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Abstract

Active control of rotor vibrations in electrical machines is considered. The objective of the
research described in the paper is to diminish unwanted forces generated by rotation and unbal-
anced mass of the rotor in an electrical machine. These forces, dependent of rotational speed,
cause vibration that, when occurring in the natural frequency (or critical speed) of the rotor,
cause severe problems. A new actuator (an extra winding) was designed to be installed in the
stator of the machine, and it was controlled with frequency converter to create an opposite force
to the vibration. The main task was to develop a controller for the system. The system was first
modeled by first principles electromechanical equations, and based on FEM simulations more
simplified state-space models were identified. The new models were analysed, and the model
giving the best fit with regard to FEM simulations was chosen for controller design. Different
controllers were then designed utilizing the identified model, and their performance was tested
by using an accurate FEM model of the system. The results showed that the developed con-
troller can be used for vibration control in electric machines operating near the critical speed.
The next step in the research is to test the vibration suppressing controller in a real test machine.

Keywords: Electrical machines, Rotor dynamics, Active vibration control, Model-based
control, LQG control, Convergent control.
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1 Introduction
Suppression of vibrations in different engineering sys-
tems and structures is an important topic of research
both in industry and in academic research. The num-
ber of applications is growing vastly, since the preci-
sion and accuracy demands of different engineering so-
lutions are getting more stringent [1]. As the allowed
tolerances become smaller, the vibrations have a bigger
impact on the total system. For example, air-gaps in
electric drives need to be smaller to increase the overall
efficiency of the machine, yet the vibrations hinder this
goal as the air-gap varies along to the vibrations [2].

Because of vibration, rotating machines are usually de-
signed to operate either at subcritical or supercritical
range. Operation near the critical speed, where the
vibration is heavily excited, is not possible. Passive
damping has been widely used for many different ap-
plications, like in paper machines, but it can only be
used to dampen vibrations at a certain frequency [3]. In
high-performance applications active control methods
are then needed, in order to be able to drive the sys-
tem in high speed. In active control an external force is
injected to the system according to a control law with
the goal to minimize the vibrations. Usually, new me-
chanical constructions are needed to implement the ac-
tive control methodology. For example, in small-power
electrical machines a new force actuator is implemented
by a supplementary winding installed in the stator slots
[2].

The active control algorithm can be designed with tra-
ditional control methods to a certain extent, but the har-
monics of the main vibration frequencies and the dy-
namic nature of the load disturbance may need more
sophisticated control methods [4], [5]. It is then use-
ful to study different modern control methods gener-
ated by using first-principle models of both the system
and the new actuator. Classical LQ(G) control (Linear
Quadratic Gaussian, see e.g. [6, 7]), robust and adap-
tive control methods ([8]), QFT-based control (Quan-
titative Feedback Theory, [9]), convergent control and
repetitive control methods ([5, 4, 10]) have been tried
for example.

Simulation is an effective tool in designing and verify-
ing control designs for processes, which are not acces-
sible for practical testing. This may be, because the real
process does not allow practical testing, or the process
does not even exist at the time that a controller for it
has to be designed. In model-based control design suit-
able models are first constructed either based on physi-
cal modelling (first-principle equations) or input-output
data generated e.g. from FE model generated to the pro-
cess. Both approaches contain an identification step:
the parameters of the first-principles model have to be
estimated, or a structural model with parameter values
has to be identified from input-output data. In any case
a suitable low order model is then calculated for the
purpose of controller design. The performance of the
controller is then analysed and tested first by using the
simple model, but later with the full-order model. The
final test is finally carried out by using the controller in

the real process.

In this paper active control of rotor vibrations in elec-
trical motors is considered. A low-order linear time-
invariant (LTI) state-space model of the force actuator
is obtained through identification using finite element
(FE) simulations of a test machine, which has been de-
signed but has not been built yet. Controller design is
carried out by using the identified model. The perfor-
mance of the controllers is verified by simulations, first
by using the identified LTI model of the actuator and
machine, then by using the more accurate FEM mod-
els.

