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ABSTRACT Detect early performance degradation of permanent magnet synchronous motor (PMSM) is
very meaningful for preventive maintenance and avoiding catastrophe failure. By fully taking into account
effects of rotor flux harmonics and stator current harmonics on electromagnetic torque under actual working
condition, a theoretical expression of electromagnetic torque was developed which was used to indirectly
evaluate torque ripple without torsional sensor. A new health index for detecting performance degradation
and its computational method were proposed by considering the different frequency domain features of
three-phase stator current. Based on this the method to detect early performance degradation by monitoring
changes in health index are proposed. Experimental results show that the change in the proposed health
index is consistent with change in the torque ripple ratio over time and the relative deviation is no more than
10.0%. The early performance degradation of PMSM can be accurately identified by the proposed method

whenever the health index exceeds the threshold.

INDEX TERMS Permanent magnet synchronous motor (PMSM), performance degradation, fault detection.

I. INTRODUCTION
Permanent magnet synchronous motor (PMSM) is applied
in many fields, e.g. electric vehicles, aircrafts, robots. Its
performance degradation is inevitable as time goes on [1].
Sometimes performance degradation may quickly propa-
gate into catastrophe failure and then cause downtime,
even catastrophic accident. For example, in the field of
aerospace and electric vehicle, anything goes wrong with
PMSMs may make catastrophic accident. Therefore, detect-
ing early performance degradation of PMSMs is meaning-
ful for preventive maintenance and avoiding catastrophe
failure.

The main cause of PMSM degradation involve inter-
turn short-circuit of stator phase windings, demagnetization,
bearing wear off, and PWM inverters aging [1]. The inter-
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turn short-circuit produces a great circulating current with
excessive heat, and also causes large electromagnetic torque
fluctuations and severe mechanical vibrations [2]. Demagne-
tization cannot be avoided because of a high temperature,
large stator currents and aging of magnet itself [3]. The
stator current produces a reverse magnetic field that con-
stantly resists the magnetic field of the permanent magnet.
This will gradually cause demagnetization after experienc-
ing long-term operation [4]. Demagnetization can increase
torque ripple and reduce efficiency. Bearing wear also causes
eccentricity referring to inconsistent air gap between rotor
and stator [5]. Air gap eccentricity causes additional vibra-
tion, noise, torque ripple and so on [6]. When eccentricity
is serious enough, it can cause friction between stator and
rotor, and then damage both stator and rotor [7]. Overall,
even slight performance degradation has a negative effect
on operation, and may quickly propagate into catastrophe
failure.

© 2023 The Authors. This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License.

VOLUME 11, 2023

For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/

123361


https://orcid.org/0000-0003-2363-018X
https://orcid.org/0000-0003-0022-922X
https://orcid.org/0000-0003-3278-9395

IEEE Access

Q. He et al.: Early Performance Degradation Detecting Method for PMSM

Research suggests that any form of fault (or severe degra-
dation) can affect change in the amplitude and frequency of
harmonic components in stator current [8], [9]. The inter-turn
short circuit causes stator current imbalance and amplitude
change. Let f; be the supply frequency, m be a positive
integer. Also, p is the number of pole pairs and z is the
number of stator slots. The amplitude of harmonics at f;, =
(1 £ mz/p)fs increases with increased degree of inter-turn
short circuit [10]. Demagnetization causes that the distributed
magneto motive force (MMF) is not sinusoidal. The harmonic
frequencies fzue = (1 & m/p) fs can be used as characteristic
frequencies for demagnetization [3], [11]. The eccentricity
cause distortions in flux distribution inside the motor. This,
in turn, causes some current harmonics in the stator current.
The harmonic frequencies fo, = (1 £ (2m —1)/p)f; can
be used as the characteristic frequencies [11]. However, the
frequencies mentioned above are not fully competent indexes
for performance degradation. Different factors such as design
characteristics, the winding configuration and load variation,
and even the manufacturing errors have noticeable effects on
harmonic components [11]. It is difficult to identify early
degradation only by reference to harmonic frequencies. It is
significant to develop a better health index to evaluate the
level of degradation based on change in amplitude and fre-
quency of harmonic components of stator current.

