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Influence of Rotor Slot Wedges on Stator Currents
and Stator Vibration Spectrum of Induction Machines:
A Transient Finite-Element Analysis

Koen Delaere, Ronnie Belmans, and Kay Hameyer

Abstract—The stator currents and stator vibration spectrum of
a 45-kW four-pole induction machine is computed using a transient
two-dimensional finite-element analysis. The analysis is performed
for two different rotor geometries: with open and with closed rotor
slots. Open rotor slots increase the harmonic content of the air gap
field and also the harmonic content of the stator currents. Open
rotor slots thus increase the stator vibration level for frequencies
higher than 1 kHz.

Index Terms—Rotating machine transient analysis, wedges.

. INTRODUCTION

LOSED ROTOR slots are usually applied to machines ufig. 1.  Magnetic field inside the induction machine for rotor positica 20°.

to 250 kW. Larger machines have deep slender rotor bars
so that the permeance at the top of the rotor bar (i.e., the bridggor [3]. Time-harmonic finite-element analysis of rotating
permeance) is not that important. Closed rotor slots hold tefectric machines cannot therefore accurately represent the
rotor conductors in place and allow for easier die casting aegtects of geometrical rotor details, such as open or closed
rotor surface machining. Closed rotor slots are also expeciefior slots, and cannot give any information about the current
to partially eliminate the rotor slot harmonics, leading to lesgpectrum.
noise and less iron losses in the stator teeth tips [1], [2]. HOW-The transient analysis, however, provides the entire harmonic
ever, since the rotor slot wedges (or bridgeajurateduring content of the stator current, within the limits of the transient
rated operation, the question remains whether the presencengfjel, e.g., mesh size and time st&p. Here, assuming a si-
slot wedges will indeed significantly diminish noise and iromysoidal voltage supply, theansientanalysis is applied to two
loss. This question is answered here using a transient finite-edgodels of the induction machine with different rotor geometry:

ment analysis of a 45-kW induction machine. with open and with closed rotor slots. This comparison allows
us to estimate the influence of rotor slot wedges on the stator
[l. TIME-HARMONIC VERSUSTRANSIENT ANALYSIS current harmonic content and stator vibration spectrum. During

Time-harmonic finite-element analysis of rotating electrigt®@dy-state operation, all electromagnetic and mechanical phe-
machines can only capture phenomena at one particUlmena occur at various fixed freq_uenmes._lt is therefore pos-
frequency. The slip transformation enables us to find tifiPle to perform a frequency domain analysis based upon a set
fundamental electromechanical parameters of the machiRESamples taken from the time domain and computed using a
However, for this technique, the magnetic field is still solveliansient finite element analysis.
for a rotor mesh that is stationary with respect to the stator
mesh. Time-harmonic analysis can only correctly incorporate!!l- CALCULATION OF THE STATOR VIBRATION SPECTRUM
motion effects when the moving parts have a uniform geometryFor every time step of the transient analysis, the instantaneous
in the direction of motion, e.g., a rail or a slotless rotor mad@agnetic field is used to postprocess the reluctance forces acting
of a single material. As a result, for an induction machine, thgh the stator teeth. Fig. 1 shows the flux pattern for one pole
time-harmonic analysis with slip transformation cannot captugg the four-pole induction machine for a certain rotor position.
those field harmonics due to the motional eddy currents in thﬁg_ 2 shows the corresponding reluctance forces acting on the

entire stator. The magnetic forces (both Lorentz forces and re-
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phase currents (A)

Fig. 2. Force distribution acting on the stator teeth for rotor positien 20°
calculated using (1).

the entire modeM A = T represents the magnetic finite ele-
ment systemM is magnetic stiffness matri. is the vector of
nodal values of magnetic vector potential, aids the source
term representing the current excitation. The condition in th’
force equation, that the flux has to be kept constant for calc
lating Fmae from the field energy, is satisfied by keeping the
vector potential of all nodes (as it was obtained by the finite-e
ement computation) constant during their displacenaeriior
the vibration analysis of electric machines, the deformation (-
the mechanical structure does not signifficantly change the flt g
pattern. The size of the deformation lies typically in the orde 5
of someum’s. In such cases, the deformations of the geomet g
are so small that it is not required to solve a subsequent geo =
etry modified magnetic problem. However, a rotor eccentricit
is an exception to this statement but is not discussed here.
this paper, only the stator deformations are considered. In ott
words, the magnetic stiffness matid is assumed to only de-
pend on the vector potentidl but not on the deformatioa.

