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Abstract— Mechanisms and units with reciprocated impulse 
electromagnetic drives are widely used in many industrial 
technological processes for material plastic deformation and 
disruption. With respect to modern energy saving requirements, 
low-frequency impact synchronous electromagnetic machines 
attract attention as their impact pulse frequency is equal to or 
multiple of single-phase source frequency. The performed 
research relevance is explained by the need to improve 
electromagnetic compatibility of the electric drive powered by the 
industrial single-phase source. It is necessary to study еру 
electromechanical energy conversion process during the machine 
operating cycle. The two-inductor synchronous electromagnetic 
machine with head free running-out in the driving stroke 
inductor powered by the 50 Hz single-phase voltage source is 
considered. The research methods are based on the energy 
balance of the electromechanical system and its components for 
the impact unit total operating cycle. With respect to the 
interaction between all impact unit elements when the head 
impact mass is accelerated by the magnetic field generated by the 
system of two inductors, the energy conversion process based on 
the electromechanical system energy balance is considered for the 
total operating cycle. The operating cycle implementation in the 
two-inductor synchronous electromagnetic machine with free 
running-out permits to reduce current amplitude and to suppress 
electromagnetic machine influence on mains in comparison with 
the known operating cycle. The operating cycle with head free 
running-out in the driving stroke inductor of the synchronous 
two-inductor impact electromagnetic machine improves 
electromagnetic compatibility, if the machine is powered by a 
single-phase voltage. 

Keywords— mathematical and dynamical models; mechatronic 
model; electromagnetic impact drive; mechanical oscillating 
system; dynamical characteristics, machine operating cycle. 

I. INTRODUCTION 

Power electromagnetic impulse systems became widely 
used as executive reciprocated electric drives including 
different electromagnetic machines, vibration sources, press 
equipment, electrically operated hand tools, etc. [1-5]. 

The head impact mass motion simplifies the unit structure 
and kinematic scheme and permits one to improve energy, 
economic and ecology indicators relative to other machines 
and units [6]. 

Electromagnetic machines design methods are well-
known. Their improvement goes on [7-8]. Low-frequency 
synchronous impact electromagnetic machines are 
distinguished by better energy indicators. Their impact pulses 
frequency is equal to or multiple of power source frequency 
[9]. 

Electric energy conversion to effective work is impulsive. 
Then impact energy is limited by allowable pulse power of the 
50 Hz source. To reduce electric drive influence on the power 
line a new operating cycle is needed. The proposed cycle is 
implemented by the mechatronic module of the impact two-
inductor synchronous electromagnetic machine. 

The research purpose is the development of a 
mathematical model of the two-inductor impact 
electromagnetic machine with head free running-out. The 
model should provide the capability of making the detailed 
analysis of the electromagnetic and electromechanical 
processes more impartially reflecting the considered system 
parameters interconnections in different operating modes. 

II. TWO-INDUCTOR SYNCHRONOUS IMPACT ELECTROMAGENTIC 
MACHINE MECHATRONIC MODULE MATHEMATICAL MODEL  

Fig. 1 shows one of the possible variants of the two-
inductor synchronous electromagnetic machine. 

The new operating cycle is implemented by the system of 
the two inductors 1, 2 inside the magnetic cores 3, 4. Each 
inductor provides acceleration of the impact mass of the head 
5 by electromagnetic forces in two directions. When the head 
5 is reciprocating it interacts periodically with the tool 6 and 
the stopping and reversing return spring 7. The press force 

prf  provides the stable link between the impact unit and the 

tool when periodic impact pulses are generated with respect to 
the interaction with the deformed medium 8. 

The complete operating cycle corresponds to three power 
line voltage periods to provide the head impact synchronous 
frequency imn and operating cycle ct .   

Hence, 1
im

60
1000 min

2

f
n

р

−= = , c
2

0.06s
ð

t
f

= = , 

where 2 3р =  is the number of voltage periods, 50Hzf = . 
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Both inductors are used two times during the operating 
cycle. The head accumulates necessary kinetic energy because 
of applying four voltage pulses to the inductors. 

