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In this work, a model is proposed for the computation of Unbalanced Magnetic Pull (UMP) in PM machines. This model is suitable
for use in dynamic simulations. However, the aim of this research is not dynamic modeling of the PM machines. The main idea is to
provide a fast model to be integrated into the dynamic models of PM machines. To reduce the required computational burden, the UMP
of PM machines is expressed as a second-order algebraic vector function of the stator currents. The function parameters are estimated
by post-processing of the results of some magneto-static simulations. These parameters are functions of the machine geometrical data
and the rotor position. The role of these parameters in the computation of the machine UMP is the same as the role of the machine
inductances in computation of the electromagnetic torque. To investigate the capability of the developed model, the UMP of a concentric
fractional-slot surface PM machine with diametrically asymmetric stator windings, and the UMP of an eccentric PM-inset machine are
predicted. The obtained results are compared in the terms of the consumed time and the accuracy by means of finite element analysis.

Index Terms— Unbalanced magnetic pull, PM machines, fast prediction, parameter estimation.

I. INTRODUCTION

SING electrical machines in a variety of applications is
increasing day by day. Usually, Unbalanced Magnetic Pull
(UMP) in electrical machines is an undesirable phenomenon
that causes vibration, acoustic noise, and a chain of damages in
the bearings [1-3]. UMP may occur in faulty machines such as
the machines with the rotor eccentricity [4-9] or with the
magnet imperfection [9-11]. In addition, manufacturing
tolerances may result in UMP [4]. Even UMP may appear in
healthy machines such as the fractional-slot machines with
diametrically asymmetric stator windings [12-14], multi-sector
three-phase machines [15], and the magnetic gears [10].
However, UMP is not always an undesirable effect. In magnetic
bearing [17] and bearingless PM machines [18], the radial force
is used for the rotor magnetic levitation. Therefore, the UMP
computation is an important and interesting issue in the analysis
of electrical machines. As a numerical method, Finite Element
Analysis (FEA) is an accurate method for the computation of
UMP [2, 19-21]. However, FEA includes time-consuming
computations. Therefore, it is not an efficient tool for the first
step design of the electrical machines. The machine UMP could
be computed by using analytical models and applying the
Maxwell stress definition. Using the analytical models, the
machine UMP is computed for the Surface PM (SPM) with
concentric [12-15,18] and eccentric [4-11] rotors, eccentric
PM-inset machines [5] and the reluctance synchronous
machines [22]. The effect of the circumferential magnetic field
in the radial magnetic pressure is neglected in [22], while it is
considered in [3-18]. In [19-24], the harmonic spectrum of
UMP is predicted by using the Maxwell stress definition. In the
proposed models for UMP [3-24], the exact distribution of the
air gap flux density components is required. This issue is a ban
for using these model in time-stepping simulations because in
each time interval of the Runge—Kutta computations of
dynamic simulations, the magnetic flux density of all points of
the considered Maxwell surface in the air gap must be computed
and it increases drastically the computational burden of

dynamic simulations. On the other hand, exact knowledge of
the flux density distribution is out of interest in the dynamic
studies. Although some techniques could be used to speed up
the field computation models [25], they are still too slow to be
used in the dynamic simulations for computation of UMP.

To fill the existing gap for the fast UMP computation in PM
machines, a model is proposed in this work that is fast enough
to be applied in the dynamic simulations. To reduce the required
computational burden, the UMP of PM machines is expressed
as a second-order algebraic vector function of the stator currents
in Il. This function is obtained by using the Maxwell stress
definition. The parameters of this function are obtained as
functions of the rotor position and the machine geometry by
post-processing the results of the magneto-static simulations of
PM machines in Ill. These parameters are obtained for a
predefined number of rotor positions and could be used as
lookup tables in dynamic simulations. These parameters are
defined for the first time and their role in the computation of
UMP is the same as the role of the machine inductances in the
computation of electromagnetic torque.

The aim of this paper is neither the magneto-static analysis
nor the dynamic modeling of PM machines. The intended idea
is providing the machine UMP as an instantaneous vector
function of the machine currents. Therefore, to save space, the
modeling process of the air gap flux density is not included, and
the distribution of air gap flux density is found by using the
existing magneto-static models in the literature. In addition, the
developed UMP model is not integrated as a part of the dynamic
model of the electrical machines. The performance of the
proposed approach for the prediction of the machine UMP is
investigated for some predefined current waveforms in two PM
machines. The considered machines are a concentric fractional-
slot SPM machine with diametrically asymmetric stator
windings, and an eccentric PM-inset machine. Finally, the
accuracy and efficacy of the proposed model are evaluated by
comparing the results with FEA.


https://en.wikipedia.org/wiki/Runge%E2%80%93Kutta_methods
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Fig. 1. (a) the concentric 9/8 slot/pole fractional-slot PM, and (b) the eccentric
PM-inset concentric PM machines.