From effect on function point of view, anything goes wrong
with PMSM can increase torque ripple, and this, in turn, leads
to undesirable acoustic noise, vibrations, speed oscillations
[12], [13], [14]. As time goes on, the torque ripple increases
until it reaches a value, at which a signal becomes unusable.
In most industry, the torque ripple ratio cannot be greater
than 5%. Thus, torque ripple ratio is a competent health index
for PMSMs. There are direct and indirect method to measure
torque ripple ratio [13], [14]. The direct methods depend on
a torsional sensor, but a PMSM usually is not coupled with
a torsional sensor under actual working condition. Survey
papers show that torque ripple can be indirectly estimated by
processing measuring current. The torque ripple is caused by
deviations from a sinusoidal flux density distribution around
the air gap, by deficiencies of feasible winding geometries,
and by the variable magnetic reluctance of air gap due to
stator slots [12], [13], [14], [15]. Beyond these, the feeding
power converter also contributes to torque ripple due to the
harmonics in current waveforms and to time-varying delays
between commanded and actual current [16], [17]. Lee et al.
presented a torque expression used for indirect sensing of
dynamic torque signal taking into account high-order rotor
flux harmonics [18]. Zeng et al. presented an indirect method
without using a mechanical load [19]. Huang et al. presented a
total harmonic distortion index used to evaluate torque quality
[20]. Gu et al. present presents a method to calculate torque
ripple considering current harmonics [21]. However, in [18],
[19], [20], and [21], the estimated torque ripple is a percent-
age of the peak-to-peak value to theoretical reference value.
The harmonic frequencies of the three-phase current were
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not fully considered, especially the characteristic frequencies
resulted from inter-turn short-circuit, demagnetization, bear-
ing wear and PWM inverters aging, and so on. The present
methods cannot be used to detect early degradation accurately
for PMSM.

This paper develops a method to detect early performance
degradation for PMSM based on change in frequency domain
features of three-phase stator currents. Firstly, a method
to estimate the electromagnetic torque ripple was pro-
posed, which fully considered effects of three-phase current
harmonic frequencies. Then, a new health index and its com-
putation method are presented, and the method to detect early
performance degradation by monitoring changes in the health
index are also proposed. Finally, experiments were conducted
to verify effectiveness of the proposed method.

il. METHOD

A. COMPUTATIONAL OF ELECTROMAGNETIC TORQUE
The topology of a three-phase inverter-fed PMSM drive sys-
tem is shown in Fig.1. The PMSM is controlled through
closed loop vector control. The switching sequences is
120° to obtain a three-phase symmetrical output. The phase
sequence of i, i, i are displaced by 27 / 3 in turn. The orien-
tation of rotor flux vector with respect to stator is determined
by rotor position and by instantaneous values of electrical

currents.
| 4G‘ 4{}
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a

PMSM Motor
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FIGURE 1. PMSM motor drive system.

The theoretical expression of electromagnetic torque is
expressed as [22]:

3 . ..
T, = EP [\Ilfzq+(Ld — Lq)ldlq] @))

where p is the number of pole pairs, Wy represents the part of
the flux linkage caused by permanent magnets, Lq and Ly are
the d- and g-axis inductances, ig and iq are the d- and g-axis
currents. In a three-phase PMSM, assuming that the currents
have the same amplitude I,, the same angular frequency o,
the phase currents can be determined by equations:

ig = Iy cos(pwt + @)
ip = Iy cos(pot + ¢ — 27 /3) )
ic = Iy cos(pwt + ¢ + 271/3)

Ideally, the sum of current of star-connected windings is
equal to zero. However, the actual phase currents are not
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perfect sinusoidal, and can be expressed as [23]:

[ i, = ij cos(pwt + ¢1) + Z i, cos(hpwt + ¢p)

h
ip = i1 cos(pot + @1 — 27 [3)
+ Z iy cos(hpwt + @ — 27{/3) 3)

A
ic = i1 cos(pwt + ¢1 + 27 /3)

+ Z in cos(hpwt + gy + 27 /3)
n

where £ is a positive number, i1 and ¢ are the stator current
amplitude and phase angle of fundamental wave respectively
(the fundamental frequency is also called first harmonic one),
i, and ¢y, are the h™ harmonic of current amplitude and phase
angle respectively. Based on (3), the d- and g-axis currents
can be obtained by applying the Blondel-Park transformation:

id
Iq
_ 2 cos(pot) cos(pot — 27 [3)  cos(pwt + 27 /3)
~ 3 | —sin(pot) —sin(pot — 27 /3) —sin(pot + 27 /3)

x [ia v ic ]
i1 cos(p1) + 2 incos {(h — Dpot + ¢n}
7

= | dsinten) + i sin {(h — Dpot + g} X
h

Usually, the magnetic field of rotor is not perfect sinusoidal
distribution in space due to a finite number of slots and effects
of manufacturing errors. The distribution can be expressed as
superposition of a series of sinusoidal wave [24], [25]. That
is, the flux linkages in phase winding should be expressed by:

