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Permanent magnet motors are now the focus of application in larger drive and generator systems. They often utilize rare-earth mag-
nets where attractive forces are large and unbalanced magnetic pull (UMP) will be generated even when unexcited. In this paper, a
4-pole machine design is utilized which has either surface magnets or consequent poles. Dynamic eccentricity up to 80% is put into the
machine model and a variety of simulations carried out to investigate the UMP. It is found that with strong and thick magnets the ma-
chine is robust and the UMP is almost load independent. The consequent pole rotor arrangement produces much higher UMP when the
dynamic eccentricity aligns with the steel poles. In the simulations, the different stress components are investigated to assess the validity
of a commonly held approximation where the radial force is taken to be a function of the square of the radial air-gap flux.

Index Terms—Permanent magnet motors, unbalanced magnetic pull (UMP).

I. INTRODUCTION

BALANCED MAGNETIC PULL (UMP) is usually as-

sociated with larger machines [1], [2], [12]-[14] or other
types of machine [15], [16]. Small permanent magnet (PM) ma-
chines are subject to UMP [3] even without rotor anomalies.
UMP is important because it affects bearing wear, noise, and vi-
bration [4], [5]. There is surprisingly little literature on UMP in
PM machines; in [6], several fractional-slot ferrite-magnet mo-
tors (9-slot/8-pole machines and 18-slot stator with 12-pole/16-
pole/20-pole rotor machines) were investigated—these had sur-
face magnet and consequent pole rotors and considered static
rotor eccentricity. Dorrell et al. [6] and Li et al. [17] developed
analytical UMP calculations for UMP in PM machines but satu-
ration can lead to inaccuracies [2]. Dynamic rotor eccentricity is
addressed in this paper in a higher power 18-slot/4-pole machine
with rare-earth surface-mounted magnets and consequent-pole
rotors. The equations for the UMP and stresses are implemented
using 2-D finite element solutions and investigate the compo-
nent values of the stress terms and how they vary with load and
rotor eccentricity.

I1. CALCULATION OF UNBALANCED MAGNETIC PULL

There is literature on UMP, both in terms of analytical cal-
culation and finite element analysis [1], [3]. UMP is caused by
flux concentration in the air gap. Smith and Dorrell [8] show that
this situation is generated by flux waves with pole pairs differing
by one. Air-gap permeance modulation can be used to derive
eccentricity-generated air-gap flux waves [8]. For a three-phase
fractional-slot winding, the MMF is formed from a fundamental
pole number with 5th, 7th, 11th, 13th, etc., harmonics. Hence,
the radial air-gap flux is
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where wy is the current frequency (rad/s), w, is the rotational
speed, p is the pole-pair number of the rotor,  is the tangential
direction (counterclockwise), and /: is the inverse of the mean
air-gap radius. n = Nw, —5N,,, TN, , etc. If there is dynamic
rotor eccentricity, the stator flux waves are
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The permeance factor Acee is a function of the air-gap length,
degree of dynamic eccentricity (rotation on center of stator bore
but off-center of rotor axis), and in the case of a PM machine,
the magnet thickness. For the PM rotor, we get
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Both (2) and (3) produce flux waves with pole pairs differing
by one; however, the rotating speed of the waves will differ,
which will lead to forces that are either steady radial pulls or
vibrations. Let us consider two general flux waves and the ap-
proximate normal Maxwell stress in the air gap. The standard
approximafion considers only the radial flux
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In many publications, this is worked through to obtain expres-
sions for the radial force; in this paper, the UMP is obtained
from 2-D finite element analysis. Binns and Dye [9] suggested
that the tangential flux density components are small but they
still generate up to a 10% of the UMP. The normal and tangen-
tial stresses are
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Fig. 1. Basic machine topology for surface-magnet 4-pole machine.

where b: is positive in the counterclockwise direction and . is
positive when flowing out in the radial direction. These can be
used to calculate the UMP in orthogonal directions by taking a
stress integral around the air gap so that
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where 1. is the axial core length. Finite element analyses were
carried out and equations are implemented in a stepwise fashion.
The shear stress components are usually ignored so an opportu-
nity is taken to validate (4) as a good approximation.

I1l. MACHINE SPECIFICATION

The machine cross section and phase winding layout are
given in Fig. 1 with some basic properties and several ge-
ometrical parameters. The machine weighs about 4.7 kg in
total which is useful in terms of comparison to the UMP
force. The machine is designed for 6000 r/min operation
which gives a power rating of just over 6 KW (10.3 Nm of
torque). This machine can operate under either alternating
current (ac) (sine-wave) or direct current (dc) (square-wave)
control since the back-EMF is intermediate between sine
and trapezoidal shape. Fig. 2 shows the current (phase 1),
back-EMF, and torque when the current is on the 4 -axis for
both sine-wave and square-wave operation. This was obtained
from SPEED PC-BDC (University of Glasgow, U.K.). Be-
cause the back-EMF is not sinusoidal, then there is torque
ripple when sinusoidal current is fed into the machine. In
the simulations, sine-wave operation is mostly used apart
from some square-wave UMP simulations in Fig. 3. This is
because sine-wave operation is usually used for servo drives
where smoother and more vibration-free operation is required.
Square-wave operation is more normal in power drives but the
analysis below is also valid for square-wave operation.