2 Physical model of the electrical machine
and the actuator

The idea in the vibration control to be introduced is to
generate a control force to the rotor through extra wind-
ings in the stator. This actuator generates a magnetic
field that induces a force negating the disturbance force
exited by the mass imbalance of the rotor. A similar ap-
proach has been used earlier by Chiba et al. [11], who
constructed a two-pole winding to a four-pole induction
motor.

A schematic layout of the system is presented in Fig. 1
and the related test machine data in Tab. 1.

Fig. 1 The test machine (1=bearings, 2=movement sen-
sor, 3=voltage control of stator winding, 4=voltage con-
trol of the new actuator winding, 5=rotor axis, 6=safety
bearings, 7=stator, 8=rotor)

A 30 kW two-pole induction motor is studied, and a dy-
namic model starting from the electromechanical first
principles equations has been built. An extra actuator
for suppressing the rotor vibration (first mode at 49.5
Hz) has been constructed and modelled similarly. The
modeling process is initialized by the first principles
of electromechanical systems, see e.g. [2]. A sepa-
rate electric model is created for the actuator generating
control force with a magnetic field. An electromechan-
ical model is then formed for the rotor that transfers the
input forces into displacements.

In addition to the physical model of the system a FEM-
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Tab. 1 Test machine data

Parameter Value
supply frequency [Hz] 50
rated voltage (rms) [V] 400
connection delta
rated current [A] 50
rated power [kW] 30
number of phases 3
number of parallel paths 1
number of poles 2
rated slip [%] 1.0
rotor mass (rotor core and shaft) [kg] 55.80
rotor shaft length [mm] 1560
bearing vertical stiffness [MN/m] 500
bearing horizontal stiffness [MN/m] 100
radial air-gap length [mm] 1.0
critical speed [Hz] 42.0
nominal speed [Hz] 49.5

model is created to help in the validation of the re-
sults, and to generate black box data [13]. The next
phase is to manipulate the physical models in such way
that they become standard transfer-function matrices.
Alternatively, an augmented state-space representation
that includes the actuator, disturbance and rotor mod-
els in a single composed model can be used. The
state-space representation is constructed by selecting
the state-variables from the physical model that yields
an exact model of the system with some couplings be-
tween inputs. The other approach is to identify the
system from the data achieved from FEM-simulations,
which describe the system behavior very accurately. By
identification the model can be simplified such that the
couplings between inputs disappear, but the model still
describes the system well enough. When the reduced
model is ready, it is validated by simulations against
the FEM-model. The FEM-model is very slow to simu-
late, so a Simulink-model with approximately the same
behavior is needed.

The new actuator is driven by a separate frequency con-
verter. The rotor unbalance force can be modelled by a
two-dimensional (x and y directions) input entering in
the rotor model input. The rotor model is a general-
ized form of the basic Jeffcott-rotor model. The actua-
tor model can be expressed in the form (1) and the rotor
model of the machine in the form (2) , which together
can be changed into a general LTI state-space form (3),
for details see [12].

di
dt = Aemi + Bemv + Semu̇rc + Qemurc

fc = Cemi + Pemurc
(1)

In Eq.1 the vector i contains currents in the rotor and
stator, v the control voltages (two-dimensional), urc the
rotor center position and fc the control force generated
to the rotor. In the mechanical model, Eq.2 the term η
is the modal coordinate vector, fex is the disturbance
force, and Φrc, Σ and Ω are matrices related to the gen-
eralized eigenfrequencies and damping coefficients of

the rotor.

