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Abstract

In permanent magnet motors, the presence of rotor eccentricities can alter the airgap field distribution. This results
in parasitic radial detent forces that can be reduced by connecting the stator phases in parallel. As a consequence,
currents are passively induced in the windings when the rotor spins in an off-centered position, yielding balancing
electrodynamic forces. Specific models were developed to predict these forces, but their complexity can be pro-
hibitive. Therefore, this paper proposes to study the effect of the rotor off-centering in permanent magnet motors
using a simpler model developed for electrodynamic bearings. This model consists in a linear differential equation
with only four parameters that depend neither on the spin speed nor on the rotor position. As an illustration, the
paper applies this model to the study of a high-speed, slotted permanent magnet motor. To support this, the main
hypotheses of the model are validated in this particular case. Then, the centering electrodynamic forces in a static-
eccentricity configuration are predicted using the model and compared to finite element simulation results. Finally,
a preliminary study showing the impact of the width and permeability of the stator teeth on the centering force is
performed.
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1. Introduction

Bearing wear and manufacturing tolerances can lead to rotor eccentricities in permanent magnet (PM) machines.
This affects the symmetry of the field distribution in the airgap, thereby creating a radial detent force known as unbalanced
magnetic pull (UMP) (Rahideh and Korakianitis, 2011) (Dorrell et al., 2009). The UMP is a potential source of excessive
noise, vibrations, and additional wear of the mechanical bearings (Kim and Lieu, 2005) (Li et al., 2007). Therefore,
passive and active strategies have been studied to reduce these effects. Among them, the parallel connection of the stator
windings is well known (Burakov and Arkkio, 2007) (Kasten and Redemann, 2014). It allows passively induced currents
to flow in the stator windings when the rotor spins in an off-centered position, thereby creating forces that balance the
UMP. Different models predicting the balancing forces in permanent magnet (PM) motors have been proposed (Burakov
and Arkkio, 2006) (Dorrell and lonel, 2012). These models can be adapted to a wide range of machines. However, they
include assumptions on the rotor motion so that only static and dynamic eccentricities are considered, and the model
parameters must be re-estimated if the operating point of the motor changes.

The operation of heteropolar electrodynamic bearings (EDBS) is also based on passively induced centering forces.
In particular, the origin of these forces is the same as in PM motors with parallel winding connections. When the rotor
is off-centered, the PM field distribution changes in the air gap, thereby creating additional harmonics that increase with
the off-centering (Rahideh and Korakianitis, 2011). If the main harmonics in the initial PM field distribution has one pair
of poles, the most significant harmonic created by the off-centering has two pole pairs. On the one hand, these harmonics
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have a negative effect since their interaction yields the UMP (Chiba et al., 2005). On the other hand, the two pole pairs
harmonic can be linked by a winding that also has two pole pairs, thereby inducing balancing currents which tend to
restore the centered position of the rotor (Dumont et al., 2014). Similarly, in the case of a one pole pair PM motor, the
parallel connection of each motor phase may allow for the existence of conducting paths with two pole pairs and passive
centering forces. Recent advances in the modeling of EDBs lead to the derivation of a linear equation predicting the
dynamics of the bearing rotor (Dumont et al., 2016). This model includes no assumption on the rotor motion and spin
speed. It depends on only four parameters that are identified through a limited number of magnetoquasistatic simulations.

In this context, this paper first proposes a method for predicting the passive electrodynamic forces in brushless PM
motors using the model developed for heteropolar EDBs (Dumont et al., 2016). This model is then applied in the practical
case of a high-speed DC motor dedicated to air compression that is currently being designed at the FEMTO-ST institute
(Gilson et al., 2015). For example, the model could be used to investigate the presence of radial forces due to the use of
air bearings that allows for small radial displacements of the rotor.