 

Fig. 1. Electromagnetic impact unit 

The impact unit mechanical subsystem and magnetic 
subsystem interaction is described by the electromagnetic 
force dependences ( )em1 1 1,f f i x=  and ( )em2 2 1,f f i x= , 

where 1i , 2i  are the currents in the inductors, 1x  is the head 

position coordinate. The magnetic subsystem and electric 
subsystem interaction is described by the flux dependences 

( )1 1 1ψ ,f i x=  and ( )2 2 1ψ ,f i x= . Generally magnetic and 

electric subsystems interaction is described by the electrical 
balance equations: 

( ) 1 1 1
1 1 1

ψ ( , )d i x
u t i r

dt
= + ;                     (1) 

( ) 2 2 1
2 2 2

ψ ( , )d i x
u t i r

dt
= + ,                    (2) 

where ( )1u t , ( )2u t  are the inductors windings voltages, 1r , 

2r   are the inductor circuits active resistances.  

With respect to the interactions between elements (Fig. 1) 
and generalized forces, corresponding to potential energy, 
dissipation energy and external actions, Fig. 2 shows the 
design dynamic scheme of the electromechanical impact unit 
mechanical part. 

 

 

Fig. 2.Mechanical system design dynamic scheme 

The mechanical system motion equation is derived from 
the Lagrange equation of the second type: 

i
i i i i

d T T U F
Q

dt x x x x

 ∂ ∂ ∂ ∂− = − − + ∂ ∂ ∂ ∂ ɺ ɺ
, 1,2, ,i N= … ,   (3) 

where T is the system kinetic energy; U  is the system 
potential energy, F  is the system dissipative function or the 

Rayleigh function; 
i

U

x

∂
∂

, 
i

F

x

∂
∂ɺ

, iQ  are generalized elastic 

forces, friction forces and external forces for the i-th 
generalized coordinate, ix  is the i-th generalized coordinate, 

ixɺ  is the i-th generalized velocity; N  is the mechanical 
system freedom degrees number ( 3N = ). 

Further the magnitudes in (3) are expressed. 

The kinetic energy of the mechanical system for directly 
moving masses is: 
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22 2
3 31 1 2 2

2 2 2

m xm x m x
T = + +

ɺɺ ɺ
. 

The mechanical system spring linkages potential energy is: 

( ) ( )2 22
1 1 3 3 3 22 2

2 2 2

k x x k x xk x
U

− −
= + + , 

where 1k , 2k  and 3k  are the spring linkages static stiffness 
factors. 

The Rayleigh dissipative function is: 

( ) ( )2 22
1 1 3 3 3 22 2

2 2 2

b x x b x xb x
F

− −
= + +

ɺ ɺ ɺ ɺɺ
, 

where 1b , 2b  and 3b  are the spring linkages viscous friction 
factors. 

The generalized external forces and friction forces 
corresponding to the generalized coordinated are: 

( )em 1 fr 11 13
, signxQ f i x f x= − ɺ ; 

fr 22 23
signxQ f x= − ɺ ; 

( ) ( )em 1 fr fr 3 pr3 13 23
, signxQ f i x f f x f= − + + −ɺ , 

where ( ) ( ) ( )em 1 em1 1 1 em2 2 1, , ,f i x f i x f i x= +  is the driving 

electromagnetic force of the first and the second inductor, 

fr13
f , fr23

f  are the dry sliding friction forces; prf  is the 

constant force which is pressing  the impact unit; 

• partial derivatives of kinetic energy and time 
derivatives:  

1 1
1

 ∂ = ∂ 
ɺɺ

ɺ

d T
m x

dt x
,     

1
0

∂ =
∂
T

x
; 

2 2
2

 ∂ = ∂ 
ɺɺ

ɺ

d T
m x

dt x
,     

2
0

∂ =
∂

T

x
; 

3 3
3

 ∂ = ∂ 
ɺɺ

ɺ

d T
m x

dt x
,     

3
0

∂ =
∂

T

x
, 

• partial derivatives of potential energy from 
generalized coordinates: 

( )1 1 3
1

U
k x x

x

∂ = −
∂

; 

2 2 3 3 2
2

( )
U

k x k x x
x

∂ = − −
∂

; 

( ) ( )1 1 3 3 3 2
3

U
k x x k x x

x

∂ = − − + −
∂

; 

• partial derivatives of the dissipative function by the 
generalized velocity: 

( )1 1 3
1

F
b x x

x

∂ = −
∂

ɺ ɺ
ɺ

; 

( )2 2 3 1 2
2

F
b x b x x

x

∂ = − −
∂

ɺ ɺ ɺ
ɺ

; 

( ) ( )1 1 3 3 3 2
3

F
b x x b x x

x

∂ = − − + −
∂

ɺ ɺ ɺ ɺ
ɺ

. 

