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ABSTRACT Rotor magnets are critical components, which in case of fault, directly affect the performance
of drives based on permanent magnet synchronous motors. Thus, monitoring the rotor magnets status is
essential to ensure both high level of efficiency and service continuity. The present study focuses on the
investigation of a new full-time domain-based method for the diagnosis of incipient rotor magnet demagne-
tization in a vector-controlled asymmetrical six-phase surface-mounted ac permanent magnet synchronous
motor. The proposed strategy evaluates the rotor magnet demagnetization using a fault index derived from
the control signals synthetized in the 5™ subspace, and already available in the control system platform.
The main advantages of the proposed new strategy are its simplicity of implementation, and effectiveness
even under time-varying operating conditions as the employed control signals in specific subspaces have a
dc behavior. Extensive numerical simulations and experimental tests, carried out at different speed and load
levels, have shown the validity of the proposed method, leading to an effective diagnostic procedure for a
vector-controlled asymmetrical six-phase surface-mounted ac PMSM.

INDEX TERMS Condition monitoring, demagnetization, fault diagnosis, fault detection, asymmetrical six-
phase PMSM, variable-speed drives.

I. INTRODUCTION

Multiphase Permanent Magnet Synchronous Motors
(m-phase PMSMs) have gained significant interest by the
research community in the last decade, becoming a feasible
solution for several industry applications requiring high avail-
ability and fault tolerance capabilities [1], [2].

Although their prominent fault-tolerant ability against sta-
tor failures, m-phase PMSMs are potentially subjected to
rotor magnet demagnetization (RMD). The main causes of
RMD are high currents, high temperature, or both. The RMD
can be a reversible or irreversible phenomenon. For the oper-
ating points above the well-known knee area of demagne-
tization, the loss of magnetization is recoverable when the
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temperature is decreased, and the RMD is a reversible phe-
nomenon. If the operating point is driven below the knee
area, the loss of magnetization is not recoverable at the orig-
inal temperature of the magnets, leading to an irreversible
RMD [3], [4], [5].

For m-phase PMSMs, the risk of exceeding the Curie
temperature is unintentionally imposed by core losses, eddy
current losses, and ohmic losses. For this type of machines,
the stator field is often kept in quadrature with the rotor
field produced by the magnets, and the stator field reaches
its maximum values near the magnet trailing edges [6], [7].
Moreover, even if the rotor magnets are well designed, the
magnetomotive force (mmf), due to large stator currents, will
inevitably lead to a serious Reverse Field Demagnetization
(RFD) on the magnet trailing edges, particularly when the
rotor magnets are overheated. Thus, if not diagnosed at an
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early stage, the degree of RMD will increase, which can limit
the operating performance of the permanent magnets, leading
to a reduced efficiency of the drive system [3], [4], [7].

Various techniques have been developed for the diagnosis
of RMD in 3-phase PMSMs [5], [8], [9]. Traditionally, off-
line techniques are based on the direct inspection and/or the
use of a gaussmeter, so an assessment of the surface mounted
PM flux pattern state can be inspected for possible cracks
and/or demagnetization [4], [8]. However, off-line techniques
have the drawback of requiring disassembly of the rotor and
decoupling of the load.

Direct measurement of the rotor magnet temperature is
of great importance, but it is not a trivial task due to the
rotor rotation, which requires cabling through slip rings and
brushes when contact sensors are used [10]. The accuracy
of the sensed temperatures remains the main disadvantage of
such a solution. To counter these limitations, there have been
attempts using model-based techniques for estimating the PM
temperature. In [11], a 2-D analytical model is developed
to estimate the PM temperature distribution in the radial-
axial plane. An hybrid analytical-thermal model was devel-
oped in [12] for estimating the PM temperature distribution
in PMSM. Although the ability of these approaches they
suffer from high latency and dependency on several motor
parameters.

An alternative to the model-based approach for detecting
RMD is a signal-based approach. In this sense, mechan-
ical signals, such as shaft trajectory [13], and vibration
analysis [14] have been successfully investigated. Electri-
cal signal-based techniques have been proposed as poten-
tial alternatives, where motor current signature analysis
(MCSA) [15], [16], [17], and voltage signature analysis
(VSA) [15], [18], [19] have shown very interesting results.
Magnetic flux analysis, using fluxgate sensors, has been
proposed in [20], where leakage flux analysis has revealed
more accurate and reliable results than those of back-emf
(BEMF) and current analysis for detecting RMD. Recently,
Hall sensors have been proposed in [21] and [22] for effective
detection of RMD. Although the immunity to noise and the
advantageous low cost of implementation, fluxgate sensors
and Hall sensors measurements are dependent on probe posi-
tions. More recently, a toroidal-yoke-type search coil was
proposed in [23] for measuring the BEMF, where the RMD
fault localization signals are computed by the output signals
of three search coils.

Although the interesting results obtained by above tech-
niques, the required invasive installation and/or the incurred
cost limit their applicability.