Wa = D Y cos(kpbr)

k=1

W, = D" i cos(kpty — 27 /3) )
k=1

We =Dy costkpby + 27 /3)
k=1

where k is a positive number, ¥ and 6 are respectively the
amplitude and phase of flux linkage harmonics. Based on
(5), the d- and g-axis stator flux linkage can be obtained by
applying the Blondel-Park transformation:

]

_ 2] cos(pwr) cos(pwt — 21 [3)  cos(pot + 27 /3)
~ 3 | —sin@ot) —sin(pot — 27 /3) —sin(pot + 27 /3)
x [, vy, 1"
> W cos {(k — 1)pb}
=5y ©)
> W sin {(k — 1)po)

k=2

Considering effects of stator current harmonics, the total
electromagnetic torque is equal to the sum of contributions
of all torque including those generated by current harmonics
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and flux linkages harmonics. Therefore, expression of the
electromagnetic torque becomes:

3 . L .
T = 5P [WrigH(La — Lodiaiq — iaWa +ig¥q] (D)

When the d- and g-axis inductances are equal to syn-
chronous inductance, that is Ly = Lg, the current amplitude
i1 is equal to i, in case of vector control with iy= 0. With
k=1, the fundamental harmonic W is equal to ¥;. By intro-
ducing substitution the Eq.(3) and Eq. (5) in the Eq.(7), the
electromagnetic torque is determined by

3
T=T"+AT" = SP¥ii

3 o
+5p Zhj Yipsin [(h — Dpwt + @]

+ % Z Vi1 cos(er) sin(pkwt)

k=2
3 .
+ 3 Z Vi1 sin(¢q) cos(pkwt)
k=2
3 ..
+ 1 ,; Zh: Yripsin[(k — h 4+ Dpwt — @p]

3
+35 D> ynincos [k +h— Dpot + @] (8)

k=2 h

where 70 = %pl//]il represents electromagnetic torque
without considering current harmonics and flux linkage
harmonics, %p > piipsin [(h — 1) pwt + 4] represents the
(h-1™ torque ripple produced by interaction between
the A" current and the 1% flux linkage harmonic. The
% > k—n Vriicosgisin(pkwt) and% > r—n Vriising;cos(pkwt)
represent the k™ torque ripple produced by interaction
between the 1% current harmonic and the kM flux link-
age harmonics, % D ks 2o Ykipsin[(k — b+ 1) pot — @3]
and % D ko 2p Vkipcos [(k +h — 1) pwt — ¢p] represent
the (k-h + 1) and (k 4 h-1)™ torque ripple reduced by the
interaction between the 4™ current harmonics and the ™ flux
linkage harmonics, AT” represents the sum of the five terms,
except for T°. By reference to Eq. (8), it takes into account
the k™™ rotor flux harmonics and 4™ stator current harmonics.
The effects of stator current harmonics on electromagnetic
torque are fully considered.

B. COMPUTATIONAL METHOD OF HEALTH INDEX

Torque ripple ratio was usually to measure magnitude of
torque pulsation during PMSM operation. It refers to the ratio
of the maximum amplitude of total torque fluctuation to the
average torque when a torsional sensor is used to directly
measure torque ripple. The commonly used expression for
torque ripple ratio is as follows:

_ Tmax — Tmin

Kr = x 100% )

avg

where Tinax, Tinin and Taye are the maximum, minimum and
average values of the total torque respectively.
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However, the actual Tyax, Tmin and Taye can not directly
be measured without torsional sensor. During actual mea-
surement process, the amplitude and frequency of harmonic
components in the three-phase current are different, espe-
cially for the harmonic components. Thus, by reference to
Eq.(8), three different torque can be calculated by using the
actual measured three-phase current, which are denoted by
Ta, Tp, T, Let Tnax = max {T,, Tp, T.} repent the maximum
among T,, Ty and T, Typin = mim {7y, Tp, T,} repent the
minimum among T, Ty and T¢, Ty repents the average value
of T4, Tp andT. Then, substituting Tmax, Tmin and Tayg into
Eq (10) yields a health index, which can be used to evaluate
performance degradation level of the PMSM.

