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Abstract

In this paper means of active control of radial rotor vibrations in electrical machines are considered. We examine a
built-in force actuator for active generation of force on the machine rotor. The operation of the actuator is based on
electromechanical interaction between the rotor and the stator of the machine. The actuator is given a low-order
linear state-space model, which is identified by using simulation data obtained from a detailed time-stepping finite element
model of the machine. Simulation results obtained by using real machine data and finite element time-stepping method
are presented.
© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

In rotating machines vibration is induced by harmonic excitation forces at the rotor rotation speed
(unbalanced mass excitation) with higher harmonic components. These low-frequency range vibratory effects
are the most important sources of rotor vibration in rotating machinery [1]. Vibration in electrical machines
may lead to such problems as noise, increased bearing wear or rotordynamic instability. In induction machines
with conventional bearings 42-50% of the faults are bearing related [2]. An increased bearing wear caused by
vibration may reduce bearing lifetime considerably. This in turn leads to higher maintenance costs and even
expensive process downtime. In addition, rotor vibration puts demands on machine design. Rotating machines
are generally designed to operate either at subcritical or supercritical range. Operation close to critical speed is
precluded even if there were passive vibration control devices used.

The above-mentioned rotor vibration-induced phenomena could be attenuated by active rotor vibration
control. However, the force actuation on the rotor is problematic in some cases because of the actuator
installation problems. Indeed, at low-frequency range, in order to attenuate rotor bending vibration, the
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Nomenclature do effective air-gap length
1 modal coordinate vector
B air-gap flux density A air-gap permeance
By flux density harmonic k Uo permeability of vacuum
d, rotor core diameter & modal velocity vector
f.f.  control force = modal damping matrix
fox excitation force o Maxwell stress tensor
F air-gap MMF D, modal matrix
Fr MMF harmonic k @ angular coordinate
f,,pi] rotor cage current p + 1 harmonics Q modal stiffness matrix
icp+1  control winding current oy supply frequency
I unit matrix We control winding supply frequency
i current vector o rotor angular frequency
] imaginary unit exp, e exponential function
kp+1  rotor cage coupling factors X’ X in rotor coordinates
kepy1  control winding coupling factor X complex conjugate of X
l, rotor core length |X| absolute value of X
L.,+1 control winding inductance X time-derivative of X
L rotor cage mesh segment inductance X space-vector X
L,,+1 rotor cage inductance Re(X) real part of X
M, .p+1 mutual inductance Im(X) imaginary part of X
p number of pole-pairs AMB active magnetic bearing
R.p+1  control winding resistance FE finite element
R.,+1 rotor cage resistance of harmonics p & 1 FRF frequency response function
t time IM induction machine
U ep+1 control winding voltage LTI linear time-invariant
z, rotor center position MMF magnetomotive force
0 eccentric-rotor air-gap length UMP unbalanced magnetic pull

actuator should be installed at the rotor center, which may not be possible in some applications. This fact
provokes demands for a built-in force actuator. For instance, in small-power electrical machines, the force
actuator based on a supplementary winding design has been used in bearingless machine design [3]. However,
in larger flexible-shaft electrical machines conventional journal bearings are still widely used and bearing relief
methodology has not been applied.

In this paper, we consider a force actuation methodology proposed for a cage induction motor with
conventional bearings. A built-in force actuator based on the electromechanical interaction between the rotor
and stator of the machine is examined. In an electrical machine the air-gap magnetic field distortion induces
forces on the rotor. The effect is referred to as the unbalanced magnetic pull (UMP) [4-7]. The effect of UMP
on electrical machine rotordynamics is that it decreases the critical speeds of the machine and may lead to
increased bearing wear or rotordynamic instability [8,9]. The effect of UMP was observed already in early 20th
century [10]. In electrical machines the phenomenon has been used for force production in active magnetic
bearing (AMB) technology and from early 1990s also in bearingless machine design. Chiba et al. [11]
considered a four-pole induction motor to which a supplementary two-pole winding, referred to as ‘suspension
winding’, was constructed. By applying a feedback control system the rotor was balanced by UMP induced by
the unbalanced air-gap flux, when current was fed into the suspension winding. Later on, this built-in force
actuator was applied for several small-power applications [3,12,13].

In this work, we consider utilization of UMP for active radial rotor vibration control in flexible shaft
induction machines with conventional bearings. We consider large induction machines with low critical speed
(~20Hz). Earlier results considering radial rotor vibration attenuation by using a UMP-based force actuator
have been reported by S. Watanabe et al. [14]. In the present paper simulation results are presented in which a
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two-pole induction machine with squirrel-cage rotor and journal bearings is equipped with a supplementary
four-pole winding distributed in the stator slots. Real machine data of a laboratory-scale test motor imitating
big electrical motors was used.

In bearingless induction machines the conventional squirrel-cage rotor is not practical [3]. This is because,
due to the slip between the supplementary winding field and rotor rotation speed, currents are induced in the
rotor cage when the supplementary winding is excited. The problem can be solved by using a pole-specific
rotor design [15]. However, in the present work we restrict ourselves to conventional cage rotors and,
contrary to suspension methodology, mainly focus on producing circulating force synchronized with the rotor
rotation speed.