In addition to the selection of the appropriate vari-
ables adopted to detect RMD, intensive research efforts
have been focused on the use of signal processing tech-
niques for characterizing RMD even in non-stationary
conditions. Under steady-state conditions, reliable RMD
fault indexes were established based on monitoring the
spectral content of the signals derived from motor or
associated converter variables [8], [24]. However, in
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time-varying conditions, the tracked frequency compo-
nents are spread proportionally to the transient conditions.
To cope with this issue, time—frequency analysis such as,
Choi—Williams distribution analysis [16], Hilbert-Huang
transform [17], or Continuous Wavelet Transform [25],
have been recommended. However, latency and the amount
of data required remains the main drawbacks of these
techniques.

Although the important development in terms of stator
fault detection and tolerance for m-phase PMSMs, RMD fault
has not received up to now the attention that deserves. To the
best knowledge of the authors, and according to the avail-
able literature, very few papers tried to investigate detection
and/or fault-tolerant strategies devoted to m-phase PMSMs
affected by RMD [26]. In [27], the flux-linkages of the stator
phases are calculated using the field reconstruction method
(FRM), and are analyzed by Fourier Transform for detecting
RMD. Then, optimization tools are used for achieving the
optimal currents which yield improving the output torque
performance of the 5-phase PMSM under RMD. A novel
integral terminal sliding mode flux-linkage observer is devel-
oped in [28] for detecting RMD for 5-phase PMSMs. In [29],
the assessments of current and voltage signature analysis,
for on-line monitoring of RMD in 5-phase PMSM drives,
were established. It was shown that the amplitude variation
of harmonic components present in both stator currents and
voltages are sensitive diagnostic indexes for detecting RMD.
Recently, analysis based on BEMF, zero sequence voltage
component (ZSVC), and power factor have been identified
in [30] as the most sensitive detection methods for 5-phase
PM Assisted Synchronous Reluctance Machines affected
by RMD.

For 6-PMSMs, RMD fault signature based on BEMF
analysis has been proposed in [31]. More recently, a super-
twisting algorithm-based sliding-mode Luenberger observer
is proposed to reconstruct the RMD fault affecting a 6-PMSM
in [32]. Following the approach adopted in [31], further inves-
tigations have been carried out in [33], revealing the high
sensitivity of a fault index based on the contributions of the
5t and 7" harmonic tracked in the 5™ subspace as defined
by Vector Space Decomposition (VSD) method used for the
analysis of multiphase machines.

Even if signal-based strategies are the most adopted
approaches, and despite of being prosperous in many aspects,
most of the techniques listed above still have some drawbacks
that are under investigations, namely, the dependency on
dynamic operating conditions.

In this paper, a new rotor magnet demagnetization fault
index for 6-phase PMSMs is proposed which provides the
following advantages, namely:

1) capability of incipient rotor magnet demagnetiza-
tion fault detection and quantification, even under
time-varying conditions with a high sensitivity;

2) robustness against stator asymmetries and specifically
high-resistance connections recognized as the main ini-
tiators of stator faults;
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3) simplicity of implementation, since only variables
already available in the control platform are used;

4) low memory requirement due to low sampling fre-
quency required, which in turn reduces considerably
the latency of time processing, leading to an effective
on-line monitoring of the rotor magnet demagnetiza-
tion fault evolution.

Il. CONTROL SYSTEM OF THE SIX-PHASE PMSM

A. MACHINE MODEL

The machine investigated in this paper is a 30° asymmetrical
six-phase surface-mounted ac PMSM, with two insulated
three-phase windings. The developed model considers up
to the eleventh spatial harmonic of the magnetic field in
the air gap. Based on the concept of VSD and considering
the adopted stator winding design with two isolated neutral
points, the formulation of the stator voltage equations, in the
stationary reference frame, can be limited to the 1%t and 5"
subspaces as [33]:

- = d&Sl

—R o5t 1
Vs1 sis1 + i (D
_ - doss
Vss = Rgigs + o (2)

where s, is, and ¢s, are the space vectors of the stator
voltages, the stator currents and the flux-linkages, respec-
tively, in the a,—pB, plane (o = 1 and 5), whereas Ry is
the resistance of the stator windings. The flux-linkage space
vectors, expressed in the o1 — 1, and a5 — Bs planes, are given
by

QSSI = Lg1is1 + M1 (emH—AV) + e—j)/) o

+ omu (e_jll(V+AV) + e”lV) e (3)
¢_>s5 = L55f55 + oms (eiS(V+AV) + eij;/) 50

T o (e*j7(V+AJ/) I ej7y) -~ @

In (3)-(4), the angle 6 denotes the relative position between
stator and rotor in electrical radians, Ay the demagnetized
portion of the rotor magnets (Fig. 1), whereas Lg1, and Lgs
are the o1-f1, and os5-Bs synchronous inductances, and the
quantities gy (h = 1,5, 7, 11) are given by
2uoNsLtHpy Kwsn
272 ’

where Ny is the number of winding series-connected con-
ductors, L is the stator and rotor core axial length, 7 is
the pole pitch, Hys is the magnitude of PM magnetic field
square waveform, Kysy, is the winding coefficient, and 4 is
the harmonic order.

By substituting (3) and (4) in (1) and (2), respectively, the
voltage space vectors expressed in the o1—f; and as—ps
planes, can be written as:

&)

PMh =

- R - +L ‘ziSl
1% = 14 e
S1 SIS1 S1 dr
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FIGURE 1. lllustration of a pair of surface-mounted permanent magnets
under healthy (Ay = 0), and demagnetized (Ay # 0) conditions.