The paper is organized as follows. In section 2, the motor topology and winding connections are introduced. In
section 3, the EDB model is presented and applied to the motor case. In section 4, the main hypotheses of the model are
validated and the parameters corresponding to the study case are identified. Then, the model is exploited to predict the
radial forces on the off-centered rotor in section 5. Finally, a preliminary study is performed, highlighting the impact of
the stator slots width and permeability on the radial forces.

2. Motor and phases connection

Figure 1a shows the topology of the motor used as an example in this paper. This motor is designed for high-speed
applications (80 krpm) such as air compression. Therefore, it has a large airgap and a retaining sleeve around the PMs.
The parameters of the motors are given in Tables 1 and 2. The motor active length is dereoteéthe nominal airgap is
denotedy = Rs — Ry.

(b)

Fig. 1 Motor topology and phases arrangement. (a) Geometrical parameters of the motor. The internal rotor
comprises surface-mounted PMs with one pole pair and a retaining sleeve. (b) The winding has three
phases composed of two concentrated coils. For example, the coils A1 and A2 constitute phase A.

Table 1 Motor geometrical parameters. Table 2 Other motor parameters.
Parameter Value Parameter Value
Rso 35 [mm] Remanent field density of the PM 1.2([T]
Ry 27.8 [mm] Copper conductivityrc 6€7 [S/m]
Rs 12.7 [mm] Slot fill factorr 0.5
Ry 9.9 [mm] Relative permeability of the PMs, retaining sleeve, and windirlg
Rm 9.3 [mm] Relative permeability of the rotor shaft and stator yoke 1000
R 5.7 [mm] Number of wire turns around each shdt 10
6, 32.47]
L 30 [mm]

The stator yoke has six slots and three phases, each of them being composed of two concentrated winding coils. As
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shown in Fig. 2, the coils can be connected in series or in parallel. In this paper, only the parallel connection is considered
as it allows for passively induced currents to flow in the winding paths shown by the arrows in Fig. 2a. These paths have
two pole pairs and are referred to as the suspension phases in the next sections.

Fig. 2 Two different motor phase coils connections. (a) Phase coils connected in parallel. The arrows show the
short-circuited current paths for the suspension currents. (b) Phase coils connected in series. There are no
possible current paths in the windings for the suspension currents.

3. Modeling

As shown in (Kluyskens et al., 2017), the passive suspension forces can be studied independently from the motor
function. This section focuses on the modeling of the passive radial forces, whereas more information about the motor
control can be found in (Gilson et al., 2015).

Initially, this motor was designed for high-speed applications without considering a rotor off-centering. However, in
case of rotor off-centering, passively induced currents flow in the motor phases that are connected in parallel, resulting
in balancing forces. These passive electrodynamic forces can be predicted using the model initially developed for EDBs
(Dumont et al., 2016). This model links the radial forces to the rotor position through a linear equation with constant
coefficients:

2 2
:;E’z - RLKC“ Z— jwzKg - jwzzﬁ, 1)
where the forces and rotor displacements are expressed in the stator frame using the complex RotafipasjF, and
z= X+ jy = |4el?, respectively. The parameters are gathered in TabRiSthe phase resistance of a suspension phase,
Kgq is the negative stiffness associated with the detent force between the PMs and the stator yidkds dinel PM flux
constant defined in hypothesis 8 below. The cyclic inductantg is L — M, whereL andM are the self- and mutual
inductances of the suspension phases, respectively.

: R . .
F=-——F-jowF -Kyz-
Le

Table 3 Model parameters and units.

Parameterl Unit Definition

R Q Suspension phase resistance

Kg N/m Detent stiffness

Ko (NsQ/m)2 | Flux constant

L¢ H Suspension phase cyclic inductance
w rad/s Spin speed

The model was derived under the following assumptions:
(1) the rotor spin speed is an input of the system and is constant;
(2) only translational eccentricity is considered, i.e., the magnetic axis of the rotor and winding remain parallel;
(3) the materials have linear magnetic characteristics and therefore magnetic hysteresis and saturation are neglected;
(4) thereis no proximity or skin effect in the conductors;
(5) the eddy currents are neglected in the PMs, in the sleeve and in the stator yoke;
(6) the impact of the rotor off-centerifgjon the winding inductances is neglected;
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(7) the detent forcé&y between the PMs and the yoke obeffs: = —Kyz, where the detent stiffne&s, is real and
negative;

(8) the PM flux linked by a suspension phakgy obeys: Oy = [ZKo cos(wt + ¢+ %) wherek € {1,2,3} is
the phase number;

(9) the motor currents do not impact the radial forces on the rotor.

