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ABSTRACT

In this paper, �exural rotor vibration in a two-pole
cage induction machine equipped with a built-in force
actuator is examined. The built-in force actuator
is based on the self-bearing machine technology in

which a supplementary winding is placed in the ma-
chine for force production. The built-in force actu-
ator enables active vibration control, but also it en-
ables excitation of the machine for purposes of condi-
tion monitoring, for instance. A low-order parametric
model is derived for the actuator-rotor system. In the
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model, the arbitrary eccentric rotor motion is coupled
with the voltage-�ux equations for the eccentric ro-
tor cage and supplementary winding. Furthermore,
based on frequency-domain system identi�cation, an
adaptive control method is examined for compensat-
ing rotor rotation harmonic vibration components.
Experimental results are given for a two-pole cage in-
duction motor. The main contribution of the article
is to couple eccentric rotor motion, the built-in force
actuator and the mechanical rotor model to obtain a
low-order parametric model of the actuator-rotor sys-
tem which can be applied to control design for rotor
vibration suppression.

INTRODUCTION

In this paper, eccentric rotor motion and �exural ro-
tor vibration in a cage induction machine equipped
with a built-in force actuator is examined. When the
rotor is displaced from the stator center, the air-gap
magnetic �eld is distorted and a net force, referred to
as unbalanced magnetic pull (UMP) [1], is exerted on
the rotor. As a result, rotordynamic characteristics
of the machine change. In its extreme, the �exural
rotor bending modes may couple with the electrome-
chanical system and induce rotordynamic instability.

We consider an induction machine equipped with
a built-in force actuator which is based on the self-
bearing machine technology [2, 3] in which a sup-
plementary three-phase winding is distributed to the
stator slots. When current is fed to the supplemen-
tary winding, the air-gap �eld is distorted and a force
is exerted on the rotor.

In this paper, a low-order parametric model is de-
rived for the actuator-rotor system. In the model, the
arbitrary eccentric rotor motion is coupled with the
voltage-�ux equations for the eccentric rotor cage and
supplementary winding [4, 5]. We present experimen-
tal results in which a test motor with extended ro-
tor shaft is equipped with the built-in force actuator.
The low-order model is identi�ed by using vibration
measurement data from the test machine. Further-
more, the built-in force actuator is applied for �exural
rotor vibration attenuation. Indeed, low-frequency
harmonic rotor rotation harmonics are compensated

by using an adaptive control algorithm [6].
The main contribution of the paper is to couple ec-

centric rotor motion, the built-in force actuator and
the mechanical rotor model to obtain a low-order
parametric model of the system. The methodology
presented provides enhanced means of model-based
control design for �exural rotor vibration control.

MODELLING

In the following, we deduce a parametric model for
a two-pole cage induction machine equipped with a
supplementary four-pole winding (referred to as 'con-
trol winding') for force production. In the stator co-
ordinates, by using the space vector formalism, we
write the voltage-�ux equations [7]

Û c = Rc,2îc,2 +
dψ̂

c,2

dt
(1)

0 = Rr,2îr,2 +
dψ̂

r,2

dt
− 2jωmψ̂

r,2
(2)

where Û c is (space vector of) the voltage supplied to
the control winding, Rc,2 the control winding resis-
tance, îc,2 the current in the control winding, Rr,2

the rotor cage four-pole harmonic resistance, ωm the
rotor rotation angular frequency. The subindex '2'
refers to pole-pairs. The four-pole �ux through the
control winding and the rotor cage, ψ̂

c,2
and ψ̂

r,2
re-

spectively, are given by

ψ̂
c,2

= Lc,2îc,2 + Mr,c,2îr,2 +
Lc,ε,2

2µ0
B̂1zr (3)