Il. MODELING OF THE UMP

Based on the Maxwell stress tensor definition, the machine
UMP is obtained as given in (1)
F=F + ij =

RL, 27 2 2\ i
T%Io (B2-BZ)+i2B,B,)e""dg
where, B and B, are the resultant radial and circumferential
components of the air gap flux density, respectively, R is the
radius of Maxwell cylindrical surface, Ls is the machine stack
length and Lo is the air permeability. It is worth mentioning that
the real and imaginary parts of F are responsible for the x and y
components of UMP. Neglecting magnetic saturation and
applying the superposition theorem, the air gap flux density
components are decomposed to the armature current and the
PMs as expressed in (2), where the subscripts “PM” and “AR”
are responsible for PMs and armature currents, respectively.
B, =Bpw +Bur

)

)
B, =B, +B,ar

It is useful to substituting (2) into (1) and decomposing the
UMP expression into three terms as given in (3).

F=Fu +Fa + Foyar ®)

where,
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The term Fpwm in (4) is the UMP caused only by the PMs. This
term depends only on the rotor position, &, and is independent
of the armature currents as expressed in (7). This term of UMP
exists in the eccentric PM machines [4-9], concentric machines
with PM imperfection [9-11], and PM machines with
asymmetric armature winding [12-14].

Fom =8(6,) )

TABLE |
PARAMETERS OF THE CONSIDERED PM MACHINES.
Parameter SPM PM-inset
pole pairs 4 2
Stator bore 63 mm 30 mm
Air gap length 0.5 mm 0.75 mm
Rotor radius 59.5 mm 24.25 mm

The PM arc to the pole pitch 0.8 0.56

The Rotor slot arc to the pole pitch 0.7

PM remanent flux density 03T 12T
Machine stack length 40 mm 60 mm
The coils’ turn number 150 20
Type of the stator winding double-layer single-layer
Slot opening 3mm 2mm
No. the stator coils per phase 3 2

The term Farin (5) is only due to the armature reaction field,
and the term Fpmar is due to the interaction of the PMs and the
armature field. The terms Far and Femar are functions of the
armature currents and the rotor position. As seen in (4)-(6),
exact knowledge of the distribution of the air gap flux density
components is required for computing the machine UMP.
Neglecting the magnetic saturation, the armature flux density is
a linear combination of the phase currents (ia, i, and ic) as
expressed in (8).

i

BrAR(r:(/’ver):| -
:K(r’¢’9r) Iy
|:B(/1AR (r.9,06,) i (8)
— Kar(r'¢)’9r) Kbr(r1¢)19r) Kcr(r7¢10r)
K (re.60) K, (r.e.6) K (r.e6)

where, r and ¢ are respectively the radial and circumferential
variables of the desired point of the air gap, respectively. The
elements of the matrix K are the coefficients of the armature
currents. These elements are dependent on machine
dimensions. In the other words, Ky (r,,6r)/Ks(r,p,6r) is the
radial/circumferential flux density component in the desired
point of the air gap at the rotor position 8, with 1A in phase x
and open circuit condition in the other phases, where xe{a,b,c}.
In contrast to the salient PM machines (PM-inset and interior
PM machines) and eccentric SPM machines, in the concentric
SPM machines, Ky and K, are independent of ;. Considering
the air gap flux density components in (8) and substituting them
into (5) and (6), the terms Far and Fpmar are obtained in (9)
and (10), respectively.
Far =0,(0)i%+a,(6,)i7 +a,(6,)i?
+Bab (ar)iaib +Bbc (ar)ibic +Bac (er)iaic
FPMAR ZYa(gr)ia+Yb (er)lb +Yc(0r)ic (10)
where, a, p and y are the coefficients of the UMP function.
Hereafter, the coefficients of the UMP function are estimated
by post-processing of the magneto-static results of the PM
machines. The magneto-static results could be obtained by
applying analytical models or FEA. It is worth mentioning that
the type of the PM machine including its geometry and its stator
(slotted/slotless one) are not limiting issues in the proposed
model.

