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Vibroisolation problems have been considered for many
years. The first scientific works were connected with passi-
ve methods. A vast survey of such methods was presented
in numerous monographs C��/�D���
 9A?A�
 ���D���
 9A?AE.
Such approaches appeared as in-sufficient and gradually the
semi-active and active methods were introduced, for exam-
ple in the reference (Kowal 1996). Actuators are the main
problem of the active vibroisolation systems. Vibrations are
fast processes and actuators should work in a wide range of
frequencies. Up to now, there are a few kinds of actuators
which fulfil such requirements: pneumatic (up to 10 Hz)
(Krzeniowski 2004), hydraulics (up to 100 Hz) (Krzeniow-
ski 2004), magnetic bearings (up to 1000 Hz) (Gosiewski
2003), magnetorheological dampers (up to 1000 Hz) C���"
)1+�	�.�
 :;;B�
 ��(�D���
 :;;@E, and electromagnetic sup-
ports (up to 1000 Hz) (Gosiewski 2003). The last three
cases indicate the electric supply as the best solution for fast
actuators in vibration control systems.

In this paper the active coils-core systems were proposed
and investigated as an additional vibroisolation support.

� �����������
� ������

 The investigation of the active damping of a rigid body
vibration situated on four supports was presented in this
paper. The body dimensions (xb, yb, zb) and support loca-
tions (I, II, II, IV) are shown in Figure 1. The body mass
centre C did not coincide with its geometric centre. The
localization of the C point was described by xcb, ycb and zcb
parameters. The perturbation force (Fz) was caused by
a statically unbalanced rotor with axis of rotation parallel to
the x-axis. The Fz force acted in the point R. Each body
support was composed of a spring, a damper, and two coils
with movable core placed between them (Fig. 2). The coils
were connected with pulse width modulated (PWM) power
supplies. The described magnetic system served as a con-
trollable damper introduced into the support. The support
displacement was used as a PD controller input signal. The

http://dx.doi.org/10.7494/mech.2012.31.1.16
mailto:m.kondratiuk@pb.edu.pl
mailto:gosiewski@pb.edu.pl
mailto:leszek.ambroziak@gmail.com
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described system was collocated because the measurement
of the displacements took place in points where the control
forces acted.
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There are a lot of machines and apparatuses for which the
dynamics model can be presented in that way. Depending
on the dimensions, a small computerized numerical control
(CNC) machine tool, an air compressor, a refrigerator, and
other devices can be described. Selected values of the body
parameters are given in Table 1.

�����������������

The rigid body of the 3-degrees-of-freedom was taken into
account. The body could move along zc"�>��
�+�
��)�)�
���"

-+�
)2�
 
(��+)
Cα�
β – rotation co-ordinates, are depicted in
Fig. 1). We assumed that other motions are limited by the
supports. Translational and rotational motions were descri-
bed by Newton and Euler equations – respectively [3]:

2

2
c

b z I II III IV b
d z

m F F F F F m g
dt

= − + + + + − (1)

( )

( )

2

2
cos ...

30

...

cx z r cb r r

b cb II cbI

III b cb IV cb

d
I F y y e n t

dt

F y y F y

F y y F y

α ⎛ π ⎞⎛ ⎞= − − − +⎜ ⎟⎜ ⎟⎝ ⎠⎝ ⎠

+ − − +

+ − −

(2)

( )

( ) ( )

2

2
...cy z cb r I cb II cb

III b cb IV b cb

d
I F x x F x F x

dt

F x x F x x

β = − − + + +

− − + −

(3)

where:
zc – body mass centre translation, [m];

α�
β – body rotation angles, [rad];
g – gravity constant, [m/s2];

Fz – perturbation force, [N];
FI, FII, FIII, FIV – supports forces, [N].