+ oMm1 (ej(y+Ay) + e_jy)ja)eje
— omit (efjll(erAy) _i_ejlly)j]lwefjlle, (6)
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where o is the mechanical speed in electrical rad/s.

As can be seen in (6), in the o1 —p; plane two BEMFs
harmonic components with angular speed +w and —11w are
present, whereas in the os—f5 plane two BEMFs harmonic
components with angular speed +5» and —7w can be found
as shown in (7).

The electromagnetic torque T, assumes the following
expression, where four torque contributions are identified by
their related spatial harmonics in the air gap [34]:

Tem = 3 pom1 [fsl -J (ef(VJFAV) +eij)] o
+ 15 poums I:;SS -j (eiS(V+AV) + g—jSV)] 50
+ 21 pom7 [}§5 . (6/7()/+Ay) n e_ﬂ),)] 76
+ 33 pomni [7§1 ~j(e/11(V+AV) +e—j11y)] 18
(®)

where p is the number of pole pairs and (-) denotes the scalar
product.

B. CONTROL SCHEME

The proposed control scheme is an improved FOC (IFOC),
which is based on multiple synchronous proportional-integral
(PI) regulators, allowing a speed control of the 6-phase
PMSM, and providing RMD diagnosis (Fig. 2).

In the block diagram of Fig. 2, the reference current isiq, ref
is usually set to zero according to a maximum torque per
Ampere strategy, and the reference current g1, rf is obtained
by the regulator PI, of the speed loop. The reference signals
iS5d,ref » 1554, ref are kept equal to zero to eliminate the second
and third disturbing terms in torque equation (8).

To design a specific current controller able to ensure a
precise tracking of the reference currents, it is useful to
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FIGURE 2. Block diagram of the IFOC scheme.

reformulate the stator voltage equations (6) and (7) in two
different rotating reference frames di-q; and ds-qs, respec-
tively, as follows:

srl
Is1

dt
+ omt (ej(y+Ay> + e_jy)ja)

— o1 (efjll(erAy) _i_ejlly)jllwefleG’ ©9)
S
Is3
dt
+ oms (ei5(y+AV) + e—ij)ij

— QM7 (€7j7(y+Ay) + 61'77/)]' Twe 129, (10)

—rl =l . =rl
V51 = Rsig) + Ls1—— + joLsiig,

—r5 =5 . =5
Vs = Rsigs + Lss— = + joLssigs

The d;-q; reference frame rotates with angular speed w and
the position of the d; axis is 6, whereas the ds-qs reference
frame rotates with angular speed Sw and the position of the
ds axis is 56. The subscript (“S1” and “S5”’) identifies the
subspace, whereas the superscripts “r1°” and “r5” are used
to specify the rotating reference frame in which the space
vectors are represented (d;-q; and ds-qs, respectively). Note
that, in the following, an additional rotating reference frame
(d7-q7), synchronous with the 7 harmonic of the BEMF in
subspace 5, and identified with the superscript “r7,” will be
adopted.

In (9) and (10) the effect of the BEMF harmonic compo-
nents on the stator currents in healthy conditions (Ay = 0)
and under RMD (Ay # 0) is clearly emphasized.

As can be seen, a pair of BEMF harmonic components is
present in each subspace (dc and —12w in plane d;-q, dc and
—12w in plane ds-qs). Consequently, since a PI regulator
can ensure a tracking with zero error only with dc signals,
eight proportional—integral (PI) regulators were implemented
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in four different rotating d-q reference frames. The PI regu-
lators PI; 14 and PL; 4 are implemented in the d;-q; rotor
reference frame rotating at an angular speed of w, whereas
PI_y14 and PI_;; 4 are implemented in a reference frame
rotating at an angular speed of —11w. Similarly, P15 4 and
Pl s 4 are implemented in the ds-qs rotor reference frame
rotating at +5@, whereas P1_7 4, PI_7 4 are implemented in
a reference frame rotating at —7w.

Note that no specific filter is required in the control
scheme. In addition to the small implicit filtering effect due
to the sampling of the digital control system, an intrinsic
filtering action is related to the behavior of the PI regulators.
However, this action does not affect phase and amplitude of
the estimated BEMF since they are evaluated in synchronous
reference frames as dc quantities.

The reference voltage space vectors Vsi rr and Vss ref
entering the PWM block are obtained exploiting the
outputs of the current regulators and proper coordinate
transformations.

The gate signals for the six inverter legs are determined
by the PWM block using a double three-phase space vector
PWM technique.

Ill. DC SPACE VECTOR BASED INDEX FOR DIAGNOSIS OF

ROTOR MAGNET DEMAGNETIZATION
As emphasized by (3) and (4), demagnetized portion Ay

of the magnets affects both phase and amplitude of the
flux-linkage harmonic content and, in turn, also the stator
voltages expressed in (6) and (7). In [33], the spectral analysis
of the reference stator voltage space vectors, evaluated in
the as—B5 plane, has been proposed for processing a demag-
netization fault index based on the amplitude contributions
of the 5 and 7™ voltage harmonics. Then, this fault index
has proven to be effective in steady state conditions, show-
ing some limitations in case of transient conditions. In fact,
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examining vss expressed by (7), it is evident that the impact
of the 5™ and 7" harmonic, under RMD, is speed-dependent
which may affect the accuracy of the expected RMD fault
index for different constant speed operating points. The situ-
ation becomes much more complicated under speed-transient
conditions, leading to a spreading in magnitude and fre-
quency of the above fault components of interest, and making
their detection through a frequency domain analysis impos-
sible. To cope with the above limitations, a new RMD diag-
nostic index based on (10) is defined in this section.