The mechanical finite-element equation of motion of ths
stator structure is
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) Fig. 3. Three-phase stator currents for the induction machine with (a) closed
rotor slots and (b) open rotor slots.

Mumé + Cma + Ka = f(1)

whereM,, is the mass matrixC,,, the damping matrix, anK

the mechanical stiffness matrix. The reluctance force patteqsssible. The magnetic finite element mesh contains 8272 ele-
are correlated to the stator mode shapes, giving the mode paents and one time step takes approximately 10 s of CPU time
ticipation factors. Using the stator mode shapes, the equatioroafan HP-B1000 workstation. The entire transient analysis thus
motion (2) is decoupled into a set of modal equations of motiotekes approximately 1 h.

that are then solved separately in the frequency domain. Supefrpe stator winding-scheme of the induction machine can be

posing the modal response spectra then yields the total vibratigpyypreted as the parallel connection of two smaller machines
spectrum of the stator. Details of transforming mode shapes ix¢h a rated current of = 23.5 A for the Y connection. which
the reluctance forces acting on the stator teeth into the statorMiyresponds to a current amplitude of 33.2 A.

bration spectrum are given in [4] and [5] Fig. 3 shows the computed stator currents obtained for the

rotor with (a) closed slots and (b) open slots. For open rotor
slots, there is more harmonic content in the stator current. Fig. 4
As a starting solution for the transient analysis, a time-hashows the stator vibration spectra obtained for the rotor with
monic solution for rotor positioA = 0° is used. The time step closed slots (dashed line) and open slots (solid line). The dif-
of the transient analysis i&¢ = 0.113 ms which is the time ference between the two spectra is small below 1000 Hz but
needed for the rotor to turnd = 1°. Once the machine is in substantial for higher frequencies.
steady state]'/ At = 355 time steps are used to cover a time From these results it can be concluded that the presence of
span ofT" = 0.04 s. Each time step yields the instantaneoustor slot wedges indeed decreases the harmonic content of the
stator currents and flux pattern, which is converted into a relustator current and the stator vibration spectrum. Fig. 5(a) shows
tance force pattern using (1). In order to speed up the transitre rotor slot geometry for closed and open rotor slots. Fig. 5(b)
analysis, a quality mesh is constructed with as few elementssimws a typical flux pattern in the vicinity of the rotor bridge.

IV. EXAMPLE: 45KW INDUCTION MACHINE
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wherem is an integer,N,, = 36 the number of rotor slots,

p = 2 the number of pole pairs,= 0.014 67 the slip, andfs =

50 Hz the supply frequency. Fen = 1, field harmonics at 837
and 937 Hz are found. The corresponding force components are
found at the double frequencies 1674 and 1874 Hz as well as at
the cross-term frequency 1774 Hz. The corresponding vibration
components at 1674 and 1774 Hz are clearly visible in Fig. 4

Fig. 4. Stator vibration spectra of the induction machine computed for rOtE’ﬂashed line). These discussed rotor harmonics are not captured

with (dashed line) closed slots and (solid line) open slots.

(b)
(a) Geometry of closed and open rotor slots and (b) a typical flux Iinl?eecause time-harmonic models do not have the capacity to cap-

ture the full harmonic content of the magnetic field.

Fig. 5.
pattern in the rotor wedge vicinity.

by a time-harmonic analysis.

VI. CONCLUSION

Assuming a sinusoidal voltage supply, the transient finite-el-
ement analysis is used to study the effect of spatial rotor har-
monics, i.e., the harmonics due to the slotting of the rotor ge-
ometry. The transient analysis is applied to two models of an
induction machine with different rotor geometry. One model
with open and the other with closed rotor slots (Fig. 5(a)). The
comparison of the simulated results allows us to estimate the
influence of rotor slot wedges on the stator current harmonics
and finally on the stator vibration spectrum. Closed rotor slots
partially eliminate rotor slot harmonics, resulting in less noise
and less iron losses in the stator teeth tips [1], [2]. When rotor
wedges are present, one side of the rotor wedge does saturate,
but the other side does not. As a result, the closed slot rotor ge-
ometry still gives less spatial rotor harmonics and less stator cur-
rent harmonics. This leads to a significantly lower level of stator
vibrations for frequencies above 1 kHz for the 45-kW induction
machine. Below 1 kHz the stator vibration spectrum is compa-
rable for both the closed and open slot geometry. A transient fi-
nite-element analysis is necessary to analyze this phenomenon
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