η̈ + 2ΣΩη̇ + Ω2η = ΦT
rcfc + ΦT

rcfex

urc = Φrcη
(2)

d
dt

[
ξ
η
i

]
=

[
a11 a12 a13

a21 a22 a23

a31 a32 a33

][
ξ
η
i

]

+

[ 0
0

Bem

]
v +




ΦT
rc
0
0


 fex

urc = [ 0 Φrc 0 ]

[
ξ
η
i

]
(3)

where

a11 = −2ΩΣ, a12 = ΦT
rcPemΦrc − Ω2,

a13 = ΦT
rcCem, a21 = I, a22 = 0, a23 = 0,

a31 = SemΦrc, a32 = QemΦrc, a33 = Aem

A combined model including the dynamics of the actu-
ator and rotor can now easily be formed. It is shown in
Eq. 3.

3 Identification
The identification data was created by feeding zero
mean pseudo random signals limited to 1V in amplitude
into the control winding of the FEM-model. Pseudo
random signal was chosen because of its properties.
The signal can be limited to desired range; while the
randomness guarantees that the whole frequency range
is being used making the signal rich enough to identi-
fication purposes. The grid used by the FE simulation
program [13] is shown in Fig. 2 and the input data (two
directions) in Fig. 3. It turned out that the actuator is

Fig. 2 A grid used for FE modelling of the new actuator

also highly dependent on the displacement o f the rotor.
Therefore more inputs had to be added to the model.
The signals for the feedback were generated by using
the existing rotor model in such way that the forces
generated by the actuator were fed into the rotor model
generating the displacement, which is then fed back to
the actuator. These inputs had to be generated by the
model, because the noise signals as input were very ill-
behaving, which is most likely due to the stiffness of

Proc. EUROSIM 2007 (B. Zupančič, R. Karba, S. Blažič) 9-13 Sept. 2007, Ljubljana, Slovenia

ISBN 978-3-901608-32-2 3 Copyright © 2007 EUROSIM / SLOSIM



0 2 4 6 8 10 12 14 16 18 20
-1

-0.5

0

0.5

1
x 10

-4
Displacement (x) fed into the system

0 2 4 6 8 10 12 14 16 18 20
-1

-0.5

0

0.5

1
x 10

-4
Displacement (y) fed into the system

Fig. 3 Displacement input used in identification. Time
in seconds.

the system (fast and slow dynamics occur in the system
simultaneously). However the displacement given by
the rotor model wasn’t rich enough as it contained only
certain frequencies, and it thus generated a linear rela-
tionship between the input and output of the model to
be identified. The solution for this kind of problem is
to modulate the rotor displacement by another pseudo
random signal limited to 10% of the output of the ro-
tor model. This leads to situation where the displace-
ment has low frequency behavior suitable for the actua-
tor model, yet the noise modulation guarantees that the
inputs and outputs of the system are no longer linearly
dependent and the system can be identified. The con-
trol force and its autospectrum have been presented in
Figs. 4, 5 and 6. For validation a general model of the
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Fig. 4 Force output of the model

process has to be made. The complete process includes
the actuator, rotor and the disturbance. For analyzing
purposes a model that includes all of the sub-models
will be made. For model comparison the disturbance
model is left out and only the actuator dynamics with
feedback from the rotor output is considered. In the lat-
ter model the inputs are voltage and disturbance in x-
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Fig. 5 Control force in x and y directions generated by
the actuator
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Fig. 6 Autospectrum of the control force

and y-directions, and the output is the displacement.

In order to find out whether the identified model is ac-
curate enough, validation must be made. Because there
is another model for the rotor-actuator system available
(generated by subspace identification), cross-validation
will be used to find out the true performance of the
model. The models were compared to those obtained
by FCSMEK, which is a program developed to do ac-
curate FEM -based calculations on the behaviour of the
electric machine.

In the cross validation all the input-output data available
will be used. One of the data sets was used to identify
this model and the other was used to identify the other
model. Now it is easy to determine, which of the two
models is more accurate to the given system. The vali-
dation will be made both in time-domain and frequency
domain. In frequency domain the true frequency re-
sponse of the system is available and the comparison
will be made against it.