Under the assumption of the current space vector igs kept
equal to zero for reducing the torque ripple in the proposed
IFOC, (10) becomes

Vo3 = 55+ esqe 1, (1)

where &5 5 and 5.7, representative of the 5 and 7" BEMF
harmonic components, respectively, are expressed by

5.5 = jSwpus (PUF 4 ) (12)

257 = —jlwpuT (e-fW*AW n eﬂy) NG

The current f55, as well as its error, are affected by the 5th

BEMF harmonic component, but this current error in a refer-
ence frame rotating at Sw will become a dc quantity, so the
regulators PL 54 and PL; 54 will generate a dc voltage named
Vgss 5 in Fig. 2. If the current regulators P1 ;54 and P15, work
properly for zeroing the current error, V§55‘5 will approach
the value of e55 given in (12). The current error of igs is
also affected by the 7" BEMF harmonic component, which
in d5-qs generates a disturbance at —12w. This disturbance
cannot be properly compensated by regulators Pl;sq and

P1, 54. To this aim, the current error in Fig. 2 is also multiplied

by ¢t712% 5o the disturbance due to the 7" BEMF harmonic
will become a dc quantity, which through regulators PI_74
and PI_74 will generate a dc voltage named V§75.7 in Fig. 2.
If the current regulators PI_74 and PI_74, work properly for
zeroing the current error, V§75_7 will approach the value of es 7
given in (13).

To take advantage of both amplitude and phase variations
of the dc space vectors Vggs and Vggj, due to the effect of
demagnetized portion Ay, an appropriate diagnostic dc space
vector-based index Fye,, is here proposed as

Fyem = Fs5 + F7, (14)

in which F5 and F7 are the contributions representative of the
5t and 7™ harmonics, respectively, formulated as

o3 -1
Fs= H AVss s H @

; (15)

Fr = avl, | o). (16)

where the BEMF dc diagnosis space vectors Al_)ggs and
A\7§75'7 are computed as in the following (see Fig. 3):

—r5 __ =r5 =r5

AVgs s =Vg55 = Vs 5, 7)
=7 _ =r1 =r7

AvVgs 7 =Vs57 = V57, (18)
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FIGURE 3. lllustration of the BEMF diagnostic space vectors (a) Al‘/g;s
and (b) AVE;J in the d5 — g5 and d; — g7 planes, respectively.

(c) Flowchart showing the implementation of the proposed RMD fault
index.

Note that the subscript “0” identifies the values of the dc
BEMF space vectors in healthy conditions.

Finally, after further developments of (15) - (18), using the
expressions (12) and (13) under healthy and faulty conditions,
the RMD fault index F,,, given in (14) becomes

Faem = Sﬁ(pMS\/ 1 — cos (SAV)
+7vV20u7/1 = cos (1Ay)  (19)

Based on (19), itis very useful to underline that under healthy
rotor magnets (Ay = 0), the RMD fault index F ., becomes
equal to zero, leading to a clear characterization of the healthy
case. Whereas, under RMD (Ay # 0), the RMD fault
index Fge, will become different from zero, leading to a
clear detection and quantification of the fault extent for small
demagnetization angles.

It is important to note at this stage that the sensitivity of the
proposed fault index is not only maximized by summing the
amplitude variations of the dc voltage space vectors VESS.S and
17375_7 representative of the 5 and 7™ harmonic contributions,
but also by their phase variations, respectively. Moreover,
considering the speed normalization adopted in (15) and (16),
the proposed RMD fault index becomes independent of the
speed level.

Fig. 4-a shows the spectra of the space vector Vg5 s, under
two different constant speed levels. Observing the amplitude
variations of the 7" and 5" harmonics, corresponding to
the two speed levels, respectively, the speed-dependency of
the two harmonics is clearly evidenced. However, for the
same operating conditions adopted in Fig. 4-a, the proposed
speed normalized dc space vectors \7§55'5, (Fig. 4-b) and fzg75_7
(Fig. 4-c), show constant values for the two different speed
levels, leading to a clear immunity against the speed operating
condition of the machine.

For the same operating conditions, and 10% of rotor
magnet demagnetization, the same quantities are reported in
Figs. 4-d to 4-f, respectively, where the same conclusions
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under healthy conditions are confirmed for the faulty case.
Thus, the amplitude increments of the proposed speed nor-
malized dc space vectors 17?555.5, and 522_7, from healthy
(Figs. 4-b and 4-c) to faulty condition (Fig. 4-e and 4-f),
confirm the sensitivity of the two quantities to RMD inde-
pendently of the machine speed level.