In this work, we develop a low-order linear time-invariant (LTI) state-space model of the force actuator.
The state-space model is obtained through identification procedure from finite element (FE) simulations
carried out by using the test machine data. The methodology provides a virtual plant of the machine which can
be used in the actuator design in prior to implementing it in a real machine.

2. Methods and system configuration

We consider a p pole-pair induction machine (IM) with a squirrel cage rotor structure. Furthermore, a small
p + 1 pole-pair supplementary winding, referred to as ‘control winding’, is distributed in the stator slots at the
wedge region. In Fig. 1(a) schematic picture of the machine cross-section is shown. In the figure, the notation
(® means that when phase current is positive then current is flowing out of the page while () means that it is
flowing into the page. The main winding coils are located at the outer part and the control winding coils at the
inner part of each stator slot (see Fig. 1(b)). The winding schema follows the winding diagram given in Table 2.
A net force f. is exerted on the rotor. The force is induced by the non-symmetric field distribution in the air-
gap caused by eccentric rotor motion and currents in two windings.

In the machine cross-section, the magnetic field in the air gap is developed into double Fourier series of two
variables; time and the spatial (angular) coordinate along the rotor surface. The air-gap field spatial harmonic
with wavenumber k is systematically referred to as ‘k (spatial) harmonic’ [16]. In the p pole-pair induction
machine design the main stator winding is distributed in the stator slots so that it mainly produces p harmonic
field in the air-gap but in practice higher order harmonics, referred to as ‘slotting harmonics’, appear as well.

Similarly, when a 3-phase voltage is supplied to the control winding, a p + 1 harmonic field component is
induced in the air gap. Consequently, due to the non-symmetric air-gap field a net force exerted on the rotor is
produced [3]. The force can be actively controlled by a separate frequency converter supplying voltage to the
supplementary winding. In addition, eccentric rotor motion produces UMP [17] which contributes to the net
force exerted on the rotor.

The low-order actuator-rotor model presented here consists of an electromechanical actuator model, which
is coupled with a mechanical model of the rotor consisting of the machine housing, stator, bearings and the

(@ (b)

control winding

Fig. 1. A cross-section of a two-pole machine to which a four-pole control winding is distributed in the stator slots: (a) machine cross-
section showing the main winding with voltage source U; and control winding with voltage source U, and (b) single stator slot with the
control winding coils placed in the wedge region. Further details are given in Section 2.
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rotor. The parameters of the low-order model are identified from time-series data obtained from a more
detailed FE-based field-circuit analysis of the machine [18,19]. The parameters of the low-order actuator
model were identified in the frequency-domain by applying subspace identification [20].

2.1. Force actuator model

In the following, a low-order LTI model of the force actuator is derived. The main assumptions in the
analytical derivation of the force actuator model are:

(1) coupling between the control winding and the main stator winding is neglected,

(2) magnetic fields are studied in a transversal two-dimensional machine cross-section where control force is
applied. The tangential components of the magnetic fields are neglected,

(3) saturation of the magnetic materials is neglected; linear equations for voltage and flux are used,

(4) stator windings are series connected,

(5) higher harmonic field components are neglected.

The condition of the first assumption can be justified by proper control winding design so that there would be
negligible magnetic coupling between the control winding and the field winding. In fact, main winding p
harmonic and control winding p 4+ 1 harmonic are coupled only through the rotor cage and eccentric rotor
motion. Constant operational conditions (constant rotation speed, constant flux) are assumed and control
winding is assumed not to have effect on the machine operation. Furthermore, three-dimensional effects such
as homopolar flux (two-pole machines) and end-winding dynamics are neglected.

In the literature, it is common practice to neglect the tangential air-gap field component, since it is typically
noticeably smaller than the radial field component. Moreover, the saturation of magnetic materials brings
nonlinearity to the actuator dynamics which was neglected in the modeling. However, linearity of the actuator
is examined by simulations carried out by using a more detailed FE analysis including saturation of magnetic
materials. This enables choosing an appropriate operation point (control winding input voltage and
disturbance force level) for the linear model.

We assume that the stator windings are series connected. Parallel stator connections would affect the net
force exerted on the rotor [4]. In the air gap, there are higher harmonic air-gap field spatial harmonics such as
stator slotting harmonics, which are neglected in the model. We restrict ourselves to the low-frequency range
in the vicinity of the rotor bending flexural modes.

In the following, the space-vector formalism [16] is adopted. Quantities with hat denote complex-valued
functions of time (spatial Fourier coefficients) with subindex denoting the harmonic order (spatial
wavenumber). The superscript ‘** denotes complex conjugation. Expressions given in the rotor coordinate
system are denoted by superscript ‘7.