Although the present model aims at predicting the effects of the rotor eccentricities, the impact of the eccentricity on
the winding inductances is neglected through assumption 6. Making this assumption not only allows to obtain a model
that is simple, it is valid in the present case because of to the large PM thickness. This large thickness results in the
ferromagnetic rotor shaft being far from the stator teeth. As a result, the impact of a small rotor eccentricity on the
winding current field is negligible. This is validated in section 4.

Finally, let us note that the slot geometry and fill factor are constant, see section 2. Thereforeffibiemizdy,

Ké/Lc, andR/L. in Eqg. (1) do not depend on the number of winding tuxhsTherefore N has no impact on the forces
and can be chosen considering only the constraints associated with the motor function.

4. Parameters identification and model validation

In this section, the parameters from Eq. (1) are evaluated considering the motor geometry and parameters presented
in section 2, and the hypotheses 6-9 of the model are validated using two-dimensional magnetoquasistatic finite element
(FE) simulations.

4.1. Suspension phase resistance
The suspension phase resistance is obtained without taking the end-windings into account. Considering the motor
parameters from Table 1 and 2, this yields:
48LN?
R= — = 5.4[mQ). (2)
oorn (R, - Re)(1- &)

4.2. Radial detent force

Let us study the radial forces in the absence of currents in the suspension phases. When the rotor is off-centered, the
symmetry of the magnetic field in the airgap is broken. This results in a parasitic attraction force between the rotor and
the stator. This force has two components acting in the direction of the off-cerzenivtgin the direction perpendicular
to it. Assuming that they are proportional to the off-centering, they can be associated with the stiffnesses:

Kay = —%{2} ®3)
K. = -9 {g} @)

whereR andJ denote the real and imaginary parts of their argument. From the model assumptions in se€§ioris3,
neglected and the value &f is constant and does not depend on the rotor position. Furthermore, it is assumed that the
forces on the rotor in the absence of suspension currents are detent forces only i.e., the impact of the currents flowing in
the motor phases is neglected.

Let us validate this by calculatingy , andKy for two different kinds of rotor motion. Figure 3a corresponds to the
static eccentricity configuration, i.e. the rotor spins in a fixed positieng/2. Figure 3b corresponds to the dynamic
eccentricity configuration, i.e. the rotor center whirls around the stator center sig teaty/2, while w = 0. In the
absence of motor currents, the mean valuggfis Kq = —16.96 [kN/m], whereas the amplitude K, , does not exceed
4% of Ky for both kinds of rotor motion.

The impact of the motor currents is obtained by setting —2lg = —2I¢, wherel, is such that the current density
on the copper cross-section of phase A reaches the maximum value of 5 f\/fiime corresponding results are shown
in Fig. 3. In presence of motor currents, the valu&gjf does not differ by more than 7% of the valuekgf = —16.96
[kN/m], whereas the amplitude &f;_, does not exceed 4% &f; for both kinds of rotor motion.

In Fig. 3, the stiffnesses vary with the spin and whirl angles. This arises from the interaction between the magnets
and the stator saliencies, and the periodicities of the stiffnesses depends on the kind of rotor motion. For more details
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Fig. 3 Amplitude of the equivalent stiffness between the rotor and the stator in the absence of suspension
currents. The motor currents are set to zero (dotted lines) or to maximum values (solid lines) so that
Ia = —2lg = —2Ic, wherel, is such that the current density on the copper cross-section of phase A
reaches 5 [A/mr. (a) Data obtained in a static eccentricity configuration. (b) Data obtained in a dynamic
eccentricity configuration.

about the study of these effects and the impact of the motor phase currents on the detent stiffness, the reader is referred to
(Dorrell et al., 2009).

