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Abstract— Permanent magnet synchronous motor (PMSM)
drives are increasingly considered in vehicular applications due
to relatively high power density, negligible rotor losses, high
efficiency, ease of control, and maintenance. In this paper a new
method of fault detection and treatment for 5-phase PMSM
under static rotor eccentricity has been introduced. As the
optimum performance is of great importance in vehicular
applications the excitation of stator phases has been modified to
attain the maximum output torque per input phase current in
the event of rotor eccentricity. Field reconstruction method has
been used in conjunction with optimization methods to detect
the fault and find the appropriate excitation.

l. INTRODUCTION

Fault tolerance has become a design criterion for
adjustable speed motor drives (ASMD) used especially in
high impact applications. A fault tolerant ASMD is expected
to continue its intended function in the event of a failure by
squeezing the maximum power available compliment of the
remaining components. There are different types of fault that
may occur in the ASMD. In case of a PMSM drive, besides
the regular monitoring of the current and voltage levels, other
quantities such as the airgap length should be monitored to
avoid further damage due to the collision of rotor and stator
caused by eccentricity (i.e. unbalanced magnetic pull). In
addition, the saturation of the stator core due to eccentricity
reduces the productivity of the machine in terms of output
power and torque. As the continuity of the service is of great
importance, the next step would be to calculate the best
excitation possible for the stator phases of the machine to
harvest maximum torque.

A vast amount of the research has been done on
development of health monitoring methods [1- 9]. Most of
these researches focus only on detection of the fault and do
not address the treatment of the machine in the aftermath of
the fault. Furthermore, most of the methods just apply to the
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specific faults on the stator windings and are not applicable to
the other types of the fault.

Field reconstruction method (FRM) is a recent method that
improves the computational time necessary to determine the
distribution of magnetic field components. FRM is an
alternative to Finite Element Analysis (FEA) with
comparable accuracy, but with significantly shorter
computational time. The literature and the applications of the
method have been addressed [10-16]. This method uses the
field created by a single slot on the stator, along with the field
generated by the permanent magnets (windings) on the rotor
of the AC machine, to find the field distribution and
electromagnetic force components.

In this paper the field reconstruction method (FRM) has
been used to detect static rotor eccentricity in an adjustable
speed PMSM drive. The FRM has been used to estimate the
flux passing through each stator tooth for the fault detection
purpose. In addition FRM has been used in conjunction with
optimization methods to find the optimal stator currents
which would be used for post fault operation.

Il.  FIELD RECONSTRUCTION

In order to verify the field reconstruction method a model
has been developed for the PMSM using MAGNET from
Infolytica©. A 10 hp, 5-phase, 6-pole, 30 slot surface
mounted permanent magnet synchronous machine is used in
this study. The 3D model of the machine is shown in Fig. 1.
In this modeling the following assumptions are made:

o No deformations in the permanent magnets or stator
teeth due to internal forces.

e Concentrated stator windings.

o No end coil effect.



Figure 1: 3D view of the PMSM model

It can be shown that the magnetic field components need to
be known in order to calculate the torque. The FEA methods
are conventional tools to calculate the magnetic field
components. However, they are time consuming and, hence,
inadequate for iterative procedures such as those used in
optimization processes. FRM has been used to analyze the
magnetic field components. It is shown in [12] that for an
unsaturated PMSM the magnetization curve can be
considered to be linear and, as such, the superposition rule is
applied to the field components as follows:

B, =By, + By o)
Bn = Bnpm + an (2)
Where, B, B, B, and By denote the normal and

tangential field components due to the permanent magnets
and stator currents respectively. The resultant magnetic field
created by the stator windings is the sum of the field created
by each individual stator slot current. The normal and
tangential field components due to the stator currents can be
written as:

L
an = z ank (3)
k=1
L
Bts = Z Btsk (4)
k=1

To evaluate (3) and (4) the local flux densities created by
the current in the k™ slot is expressed as follows:

B (4) = 1. f,(4) (5)
ank (¢s) = I . f2 (¢s) (6)

Where f, and f, associated with the geometry. A single
magnetostatic FEA is needed to find these basis functions.
Having these basis functions for a typical slot say 1*
carrying current |, (5) and (6) can be rewritten as:

Bue = (1/15)Byo (4 k) ™
ank =(I/IO)ano(¢_k7) (8)

Therefore by performing a single off-line FEA for a single
slot contribution of the stator to the rotating field components
can be calculated for any normal working condition. In the
second step, permanent magnet contribution to the field, over

one pole pitch, is computed using an FEA analysis for the
unexcited stator condition. Having these two components the
magnetic field components can be obtained in the middle of
the airgap. The field reconstruction flowchart is shown in Fig.
2. In order to verify the accuracy of this method the tangential
and normal components of the magnetic field in the middle of
the airgap obtained from FRM have been compared to those
from FEA. Figures 3 and 4 depict the accuracy of field
reconstruction method. The accuracy of the method can be
improved further by increasing the resolution of the basis
functions.