max {T,, Tp, T} — min{T,, T, T.}
Ta+Tp+T.)/3

T = x 100% (10)

C. EARLY PERFORMANCE DEGRADATION

Supposing that the change in health index is consistent with
change in the torque ripple ratio, the early performance degra-
dation can be identified as long as the health index reaches
a threshold value, at which a signal becomes unusable. The
flowchart of degradation detecting is shown in Fig. 2. Mea-
suring initial health index and determining the threshold value
are two critical steps in early performance degradation detec-
tion.

The initial health index can be measured as follows. Firstly,
measuring electrical parameters (e.g. pole pairs, stator resis-
tance, back-emf ) and analyzing the kth rotor flux harmonics.
Then, measuring the amplitude and harmonic components in
three-phase current under real working conditions. By refer-
ence to Eq.(8), calculate the torque T,, T}, and T, by using
the measured amplitude and harmonic components in three-
phase current. By reference to Eq. (10), calculate the initial
health index K under specified conditions, such as speed and
load.

The threshold value Kr can be measured by using a PMSM
with slight performance degradation. In practice, accelerated
testing and degradation injection method can be applied to
obtain a PMSM with performance degradation in short time.
Then, measuring its health index under real working condi-
tions, which will be used as the threshold value for detecting
early performance degradation. Once the Ky is determined the
performance degradation can be detected in time by following
the steps shown in Fig.2.

Ill. TESTING PROGRESS

A. EXPERIMENT SETUP

Experiments are carried out by using surface-mounted
PMSM. The main parameters and specifications are listed
in Table 1. the test bench is shown in Fig. 3. The PMSM is
coupled with a torsional sensor and a magnetic powder brake.
The power consumed by the PMSM is measured by a digital
power meter. The phase currents are measured by using cur-
rent probes with a data acquisition instrument. In this paper,
six samples were used to conduct the experiments.

123364

Step 1. Measure electrical parameters (e.g. stator resistance,
pole pair, back-emf; ... )

Step 2. Calculate harmonic components in rotor flux

L]

Step 3. Monitor three-phase current, and calculate amplitude |«
and harmonic components

Step 4. Calculate torque 7,, T, T, by reference to Eq. 8

]

Step 5. Calculate health index K under specified conditions
(e.g. speed and load) by reference to Eq.10

Step 6. Perform degradation assessment and estimate health
state (e.g. data trending, regression analysis)

Step 7. Determine Yes
threshold K¢ (e.g.
degradation injection,

accelerated testing)

s the degradation
acceptable?

Continue
monitoring

Step. 8 Schedule a maintenances action

FIGURE 2. Flowchart of performance degradation detecting.

TABLE 1. PMSM parameters.

Parameter Value
Rated speed 3000 rpm
Rated output power 100 W
Rate torque 0.32 N'm
Magnet pole number 8
Stator winding resistance 14 Q

FIGURE 3. Experimental setup.

In test 1, a new PMSM was used to test health index
under normal conditions. In test 2 and 3, the performance
degradation of PWM inverter was infected by using aging
MOSFET components which have experienced high tem-
peratures (170°) testing, as shown in Fig.4. When the Rpg
(drain-source on resistance) increased by about 5% and 15%,
we took them from the chamber to simulate the mild extent
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and grave performance degradation of PWM inverter, which
are named test 2 and 3.

degradation
In] ctlon | testing

FIGURE 4. Injection of PWM inverter aging.

fused the windings with solders

FIGURE 5. Injection of inter-turn short-circuit.

In test 4 and 5, the inter-turn short-circuit was injected
by fusing the windings with solders, as shown in Fig.5. The
stator winding resistance Ryp, Rpc and Ry are all 1.4$2 under
normal condition. In this paper, we injected two different
extent inter-turn short-circuit with Ry = 1.3Q2 and Rpp =
1.2€2, which are named test 4 and 5. By comparison with
Ry, = 1.29, it is a grave extent of inter-turn short-circuit
injection with Ryp = 1.39Q2.