We calculated that the maximum influence of part

er·cos(nrGCπ=8;EGt) (4)

on the expression

Fz·(yr – ycb – er·cos(nrGCπ=8;EGt)) (5)

Description Denotation Value Unit 

Body mass mb 100 kg 

Body dimensions xb×yb×zb 1×1×1 m 

Body mass centre coordinates xcb×ycb×zcb 0.45×0.4×0.5 m 

Xc axis mass moment of inertia Icx 15.7 kg⋅m2 

Y  c axis mass moment of inertia Icy 16.4 kg⋅m2 

Rotor location coordinates xr×yr×zr 0.2×0.65×0.5 m 

Rotor mass mr 10 kg 

Speed of rotation nr 6÷1800 rpm 

Rotor eccentric er 0.5 mm 
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is only ±0.38H, so we simplified the equation (2) to the
following form:

( ) ( )

( )

2

2
...cx z r cb I b cb II cb

III b cb IV cb

d
I F y y F y y F y

dt

F y y F y

α = − − + − − +

+ − −
(6)

The perturbation in the system was introduced by the
unbalanced rotor and affected only in the z-direction.

2

sin
30 30z r r r rF m e n n t
π π⎛ ⎞ ⎛ ⎞= ⎜ ⎟ ⎜ ⎟⎝ ⎠ ⎝ ⎠

(7)

The displacements in the supports were obtained from
geometrical relations (zI, zII, zIII, zIV). Forces generated in
the supports were described in the following way:

  I
I I m I

dz
F c z b F

dt
= + + (8)

  II
II II m II

dz
F c z b F

dt
= + + (9)

 
III

III III m III
dz

F cz b F
dt

= + + (10)

  IV
IV IV m IV

dz
F c z b F

dt
= + + (11)

The spring’s stiffness (c) and damping coefficients (b)
were selected as follows: c = 10 000 N/m, b = 75 N·s/m.
Fm I, Fm II, Fm III and Fm IV represent the forces of the elec-
tromagnetic actuators.

����"!�#��$%������$!&

The coil with a movable ferromagnetic core was introduced
in each body support as an actuator (Fig. 3). According to
the references (COMSOL 2010, Iserman 2005, MATLAB
2010), in such devices, magnetic force can be calculated
from the following equations:

2

2

( )

s c
m

m
m m m s

s

L i
W

W
F W F z

z

⎧
=⎪⎪

⎨ ∂⎪ = −∇ ⇒ = −⎪ ∂⎩

(12)

where:
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From equations (12) we can get:

2 2
21 1

( , )
2 2

s c c s
m s c s c

s s s

L i i L
F z i L i

z z z

⎛ ⎞∂ ∂ ∂
= − = − +⎜ ⎟⎜ ⎟∂ ∂ ∂⎝ ⎠

(13)

where dLs/dzc F inductance gradient, [H/m].

When we assumed that the coil current was independent
of the core displacement (dic/dzs = 0), we got the following
magnetic force equation:

21
( , )

2
s

m s c c
s

dL
F z i i

dz
= − (14)

We selected coils consisting of 138 turns of 1.2 mm wire
diameter. The coils were composed of 12 turns of wire per
length (nb) and 12 layers (na) and thei�
�����)�+.�
	��
;&:
Ω
�2�
 ��*�+���+�
 �,
 )2�
 ���.��0��
 �1�)�* are presented in
Figure 3 and in Table 2.
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As the core, a sleeve-shaped soft iron material with rela-
tive permeability of 4000 was used. The system was mo-
delled in COMSOL Multiphysics software by means of
the finite element method (FEM) (COMSOL 2010). Thus,
the inductance and inductance gradient of the system were
calculated. In the computations we took advantage of the
system symmetry (Fig. 4).