IV. MACHINE SIMULATION: SURFACE MAGNET MACHINE

Dynamic eccentricity is where the rotor rotates off center so
that there is a rotating UMP. In this section, we will investi-
gate UMP at 80% (touch down level), 50% (high fault level),
30% (fault developing), and 10% (probable limit of manufac-
ture tolerance) eccentricity. The simulations will be conducted
on open circuit and with load—both motoring and generating.
Unless otherwise stated, the starting point will be with the rotor
moved horizontally to the right in the simulations and this ec-
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Fig. 4. UMP under load (sine-wave operation) at 50% eccentricity—break-
down into stress terms (smaller components on right-hand side y-axis).

centricity then rotates with the rotor rotation. In addition, all the
simulations consider the UMP along the horizontal - -axis. Be-
cause the eccentricity is dynamic, then they, -axis UMP is almost
identical apart from a 90° phase shift.

A. Stress Components of UMP

The UMP when there is 50% eccentricity (i.e., the rotor is
0.5 mm off center) is shown in Fig. 4. This illustrates that the
tangential flux components do contribute some UMP which is
just under 10% as found in [9]. In this simulation, the machine
was fully loaded with 19.3 A on the rotor ¢-axis. In the following
simulations, all the stress components were used.

B. Load Variation: Sine-Wave and Square-Wave Operation

The rotor eccentricity was maintained at 50%, and the ma-
chine was simulated (sine-wave) with open circuit stator and
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Fig. 5. Variation of sine-wave torque ripple when centered and with 50% ec-
centricity (ripple from analytical torque calculation in Fig. 2 apparent).
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Fig. 6. UMP with eccentricity up to 80% and full load, 17th and 19th vibration
harmonics included (scaled on right y-axis): sine-wave operation.

19.3 A on the 4 and g -axis (motoring and generating). The re-
sults are shown in Fig. 3. It can be seen that the UMP is almost
load independent. The magnets are thick and the peak flux den-
sity in the steel is about 1.7 T (i.e., on the knee of the B/H curve).
Square-wave operation was simulated with the same peak cur-
rent (Fig. 2); again this had little effect on the UMP. One point
that should be considered is that the magnet appears as air to
the stator MMF, and therefore, in terms of the length of air gap
plus magnet, the per-unit eccentricity is much lower. To assess
whether the rare-earth magnets suppress the UMP variation with
load, then the magnet material was replaced with ferrite (which
reduced the remanent flux density B: from 1.24 to 0.405 T, the
full-load torque from 10.7 to 3.4 Nm, and the peak tooth flux
density from 1.7 to 0.7 T). The results are given in Fig. 3 and
it can be seen that the ferrite magnets reduce the UMP while
there is still little load variation of the UMP, suggesting that it
is the high effective air-gap length that suppresses the UMP due
to loading.

C. Torque Ripple (Cogging Torque)

Rather than looking at open-circuit cogging torque, the torque
ripple is investigated. The air-gap integrals use 360 points in the
simulation and the rotor is stepped round with 4° movements.
The torque ripple is shown in Fig. 5. There appears to be no no-
ticeable variation in either mean torque or torque ripple at 50%
eccentricity. This is for the machine fully loaded and motoring.

D. Variation of Peak UMP With Eccentricity

The eccentricity varied from the centered position to 80%
eccentricity with full load (rotor pullover and touchdown likely
to occur). Fig. 6 shows the results; a very linear characteristic
is observed. This is an interesting result. In [10], it was found
that UMP increased more rapidly at higher eccentricity (above
50%) for a cage induction motor (and verified experimentally).
At 80% eccentricity, the UMP is over 400 N which is over ten
times the machine weight in Kg force.

E. Vibration Components

In Fig. 3, it can be seen that there is ripple on the UMP. This
could be used in a condition monitoring system to assess the
health of the machine. Dynamic eccentricity produces a rotating
UMP force vector at the machine speed, which at 6000 r/min
is 100 Hz. However, this could be confused with a mechanical
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Fig. 8. Snapshot at start of simulations of consequent pole machine showing
higher flux density on right; the rotor is rotated by 15°.
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Fig. 9. UMP along x-axis for different starting positions of 50% dynamic ec-
centricity (with respect to the x-axis): sine-wave operation.

out-of-balance vibration. The ripple components of the UMP
for this 18—slot machine are 18 + 1 harmonics of the main ro-
tating force wave (these are often called slot-passing vibrations).
These are 1.7 and 1.9 kHz, and because they are UMP compo-
nents, as opposed to tooth force ripple or nodal vibrations, they
are likely to be more apparent during vibration monitoring [7].
The magnitudes are given in Fig. 6 while Fig. 7 gives the Fourier
breakdown of the UMP vibrations at 10%, 50%, and 80% eccen-
tricity to highlight that these harmonics are the dominant UMP
vibration components.