Introducing the derived values of the derivatives of the 
kinetic energy and the generalized forces corresponding to 
the potential energy, the scattering energies and external 
influences, into Lagrange's equations, the differential 
equations of motion of the mechanical system of the model 
were deduced: 

( ) ( ) ( )

( )

( ) ( ) ( )

( ) ( )

13

23

13

1 1 1 1 3 1 1 3 em 1

fr 1

2 2 2 2 3 3 2 2 2 3 1 2

fr 2

3 3 1 1 3 3 3 2 1 1 3

3 3 2 em 1

fr f

,

           sign ;

( )

          sign ;

        ,

         

m x k x x b x x f i x

f x

m x k x k x x b x b x x

f x

m x k x x k x x b x x

b x x f i x

f f

= − − − − + +

−

= − + − − + − +

−

= − − − + − −

− − − +

+ +

ɺɺ ɺ ɺ

ɺ

ɺɺ ɺ ɺ ɺ

ɺ

ɺɺ ɺ ɺ

ɺ ɺ

( )12r 3 prsign .x f





















−
ɺ

 

With respect to (1)-(3) and preliminary transformations the 
oscillatory electromechanical system, the dynamical state 
mathematical model is described by the following differential 
equations neglecting the impact interaction: 

( ) 1 1 1
1 1 1

ψ ( , )d i x
u t i r

dt
= + ;                                  (4) 

( ) 2 2 1
2 2 2

ψ ( , )d i x
u t i r

dt
= + ;                                (5) 
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( )
2

31 1
1 1 1 1 32

dxd x dx
m b k x x

dt dtdt

 + − + − = 
 

  

( ) ( ) 1
em1 1 1 em2 2 1 fr13

, , sign ;
dx

f i x f i x f
dt

= + −          (6) 

2
32 2 2

2 2 32 2

dxd x dx dx
m b b

dt dtdt dt

 + − − + 
 

 

( ) 2
2 2 3 3 2 fr23

sign ;
dx

k x k x x f
dt

+ − − = −             (7) 

2
3 3 31 2

3 1 32

d x dx dxdx dx
m b b

dt dt dt dtdt

   − − + − −   
   

    

( ) ( ) ( )1 1 3 3 3 2 em1 1 1,k x x k x x f i x− − + − = − −  

( ) ( ) 3
em2 2 1 fr fr pr13 23

, sign .
dx

f i x f f f
dt

− + + −       (8) 

The limit stops in the mechatronic module do not permit 
the head to travel out of established limits: 

( )

1 1

1
1 1 1 1

1
3 2 1 1 2

1

2 2 2 1 3

1
1 1 1 1 2

1
1 1 1 1

0,  at δ ;

δ ,  if >0,  at ;

δ ,  if >0, at ;

+ δ ,  at ;

+δ ,  if <0, at ;

δ ,  if <0, at ,

h

dx
h x h

dt

dx
h h x h

dt
x t

h h x h

dx
h h x h

dt

dx
h x h

dt

+

+

+

−

−

+

 =


 − ≤


 − < ≤
= 
 < <




≤ <




− <


     (9) 

where 1δ
+ , 2δ

+ , 1δ
− , 2δ

−  are the operating air gaps caused by 

the head position relative to the poles (Fig.1); 1h , 2h  and 3h  
are  the fixed coordinates. 

If the motion process is considered as the result of 
superposition of the forced oscillation and periodic impact 
pulses, then (4)-(9) allow to present the model of the 
dynamical state of the impact two-inductor synchronous 
electromagnetic system as the differential equation system: 

( ) ( ) ( ) ( )

( ) ( )

( )

µ1 1 µ2 1
1 1 1 2 2 2

1 L1 µ1 2 L2 µ2

1 1
em1 µ1 1 em2 µ2 1

p

1 1
fr13

1 3 4

2 11 1 em2 µ2 1 fr131 2

1 3

em1 µ1

ψ , ψ ,
;  ;

;      ;

, ,

sign ,  if 0,

at 0 ;

