fig. 3).

It is proposed using the FEMM software package to 
calculate the magnetic field [15]. The frame’s material is steel 
St 3, winding – electrotechnical copper; eddy currents and 
hysteresis are disregarded. 

In order to obtain a family of traction characteristics of 
the engine, a script program was written in the lua language, 
which automatically changes the x coordinate and the mag-
netomotive force (MMF) of the winding – iW.

In the course of a digital experiment, the armature 
displacement x varies from 0.1 to 80.1 mm in increments 
of 5 mm, and the magnitude of MMF ‒ in the range from –  
22,368 A to 22,368 in increments of 2,485.3 A. The varia-
tion boundaries are chosen based on the boundary values for 
these magnitudes in the examined system. 

Every step of the calculation was accompanied by 
the automated calculation of the shock absorber electro-
magnetic field (Fig. 4); we determined the magnitude of 
the traction force and flux linkage for the actual values 
of current and a gap. The magnitude of the force was 
measured by integration along the contour of the shock 
absorber armature; the value of flux linkage – based on 
the cross-section of its winding. The applied approaches 
are outlined in [15].

Fig. 4. Results from magnetic field calculation

Our calculations have made it possible to acquire the 
above digital model of a magnetic field of the electromechan-
ical shock absorber. However, this model is discrete. To ob-
tain a continuous model, a regression analysis of the discrete 
model must be conducted. 

When choosing a structure of the approximating model, 
it is required that it should have a capability to analytically 
differentiate partial derivatives along all coordinates. Based 
on recommendations from [14], approximation of the phase 
flux linkage takes the form

( ) ( ) ( )( )
0 0

, ,
J K

j k

jk
j k

i x AL MJ i ZJ MK x ZK
= =

Ψ = ⋅ + ⋅ +∑∑ 	 (14)

where jkAL  is the coefficient of regression of the polynomial 
that approximates the flux linkage; MJ, MK are the scale 
coefficients for current and a gap, respectively; ZJ, ZK are 
the offsets for current and a gap, respectively; J, K are the 
degrees of the approximating polynomial for current and a 
gap, respectively. 
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To determine the coefficients for the 
approximating polynomial, it is proposed 
to use a method based on Chebyshev 
polynomials on the set of equidistant 
points [14, 17]. 

By conducting the analytical differenti-
ation for current (14), we obtain differential 
inductance

( )

( )(
( ) )

1

0 0

,

.

d

J K
j

jk
j k

k

i x
L

i

AL j MJ MJ i ZJ

MK x ZK

−

= =

∂Ψ
= =

∂

= ⋅ + ×

× ⋅ +

∑∑
    (15)

After analytical differentiation for the 
armature stroke (14), we obtain a coefficient 
at CEMF

( )

( )(
( ) )

0 0

1

,

.

d

J K
j

jk
j k

k

i x
K

x

AL k MK MJ i ZJ

MK x ZK

= =

−

∂Ψ
= =

∂

= ⋅ + ×

× ⋅ +

∑∑

	
(16)

The electromagnetic force was approxi-
mated with a polynomial, which is of similar 
type to (14)

( )(
( ) )

0 0

,

JF KF
j

e jk
j k

k

F AF MJF i ZJF

MKF N ZKF

= =

= ⋅ + ×

× ⋅ +

∑∑

	 (17)

where jkAF  is the regression factor of a 
polynomial that approximates the force; 
MJF, MKF are the scale coefficients for 
current and a gap, respectively; ZJF, ZKF 
are the offsets for current and a gap, 
respectively; JF, KF are the degrees of 
the approximating polynomial for current 
and a gap, respectively. 

The permissible maximum deviation 
(3.4 %) in the flux linkage approximation 
is achieved at the minimum values for the 
degrees of the polynomial J=4 and K=9, 
and that for force functions (2.8 %) – JF=7 
and KF=9. 

Dependence graphs of ,eF  ,Ψ  dL  and 

dK  are shown in Fig. 5–8, respectively.
Thus, the results of magnetic field cal-

culation and the subsequent regression 
analysis have allowed us to obtain the 
polynomial dependences of flux linkage 
derivatives for current and the armature 
linear displacement, which make it possi-
ble to identify the generalized mathemat-
ical model of the electromechanical shock 
absorber.
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Fig. 6. Dependence of flux linkage in the armature coil on the winding 
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5. Discussion of results from modeling the shock absorber 
operation using free oscillations as an example

For the electromechanical system, an electric shock ab-
sorber, a mathematical model has been constructed consisting 
of four differential equations, which accounts for such param-
eters of the electromechanical transducer as the differential 
inductance and a coefficient at CEMF and the parameters of 
the mechanical part, the spring rigidity and the fluctuating 
mass, as well as the parameters of the system’s electric part ‒ 
capacitance system and the total load resistance. The model 
is represented in the classic form of a Cauchy problem, which 
makes it possible to solve it by standard numerical methods 
for solving the systems of differential equa-
tions (in the current work, the simulation 
of free oscillations employed the method of 
Runge-Kutta of 3–4 order).