The main magnetomotive force (MMF) harmonics in the air-gap are of order p and p £ 1. In the following,
the other MMF harmonics are neglected. The p harmonic is induced by current in the main winding, p + 1 by
the currents in the control winding and the rotor cage, and p — 1 is produced by the rotor cage current p — 1
harmonic. The rotor cage current p + 1 harmonics are induced by the eccentric rotor motion.

In the stator reference frame, the MMF distribution in the air gap at time instant ¢ with angular coordinate
@ is given by

F(t,@) = Re(F (e V2 + F, (e 0710 4 F7 1y (e Doy, ()
In Eq. (1) the subscripts p and p + 1 refer to the corresponding spatial harmonics. In the case p = 1 the p — 1-

component is neglected which means that the homopolar flux is not taken into consideration for two-pole
machines. Furthermore, we have

yp - 97.\‘,[1 + engr,]u (2)
e?’fpfl - yr,pfla (3)

F o1 = F cprl + F rprls 4)
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where 7, and ,, are the fundamental MMF waves induced by the currents in the stator windings and rotor

cage, respectively, & rp+1 1s the MMF induced to the air-gap by the rotor cage currents p £ 1 and F ep+1 18 the
MMF produced by control winding current.
The radial magnetic flux density in the air-gap is given by

B(1, ) = A1, )7 (1, 9), (5)
where the air-gap permeance is A(f, ) = /(¢ @) in which the air-gap length ¢ for (slightly) eccentric rotor at
angular position ¢ is given by

8(t,¢) = S0 — Refz,(e 7). (6)
Here 0y is the effective radial air-gap length for the concentric rotor and z, is the rotor center position in the

complex plane (see Fig. 2). The effect of the stator slotting on the air-gap permeance can approximately be
taken into account in dy. By using the two first terms in Taylor expansion in Eq. (6) we obtain

1 A

Mt ) = 1o /3(2,9) ~ 52| 1+ —Refz,(0e 7} (7)
do do

Consequently, substituting Egs. (1) and (7) to Eq. (5) gives

A | N A .
B(t, p) = g—zRe{ |:97p + 2—50(971;,1% + 97p+12;’.<):| e e

Z 1 ~ . n 1 R )
+ <=g;p_1 +2—50.O/7PZ:<)6_J(1’—1)(/7 + ('0/7]7-"-] +2—50g;pzr> e i+De

| N : 1 - .
+ 2—5097[,+12re_"(p+2)¢ + 2—5()97}”127,‘6_1(17_2)@}. (8)

We assume that the fundamental MMF component F » dominates the harmonics F p+1. In addition, we
neglect the harmonics p £ 2. Under these assumptions, we obtain

B(t, ) ~ Re{B,e #? + B, 1e710=1¢ 1 B e P+Dey )
where we have introduced
B =7, (10)
do

7 Mo (2 5 5 o oa o, Mg
B, == F,+F, | = B, +—%,_ 11
p—1 50 (250 p+ P 1> 250 p+ 0 p—1> ( )

A HRo [ Zr 2 - Zr g Ho ~
B, =— F,+F =—B, +—F,.1. 12
p+1 5o (250 pt p+l> 25,7 +50 p+1 (12)

Fig. 2. Eccentric rotor motion modifies the radial air-gap length resulting to non-uniform air-gap field. Here, z, denotes the rotor center
position in the complex plane and ¢ the angular coordinate in the stator reference frame. Figure is out-of-scale.
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In the stator reference frame, the total force exerted on the rotor is given by

d,lr 2n )
10 = [ ot do. (13

where d, and /. are the diameter and length of the rotor core, respectively. The radial component of the
Maxwell stress tensor is given by

o(t, @) = —B(z ?), (14)

where we have approximated the iron core to have infinite permeability, and only the radial magnetic field

component was taken into account. From Eq. (13) we obtain

2nd I, 1 1
2 2u,4

nd, I,

=3 "(1B, Pz, + 1B, 93* L+ B, 93*,,“)
,uo

fe=

~QB,B, | +2BB,.1)

4 5 Zr+,u0k1p prlrp 1+N0krp+1B lrp+l +,u0kLp+lB lL[lJrl) (15)

where we have used Eqgs. (14), (9), (11), (12), (3) and (4). In Eq. (15) we have introduced

eg'.r,p:tl krp:tllrp:lzlv

'976,[)-&-1 = kC,[)+1iC,[)+la

where the space vectors f,.’pil and fc,,,H are for rotor cage current p + 1 components and control winding
current, respectively. The coupling factors k. ,+; and k., measure how effectively the corresponding current
components produce MMF. The saturation due to nonlinear magnetic materials is neglected, and formulas
are assumed to be given at a specific operation point. In the modeling the rotor cage is replaced by an
equivalent 3-phase winding, and space vector theory [21] is applied in the equivalent winding structure. In the
case of p = 1 the p — 1 components are discarded and, consequently, in Eq. (15) |]_’§,,|2 is multiplied by 1/2.