Description Denotation Value Unit 

Coil thickness lca 12.6 mm 

Coil length lcb 14.4 mm 

Coil inner radius lcc 10 mm 

Core thickness lra 7 mm 

Core length lrb 14.4 mm 

Core inner radius lrc 2.5 mm 
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The relations between the core position, magnetic force,
inductance and inductance gradient are shown in Figure 5.
The investigated system can be treated as an active spring in
which the spring coefficient depends on coil current value.
The voltage equation of the single coil-core system can be
written as:

c R Lu u u= + (15)

where:
uc F voltage applied to the electromagnetic circuit, [V];
ur F voltage drop on coil resistance, [V];
uL F voltage drop on coil inductance, [V].

Equation (16) can be expressed as:

s
c c c

d
u R i

dt

ψ
= + (16)

where:
ψs F magnetic linkage flux, [Wb];
Rc F coil resistance, [Ω].

Under the consideration that ψs = Ls·ic and the fact that
inductance (Ls) depends on the core position (zc), equation
(16) can be written in the following form:

c s s
c c c s c

s

di dL dz
u R i L i

dt dz dt
= + + (17)

In this paper, the relation between system inductance and
coil current was not taken into consideration. In order to
conduct the simulations of the magnetic actuator, the follo-
wing state equation was applied into the model:

1
s s

c
c s

c c
s s

dL dz
R

di dz dt
i u

dt L L

⎛ ⎞+⎜ ⎟
⎜ ⎟= − +
⎜ ⎟
⎜ ⎟⎝ ⎠

(18)

When we took into account a small amplitude of the core
vibrations, we did not get sufficient control force in spite of
the high current value. In order to increase the magnetic
force in the single support, we decided to use two coils in-
stead of one. Distances between the coils equalled 0.6 mm.
Four cores were placed in the points of the supports static
deflection. The cores were placed 7.5 mm from the both
coil centres. In such positions the magnetic force reached
almost maximal value. The diagram of the described system
was presented in Figure 6. The proposed approach allowed
us to control the stiffness of the electromagnetic actuator by
means of an electric current. Moreover, it also enabled us to
generate magnetic forces at zero position (the static deflec-
tion point). The relation between magnetic force and coil
current is presented in Figure 7.
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The described electromagnetic actuators should react to
the introduced perturbations so, the selected coils should
have bandwidths which contain all the frequencies of the
perturbation too. In our case, the disturbance was caused
by a statically unbalanced rotor which could rotate with
maximum speed of 1800 rpm (it corresponds to 30 Hz). We
obtained the amplitude characteristics of the executive ele-
ments. In Figure 8, the relation between coil current and
magnetic force is presented. The calculations were conduc-
ted in the working point where the maximal magnetic force
acted on the core.
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In our research we assumed that at one moment only one
coil worked. Therefore, the magnetic field of the upper coil
had no influence on the current flow in the lower one and
vice versa. We omitted the mutual inductance of the system.
Currents flowing through the coils at selected perturbation
frequencies (0.25, 1, 10, 20 and 30 Hz) are presented in
Figure 9. The amplitude of the coil current decreases at
higher frequencies because the bandwidth of the selected
coil is exceeded. Moreover, in the calculations the follo-
wing simplifications were assumed:
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In the system, the coils currents were controlled by me-
ans of PD regulators and the pulsed-width modulated
(PWM) generators. The selected control law has the follo-
wing form:

( ) ( ) ( )d
PD p

d

T d
u t k e t e t

k dt

⎛ ⎞
= +⎜ ⎟

⎝ ⎠
(19)

where:
uPD(t) – controller output (PWMs impulses width);

kp – controller proportional gain coefficient;
Td – derivation time;
kd – dynamic gain coefficient;

e(t) – regulation error (z-displacement in the parti-
cular support).

PWMs frequency and voltage were 10 kHz and 100 V –
respectively. The designed controller should improve sys-
tem damping in the range of perturbation frequencies. The
settings of the regulators were selected manually by means
of frequency characteristic simulation.