In test 6, a PMSM was tested until measuring torque ripple
ratio was greater than 20% with aim to verify the computing
method of health index under actual test conditions. The
motor nearly always worked under 1800rpm with rated cur-
rent to accelerate performance degradation. The three-phase
current waveforms were measured once a week under differ-
ent speed and load. The magnetic powder was replaced once a
month to keep constant tension. After the test, we completely
disassembled the motor and driver to find the problem.

B. TEST BACK-EMF AND CALCULATE FLUX LINKAGES

The back-emf Uy, Upe and U, are measured at 3000 rpm
by using the method given in [26]. The back-emf profile
and back-emf spectrums analyzed with fast Fourier transform
(FFT) are shown in Fig.6 and Fig.7 respectively. There are no
obvious differences among the back-emf spectrums of Ugp,
Upe and Uge.
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FIGURE 6. Back-emf profile of the tested PMSM.
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FIGURE 7. Back-emf spectrums of the tested PMSM.

0 50

The magnet flux linkage can be derived by:
23xf;

where U, (k= 1, 2, 3, 5, 7...) measured in volt is the
amplitude of k™ harmonic components of the back-emf, f;
is rotor rotating frequency measured in hertz, that is f; = fi/p.
By introducing k™ harmonic components substitution to (11),
the flux linkages are determined and given in Table 2. The ¥
denotes the average of ¥up k, Ype k and Y4 . By comparison,
the amplitude of harmonic is very much smaller than the
amplitude of fundamental wave (200 Hz).

Vi (11

TABLE 2. Measuring flux linkages(x 10 ~2 Wb).

order
Phase
1 2 3 5 7
Yabr 1.536  0.002 0.000 0.001 0.001
Yock 1.539  0.001 0.001 0.000  0.000
Yack 1.516  0.001 0. 005 0.001 0. 000
Py 1.529 0.001 0.003 0.001 0.000

IV. RESULT AND DISCUSSION
A. MEASURING RESULTS

Different PMSM (depending on size, power, structure of
stator and rotor, control algorithm, and so on) has different
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FIGURE 8. Current waveforms and harmonics of the healthy PMSM.

current harmonics. In this paper, the normal current wave-
forms measured at 1800rpm in test 1 are shown in Fig. 8
(a). The current spectrums analyzed with FFT are shown
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waveforms and harmonics obtained from test 2.

in Fig.8 (b)-(d). The mainly harmonics of stator current
are 0.51(60Hz), 0.45"(90Hz), 2™ (240Hz) and 3"(360Hz).
There are no obvious differences among the three current
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FIGURE 10. Current waveforms and harmonics obtained from test 3.

spectrums. The testing results from test 2 and 3 are given in
Fig. 9 and 10, respectively. By comparison with the results
shown in Fig. 8(a), the amplitude of the three phase current
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FIGURE 11. Current waveforms and harmonics obtained from test 4.

waveforms became unequal once the performance of PWM
inverter obviously degraded. By comparison with the results
shown in Fig. 9(a), it is obviously there are problems of
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FIGURE 12. Current waveforms and harmonics obtained from test 5.

three-phase asymmetry in Fig. 10(a). Moreover, the ampli-
tude of harmonics increased with performance degradation
of PWM inverter. The testing results obtained from test 4 and

123368

5 are given in Fig. 11 and 12, respectively. By comparison
with the results shown in Fig. 9 and 10, the problems of
three-phase asymmetry became even worse. Furthermore, the
amplitude of harmonics was not affected by changing the
extent of inter-turn short-circuit.

Overall, both the PWM inverter aging and inter-turn
short-circuit resulted in three-phase asymmetry problem and
increasing of amplitude of harmonics. The degradation of
PWM inverter was not only result in problem of three-phase
asymmetry, but also result in increasing of amplitude of
harmonics. By contrast, the inter-turn short-circuit more eas-
ily lead to problem of three-phase asymmetry. Furthermore,
the PWM inverter degradation injection and inter-turn short-
circuit injection only changed the amplitude of harmonics,
did not change the number of harmonic components.

B. HEALTH INDEX COMPUTATION

As seen in Fig.7 and table 2, by comparison, the amplitude of
flux linkage harmonics is close to zero. Therefore, when we
estimated the electromagnetic torque by applying (8), we only
took into account the 1% (that is k=1) harmonics of flux
linkages and 1%¢, 0.5™, 0.75t%, 2nd 31 (that is h=1, 0.5, 0.75,
2, 3) harmonics of stator currents. The amplitudes and phase
angles of current spectrums obtained from test 1 to 5 are given
in table 3. As an example, in what follows, assuming that
with the rotor revolving at a constant angular speed and the
angle A6 between the stator flux vector and the rotor flux
vector is equal to w/2 [20]. The computational process of
electromagnetic torque by using the measuring flux linkage
harmonics and current harmonics are given as following.