In the induction machine with a supplementary control winding, the control winding input voltage gives rise
to the control winding current. As well, the eccentric rotor motion induces p & 1 currents to the rotor cage [17].
Furthermore, the rotor cage and control winding are magnetically coupled. We apply the induction machine
voltage and flux equations [16] for control winding p + 1 and rotor cage p =+ 1 harmonics. Furthermore, we
apply the eccentric rotor cage model [17]. In the model, the eccentric rotor motion acts as a source for the
rotor cage harmonic components p + 1 which, in turn, contribute to UMP. We have

A d;, 1 dlc 1
Uc,p+1 — M;‘,c,p-k—l —C,lpt+ = L¢p+1 —dp+ + ch+llcp+1 s (16)
Lkr, +1 d ’ dt +1 dﬂr +1
- 2,up0 dr D)= M pi dpt =L pt1 d—p + R, P+llr P+ (17)
Lkrp 1 d dl;p 1 ¥
2#0 ( = rp—l d[ + Rrp—l ll‘,p—] N (18)

In Eq. (16) we have introduced the p + 1 harmonic components U ept+1s Lepti1, Repr1 and M, ,1 which stand
for the control winding input voltage, control winding inductance, control winding resistance and mutual
inductance between the rotor cage and the control winding, respectively. In Egs. (17) and (18) the upper index
r’ refers to the rotor reference frame which is rotating at the mechanical rotation angular velocity w,, with
respect to the stator reference frame. Furthermore, we have introduced L denoting the self-inductance of a
single rotor cage loop consisting of two rotor bars and end-ring segments between them, L, ,.; the rotor cage
p £ 1 inductance and R, 1 the rotor cage p & 1 resistance [17].
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In Egs. (16)—(18) we have neglected the rotor cage current p 4+ 2 and p harmonics. The harmonic p + 2 is
produced by the eccentric rotor motion with respect to the control winding and is given by an equation similar
to Eq. (18). However, the air-gap field induced by the control winding is negligible compared to the one
induced by the main winding and hence the p + 2 currents can be neglected. The p harmonic current is induced
in the rotor cage by the main winding current and eccentric rotor motion with respect to the control winding.
Here, the component induced by the eccentric rotor motion with respect to the control winding was neglected.
In the constant-flux operation conditions, we have

B, = B,el! (19)

in which w; is the main winding supply frequency (rad/s) and B, is the constant complex amplitude of the
fundamental field component. Substitution of Eq. (19) to Eq. (15) leads to time-variant force expression which
precludes LTI formulation. Indeed, from Egs. (15)—(18) we see that, for concentric rotor (z, = 0), the non-zero
current terms ;c,erl and fr,p+1 are modulated by exp(—jw;f) which means that a DC control winding input
voltage creates a rotating actuator force with angular velocity —w; (clockwise direction). In order to obtain an
LTI system we introduce

5 i —jowrt
Urp£1,0 = Lrp+1€ Jer 5 (20)

fc,p+1,0 = ch,erle_jwll- (21)
We substitute Eq. (19) and Egs. (20) and (21) in Eq. (15) and obtain the force f as a linear combination of the

rotor position and the current terms, in which the coefficients are time-independent which gives rise to LTI
system. Furthermore, Eqgs. (20) and (21) are substituted in Eq. (16) with

A A

Ueprio= Ueppre 0. (22)

The expressions given by Egs. (17) and (18) are given in the rotor reference frame rotating at angular velocity
oy, with respect to the stator reference frame. We have the relations

;:',P+1 = fc,p+le_j(p+1)(,)”zt = ;c,p-}—l,()ej(w]_(p+l)wm)[ = ;c,p-i»l,()ejwpﬂt’ (23)
I ypy = lrpa1 @00V =y gl EDNOE gl (24)
ZL= z,eiont, (25)
We substitute Eqgs. (23)—(25) with
E; — Bpe_jpwm[ — Bpej(ml_pwm)[ (26)
in Egs. (17) and (18). Finally, we obtain the system
ndil, o~ N s *7
Sfe= e (IBpl”zr + pokrp-1Bply 1 o + Hokrp+1Bylrps10 + Hokep1Byicpt1,0)s (27
. . . . x dipi10 dicpr10
Uc,erl,O = (Rc,erl +_]w1Lc,p+l)lc,p+l,0 +.]w1Mr,C,p+llr,p+l,0 + Mr,c,p+l T + Lc,p+1 dr (28)
diypi10 . 2 . 2
Lr,p+1 ds + (Rr,p-H + pr+1Lr,p+l)lr,p+l,0 + J0p+1 Mr,c,p+llc,p+1,0
dicpiro  Lkiprr , . .
+ Mr,c,p+l Cg+ —+ 2r,p+ Bp(zr +pr+lzr) = 0, (29)
t Ho
dit, 1o , . Lkep_1 ... .
Lr,p—l ,,(I;Z —+ (Rr,p—l _pr—lLr,p—])l:pfl,O + 2:;0 B;(Zr _pr—lzr) = 0. (30)

The voltage U ep+1,0 fed to the control winding gives rise to a control winding current given by Eq. (28). The
rotor cage and control winding are coupled by mutual inductance M, .4 in Egs. (28) and (29). Furthermore,
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the eccentric rotor motion induces rotor cage currents along with Egs. (29) and (30). Hence, the force exerted
on the rotor is given by Eq. (27) as a weighted sum of the rotor eccentricity and induced rotor cage and
control winding currents. From Eqgs. (27), (28) and (22) we see that when a 3-phase voltage of frequency w, is
supplied to the control winding, the resulting force f, rotates with angular frequency w. — w; in the stator
reference frame.