In order to evaluate the combined amplitude and frequency
speed-dependency of the space vector vgs .., and the dc
space vectors ‘_’555.5 /o and 17575.7 /o, further numerical simula-
tions under speed transient conditions were carried out with
a speed variation ranging from 100 to 250 r/min. The cor-
responding spectra, under healthy and 10% of rotor magnet
demagnetization, are depicted in Fig. 4-g to 4-i, respectively.
As anticipated, the 7 and 5™ harmonics are clearly affected
by the well-known spreading effect in magnitude and fre-
quency, making their detection through a spectral analysis of
Vss,rer impossible (Fig. 4-g). However, the same amplitude
variation, of the dc space vector 9;55‘5 at constant speed, from
healthy (Fig. 4-b) to faulty (Fig. 4-e) conditions, is equal to
the variation observed under transient condition (Fig. 4-h)
from healthy to 10% of RMD. This result in transient condi-
tion is also confirmed for the dc space vector \7555'7 (Fig. 4-1),
when compared to the results obtained in steady-state
conditions (Fig. 4-c and 4-f).

Finally, the obtained results under steady-state and tran-
sient conditions confirm the robustness of the speed normal-
ized dc space vectors \7;,55'5, and \7375_7, and the sensitivity of
the proposed fault index Fyge,, to RMD independently of the
speed operating conditions.

Several simulations under different temperature conditions
were made under healthy and different RMD levels of demag-
netization. The simulations carried out were based on the
principle of magnet remanence dependency on temperature
expressed as follows:

Br (To + AT) = Br (To) (1 + apAT) (20)

where Ty is the basic temperature in rated condition, AT is
the temperature rise with respect to the basic one, and op is
the temperature coefficient of the permanent magnet material.
For NdFeB magnets (the ones of our six-phase PM motor)
ap = —0.0012.

Looking at Fig. 5, one can realize that in healthy condi-
tions a temperature rise with respect to rated temperature,
ranging from 0°C to 80°C, leads to a very negligible varia-
tion (~0.0013 Wb) of the proposed RMD fault index Fe,
leading to a clear diagnosis of the healthy case.

Considering the same temperature rise under a large RMD
of 14% (Ay = 18.912°), a variation of ~0.0054 Wb occurs
which does not affect the detection effectiveness of the pro-
posed RMD fault index Fgep,.

Finally, given that the required signals (Vgss.s and Vggj),
for calculating the proposed RMD fault index, are dc
quantities, as a matter of fact, the proposed strategy is a
full-time domain-based method, which does not require a
time-consuming spectral analysis.
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FIGURE 4. Spectral behaviors. From left to right, the space vector Vgs ref,
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two different constant speed levels. (d-f) Motor with 10% of RMD for two

different constant speed levels. (g-i) Healthy motor and 10% of RMD
under a speed transient from 100 to 250 rpm.
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FIGURE 5. Simulation results: Temperature effect on the behavior of the
proposed fault index F4,,,, under different RMD levels.

This is a significant improvement in terms of time-
processing against a previous frequency-based technique [33]
requiring spectral analysis.

Specifically, the two dc space vectors 7355‘5 and Vg]jj are
directly available on-line at the output of the current reg-
ulators (Fig. 2), whereas the second two dc space vectors
17355_50 and 17375_70 represents the same quantities evaluated
in healthy condition (subscript “0”) which allows an easy
implementation of the BEMF diagnosis space vectors AV§55_5
and AV§75.7, expressed in (17) and (18), respectively. After
applying the speed normalizations given by (15) and (16), the
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TABLE 1. Six-phase PMSM parameters.

Parameter

Rated torque 20 Nm

Phase resistance 0.36 Ohms
Rated current 10 A

Rated speed 1000 rpm

Pole number 4 -

Phase inductance 1.44 mH

Stator inner radius 150 mm

Stator outer radius 240 mm

Slot number 48 -

Stator winding pitch 165° el. degrees
Magnet pole—arc 151° el. degrees
Magnet radial thickness 5 mm

RMD fault index is easily computed on-line. Fig. 3-c illus-
trates the implementation flowchart for the proposed RMD
fault index.

Note that, since this method is based on the evaluation
of the BEMFs induced in the stator windings by the rotor
magnets, it can be adopted, with a few adjustments, for the
diagnosis of incipient rotor magnet demagnetization also for
symmetrical six-phase PMSMs and six-phase IPM motors.

IV. SIMULATION AND EXPERIMENTAL RESULTS
Simulation and experimental results are provided in this sec-
tion to verify the established analytical predictions of the
proposed RMD fault index F 4. Based on the VSD modeling
principle of the six-phase PMSM described in the previous
section, and the associated IFOC system (Fig. 2), a simu-
lation scheme has been implemented in Matlab/Simulink®
environment.

The implemented system allows a detailed investigation of
the behavior of the controlled six-phase surface-mounted ac
PMSM under healthy and faulty conditions. Specifically, the
simulations have been carried out with healthy rotor magnets
(Ay = 0°) and, then, under partial RMD of Ay, involving
uniformly all the rotor magnets. The RMD was emulated by
reducing the pole arc of all the rotor magnets by Ay.

The parameters of the healthy motor, considered as refer-
ence, are listed in Table 1. They correspond to the parameters
of the real healthy motor used for experiments.

The experimental test bench (Fig. 6) consists of a
custom-designed six-phase MOSFET voltage source inverter
(Fig. 6-b) feeding a six-phase PMSM. The MOSFETs are
rated 300A and 100 V, and the dc bus voltage is of about 50 V.
Two prototypes of asymmetrical six-phase surface mounted
ac PMSM, with rotor magnets (Fig. 6-¢) having different pole
arc, were built. The two motors have been manufactured by
a local company specialized in the construction of electrical
machines, where the demagnetization fault was set on one
motor by reducing the magnet pole—arc by 10°, correspond-
ing to 6.62% of the healthy case. Design details of the healthy
motor, considered as reference, are provided in [35].