Finally, other simulations were carried out under the same conditions but with different eccentricities in the range
[9/10 :¢4/10 : ¢/2], in presence and in absence of motor currents. They showed that the impact of the eccentifgity on
is small too. In particular, the value &%, does not differ by more than 8% of the valuekgf= —16.96 [kN/m], whereas
the amplitude oKy, does not exceed 4% &7y, for both kinds of rotor motion.

Considering that an error of less than 10% is satisfactory in the force prediction, the impact of the off-centering and
motor currents ofikq , is neglected an&y is assumed to be constant in the next sectithag:~ Kq = —16.96 [KN/m],
andKg,, ~ 0 [KN/m].

4.3. PM flux linked by the suspension phases

Let us validate hypothesis 8, which states that only the main PM flux harmonic is considered in the suspension
phases, and that it is proportional to the off-centefihgin this aim, the value oKq = 0.486 [Wb/m] is identified by
evaluating the amplitude of the main PM flux harmonic in the suspension phase A when the rotor gping/at This
corresponds to the fitting curve’ in Fig. 4a. As shown in Fig. 4, the PM flux in each suspension phase can then be
predicted through the PM flux equation in hypothesis 8. These predictions are then compared to FE results for different
amplitudes of the eccentricity (¢g/4 agd?2), and for two different kinds of motion.

08 0.8
PM flux P
[mWb] .

—— FE results
O~ 4 N~ 7 % .- Model predictions
0.8 Fitting curve —0.8

Spin angle [rad] 2m 0 Whirl angle [rad] 2
(a) (b)
Fig. 4 Comparison between FE and the model predictions of the PM flux in the suspension phases. The rotor

eccentricity is set tg/4 andg/2. CoefficienKg is identified using the data of the "fitting curve’, allowing
to predict the PM flux in each winding phase when the rotor (a) spins or (b) whirls, for example.
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Considering the accuracy of the FE method for calculating flux linkages and the close agreement between the pre-
dictions from FE and from the model, the previous results validate assumption 8 for the PM flux in the suspension phases.

4.4, Winding inductances

Due to the presence of a ferromagnetic shaft, a rofecentering impacts the mutual inductances of the suspension
windings. Assuming a whirling rotor motion witld = ¢g/2, Fig. 5 shows the ratio of the mutual inductances between the
suspension phases to their respective average values. The impact fif¢aetering on the mutual inductances does not
exceed (% of their average value and is thus neglected.

1.005
AC

La_

mean(L4_) KA
1

0.995 ‘
0 ™ 27
Whirl angle [rad]

Fig. 5 Ratio of the mutual inductances between the suspension phases to their respective average values.

In conclusion, assumption 6 regarding the inductances is confirmed. From the FE results, the cyclic inductance of
the suspension windings is obtained by combining the mutual inductances obtained when the rotor is centered. Assuming
a single winding turn, this yields:

1 1
Le=Laa— ELAB - ELAC = 32.5[uH]. ®)

5. Forces prediction

The force on the rotor has two componeffsandF, that are aligned and perpendicular to the direction of the
eccentricity, respectively. Let us calculate these components with the proposed model, using the parameters obtained
in the previous section. The accuracy of the model in the static-eccentricity case is then validated by comparing these
predictions with FE simulation results.

Frp,) Frp,1

—6

Fig. 6 (a) and (b) FE predictions of the average fong@tandF_l on the rotor spinning in a static eccentricity
configuration.
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In this aim, a transient FE model of the motor is run using the following approach. The motor is fed with three-phase
balanced sinusoidal currents so that the peak current density in each phasgsB][Arhe force components; andF
are then obtained in a static eccentricity configuration féfiedént spin speeds and eccentricities. Figure 6a and b show
the average values & andF, calculated over one full revolution of the rotor. They are denG_\;ealnd F., respectively.
As the model is transient, it was run during more than five times the winding time comstani/R [s] before recording
the data in order to ensure that the suspension currents have reached a steady state.