In analysis of the PM machines by using time-stepping
FEA or using the previously proposed analytical models, for

9)
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Fig. 2. The real and imaginary parts of the variables (a) a, (b) B, (c) y and &
for the UMP of the concentric 9-slot 8-pole fractional-slot SPM machine
versus the rotor position.

computation of UMP the following items must be carried out in

each time-step of the simulation.

e Finding the current in the case of having voltage sources as
the excitation by solving Runge—Kutta algorithms.

e Computation of the flux density distribution by knowing
the rotor position and the currents.

e  Using Maxwell stress integration to find UMP.

-~ F (N)-Model —F, (N)-Model o F, (N)-FEA o F, (N)-FEA
100r A B
sl

10 15 20
t(ms)
(©
Fig. 3. The UMP components of the concentric fractional slot SPM machine
with (a) three-phase balanced and (b) two-phase unbalanced current excitation,
and (c) no-load condition.

In contrast, in the presented approach it is not required to carry
out above steps. Knowing the currents, it is just enough to use
the presented static function (3) for computation of UMP. The
coefficients of the presented UMP function are obtained only
one time for predefined discrete rotor positions by using (FEA
or an analytical model), and used as lookup tables for
computation of UMP in future computations. In the case that
the exact value of the desired rotor position in one time-step is
not found in the lookup interpolation must be applied.

I1l. PARAMETER ESTIMATION

The parameter 8(6r) is obtained from the data of the no-load
simulation as given in (7). The coefficients a, B, and y could be
obtained directly by knowing the exact distribution of the
armature air gap flux density components. Applying (8) into (5)
and (6), the parameters a, B, and y yield as (11)-(13),
respectively.
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Fig. 4. The real and imaginary parts of the variables (a) a, (b) 8, and (c) & for
the UMP of the eccentric PM-inset machine versus the rotor position.
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In this method, four independent analyses of four simulations
magneto-static analysis have to be carried out. The simulations
are as: 1) the no-load simulation with only PM excitation, 2)
ia=1A, ib=ic=0, 3) ia=0, ik=1A, ic=0, and 4) i,=ip=0, i;=1A. It
is worth mentioning that, in the concentric machines, it is
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Fig. 5. The real (a) and imaginary (b) parts of the variable vy, for the UMP of
the eccentric PM-inset machine versus the rotor position
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Fig. 6. The (a) x- and (b) y- components of UMP of the eccentric PM-inset
machine versus the rotor position at no-load condition.

expected that the waveforms of the parameters a, B, and y in
one phase be the same as the other phases with the angular shift
of 2a/3 rad. as expressed in (14).

aﬁ(ef) =ab (er)ej%r =ac (Hr)ej%z
Bo(6) =Pr(0)e’ * =Be(0)e (14

.2z Ar

i— i
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Fig. 7. The UMP (a) x and (b) y components for the three-phase balanced
currents in the eccentric PM-inset machine.

IV. CASE STUDY AND MODEL VERIFICATION

To investigate the applicability of the developed model for
the prediction of the machine UMP, two types of PM machines
are studied. One machine is a fractional-slot SPM machine with
diametrically asymmetric stator windings and a concentric
rotor, and the other one is PM-inset with an integral-slot stator
winding and eccentric rotor. These machines are shown in Fig.1
(2) and (b), respectively. The machines’ data are reported in
Table I. Since the aim of this paper is not the magneto-static
analysis, the approach of finding the air gap flux density is not
reported to save space. The magneto-static-models in [4] and
[5] are used for the air gap flux density computation in the SPM
and PM-inset machines, respectively. The main idea is
providing the machine UMP as an instantaneous function of the
machine currents and the rotor position. Therefore, the
performance of the proposed approach for the prediction of the
machine UMP is investigated for some predefined current
waveforms. The considered current waveforms are considered
in the following conditions;

e The balanced three-phase current excitation.
e Sinusoidal current in two phases and open circuit in the
other phase.

A. Fractional slot SPM machine

Since the machine periodicity in the 9-slot 8-pole fractional-
slot PM machine is unit, there is some amount of Fpm-ar. In
addition, since the phase windings are diametrically
asymmetric, depends on the phases excitation some amount of
Far may be generated. Although, the PM machine is concentric
structure, due to diametrically asymmetric stator slots Fpm and
consequently the parameter & is not zero. The stator winding
layout is shown in Fig.1 (a). The model in [5] is used for the

120 T T T
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— Model---FEA

0 5 10 15 20
t(ms)
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Fig. 8. The UMP (a) x and (b) y components for two-phase currents in the
eccentric PM-inset machine.

prediction of the air gap flux density components and the effects
of the slots are considered. The parameters a, B, y and & are
obtained and shown in Fig.2. Since the variables period is 90°,
the curves are shown only for 90° of the rotor position interval.
As expected due to the concentric rotor, the UMP parameters of
the phases satisfy (14). However, due to the large air gap seen
by the armature windings Far and its related coefficients, i.e. a
and B, are very small. Although a and p are constant due to the
uniform air gap, the coefficients y and & depend on the rotor
position. It could be stated that the force is almost due to the
interaction between the armature and the PMs. It should be
noted that the zero rotor position is shown in Fig.1 (a).