There are a variety of ways to calculate the electro-
mechanical force in electrical machines [17]. Among the
existing options Maxwell Stress Tensor (MST) method is
utilized here. According to MST the force components
densities in the airgap can be calculated using the following
formulae:

f, =B,B,/ 1, )
fn = (an - Btz)/zluo (10)

In which B, and B, are normal and tangential
components of the magnetic flux density. Thus, the force
components would be as follows:

r

2z
Fo=[" f.rdg (12)

Obtain normal and tangential flux
ot density components due to
¥ current flowing through one stator

‘Obtain normal and tangential flux
density distribution at one rotor
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END
Figure 2: Field reconstruction method flowchart
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Figure 3: Comparison of FEA and FRM, Normal field component
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Figure 5: Comparison of torque obtained from FEA and FRM

Where, r is the integration contour. It is obvious that for
torque calculations magnetic field components should be
known. The MST method is quite effective provided that the
FEA solutions are precise. The torque comparison for FEA
and FRM is shown in Fig. 5. In the following sections the
FRM method is used for detection purposes to estimate the
flux passing through each stator tooth. Also, this method has
been combined with the MATLAB optimization tool box to
achieve the optimal waveforms in case one or more of the
stator phases are disengaged.

IIl.  MAGNETIC FLUX CALCULATION

In this section, first the method used for calculating the flux
flowing through each stator tooth will be derived and then
used to calculate the flux linking each stator phase.

A. Stator teeth fluxes

In the first step, using the field components in the middle of
the airgap, the flux passing through the stator tooth would be
calculated. The magnetic field distribution in the first
quadrant of the PMSM model is shown in Fig. 6. According
to this figure a dominant majority of the flux lines that exist
in the airgap would enter the stator tooth from the top surface.
So, the flux in each stator tooth can be calculated using the
magnetic field components in the airgap. There would be a
slight error in this calculation because of the leakage flux (i.e.
some flux lines would enter the stator tooth from the tooth
side surfaces instead of top surface). These flux lines are not
accounted for, in the calculation and therefore result in error.

The flux density components are projected on the axis
passing the middle of each tooth. This can be done using the
following equation:

Bproj (0= Z{Bn,i COS(¢| _Hj) - Bt,i Sin(¢i _Hj )}

Where ¢ and @ are the position of the field components
in the airgap and the position of the projection axis in the
model respectively. The indices 1=1...K and j=1..L
refer to the number of field component solutions in the airgap
covering one stator tooth and the respective stator teeth,
respectively. Based upon normal field components, the flux
in the airgap, which is almost equal to the flux in the stator
tooth, can be calculated as:

@ =jsj§pmj .ds

The above integration is performed on the surface which is
concentric to the rotor surface and passes through the stator
teeth as shown in Fig.7.

(13)

(14)

e =

Fi—gure 6: Magnetic Flux distribution in the machine
Coils

Stator Tooth

Figure 7: Integration surface



B. 5 phase flux linkages

In order to calculate the stator phase flux linkage, the flux
is calculated for one pole and then multiplied by the number
of pole pairs. Fig. 8 depicts the flux corresponding to the first
pole which passes through the A1-A2 frame (linking A1-A2).
The flux linkage of this winding is as follows:

Apar =N ((Dz + D+ D, + D + q)s) (15)
Phase A flux linkage is as follows:
Ay =3N(D, + D, +D, + D, + D) (16)

Where, N represents the number of conductors in each coil.
This equation could be generalized into the following form
for a machine with g stator tooth per pole and 2P magnetic
poles (P represents the number of magnetic pole pairs):

q
Ay =PN*> @, (17)
k=1

The same analysis can be carried out for phases B, C, D
and E. Fig. 9 depicts flux passing through stator teeth 1 to 5
calculated using the observer compared to the FEA. Fig. 10
depicts phase “A” flux linkage calculated using the proposed
method, compared to that of the FEA.

Figure 8: Flux assignment to stator teeth
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Figure 9: Comparison of stator teeth flux obtained from FEA and FRM
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Figure 10: Comparison of Phase A flux linkage obtained from FEA and FRM

It can be seen that, while much faster, the flux observer is
quite accurate compared to FEA.