The system given by Eqgs. (27)—(30) can be re-written as a real-valued LTI system given by

di . .
a = Aemi + BemV + Semlle + Qem“rc; (31)
fc = Cemi + PemurCa (32)
where
Re{?c,p—t-l,(]}

Re{f:pfl,o}
Re{fr,erl,O} q (RG{UC,erI,O})
and v=

Im{;(r,p+1’0} Im{ lA]C’p_H,()}

Ak
Im{lr,pfl,O}

Im{irp+l,0}

(33)

and u,. denotes the rotor center position given by u,e = (Re{z,}, Im{z,})'. The actuator force vector is given by
f. = (Re{f.},Im{f })". The entries of the real system matrices Aem, Bem, Cem, Sem, Qem @nd Pey, are identified
by the means presented later in the text.

2.2. Mechanical model

The mechanical model of the machine consists of structural FE models of the rotor, bearings, stator and the
housing. We have neglected the gyroscopic effects and concentrate on the rotor bending flexural vibration
modes. However, without loss of generality, the gyroscopic effects can be included in the model by using
gyroscopic disks distributed on the rotor shaft [1]. The system order reduction [22] is carried out by solving the
n lowest mass-normalized mode shapes and the eigenfrequencies. The reduced-order mechanical model of the
electrical machine is hence given by

il + 2200 + Q% = DL, + DL 1, (34)

e = O, (35)
where n denotes the modal coordinate vector and

Q:aniag{f],...,f,,},
@ ={o",..., 0"},

E = diag{Cy, ..., 0}

with £ denoting the kth eigenfrequency of the machine, d)(k) the corresponding mass-normalized modal vector
and {, the equivalent viscous damping coefficient. In a practical application, the damping coefficients are
evaluated by modal testing. In Eq. (34) ®, denotes the submatrix of @ containing the transversal
displacement degrees of freedom at the rotor center. The rotor excitation is composed of the control actuator
force, f., and the disturbance force f.; which is dominated by the mass unbalance excitation.
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Fig. 3. A schematic view of the induction machine with control winding construction acting as a built-in force actuator. Further details are
given in Section 2.3.

2.3. Combined electromechanical system

The electromechanical actuator-rotor system is depicted in Fig. 3. The system inputs are the voltage v fed to
the control winding and the disturbance force f.. The control force f, given by the actuator and disturbance
force fex are exerted to the machine rotor which results to the rotor center displacement uy.

The model of the system is obtained by combining the actuator model given by Egs. (31) and (32) with the
structural mechanics model given by Egs. (34) and (35). As a result, we obtain an electromechanical model of
the machine equipped with a force actuator. Indeed, we obtain

3 [ 20 | ®' P, @, — Q| D' Cern ] /&
d
o= I 0 0 n
i L SCIH(DI‘C Qem q)rc Acm i 36
- 0 T (36)
+1 0 [v+ | 0 [f
_Bem 0
g
u=1[0 @, 0] n |. (37)

i

In the model the inputs to the system are the voltage input v to the control winding and the disturbance force
excitation fex (see Fig. 3). The disturbance mainly consists of the rotation speed harmonics due to the mass
unbalance. The voltage v is the control signal given by the controller and realized by the frequency converter.
If the control winding is open the system reduces to the UMP model [23].

The LTI system given by Eqs. (36) and (37) has 2n+ 6 (2n+ 4 for a two-pole machine) states where n
denotes the number of rotor vibration modes included in the mechanical model. The system has the rotor
center displacement u,. as an output. In practice, the rotor center displacement is difficult to measure with
traditional vibration sensors due to the small air-gap between the rotor and stator. However, in the low-
frequency range, the rotor displacement can be measured outside the bearing span resulting in a non-
collocated system.
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Table 1
Main parameters of the laboratory-scale test machine

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
Number of stator slots 36
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
Table 2

Winding diagram of the test machine. Capital letters “‘A’, ‘B’ and ‘C’ refer to the phases of the main winding and ‘Ac’, ‘B¢’ and ‘Cc’ refer to
the corresponding control winding phase windings

1 2 3 4 5 6 7 8 9 10
—-A —-A —-A —-A —A —A +C +C +C +C
—Ac —Ac —Ac +Cc +Cc +Cc —Bc —Bc —Bc +Ac
11 12 13 14 15 16 17 18 19 20
+C +C -B -B —-B -B -B -B +A +A
+Ac +Ac —Cc —Cc —Cc +Bc +Bc +Bc —Ac —Ac
21 22 23 24 25 26 27 28 29 30
+A +A +A +A —-C —C —-C —C —-C —C
—Ac +Cc +Cc +Cc —Bc —Bc —Bc +Ac +Ac +Ac
31 32 33 34 35 36

+B +B +B +B +B +B

—Cc —Cc —Cc +Bc +Bc +Bc

The positive and negative coil sides of the phase windings are denoted by ‘+’ and ‘-’ signs, respectively.