ψ̂
r,2

= Lr,2îr,2 + Mr,c,2îr,2 +
Lr,ε,2

2µ0
B̂1zr (4)

where Lc,2 denotes the control winding inductance,
Mr,c,2 the mutual inductance between the rotor cage
and the control winding, Lr,2 the rotor cage induc-
tance and zr the rotor center displacement measured
from the stator bore center. Under constant-�ux op-
erational conditions, the two-pole �ux is given by

B̂1 = B1e
jω1t (5)

where B1 is a complex constant and ω1 is the sup-
ply frequency of the torque-producing two-pole stator
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winding. In Eqs. (3) and (4), we have used the model
for eccentric rotor cage introduced by Holopainen et
al. [4]. The model presented by Holopainen et al. in-
cludes the inductance Lr,ε,2 induced by the eccentric
rotor motion and here the inductance term Lc,ε,2 was
added due to the control winding.

The force exerted on the rotor is calculated from
the Maxwell stress tensor yielding

f
c

=
πdrlr
8µ0δ0

|B1|2zr +
πdrlr
4δ0

B̂
∗
1(kr,2îr,2+kc,2îc,2) (6)

where dr is the rotor core diameter, lr the rotor core
axial length, µ0 = 4π·10−7 N/A2 permeability of vac-
uum, δ0 the radial air-gap and kr,2 and kc,2 coupling
factors.

The mechanical Je�cott rotor model in the stator
coordinate system is given by

z̈r + 2ξω0żr + ω2
0zr = (f

c
+ f

ex
)/m. (7)

where ω0 is the �rst rotor bending natural frequency,
ξ the modal damping and m the rotor mass. Further-
more, the external excitation force f

ex
is dominated

by the rotor rotation harmonics.
By substituting Eq. (6) to Eq. (7) with Eq. (5)

we obtain a model with periodically time-varying co-
e�cients. However, by introducing

Û c,0 = Û ce
−jω1t

îc,2,0 = îc,2e
−jω1t

îr,2,0 = îr,2e
−jω1t

we obtain a linear time-invariant (LTI) model for the
actuator-rotor system. The input of the system is
the voltage Û c,0 supplied to the control winding with
the disturbance force f

ex
. The states of the system

are the currents in the control winding îc,2,0 and the
rotor cage îr,2,0 with rotor radial position zr being
the measurable output.

ROTOR VIBRATION CONTROL

For the actuator-rotor system, the convergent con-
trol (CC) algorithm [6] was used for attenuation of
vibration originated from periodic excitations. The

algorithm operates on the frequency-domain with
the Fourier coe�cients v̂ of the control input v =
(Re(Û c,0), Im(Û c,0))

T at excitation frequency ω given
by the adaptive law

v̂c(k + 1) = γv̂c(k)− αH(jω)†ûrc(k) (8)

where ûrc is the Fourier coe�cient of the rotor dis-
placement urc = (Re(zr), Im(zr))

T at ω, H(jω) is (an
estimate of) the frequency-response of the actuator-
rotor system at ω, '†' denotes the matrix pseudo-
inverse operator and 0 < γ ≤ 1, α > 0 are param-
eters related to the convergence of the algorithm. If
the excitation is composed of several frequencies CC
algorithm operates on each excitation frequency in a
separate feedforward adaptation loop.

EXPERIMENTAL SET-UP

A two-pole 30kW cage induction motor (see Fig. 1)
was used in experiments. The motor was equipped
with an extended rotor shaft (length 1560 mm, to-
tal weight with rotor stack 55.8 kg) with �rst rotor
bending mode being 37.5 Hz. The control winding for
force production was a four-pole three-phase winding
with 20 turns in each phase. Displacement transduc-
ers were attached at the driving end of the machine
close to the end-shield. During the experiments, the
machine was run without load at 17.2 Hz (rated 50
Hz) rotation frequency and 79.0 V / 14.9 A (rated 380
V / 20 A) torque-producing two-pole winding supply.