When identifying parameters for the 
electromechanical shock absorber, we deter-
mined the degrees of flux linkage polynomi-
als and the force function ( J=4, K=9, JF=7 
and KF=9), which make it possible, rather 
adequately, with a maximum deviation of 
3.4 % and 2.8 %, to reproduce their contin-
uous form. Fig. 5 shows that the electromag-
netic force generated by a shock absorber is 
close to a steady one depending on displace-
ment (the maximum deviation does not ex-
ceed 9.2 % of the average value for the force 
at a constant current in the winding). These 
changes are due to the increasing fluxes of 
scattering. The electromagnetic force in-
creases in proportion to the winding current. 
The coefficient of proportionality decreases 
due to the increase in the saturation of the 
magnetic system of an electroshock absorber 
at greater values of the winding current. 
The character of change in the flux linkage 
is close in its nature to the electromagnetic 
force (Fig. 6). Due to this, the differential 
inductance (Fig. 7) and the coefficient at 
CEMF (Fig. 8) demonstrate only a non-

linear shape. The differential inductance is 
maximum at zero value of the winding current, 
due to the minimum saturation of the magnetic 
system. The coefficient at CEMF (Fig. 8) is 
negative over the entire working region, which 
leads to forming CEMF, which in turn gen-
erates the current and electromagnetic force, 
which counteracts the armature movement 
direction (provides cushioning).

The represented dependences of electro-
magnetic force, differential inductance, and 
the coefficient at CEMF, which identify pa-
rameters of the mathematical model, demon-
strate only a nonlinear shape. Therefore, their 
reproduction through a set of digital experi-
ments by using the method of finite elements 
followed by the regression analysis is justified.

To analyze the results from electrome-
chanical shock absorber operation, the most 
rational approach is to use an analysis of the 
system’s free oscillations. This is due to the 
very complex nature of forced oscillations 
that are predetermined by the running gear 
of the entire subway car.
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For a comparative analysis of the results of operation with 
the basic structure (a hydraulic shock absorber), a comparative 
modeling of operating modes was carried out. Modeling re-
sults are shown in Fig. 9.

Fig. 8. Dependence of the coefficient at CEMF on the winding displacement 
and current
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Fig. 9. Results of modeling operating modes of the shock absorber: a – voltage 
and current of the shock absorber (thin and bold line, respectively); 	

b – displacement of armature of the shock absorber of basic and developed 
design (thin and bold line, respectively); c – speed of armature of the shock 

absorber of basic and developed design (thin and bold line, respectively)
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The analysis of free oscillation simulation reveals that 
the maximum amplitude is the second one – the second 
negative value, which is formed at about 0.45 to 0.55 s from 
the onset of the process (Fig. 9). This is due to the induc-
tance of the shock absorber winding. As early as at the first 
oscillation, there is a possibility to damp the oscillations, 
there is a current and voltage in the winding of the shock 
absorber.

Based on the simulation results, it was established that the 
maximum module value of current is 0.234 A, and voltage – 
52.9 V. It takes about 3 s for the process of full damping of 
oscillations over 4 cycles. Compared with the basic design, 
the amplitude of armature oscillations and its speed decreased 
from 13 to 85 % over the first three cycles, indicating the 
greater efficiency of the electromechanical shock absorber 
operation compared with the hydraulic one. The recuperated 
energy amounted to 3.3 J, and the scattered – to 11.5 J.

The originality of the derived mathematical model, first 
of all, is predetermined by the combination of sufficiently 
accurate, and accounting for the geometry of a magnetic 
system, magnetic field calculations using the method of finite 
elements, with the classical method of solving a Lagrange  
differential equation for the electromechanical system, which 
underlies the procedure. Second, special attention must be 
paid to the originality of the structure of the shock absorber 
itself, which, in contrast to those considered in the review, 
has a very simple design (a single permanent magnet), which 
greatly simplifies the assembly of the shock absorber.

Further advancement of the mathematical model could 
be taking into consideration losses in the steel of a magnetic 
conductor in the electric shock absorber by introducing ad-
ditional equivalent electric circuits.

The mathematical model in the form of a Cauchy prob-
lem makes it possible to use it as a component of models of 

the larger order, for example, a model of the trolley for a 
subway car, in general. Such models allow the derivation 
of coefficients for motion smoothness and the dynamics of 
a subway car.

6. Conclusions 

1. Based on solving a Lagrange equation for the electro-
mechanical system, we have devised a procedure for model-
ing the electromechanical shock absorber based on a mathe-
matical model. Model features are the following. The model 
takes the form of a Cauchy problem, convenient to use when 
simulating the processes of shock absorber operation. Two 
generalized coordinates have been selected (the charge and 
armature displacement). The components of the Lagrange 
equation have been identified.

2. According to the results of magnetic field calculation, 
followed by a regression analysis, we have obtained polyno-
mial dependences of flux linkage derivatives for the current 
and the linear armature displacement, which enable the 
identification of a generalized mathematical model of the 
electromechanical shock absorber.

3. Based on the results from free oscillation simula-
tion, it has been established that the maximum module 
value of current is 0.234 A, and voltage – 52.9 V. It takes 
about 3 s for the process of full damping of oscillations 
over 4 cycles. Compared with the basic design, the am-
plitude of armature stroke oscillations and its speed 
decreased from 13 to 85 % over the first three cycles, 
indicating the greater efficiency of the electromechanical 
shock absorber operation compared with the hydraulic 
one. The recuperated energy amounted to 3.3 J, and the 
scattered energy – 11.5 J.
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