As seen in table 3, iy 5, ip,;, and i, j, are different. By intro-
ducing i, 1, ip1 and i. 1 into 70 respectively, T,? , Tf and TC0
can be calculated. For example, by using the data obtained
from test 1, the TaO , T,? and TCO can be calculated as in Eq.
(12):

T9 = 1.5pyr1is = 0.316Nm
TP = 1.5pyriip = 0.322Nm (12)
T9 = 1.5py1ic.1 = 0.322Nm

By introducing the i, p, ip and i, into Eq.(8) respec-
tively, three different torque ATZ’ j ATZ i and AT?, jcan also
be calculated. The /" torque ripple is equal to the sum of
vectors of torque ripple considering stator current harmonics
and rotor flux harmonics. Take for example, the 0.25% (1-h)
torque ripple is equal to the sum of vectors of torque ripple
considering 0.75™ (h=0.75) stator current harmonics and 1%
rotor flux, that can be calculated as in Eq.(13):

chl,o.zs = 1-5171//1Iia,o.7sei(”/2_‘”“~°-75)| = 0.002Nm

Ty 025 = 1-5pwllib,o.7se’_'(”/ 2=¢0.075)] = 0.002Nm  (13)
T! 025 = 1.5p1 lic.0.75¢/ /29075 | = 0.002Nm

The 0.5™(1-h) torque ripple is equal to the sum of vectors
of torque ripple considering 0.5 (h=0.5) current harmonics
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and 1% rotor flux, that can be calculated as in Eq.(14):

T:,o,s = 1.5pyn |ia,0.59{(ﬂ/27¢”’0'5)| = 0.003Nm
T s = 1.5pyilipose/™/> 05| = 0.003Nm  (14)

T, s = L5pyilico.5e/7/2~#05)| = 0.002Nm

The 1%(1-h) torque ripple is equal to the sum of vectors of
torque considering 2™ (h=2) current harmonics and 1% rotor
flux, that can be calculated as in Eq. (15):

T = 1.5py [ig 1€/ />~#22)| = 0.000Nm
T}, = L5pyilip2e/™/> 42| = 0.002Nm  (15)
T, = 1.5py1lip2¢//2-922)] = 0.001Nm

Similarly, the 2" torque ripple is equal to the sum of
vectors of torque considering 3" stator current harmonics and
1t rotor flux. The sum of torques are given in Eq. (16):

T, =T) +> T}, =032INm
J

Ty =T) + X T}; = 0.330Nm (16)
j

Te =T+ 3 T}, = 0.324Nm
J

where j = 0.25, 0.5, 1, 2.

By substituting the values of T,, T and T, into Eq.(10)
yields Ky = 2.9%, and substituting the Tao, T,? and TCO into
Eq. (10) yields health index Kyg = 1.8%. Meanwhile, the
measuring torque ripple ratio Ky, is 2.7% by using the tor-
sional sensor. In contrast to measuring Kp,, the respectively
relative deviation Ry and Ry are 7.4% and 33.3%, where
Ry = |Ky — K| /K x 100% and Ry = |Ko — K| /K X
100%. Table 4 gives the health indexes and the corresponding
deviation obtained from the test. The results show that the K
is more close to the measuring Kp,, and the relative deviation
is no more than 10%. That is, the health index K calculated
by substituting the T,, T and T, into Eq. (10) is much
more satisfactory for monitoring performance degradation of
PMSM.