The test motor is coupled to a three-phase induction motor
acting as load. The proposed IFOC algorithm was imple-
mented in a TMS-320F2812-based electronic control board
(Fig. 6-d). The accuracy of the current sensors is of £1.5%,
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FIGURE 6. (a) Experimental test bench view; (b) Six-phase inverter.
(c) Two prototypes. (d) Schematic diagram of the test bench.

with a linearity of £1.5%, and a frequency bandwidth of
(—3 dB) 80 kHz. The encoder resolution is of 2048 pulses
per revolution.

The VSI switching frequency is of 5.5 kHz with a deadtime
of 3.2 us, whereas a sampling rate of 2.0 kHz for data
acquisition was adopted. It should be noted that the effects
of inverter dead times could represent a source of error in
the proposed rotor magnet demagnetization algorithm, espe-
cially in the low-speed range. Therefore, a conventional dead
time compensation algorithm is implemented in the control
scheme.

As a preliminary investigation, the analysis was carried out
by comparing the magnitude behavior of the dc voltage space

vectors vggs /o and Vggj /w, under healthy rotor magnets
(Ay = 0), then, with magnets having a reduced pole arc
(Ay =10°).

Simulation results are shown in Fig. 7, whereas the corre-
sponding experimental results are reported in Fig. 8, where
the motor was operating at 250 rpm and delivering the rated
torque for all tests. For a sake of clear comparison, only
the waveforms of the first phase currents al and a2 of each
three-phase winding are reported.

Comparing the waveforms obtained under healthy
(Fig. 7-a) and faulty (Fig. 7-d) conditions, it turns out that
the stator phase currents are perfectly sinusoidal even under
a 10° (6.62%) of RMD, confirming a good performance of
the proposed IFOC scheme.
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FIGURE 7. Simulation results: from top to bottom, waveforms of the
stator currents in phase al and a2, magnitudes of the dc voltage space

vectors Vss 5/ and v _ /o for healthy motor (a)-(c), and for a rotor

demagnetization of 10° (6 62%). (d)-(f). The motor is operating at
250 rpm and delivering the rated torque.

However, observing the magnitude variation of the nor-
malized dc voltage space vector V' VSS 5/, one can notice the
significant increment in amplitude from healthy (Fig. 7-b) to
10° (6.62%) of RMD (Fig. 7-e).

The same observation is valid when comparing the con-
tribution of the 7 harmonic from healthy (Fig. 7-c) to the
same faulty condition (Fig. 7-f), but with a less relevant
variation. The operating conditions of the simulation tests
(Fig. 7) have been experimentally reproduced, leading to the
results reported in Fig. 8. By comparing Fig. 7 and Fig. 8§,
it can be seen that the behavior of the normalized dc voltage
space vectors ?gss s/wandV Vss -/, adopted for fault detection
is not only confirmed by simulations, but also by experiments.

At this point of the investigation, the sensitivity of the
normalized dc voltage space vectors, in terms of amplitude,
is clearly evidenced. Thus, a high sensitivity of the proposed
RMD fault index F g, that considers not only the magnitude
vanatlon of the normalized dc voltage space vectors v§55 5
and "55.7’ but also the phase variation caused by RMD,
is expected.

Trend details of the RMD fault index F.,;, formulated
by (14), and corresponding to the simulation results shown
in Fig. 7, were computed under healthy and faulty condi-
tions, and depicted in Fig. 9. Under healthy condition, the
F5 (Fig. 9-a) and F7 (Fig. 9-b) indexes are equal to zero,
leading to a zero value of the RMD fault index F 4, (Fig. 9-c).
However, under a 10° (6.62%) of demagnetization, the same
quantities Fs (Fig. 9-a) and F7 (Fig. 9-b) show significant
variations, leading to a relevant quantitative fault signature
cumulated by the proposed RMD fault index F g, (Fig. 9-c).
Details of the experimental trends of F'5, F7, and F 4., indexes
corresponding to Fig. 9, are reported in Fig. 10. Although the
slight discrepancies that can be noted between the simulated
and the experimental behavior of the F5 and F7 indexes,
a good agreement is clearly evidenced for the proposed RMD
fault index F gy, when comparing Fig. 9-c and Fig. 10-c.
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FIGURE 8. Experimental results: from top to bottom, waveforms of the
stator currents in phase al and a2, magnitudes of the dc voltage space
vectors v 5 5/ and v/? ql@ for healthy motor (a)-(c), and for a rotor

demagnetization of 10° (6.62%). (d)-(f). The motor is operating at
250 rpm and delivering the rated torque.

In Fig. 11, the behavior of the indexes Fs5, F7 and Fep,
computed by numerical simulations for different RMD
degrees Ay, and measured by experimental tests for healthy
conditions and under a RMD of 10° (6.62%), is reported. Itis
evidenced that the F5 (Fig. 11-a) and F7 (Fig. 11-b) indexes
increase with the increasing RMD fault severity, accordingly,
leading to significant increments of the RMD fault index F g,
(Fig. 11-c). The good agreement between simulations and
experiments confirms the sensitivity of the proposed RMD
fault index F.p,.