λ , sign ,  

at  ;

,

d i x d i x
u t i r u t i r

dt dt
i i i i i i

m v
f i x f i x

dx dx
f

dt dt

x h h

dxd x f i x fm dt
dt

x h

f i x

= + = +

= + = +

+ + −
τ

− >

≤ < +

− + −=

≥

ɶ

( ) ( )

( ) ( )

( )

1 em2 µ2 1

1 1
fr13

1 3 2

2
2 2 2 2

2 2 3 tr232
p

3 эм1 µ1 1 эм2 µ2 2

3
tr tr pr13 23

2
3

3 1 3 22

,

sign ,  if 0,  

at 0 ;

λ λ sign ;

λ , ,

sign ,  

at  0 ;

f i x

dx dx
f

dt dt

x h h

d x m v dx
m f

dtdt

f i x f i x

dx
f f f

dt
d x

m x h h
dt
















 + −

− <

 ≤ < +

= − − + −
τ

− − − +

+ + −

= ≤ < +

ɶ ɶ

ɶ

( ) 3
1 3 em2 µ2 1 fr13

1 3 2

λ λ , sign ,

at ,

dx
f i x f

dt

x h h







































 


 − − −

 ≥ +
 

ɶ ɶ

 

where ( )31
1 1 1 1 3λ ;

dxdx
b k x x

dt dt

 = − + − 
 

ɶ  2
2 2 2 2λ ;

dx
b k x

dt
= +ɶ   

( )3 2
3 3 3 3 2λ

dx dx
b k x x

dt dt

 = − + − 
 

ɶ ; pτ  is the impact pulse 

width, L1i , L2i  are the components of the first and the second 

inductor magnetizing current; µ1i , µ2i  are correspondingly 

the components of magnetizing currents in the first and the 
second inductor.   

III.  MATHEMATICAL MODEL IMPLEMENTATION  

The derived differential equations system describing the 
dynamical state of the two-inductor electromagnetic module 
permits to make the detailed analysis of electromechanical 
processes in transient and stationary modes. The equations 
take into account magnetic system non-linearity, impact 
interaction between inertial masses, mechanical system spring 
linkages properties and power loss. 

454

Advances in Engineering Research (AER), volume 157



The model was investigated by structured modeling 
methods in Matlab Simulink.   

Flux linkage and electromagnetic force were calculated in 
the magnetic field simulation programs FEMM, ELCUT or 
ANSYS.  

Fig. 3 presents the simulation results of impact unit 
switching on process (Fig. 1).  

 

 
Fig. 3. Switching-on process time diagram 

The initial data is 1 0.32 kgm = , 2 0.36 kgm = ,   

3 4.8 kgm = , 3
1 2 10 N mk = ⋅ , 1 8 N s mb = ⋅ , 

6
2 2 10 N mk = ⋅ , 2 0b = , 3

3 16 10 Nмk = ⋅ , 3 45 N s mb = ⋅ , 

fr13 4 Nf = , fr23 10 Nf = .  

The impact unit press force is pr 350 Nf = .The magnetic 

core is made of the electrical steel 1212. The head is made of 
the structural steel 40ХН. The inductor windings are made of 
copper conductor with the diameter c 1.04 mmd = , the 

windings number is 1 2 1525w w= = , active resistance 

1 2 12.8r r= = Ω . The power supply voltage is equal to 
220 V . 

The impact unit transient process is no more than one 
operating cycle and is equal to 0.06 s (Fig. 3). 

In comparison with the single-inductor variant of the 
mechatronic module, the two-inductor variant provides double 

head impact energy increase, when current pulses are kept at 
the previous level. 

IV.  CONCLUSION 

The mathematical model of the two-inductor synchronous 
electromagnetic drive mechatronic module dynamics has been 
developed with respect to the new operating cycle. The model 
provides capabilities for the detailed analysis in different 
modes when periodical impact force pulses are generated and 
interact with deformed medium. 

The model important feature is capability of taking into 
account interconnected electromechanical processes with a big 
set of input and output variables with respect to materials 
magnetic characteristics non-linearity, inertial masses mobility 
degree and spring linkages properties and power loss. 

Simulation results approve effectiveness of the new 
operating cycle providing improvement of electromagnetic 
compatibility of a single-phase industrial power source and 
electromagnetic impact drive. 
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