3. Results

The force actuator simulations were carried out for a small 30 kW two-pole cage induction motor. The two-
pole machine was chosen due to the fact that they are commonly used in large applications were vibration
problems are known to occur. The real machine parameters used in the simulations are listed in Table 1.
Specifications of a future laboratory-scale test machine were used. The test machine was designed to imitate a
big induction machine. The machine has an extended rotor shaft which brings the critical speed (42.0 Hz) close
to the rated speed (49.5 Hz). Winding schema of the machine is given in Table 2. A four-pole winding with 40
turns in each phase is distributed in the stator slots to build the control winding.

The simulations were carried out by using an in-house FE software. In fact, the coupled field-circuit equations
were solved in machine cross-section by Crank—Nicholson time-stepping FE analysis [18]. The FE mesh with 4400
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Fig. 4. The FE mesh used in the simulations: (a) mesh consists of 4400 linear triangular elements with 2765 nodes and (b) section of the
mesh showing a single stator and rotor slot with air-gap region.

Fig. 5. FE field solution with zero control winding input. The flux between the potential curves is 4.15 mWb/m.
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Fig. 6. Horizontal UMP under static eccentricity of 100 pm in the horizontal direction without control winding input: (a) time data and
(b) autospectrum of the UMP force. Results from FE analysis.
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Fig. 7. Autospectrum of actuator force with control winding input and rotor movement: (a) static eccentricity 30 pm, control winding input
127Hz and 10V and (b) rotor whirling amplitude 30 pm, whirling frequency 27 Hz, control winding input 37 Hz, 10 V. Results from FE analysis.

linear triangular elements and 2765 nodes is shown in Fig. 4. The transient FE analysis adaptively refines the mesh
along with the rotor motion at every time-step. Nonlinear magnetic materials were used in the simulations in
order to examine the influence of saturation of the magnetic materials on the actuator force and, on the other
hand, to choose the operation point for linearization. Furthermore, detailed stator slot meshing was used in order
to bring out the effect of the higher air-gap field harmonics. The effect of end-windings was taken into account by
including end-winding impedances in the circuit equations. The control winding was taken into account by
additional circuit equations which were embedded in the field-circuit FE model.

The mechanical rotor model was obtained from a commercial FE structural analysis software. The rotor
shaft of the test machine was designed so that it would have critical speed at 42.0 Hz. The two lowest rotor
modes, i.e. the first flexural rotor bending modes at 42.0 Hz (horizontal rotor bending mode) and 42.3 Hz
(vertical rotor bending mode) were included to the modal superposition. The higher rotor bending modes were
above 550 Hz and were assumed not to have contribution on the low-frequency behavior of the rotor. The
modes were given modal damping of 3% each.

The field-circuit FE analysis software was encoded into a sIMULINK block [19] and connected to the LTI
block of the mechanical rotor model (see Fig. 3). A balanced 3-phase voltage of 400 V (rms) and 50 Hz was
supplied to the main stator winding. In order to identify the LTI model given by Eqs. (36) and (37), the control
winding input voltage was modulated by the supply frequency w; = 50 Hz along with Eq. (22). The input
voltage was then transformed to a balanced 3-phase voltage by 2-phase to 3-phase transformation [21].
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Fig. 8. Horizontal UMP component under synchronous whirling when the rotor is subjected to an unbalanced mass excitation:
(a) autospectrum and (b) force versus time. Results from FE analysis.

The real-valued system matrices presented in Egs. (36) and (37) were identified by using the time-stepping
field-circuit FE analysis [18,19] in sSiMULINK (see Fig. 3). Indeed, we applied impulse inputs to v and f., resulting
to output u,. which was recorded. The time-step of the simulation was chosen so that a single stator slot is
passed by within 6 steps when rotor speed is 49.5 Hz. This gave a time-step of 100 ps. An initial state for the
simulation was obtained from the time-harmonic analysis [18]. The steady-state operation at constant speed
was determined by carrying out a simulation with zero control-winding input voltage. The steady-state
solution was used as an initial state for simulations with control winding voltage input. Hence, the
identification was carried out in the frequency-domain by utilizing the subspace identification for linear
systems [20]. As a result we obtained the continuous time state space model Eqs. (36) and (37) system matrices.

In Fig. 5 equipotential curves of the magnetic vector potential are depicted showing the two-pole field
generated by the main winding under constant rotation speed operational conditions. The field solution was
used as an initial state for the control winding input simulations.