It should be noted that under 10° (6.62%) of RMD, the
discrepancies in simulations found for the F5 (Fig. 11-a) and
F7 (Fig. 11-b) indexes, when compared to the experimental
tests, can be ascribed to three main causes: modeling approx-
imations of the magnet field distribution, the presence of
unavoidable intrinsic rotor magnet asymmetries, and errors
of the measurement devices.

V. ROBUSTNESS OF THE PROPOSED RMD FAULT INDEX
The results obtained in the previous section prove that the
adopted RMD fault index Fye,, is clearly sensitive to RMD
affecting a six-phase PMSM. In the present section, the
robustness of the proposed RMD fault index is evaluated
under steady-state and time-varying conditions.

Being normalized by the angular speed w, the F'5 and F7
indexes, expressed in (15) and (16), respectively, are indepen-
dent of speed, which in turns leads to a complete immunity of
the adopted fault index F ., against variable speed operating
conditions. In Fig. 12-a, the RMD fault index calculated by
simulations, is reported for different values of speed and
load torque in steady-state conditions. The obtained results
confirm the theoretical analysis, leading to a robust RMD
fault index against speed variations.

Examining the dc voltage space vectors \7;,55.5 and Vg75_7,
expressed in (12) and (13) by es5.5 and es 7, respectively, it is
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FIGURE 9. Simulation results: (a)-(b) instantaneous values of the F5 and
F7 indexes, for healthy motor and under a RMD of 10° (6.62%).

(c) instantaneous values of the proposed fault index Fe,,, from healthy
to 10° (6.62%) of RMD. The motor is operating at 250 rpm and delivering
the rated torque.
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FIGURE 10. Experimental results: (a)-(b) instantaneous values of the

F5 and Fy indexes, for healthy motor and under a RMD of 10° (6.62%).
(c) instantaneous values of the proposed fault index Fye/,,, from healthy
to 10° (6.62%) of RMD. The motor is operating at 250 rpm and delivering
the rated torque.

evident that these two quantities, required for computing the
fault index F gy, are completely independent of load level.
Aside the fact that the load conditions exclusively determine
the current in plane d;-q;, the current regulators PI.s g,
Pl 5 g, PI_7 4 and PI_7 4 are tuned to keep the current igs s
equal to zero. This conclusion has been confirmed by the
simulation results reported in Fig. 12-b.

The corresponding experimental tests, under different
speed and load levels, are reported in Fig. 13-a and Fig. 13-b,
respectively, which are in agreement with the theoretical anal-
ysis and the simulation results reported in Fig. 12, confirming
the robustness of RMD fault index against speed and load
operating levels.

Eventually, some experimental tests were made with differ-
ent values of the gains of the PI current regulators in the d;-q;
and ds-qs planes. Fig. 14 shows the behavior of the proposed
demagnetization fault index F,,, versus control parameters,

VOLUME 11, 2023

-a- -b-
005 005
A Simulation £ Simulation
0.04 =¥~Experimental 0.04 =¥~Experimental
3 003 38

W 0.02 W 0.02

0.01

0 5 7 10 1
RMD (°)

-A-Simulation
0.04 -|=3¢=Experimental

5
RMD (°)

FIGURE 11. Simulation and experimental results: behavior of (a) Fs,

(b) F7, (c) Fgem indexes, versus low degrees of RMD: 0° (0%), 5° (3.31%),
7° (4.64%), 10° (6.62%). The motor is operating at 250 rpm and delivering
the rated torque.
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FIGURE 12. Simulation results: behavior of the proposed
demagnetization fault index Fgg,, from healthy to 10° (6.62%) of RMD
under: a) different operating speeds and delivering rated torque, and
b) constant speed of 250 rpm for different load operating conditions.
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FIGURE 13. Experimental results: behavior of the proposed
demagnetization fault index Fgg,, from healthy to 10° (6.62%) of RMD
under: a) different operating speeds and delivering rated torque, and
b) constant speed of 250 rpm for different load operating conditions.

under 10° (6.62%) of RMD when the motor is operating at
constant speed of 250 r/min and delivering the rated torque.
The results reported in Fig. 14-a, showing the influence of
the parameter kp; on the fault index, have been obtained by
setting ki = 0.2 pu, kps = 0.9 pu, kis = 0.5 pu. The results
reported in Fig. 14-b, showing the influence of the parameter
ki on the fault index, have been obtained by setting kp; =
14 pu, kps = 0.9 pu, kis = 0.5 pu. The results reported in
Fig. 14-c, showing the influence of the parameter kps on the
fault index, have been obtained by setting kp; = 9 pu, ki; =
0.5 pu, kis = 0.5 pu. Finally, the results reported in Fig. 14-d,
showing the influence of the parameter kis on the fault index,
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FIGURE 14. Experimental results: behavior of the proposed
demagnetization fault index Fge, versus control parameters, under 10°
(6.62%) of RMD. (a) Influence of the parameter kp1. (b) Influence of the
parameter kil. (c) Influence of the parameter kp5. (d) Influence of the
parameter ki5. The motor is operating at 250 r/min and delivering the
rated torque.
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FIGURE 15. Experimental results: (a) waveforms of the stator currents in
phase al and a2. (b) behavior of the proposed fault index Fge;,, under
10° (6.62%) of RMD, and during a sudden stator unbalance. The motor is
operating at 250 rpm and delivering the rated torque.
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FIGURE 16. Experimental results: (a) waveforms of the stator currents in
phase a1 and a2. (b) behavior of the proposed fault index Fge,,,, under
10° (6.62%) of RMD, and during a speed transient. The motor is delivering
the rated torque.

have been obtained by setting kp; = 9 pu, kiy = 0.5 pu,
kps = 0.9 pu.