F. UMP Variation With Position of Eccentricity

With dynamic eccentricity, the point of minimum air gap (di-
rection of eccentricity) is synchronized with the rotor. In all the
simulations, the rotor was aligned at an angle of 15° to the hor-
izontal; this is shown for the consequent machine in Fig. 8 and
this alignment corresponds with the g -axis of phase 1 of the
winding. In this section, simulations were carried out with the
starting eccentricity at —30° (center of a magnet) and 15 (in-
termagnet or rotor 4-axis). It can be seen in Fig. 9 that the UMP
magnitudes are almost identical and the waveforms have a phase
difference of 45° due to the movement of the eccentricity at the
starting point. If the eccentricity was static, then the UMP would
manifest itself as a steady pull in the direction of minimum air
gap with the slot-passing vibrations (as discussed above).

G. Discussion

The motor uses thick rare-earth magnets. It was found that the
loading therefore had little effect on the UMP. If weaker mag-
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Fig. 10. UMP variation with 50% eccentricity (point of minimum air gap) at
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sine-wave operation, load and no load.

nets (such as ferrite) or thinner magnets are used, then the effect
of load would be more substantial as shown in [6] (although fer-
rite magnets did not affect the load dependence here because of
the magnet thickness). The UMP is high although it is linear up
to 80% eccentricity. The linear UMP/eccentricity characteristic
means that the machine will be less susceptible to rotor pullover
provided the frame, bearing mountings, and shaft are robust; in
an induction motor, the UMP begins to rise almost exponen-
tially when the UMP is more than 50% [10]. The torque is not
affected by the rotor eccentricity (unlike the switched reluctance
machine in [11]).

V. CONSEQUENT POLE MACHINE

One solution to reduce the amount of magnet is to turn the ma-
chine into a consequent pole machine where alternate poles are
steel (as an alternative to reducing the magnet thickness). Fig. 8
shows the flux plot at an instant in time when the consequent
pole machine is loaded and this illustrates the arrangement. The
torque reduces to 8.4 Nm. It can be seen that the flux density
is higher on the right-hand side of the machine where there is
minimum air gap (concentration of flux line in yoke).

Fig. 10 shows the UMP when the machine is loaded
(sine-wave) and with 50% eccentricity which is aligned with
the magnet center and then with the steel pole center. It can be
seen that the steel pole alignment produces higher UMP (445-N
peak) compared to the magnet alignment (287-N peak), i.e.,
the dynamic eccentricity UMP peak magnitude is a function of
the position of the eccentricity with respect to the rotor. This
is in contrast to Fig. 9 where it is independent. This variation
is because the steel pole allows the flux to concentrate in the
center of the pole whereas the magnet produces a more even
spread of flux around the point of minimum air gap. This
generates higher UMP. The magnet-aligned UMP has about
the same UMP magnitude as the surface magnet machine.

If the eccentricity was static, then there would be a steady pull
of (445-+287)+2 = 366 N and a twice-rotational-speed vibra-
tion with peak-to-peak 445—287—= 158 N. Because the eccen-
tricity is dynamic, then the ready rotating force vector magni-
tude varies with eccentricity position with respect to the rotor. In
[6], static eccentricity was investigated for higher pole number
machines and it was found that the UMP vibrations were very
much a function of the machine topology.

Fig. 10 also gives the no-load UMP which is shown to be
about 50% higher. This illustrates that for the consequent-pole
machine the UMP is load dependent. In Section IV-B, it was
stated that the large effective air gap reduced the load effect
on UMP for the surface magnet machine. In the consequent-
pole machine, the steel poles greatly reduce the effective air-gap
length and hence the UMP is now a function of load.

VI.

UMP in rare-earth magnet machines is high as shown in the
results. Because of the strength and thickness of the magnets,
the UMP was not found to be very load dependant in the sur-
face-magnet rotor whereas it was load dependant for the conse-
quent-pole rotor. The slot-passing frequency vibrations look ap-
propriate for vibration monitoring since the magnitudes are al-
most linear with eccentricity. For the consequent-pole machine
(with the dynamic eccentricity aligned with a steel pole center),
the UMP was over 50% higher than the surface-magnet machine
arrangement.

CONCLUSION
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