'� ����.���	�� ����.��

All of the parts of the described control system were simula-
ted in MATLAB and Simulink software (MATLAB 2010,
Mrozek and Mrozek 2010). At the beginning of the simula-
tion, the investigated body supports were in the horizontal
plane specified by no-loaded supports springs, and dampers
(the displacement in the four supports equalled zero). The
body reached a steady state under the influence of the gravi-
ty force. In spite of identical springs used in each support,
the static deflections were different because the body mass
centre was not coincided with the geometric centre. Transi-
tion to the steady state was shown in Figures 10 and 11
(non-controlled model without Fz perturbation).
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In the next step, the system frequency responses ware
calculated. The system was excited by the force of the
equation A2G��+C:GπGf·t) where f was a frequency and A2 was
an amplitude equalled 1 N. Frequencies were changed from
0.1 to 100 Hz. We made a comparison between the non-
controlled system and the system controlled by means of
PD regulators. The selected frequency characteristics were
presented in Figures 12–15.

The described calculations allowed us to select the PD
controller settings which could improve damping in the sys-
tem and modify its frequency responses. In order to respond
quickly and strongly, the controller should have high pro-
portional gain. In the proposed control system, the kp value
resulted from a small displacement in the particular support.
The single support control system consisted of a PD regula-
tor, two PWMs, and a coils-core actuator. As the input of
the complete control system the support displacement was
used. The resultant magnetic force was output thus, the con-
troller gain setting could be treated as a measure of the addi-
tional stiffness introduced by the proposed active control
system.

In the next part of the research we considered how the
control system managed to compensate the influence of the
perturbation introduced by the statically unbalanced rotor.
According to the equation (5), when the rotational speed
increased, the amplitude of the disturbing force increased
also, but in exponential way. It was taken into account in
our calculations. The rotational speed was changed from 6
to 1800 rpm. In Figures 16–19, the comparison of the sys-
tem responses is presented.

(� �	��.���	��

In this paper we presented an introductory investigation
concerning an active coil-core system which could influen-
ce the vibrations of a selected rigid body. The solenoid
actuators were added to the vibroisolated body supports
which resulted in the modification of the system frequency
responses. The results of the calculations showed that the
active coils with a movable core can improve vibration
damping and suppress the resonances of the system. How-
ever, due to the narrow bandwidth of the selected actuators,
the vibroisolated system could be actively controlled only
up to 10 Hz frequency range (shown in Figures 12–15).

According to the reference (Gosiewski 2003), we took
into consideration the current density not higher than
6–9 A/mm2. Thus, the current in the coils attained a maxi-
mum value of 10 A. During the simulations, the width of the
PWMs impulses temporarily reached saturation so, at that
time, the control system could not efficiently suppress the
body vibrations.

The proposed control system reacted on the z-displace-
ment in the particular supports. Therefore, its responses to
statically unbalanced rotor perturbations were limited to
the narrow range of the rotational speeds (up to 300 rpm).
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However, the calculated characteristics showed that it
was sufficient for the investigated body case. The amplitu-
des of the vibrations in each support decreased in the range

of system resonances by the introduced electromagnetic ac-
tuators (Figs 16–19).

The described results of conducted simulations proved
that, in the low range of frequencies the investigated elec-
tromagnetic systems can be used as active vibration dam-
pers. Their influence was noticed in spite of the small di-
mensions of the actuators (Tab. 2) and the relatively small
values of magnetic force (about 1 N for 10 A current –
shown in Fig. 7). The main disadvantages of the proposed
active system are connected to electro-mechanical system
modelling problems such as nonlinearities, eddy currents,
magnetic saturations, mechanical friction or thermal effects
of current flow. In order to put the proposed solution into
practice, some improvement should be done. One -and the
most important- of them is to increase the coil-core system
bandwidth by for example, using better PWM generators of
higher voltage amplitude and frequency. Future research
could also be devoted to the improvement of classic PID
regulators settings. The design of more sophisticated con-
trol laws using for example, feedback linearization or vibra-
tion velocity signals should also be considered.

Summarising, coil-core actuators are very interesting
mechatronic objects and in spite of their disadvantages
should be further investigated and tested.
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