The online signal processing was performed by us-
ing dSpace system operating in simulink environ-
ment by using Matlab Real Time Workshop. The
displacement measurements were supplied to dSpace
system where control signal was obtained from CC
algorithm. The signal was ampli�ed and supplied to
the control winding.

RESULTS

In the identi�cation, band-limited (500 Hz) white
noise voltage supply to the control winding was used.
The displacement was measured and frequency re-
sponses processed. The frequency response from the
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Figure 1: The test machine used in experiments.
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Figure 2: Frequency response of the actuator-rotor sys-
tem.

voltage input to the displacement output is shown in
Fig. 2.

In Fig. 3 the rotor orbit is shown when control
winding was not excited (Û c,2 = 0). Current is in-
duced in the control winding due to the eccentric ro-
tor motion which produces a four-pole �ux in the
air-gap. In Fig. 4, the current in the control winding
is shown.
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Figure 3: Rotor orbit when control winding was not
excited (Ûc = 0).

The identi�cation of the actuator-rotor system was
performed in the frequency domain by using the fre-
quency responses (see Fig. 2) and curve �tting. As
a result, the transfer function H(jω) in Eq. (8) was
estimated for frequencies ω = 0, ωm, 2ωm, 3ωm. The
CC algorithm was hence employed by including these
four harmonics. The higher harmonics had a mi-
nor in�uence on the rotor vibration amplitudes, and
hence, only the �rst four harmonics were included.

With CC algorithm, in Eq. (8), the convergence
coe�cients γ = 1, α0 = 5 · 10−5, α1 = 2 · 10−4 and
α2 = α3 = 10−4 were used. In Fig. 5, the horizon-
tal rotor displacement is shown when CC control was
switched on. For the Fourier coe�cient calculation
in Eq. (8) instantaneous coe�cient update [8, 9] was
applied. The vibration amplitudes reduce 85%. This
is due to the compensation of the rotor rotation har-
monic components. Indeed, in Fig. 6 spectrum of the
horizontal rotor displacement is shown with and with-
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Figure 4: Current in a single control winding phase in-
duced by eccentric rotor motion (Ûc = 0).

out the control applied. Results show that the �rst
four harmonics included in the CC algorithm reduce
noticeably. As well, as can be seen from Fig. 5, the
vibration control centralizes the rotor originally not
whirling around the stator bore center. The central-
izing is caused by the zero-harmonic (ω0) CC-control.

In Fig. 7 the voltage supplied to the control wind-
ing when CC algorithm has converged to its station-
ary operation is shown.

DISCUSSION AND CONCLUSIONS

In this paper, �exural rotor vibration in a two-pole
cage induction machine equipped with a supplemen-
tary winding based on self-bearing technology was
considered. A low-order parametric model was de-
duced for the actuator-rotor system under eccentric
rotor motion.

The actuator-rotor system was identi�ed in the fre-
quency domain by using measurement data of a small
two-pole cage induction motor. Based on the identi�-
cation, an adaptive control algorithm was used for at-
tenuation of rotor rotation harmonic vibration com-
ponents. The results show that a considerable level
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Figure 5: Horizontal rotor displacement when CC -
algorithm is switched on.
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Figure 6: Spectrum of the horizontal rotor displacement.
Without control (dashed line) and with CC control (solid
line).
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Figure 7: Voltage Re(Ûc) supplied to the control wind-
ing.

of �exural rotor vibration suppression (85% reduc-
tion in amplitude) can be achieved by compensating
low-order dominant vibration components.

The built-in force actuator provides means of pro-
ducing a controlled force on the rotor. In this paper,
the force actuator was applied for vibration attenua-
tion and its e�ciency was shown. The built-in force
actuator may also be used for condition monitoring
or fault diagnostics: i) the machine can be excited
with the actuator and the responses monitored, ii)
the currents induced in the control winding can be
used as signatures of possible faults, iii) control com-
mands may be monitored as indicators of changes in
machine state, analogically to the methodology used
in active magnetic bearings.
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