IV. STATIC ROTOR ECCENTRICITY DETECTION

In case of eccentricity as the rotor is closer to a set of
windings, the balance no longer exists in the electrical
quantities, so for the same amount of current applied as of the
healthy case some of the stator teeth would have higher levels
of magnetic flux due to the proxomity to the permanent
magnets. In this analysis the static eccentricity of the rotor is
assumed to be %30 as shown in Fig.11.

Figure 11: Eccentric 5-phase PMSM

Fig. 12 depicts the comparison of the magnetic flux
distribution in the machine in case of a healthy machine and
the one with an eccentric rotor. It can be seen that the peak of
magnetic flux is higher in case of eccentric rotor. Also, in
case of eccentric rotor the distribution of the magnetic flux
around the airgap is no longer uniform. This signature can be
used to determine the eccentricity of the rotor. In case of an
eccentric rotor the magnetic flux can be written as:

@,(0) =Py @)+ 30,0~ 120, - 1 ED) = [o @020 (18)
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Figure 12: Comparison of magnetic flux distribution (a) healthy machine (b)
eccentric rotor
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Figure 13: Comparison of magnetic flux distribution (a) tooth #3 (b) tooth
#20

The flux passing each stator tooth is measured using the
FRM module and compared with the flux for the healthy case
and the unbalance of the flux shows the eccentricity of the
rotor. It should be mentioned that in case of an eccentric rotor
there is no deformity in the magnetic flux wavefrom as
observed in case of PM demagnetization and the difference is
in the magitude of the flux. Fig. 13 depicts the flux passing
stator teeth in case of eccentric rotor compared with the
healthy machine. In this case the static eccentricity of 30%
has been considered for the rotor.

V. FAULT TREATMENT

Depending on the service continuity strategy, various
scenarios can be deployed after the fault is detected. In case,
the service can be provided by another module the machine
could be stopped and the eccentricity caould be fixed. In case
of an emergency application in which service discontinuity is
not possible the stator applied currents can be modified in a
way the maximum possible average torque could be squeezed
out of the machine shaft. Of course the presence of the
harmonics in the current would result in extra torque
pulsations. For this purpose the field reconstruction method
would be used in conjunction with the optimization methods
to attain the optimal current waveforms. The fault detection
and treatment scheme is shown in Fig. 14.

Fig. 15 depicts the output mechanical torque of the
machine for static rotor eccentricity fault in case sinusoidal
currents are applied to stator phases. It is shown that the
average torque has decreased almost 25% as a result of the
eccentricity. Also torque ripple has been increased almost
30% compared with the healthy operation condition. Using
the optimization methods the optimal waveforms are
determined in case, static eccentricity occurs. The Matlab
optimization toolbox is linked to the FRM code. For each
rotor position, the optimization code calculates a set of
currents based on the optimization criteria. These currents are
used to calculate the magnetic field components in the
machine. Then, using the magnetic field components the
torque is calculated using (11). In case the calculated torque
complies with the target values, the currents would be stored
and a new rotor position would be considered. Fig. 16 depicts
the optimal stator phase currents and the output torque of the
machine.

The optimization criteria can be chosen to achieve the
following cases regarding the target application:

¢ Maximum average torque
e Maximum average and Minimum torque ripple
e  Minimum torque ripple

Here, the optimization process is targeted towards the
maximum average torque. It can be seen that the average
torque is about 3% less than that of the healthy with
sinusoidal stator currents. The torque ripple is increased as
expected. Different optimization scenarios can be considered
and the optimal currents for each case can be achieved and
stored in look up tables in the control unit. Based on the
application, the appropriate currents can be applied to stator
phases in case the fault is detected.
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Figure 15: Torque Analysis. (a) Sinusoidal stator currents, (b) Eccentric rotor

VI. CONCLUSION

Field reconstruction method as a powerful magnetic field
analysis tool can be used to detect the faults in the PMSM.
Demagnetization of the magnets in PMSM is one of the major
issues with this type of the machine especially at higher power
ratings. It can occur due to high temperatures resulting from
poor ventilation or excessive short circuit currents and of
course the aging of the magnets. In this paper a new way of
demagnetization fault detection has been presented. The flux
linkages of the stator phases are calculated using the FRM and
used to monitor the faults. FRM can be linked to the

optimization tools to achieve the optimal currents which yield
maximum average torque and/ or minimum torque ripple.
After detecting the fault the optimal currents could be applied
to improve output torque characteristic of the machine.
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