It turned out that the PEM identification (prediction er-
ror method) gave better results than subspace identifi-
cation. In Figs. 7 and 8 frequency responses have been
presented, in which the identified actuator models are
compared to those calculated by using FCSMEK simu-
lated data. The results are good, which can also be seen
in the time series fit shown in Fig. 9.

4 Control
A layout of the rotor and the actuator is presented in
Fig. 10. Three different modern control methods will
be tested to dampen the vibrations. An LQ controller
with integration added is first tried in order to dampen
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Fig. 7 Phase plot of the PEM model
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Fig. 8 Gain plot of the PEM model

the sinusoidal disturbance caused by the unbalanced ro-
tor. Secondly, an LQ controller operating together with
the so-called convergent control algorithm is tested [5].
Finally, a similar idea with a modified convergent con-
trol algorithm is designed. The LQ controller is based
in classical state feedback, which thus needs a state ob-
server [6]. In Fig. 11 a schematic layout has been pre-
sented, where the LQ controller (containing the state
estimator and an integrator to hinder steady-state er-
rors) is first used to dampen the resonant peak of the
vibration and also to shift the peak in frequency do-
main. Another controller then attenuates the vibration
to an acceptable level in all frequencies. In the design
of the outer controller the combination of the process
and the LQ controller is considered. The idea behind
the modified convergent control (see Fig. 12) is that
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Fig. 9 PEM actuator model fit

Fig. 10 Control configuration in the test machine

knowing the rotational speed of the rotor and the dis-
turbance amplitude and phase, it is possible to calcu-
late a control signal that gives a force with same fre-
quency and amplitude as the disturbance but with 180
degree phase difference, and consequently completely
compensate the disturbance. Assuming that the system
is linear, frequency does not change, so only the ampli-
tude and phase need to be controlled. Amplitude and
phase can conveniently be presented as one complex
variable. Performing all calculations in complex plane
removes some numeric problems that the phase, being
an angle, can cause. Also the identified system mod-
els can easily be converted to complex form simultane-
ously getting rid of all the derivatives (continuous-time
models are used). All control designs achieved for the

Fig. 11 Control schema of LQ control combined with
convergent control

system are tested and validated by using the FEM pro-
cess model. A control loop with controller tested in
Simulink is included in the FEM-model and simulated.
In order for the control models to be reliable they must
have similar behavior in FEM-environment as they did
in Simulink. In Fig. 13 simulation result (using FC-
SMEK as the process) has been presented, when the LQ
controller augmented with integrative action has been
used. It should be compared to the result in Fig. 14, in
which the modified convergent control algorithm was
used. The LQ controller seems to perform a little bet-
ter, but the result needs further investigation. Also the
fact that the convergent control alone did not work (not
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Fig. 12 Control structure. The frequency compensator
is parallel to the LQ control. The compensator tries to
compensate the disturbance force generated by the ro-
tation of the rotor. LQ controller and the state estimator
are unaware of the fact that the force is been compen-
sated.

shown in figures) is a negative but premature result.
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Fig. 13 Process controlled with an LQ controller

5 Conclusion
The possibility of driving an electrical machine in all
frequencies, including the critical frequencies, were in-
vestigated in the paper by using analysis and simula-
tion tools. The rotor and the new actuator were first
modelled starting from first principle physical models,
and the model parameters were estimated by using data
generated by accurate FE models. A low-order state-
space model was then constructed and validated in or-
der to use it for controller design. An LQ controller and
a modified convergent controller were then designed
and tested by simulations, again using the accurate FE
model as the process. The results show that the con-
trollers can be used in vibration attenuation for all fre-
quencies of the rotor. Further, it should be noted that
the results have been obtained by using the test machine
data only, because the real machine is not yet available.
The potential of dynamical modelling and simulation as

Fig. 14 Process controlled with a modified convergent
control structure

a prototyping method for new controllers has therefore
been demonstrated in this practical example case.
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