As can be evidenced, the proposed fault index Fg,, is
completely unsensitive to the parameters kp; and ki; in the
first plane (Fig. 14-a and Fig. 14-b) nor to the parameters
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FIGURE 17. Experimental results: (a) waveforms of the stator currents in
phase a1 and a2. (b) behavior of the proposed RMD fault index Fye,,
under 10° (6.62%) of RMD, and during a load transient. The motor is
delivering the rated torque.

kps and kis in the 5th plane (Fig. 14-c and Fig. 14-d). These
experimental results corroborate the analytical predictions,
where the formulated fault index in (14) and specifically
computed by the quantities (12)-(13), is independent of the
current regulators parameters.

To evaluate the robustness of the proposed RMD fault
index under transient conditions, three important tests were
performed using the six-phase PMSM affected by RMD.

The first test is aimed at the robustness evaluation of the
RMD fault index F g, during a sudden high-resistance con-
nection affecting one phase and leading to a stator unbalance.
The corresponding results are reported in Fig. 15. During the
test, the motor was running at constant speed of 250 rpm and
delivering the rated torque. At time t = 0.5 s, an increase
of 50% of the phase resistance was applied to phase al,
leading to the unbalance that can be noted by examining the
phase currents reported in Fig. 15-a. As can be evidenced in
Fig. 15-b, before and after the introduced sudden stator unbal-
ance, the RMD fault index level is practically unchanged,
leading to a clear robustness against possible stator unbal-
anced conditions that can affect the machine.

The second test concerns a specific speed-varying condi-
tions of the six-phase PMSM consisting in a speed ramp from
100 rpm to 200 rpm in a time interval of 1.5 s, when the motor
is delivering the rated torque. When observing the obtained
results in Fig. 16, the unsensitivity of the RMD fault index
(Fig. 16-b) against a speed transient is evidenced. This result
validates the interest in speed normalization applied in (15)
and (16) to dc quantities.

The third test was performed under an abrupt load tran-
sient, when the motor is rotating at constant speed (250 rpm).
The corresponding results are shown in Fig. 17. At time t =
2.0 s, a load variation from 0% to 100% was applied to the
six-phase PMSM, leading to the current behavior reported in
Fig. 17-a. As can be seen in Fig. 17-b, before and after the
load variation, the fault index is practically constant, leading
to a clear robustness versus load torque variations.

At this level of the investigations, it should be noted that
previous RMD detection techniques based on the spectral
analysis of the 5™ and 7™ harmonics of stator voltage space
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vector in the a5-Bs5 plane [33], may fail during a speed
transient, due to the spreading effect that affects the fault
components of interest.

Conversely, it can be underlined that the proposed strategy
allows an accurate quantitative statement of RMD that can
affect a six-phase PMSM drive, even under time-varying
operating conditions. In particular, the dc behavior of the fault
index makes it possible to avoid any frequency variations
during speed transient conditions, and the normalization with
respect to w allows the amplitude variations of the dc index
to be offset. Beside to this, the fault index has shown a
robustness also against possible stator unbalanced operating
conditions. Taking the small effects of the temperature vari-
ation and the nearly linear dependence of the fault index on
the RMD level into account (see Fig. 5), and considering the
quality of the signal Fy,,, as extracted from the experimental
tests (see Figs. 10c, 15, 16 and 17) the error on the estimated
value of the RMD can be assumed close to 1 = 2%.

VI. CONCLUSION

Multiphase PMSMs have a higher number of degrees of free-
dom when compared to standard three-phase PMSMs, which
can be exploited not only to fault tolerance purposes, but also
for effective fault diagnosis techniques. In this paper, a novel
technique for diagnosing RMD affecting a vector-controlled
asymmetrical six-phase surface-mounted PMSM has been
proposed. The developed strategy is based on a fault index
processed from the control signals synthetized in the 5%
plane, and already available in the control platform.

The analysis was limited to RMD involving a maximum
of 14% of the pole arc as the aim of this paper is to detect
incipient RMD. Higher values of RMD, even if detected, may
lead to an irreversible deterioration of the motor performance.
The analysis presented may show some limitations for high
levels of RMD as the harmonics of the magnetic field distri-
bution due to magnets become relevant and a more accurate
modelling of the machine parameters would be necessary.

Based on the analytical developments tested by numerical
simulations and experimental tests, it was shown that the
proposed fault index is a sensitive indicator for detecting and
quantifying RMD at incipient stage. It was also shown that
the proposed fault index is highly robust against speed and
load transients, and stator unbalance faults.

Finally, it is worth noting that the proposed strategy can be
easily generalized for all the motor drive control techniques
in which the value of the reference voltage space vector in
subspace 5 is available.
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