A three-phase balanced current with an amplitude of 5A rms
and frequency of 50Hz is applied to the stator and the obtained
UMP components are illustrated and compared with FEA
results in Fig.3 (a). In another test, the phase currents are
considered as (15) and the UMP components are obtained and
compared with FEA in Fig.3 (b). The no-load UMP waveform
is shown in Fig.3 (c). It should be noted that the UMP
waveforms in Fig.3 are obtained in synchronous rotor speed.

i, (t) =52 cos(1007t) Amp.
i,(t)= 52 €0s(100xt) Amp.
i.(t)=0Amp.

As seen in Fig. 3, the model predicted results are the same as
the FEA results. The required time for computation of the
machine UMP in a single rotor position is 90 psec., 32 msec.
and 6.2sec. for the proposed model, analytical magneto-static

and FEA approaches. Therefore, the proposed model is the
fastest and more suitable one for use in dynamic simulations.

(15)
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B. Eccentric PM-inset machine

In the eccentric PM-inset machine, all three UMP components
in (3) are non-zero. Zero rotor position and the stator winding
layout of this machine are shown in Fig.1 (b). In addition, the
static rotor eccentricity with 70% of the air gap length is applied
and the proposed analytical model in [5] is used for the
magneto-static simulations. Analyzing the results of the carried
out magneto-static simulations, the parameters a, g, and & are
obtained as functions of the rotor position and shown in Fig.4
(a)-(c), respectively. The real and imaginary parts of y are
shown in Fig.5 (a) and (b).

Since the air gap in the PM-inset machine is small and salient,
in comparison with the SPM machines, the parameters a and
are dependent on the rotor position. In addition, since the static
rotor eccentricity condition is considered, the waveforms of the
variables in different phases do not satisfy (14).

The no-load UMP waveform of the considered eccentric PM-
inset machine is shown in Fig.6. A three-phase balanced current
with an amplitude of 5A rms and frequency of 50Hz is applied
to the stator and the obtained UMP components are illustrated
and compared with FEA results in Fig.7 (a) and (b). In another
test, the phase currents are considered as (15) and the UMP
components are obtained and compared with FEA in Fig.8 (a)
and (b). It should be noted that the UMP waveforms in Figs.6-
8 are obtained in synchronous rotor speed.

The required time for computation of the UMP in the PM-

inset machine in a single rotor position 90 psec., 43 msec. and
8.7 sec. for the proposed model, analytical magneto-static in [5]
and FEA approaches. Therefore, the proposed model is the
fastest and more suitable one for using in the dynamic
simulations.
AsseeninFigs. 3, 6,7, and 8, there is a good agreement between
the provided model results and FEA in predicting the machine
UMP. However, in the developed model, the UMP components
are expressed as the second-order instantaneous functions of the
stator current, while in the existing approaches it is needed to
obtain the flux density components on the considered Maxwell
surface and applying the integration operator which requires
time and more computational burden.

Acknowledgement This work has been financially supported
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number 98GRD30M930.

V. CONCLUSION

In the presented paper, the machine UMP is expressed as a
second-order algebraic function of the armature currents.
Although the model is valid for all types of PM machines or
even the synchronous reluctance ones, with no loss of
generality only SPM and PM-inset machines are studied. The
parameters of the proposed UMP function are obtained by post-
processing of four number of the magneto-static simulations at
every single rotor position. The magneto-static analysis could
be carried out by applying the analytical models or FEA. The
UMP parameters are obtained for a predefined number of rotor
positions and could be used as lookup tables in dynamic
simulations. Finally, two cases of having UMP, ie., a
concentric fractional-slot SPM machine with diametrically
asymmetric stator windings and an eccentric PM-inset machine

with predefined current waveforms are studied. The current
waveforms are selected for two conditions of three-phase
balanced excitation and one open-circuited phase condition.
The obtained UMP components are compared and verified by
means of FEA.
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