Let us analyze these results. At zero spin speed, there is no electrodynamic centering force. Only the detent force
acts in the direction of theffycentering and its amplitude is given by the cuave: 0 [rads] in Fig. 6a. At higher values
of w, the centering electrodynamic force increases and saturates abeve00 [rads], because the winding becomes
inductive at high speed (Tonoli et al., 2011). ThEeet is significant, resulting in a reduction Bf to 40% of its value at
zero spin speed. Despite this reduction, the electrodynamic force isffiotesut to fully counterbalance the detent force.
On the other handr, can also reach significant values of up8.2 [N] at z = 1.4 [mm] andw = 189 [rads]. This
value decreases at higher speeds. Finally, the model predictions and FE results are compared in Fig. 7a and b, showing
the accuracy of the model to predict the centering forces.

Fmodel,“ - FFE,H andel,L - FFE‘,L

0.04

—0.04

—0.08

Fig. 7 Forces on the rotor spinning in a static eccentricityfigomation. (a) and (b) Dference between the FE
results and the model predictions of the average foFgesdF , .

The model predicts that the amplitude of the forces is constant in the static eccentricity configuration. Its predictions
fit well to the average values of the forces obtained from the FE simulations, as shown in Fig. 7a and b. However, the
amplitude of the forces vary with the angular position of the rotor, according to the FE results. Let us now compare the
maximum values oF andF to their respective average values, in presence of the same motor phase current as for the
results shown in Figs. 6 and 7. As shown in Fig. 8a and b, the absoliieetice between the maximum and average
values of the forces is moderate. In relative terms and=forthis diference does not exceed 3% of its average value
within the domain shown in Fig. 8a. Fét,, the relative diference remains also low except at low speed and for large
eccentricities, where the relative error peaks up because the force amplitude approaches zero.

In particular, let us focus on the result at£ 1.4;w = 0) in Fig. 8a, i.e. about.8 [N]. This corresponds to detent
forces only and can be compared to the results from Fig. 3a that yielded a maxilfiierardie~ — F_” of about 1 [N]. The
difference between the two values is relatively small in relation with the average detent f@#6§ (Dhis may come from
differences between the two FE simulations, the first one being magnetoquasistatic whereas the second one is transient.

Lastly, the average forceg, andF, are calculated in the absence of motor currents and compared to the results
obtained previously in presence of motor currents. Tifiedince between the average forces with and without the motor
currents are negligible, as shown in Fig. 9a and b. This validates assumption 9 from section 3.

6. Radial force reduction means

As shown in the previous section, th&-centering detent force between the magnets and the stator yoke cannot be
fully counterbalanced by the centering electrodynamic force. This force is due to the presence of a ferromagnetic yoke at
the stator. In order to orient the motor designer toward potential ways of reducing the pafésitiokthe detent force,
this section investigates two modifications of the stator. More specifically, the stator teeth thickness and permeability
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Fig. 8 Forces on the rotor spinning in a static eccentricity configuration. (a) and (b) Maximum difference between
FE predictions of andF, and their respective average values.

FFEA’H‘Ithor:() — FFE,Hlfmowr?éO x10—3 FFE,J_|I,,“,,,M:O - FFE,J_‘IMO,,M;&O x10~3

3

Fig. 9 Forces on the rotor spinning in a static eccentricity configuration. (a) and (b) Maximum difference between
FE predictions of; andF, and their respective average values. (c) and (d) Difference between the average
forces on the rotor, with and without motor currents.

are modified, all the other parameters remaining constant. Considering the number of parameters changed, and since the
effect of these parameter changes on the motor function and saturation are not considered, this constitutes a preliminary
study and no conclusions about optimal design are drawn. However, trends are highlighted, yielding potential ways of
reducing the radial forces.