3.1. Force actuator dynamics
The actuator dynamics is characterized by control windings combined with UMP induced by the eccentric

rotor motion. In the case of static eccentricity without control winding load (u,. is constant and v = 0) we see
from Egs. (31) and (32) that the model predicts only a static UMP component. However, there are other UMP
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Fig. 9. The force excitation impulse used in the identification: (a) maximum force 200 N starting at 0.5 s and lasting 5ms and (b) spectrum
of the force signal with cut-off at 400 Hz.

harmonics present, as well. The spectrum of UMP is dominated by peaks at 0 Hz and 2w, [5,7]. In Fig. 6 the
UMP is depicted when there is no control winding supply. The results from FE analysis show that along with
the results [5,7] the UMP is dominated by 0 and 100 Hz peaks. From the force autospectrum given in Fig. 6(b)
we see that the static term dominates the 2w; = 100 Hz peak. However, from the time-series data in Fig. 6(a)
we see that the 100 Hz force component has a considerable contribution to UMP.

When the control winding is excited by the symmetrical three-phase voltage with frequency w. and the rotor
is subjected to static eccentricity, the model given by Eqs. (31) and (32) predicts an actuator force rotating at
frequency w. — w; in stator reference frame. In Fig. 7(a) the autospectrum of the actuator force is depicted
with control winding load at w. = 127 Hz, 10 V and with static eccentricity of 30 um. The dominating peak is
o, — oy = 77 Hz, which dominates the w. — 3w; = —23 Hz and the peaks induced by the eccentricity, 0 Hz
and 2w; = 100 Hz.

In Fig. 7(b) the autospectrum of the actuator force is depicted with control winding load w, = 37Hz, 10V
and with rotor whirling of amplitude 30 um and frequency w,, = 27 Hz. The dominating peak is, as in the
static eccentricity case in Fig. 7(a), w. — w; = —13 Hz (actuator force rotating in negative direction, i.ec.
clockwise) which dominates the minor peaks w. — 3w; = —113Hz, 2w; — w,, = 73 Hz and w,, = 27 Hz.

In Fig. 8 the horizontal UMP component is depicted when the rotor is subjected to an unbalanced mass
excitation. The unbalanced mass excitation force was chosen in order to achieve ISO 1940 G2.5 quality grade
[24] for rotor balancing. This is, a maximum vibration level of 2.5 mmy/s in bearings is allowed. The G2.5 limit
gives a 43.4 N unbalanced mass excitation force at rotation frequency 49.5 Hz with the rotor mass 55.8 kg.
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The dominant peak in Fig. 8(a) is 49.5 Hz which is the synchronous whirling frequency. In Fig. 8(b) the
horizontal UMP after transients is depicted giving a maximum UMP force of 15.0 N. Based on FE simulations
carried out for the test machine we see that UMP in synchronous whirling is strongly dominated by the
synchronous whirling frequency peak leaving other low-frequency effects as minor ones.

The results obtained from the force actuator simulations motivate that at the low-frequency range the UMP
is mainly produced by the control winding supply and the rotor eccentricity is a secondary effect in the
actuator dynamics.

3.2. Identification

The force actuator model given by Eqs. (36) and (37) was identified by applying impulse excitations to fex
and v and recording the rotor center displacement u,. as output. This is, the system has 4 inputs and 2 outputs.
First, the simulation was run 0.5 s in order to get rid of transients. Then an impulse of the type in Fig. 9(a) was
applied. The peak values for the force and voltage impulses were 200 N and 10V, respectively. The length of
the pulse was 5ms. The cut-off frequency of the excitations was 400 Hz as can be seen from the spectrum in
Fig. 9(b). In Fig. 10 simulated typical responses to these impulse excitations are shown. The time-stepping time
data was collected for 20s which gave a frequency resolution of 0.1 Hz including windowing with 90%
overlapping and 11 averages. The data sampling frequency was 1 kHz which is easily reachable for commonly

(a)

Displacement [um]
o o

0.4 0.6 0.8 1 1.2 1.4
time [s]

100

50

Displacement [um]
o

-50

-100

0.6 0.8 1
time [s]

Fig. 10. Rotor center horizontal displacement as response to the impulse excitation: (a) horizontal force impulse of 200 N and (b) control
winding voltage impulse of 10V. -+ - - , vertical displacement: —, horizontal displacement. Results from FE analysis.
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used frequency converters. The identification was carried out in the frequency-domain by utilizing the
subspace identification for linear systems [20].

The linearity of the system was studied by calculating frequency response functions (FRFs) at various input
parameter intensities. In Fig. 11 the FRFs with input voltage 2 and 30V are shown. In Fig. 12 the FRFs from
the horizontal excitation force to horizontal and vertical rotor displacements with excitation force level 40 and
600 N (corresponding to the rotor mass 55.8 kg from Table 1) are shown. In Fig. 12(a) the resonance peak is at
40.5 Hz. This differs from the mechanical model resonances at 42.0 Hz due to UMP. In Table 3 the calculated
FRFs are compared at various input voltage and excitation force levels. The FRFs from the first input voltage
component and horizontal force to the horizontal displacement are considered. The system from the input
voltage to the displacement seems to be surprisingly linear at the voltage levels considered [25]. The system
from the excitation force shows a bit more nonlinear behavior. A small input force level of 20 N brings
considerable amount of disturbances from slotting harmonics, for instance. Identification with a 40 N force
input gives a 20.0% higher response level at the resonance compared to the 600 N level. The results shown in
Fig. 12(b) declare a small amount of horizontal force to vertical displacement cross-coupling in the system.
A lower input force level results in more noisy identification data.