First, let us calculate the radial forces when the stator teeth thickness is modified. The parameters of the model
are calculated using the approach presented in section 4. As shown in Fig. 10a, decreasing the teeth thickness has no
significant impact on the average foree while it has a positive effect dﬁ. On the one hand, the detent component that
corresponds to the value 6_f| at zero spin speed increases with the teeth thickness. This corresponds to intuition as the
reluctance of the airgap is lower for larger teeth, resulting in a higher PM flux density in the airgap. On the other hand, the
absolute value of the electrodynamic componerﬁ”aflightly decreases with the teeth thickness. In this case, the increase
in PM flux linkage is counterbalanced by the higher impedance of the winding. For larger teeth thicknesses, higher values
of RandL. then result in lower currents and electrodynamic forces. In conclusion, reducing the teeth thickness decreases
the off-centering force, but fully canceling this force requires more drastic changes in the motor design.

A second way to reduce the effect of the detent force consists in changing the permeability of the stator teeth. In
this aim, the stator yoke is separated into two parts as shown in Fig. 11, and the teeth relative permeability is set to 1.
The forces corresponding to this bearing are shown in Fig. 10b. In this case, their amplitudes are drastically reduced
compared to the previous case studies. In particular, the detent force that corresplé_pds zero spin speed is much
lower than in Fig. 10a because the ferromagnetic part of the stator yoke is far from the magnets. This increases the airgap
reluctance, thereby decreasing the PM flux density. This also reduces the PM flux density in the airgap, resulting in a lower
electrodynamic force component. However, this component is high enough to fully cancel the parasitic detent force, so
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Fig. 10 Forces on the rotor spinning in a static eccentricity configuration. (a) Ferromagnetic stator teeth with
different thicknesses. (b) Non-ferromagnetic stator teeth@yith32.4°.

that the total forceF_” reaches negative values above 10 krpm. Finally, setting the relative permeability of the teeth to

1 does not impact the winding resistance whereas the cyclic inductance is lowered. The winding is thus less inductive
and the electrodynamic force saturates at higher speeds, which is reflected in the horizontal position of the curves that is
shifted to the right in Fig. 10b.

- = 1000

Fig. 11 Bearing with a stator yoke comprising two parts with different permeabilities. The permeability of the
teeth is equal to that of air.

In conclusion, decreasing the amount of ferromagnetic material that is close to the PM may be investigated as a
means to reduce the radial forces. Of course, this should be done considering the impact of these changes on the motor
function simultaneously.

7. Conclusion

This paper detailed how the most important assumptions of the EDB model can be validated to show its applicability
in the case of a motor with parallel connections in the stator windings. These assumptions are verified for the slotted
PM motor that is being designed at the FEMTO-ST institute. In this case, it was shown that the suspension function can
be studied separately from the motor function. As a validation of the model, the force predictions were compared with
FE simulation results, showing a good agreement between them. In particular, this highlighted the good accuracy of the
model at low eccentricities, which corresponds to the most likely operating conditions of the motor.

This study also showed that the electrodynamic force cannot fully compensate the detent force in the present motor.
However, the effect of the detent force can be reduced by up to 60% of its value in the absence of electrodynamic forces.
Additional studies were performed to investigate other means of detent force compensation. Changing the width of the
stator teeth was shown to have a low impact on the radial forces, whereas setting the teeth relative permeability to unity
drastically reduces the radial forces and allows for fully compensating the detent force.

From a theoretical point of view, further studies could include a more detailed analysis of the coupling between the

© The Japan Society of Mechanical Engineers



suspension and motor functions. Also, other kinds of rotor eccentricities should also be simulated to better illustrate the
potential of the model when it comes to predicting the forces for various kinds of rotor motion. From a design point of
view, the impact of the off-centering on the copper losses should be quantified, as well as the impact of changing the teeth
material on the motor performance.
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