In the identification, a 10th order state-space LTI model was obtained from the subspace identification
procedure [20]. The LTI model was hence examined against the field-circuit FE model by comparing FRFs
calculated from both the models. In Figs. 13 and 14 the identification results are depicted. In Fig. 13(a) and (b)
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Fig. 11. Frequency response functions from the input voltage first component to horizontal displacement: (a) magnitude and (b) phase.
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Fig. 12. Frequency responses from the horizontal disturbance force to the rotor center displacement: (a) horizontal displacement and
(b) vertical displacement. - - - - - , 40N; —, 600 N.

Table 3
Frequency response peak values from the horizontal disturbance force and the first component of the control winding input voltage to the
horizontal rotor center displacement

Voltage [V] FRF peak value [pm/mV] Force [N] FRF peak value [pm/N]
(50.0Hz) (40.5Hz)
1 1.549 20 10.95
2 1.54 40 9.326
S 1.535 100 8.352
10 1.534 200 7.958
30 1.535 600 7.734

The peak values are located at 50.0 and 40.5Hz for the voltage and force input, respectively.

a direct force—displacement FRF is depicted. The mechanical resonance at 42.0 Hz (horizontal bending mode)
is shifted to 40.5 Hz which is because of UMP. In Fig. 13(c) and (d) the cross-coupling dynamics stemming
from UMP can be observed. The cross-coupling dynamics is much weaker than the direct coupling which can
be seen by comparing Fig. 13(a) and (c). However, the cross-coupling is affected by noise which can also be
seen by comparing Fig. 13(a) and (¢).
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Fig. 13. Identification results of the actuator model from the disturbance force excitation to displacement: (a) horizontal force to
horizontal displacement FRF magnitude, (b) horizontal force to horizontal displacement phase, (c) horizontal force to vertical
displacement FRF magnitude and (d) horizontal force to vertical displacement phase. —, the simulated FRF; - --, the identified model
FRF. The data was sampled at 1 kHz and the order of the identified LTI model was 10.

In Fig. 14 the FRFs from the control winding input voltage to horizontal and vertical rotor center
displacements are shown. The results predict that the actuator has a sharp resonance peak at 50.0 Hz. This can
also be seen from the impulse response shown in Fig. 10(b) in which a slowly decaying 50.0 Hz vibration
component can be distinguished. The mechanical rotor bending resonance is shifted to 40.5 Hz due to the
effect of UMP. The simulated FRFs are close to those obtained from the identified LTI model in the vicinity
of the rotation speed. However, at a higher frequency range, the phase error increases as can be seen from
Fig. 14(b) and (d).

4. Discussion and conclusions

In this work we presented a force actuator designed for active lateral rotor vibration attenuation in cage
induction electrical machines. We introduced a low-order parametric model for the actuator and identified it
with a more detailed time-stepping FE method by using real machine data. In the modeling, we restricted to
low-frequency vibratory phenomena neglecting the higher air-gap harmonics. Furthermore, linear equations
were developed and the effect of saturation was included in the estimated parameters. The frequency responses
from control winding input voltage to rotor displacement obtained from the simulations with FE time-
stepping method indicate only a weak nonlinearity at the voltage range from 1 to 30 V. On the other hand, the
FRFs from the disturbance force exerted on the rotor to the rotor center displacement show a considerable
level of nonlinearity. This means that the disturbance force level (mass unbalance excitation) has to be
estimated well in order to build a valid LTI model.

The simulation results predict that the force level achieved by the actuator is sufficient for active rotor
vibration control. Also, the results predict that the low-order model is valid at low-frequency range at the
vicinity of the rotation speed. This is a prerequisite when designing controllers for attenuation of rotor
vibration primarily originating from the mass unbalance excitation at the rotor rotation speed [26,27].
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Fig. 14. Identification results of the actuator model from the control winding voltage to displacement: (a) first voltage component to
horizontal displacement FRF magnitude, (b) first voltage component to horizontal displacement phase, (c) first voltage component to
vertical displacement FRF magnitude and (d) first voltage component to vertical displacement phase. —, the simulated FRF; ---, the
identified model FRF. The data was sampled at 1 kHz and the order of model was 10.

The simulation results indicate that the actuator has a sharp resonance at the supply frequency (50 Hz) of
the motor. This may bring out some challenges for the control design. As a matter of fact, the direct force
feedback is not achievable since the actuator force is not directly measurable. The control design with
simulations and implementation to a laboratory-scale test machine belong to future research.
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