C. PERFORMANCE DEGRADATION ANALYSIS

In test 6, the PMSM was tested until the torque ripple ratio
was greater than 20%. After the testing, the changes in current
signal are firstly analyzed and the PMSM was disassembled
to find the failure cause. As an example, this paper only gives
the results measured under 1800rpm and about 70% rated
current, which is close to actual conditions. The current wave-
forms and harmonics are shown in Fig.13. By comparison
with the results shown in Fig.8 (a), it is obviously there are
three-phase asymmetry problems as shown in Fig.13 (a). The
mainly harmonic frequencies are 0.5 (60Hz), 0.45M(90Hz),
27 (240Hz) and 3"4(360Hz). By comparison with the results
shown in Fig.8 (b), (c) and (d), the amplitude of harmon-
ics increased. This indicated the performance of the PMSM
degraded significantly by considering the other test results
shown in Fig. 9, 10, 11, and 12. The speed response is given
in Fig.14. It can be noticed that performance degradation has
impact on the speed fluctuation.
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TABLE 3. Amplitudes and phase angles of current spectrums.

h (Hz)
Test Phase

0.5(30)| 0.75(90) 1(120) 2(240) 3(360)
iah 0.027 0.022 3.324 0.001 0.000
A Pah -0.918 -1.478 0.021 2912 1.221
| B Iy 0.030 0.023 3.384 0.017 0.009
Pbh -3.112 3.071 -1.954 0.836 -1.070
c Ien 0.016 0.0228 3.336 0.015 0.014
Peh 0.790 0.73 1.92 -0.611 0.510
A iah 0.045 0.071 1.847 0.057 0.177
Pah -0.566| -0.174 2.899 -2.76 -0.705
) B Iy 0.054| 0.0642 2312 0.064 0.339
®bh -1.98 2.8 0.978 2.892 -3.003
c Ien 0.52 0.063 1.79 0.051 0.170
Pch 0.25 1.777 -1.522 -1.289 1.821
A iah 0.1446 0.08 2.795 0.08 0.0571
Qah 1.719 0.735 -2.16 -2.719 -1.080
3 B Iy 0.130 0.075 2.76 0.085 0.080
®bh -0.618| -1.461 2.01 -1.313 1.032
c Ien 0.061 0.100 2.718 0.101 0.108
Pch -2.969 2.815 -0.077 0.983 3.051
A iah 0.020 0.034 2.172 0.026 0.070
Qah 2.701 2.377 1.611 -2.496 0.870
4 B Ton 0.022 0.031 3.149 0.028 0.135
®bh 0.322 0.145 -0.69 -0.362 -0.483
c Ien 0.022 0.03 2.355 0.024 0.074
Pch -2.080( -1.818 -3.010 1.893 -3.017
iah 0.073 0.027 2.045 0.024 0.066
A Pah -1.010{ -3.017 2.955 1.610 2.747
5 B Ion 0.022 0.023 2.672 0.028 0.132
Poh -3.140 0.550 0.850 -0.276 0.205
C Ich 0.022 0.025 1.650 0.027 0.073
Pch 0.650 2.540 -1.736 -2.767 -2.187

TABLE 4. Torque ripple ratio and its Relative error.

Test Ko K Kin Ro Rs
1 1.8 29 2.7 33.3% 7.4%
2 2.8 3.1 32 12.5% 3.1%
3 11.5 17.5 16.1 28.6% 8.7%
4 27.5 26.5 24.1 14.1% 9.9%
5 48.2 45.6 46.3 7.6% 1.5%

The change in torque ripple ratios Kp,, health index Ky and
K are shown in Fig.15. The relative error Ry and R, are shown
in Fig.16. The torque ripple ratio presents increasing trend
as time goes on. In contrast to the measuring Ko, the K is
more close to the Kp,. The change in health index is consistent
with change in the torque ripple ratio. As given in Fig.16, the
relative error of K is no more than 10% over time, but the
relative error of Ko is much larger with large fluctuations.
This indicated the health index K can satisfy the need of
early performance degradation detecting. Furthermore, the
health index maintained at 3.5% until the 35th week. Then,
the health index increased as time goes on. Supposing that the
threshold value is 3.5%, the performance degradation of the
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FIGURE 13. Current waveforms and harmonics obtained from test 6.

PMSM can be identified as long as the health index reaches
3.5%.

The significantly change in health index indicated there
was something wrong with the PMSM. As shown in Fig.17,
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FIGURE 14. Dynamic step speed response at 1800 rpm.
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FIGURE 15. Change in the torque ripple ratios.
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FIGURE 16. Change in the relative error.

we completely disassembled the motor and driver to find
the root cause. The encoder is in normal condition. The
stator winding resistance (the Rap, Rpe and Rp. ) measured
by a digital multimeter are approximately equal. The super-
ficial magnetic field of the rotor measured by a tesla meter
demagnetized by only about 3%. The Rpg of the MOSFET
components decreased by about 8%. The brightness of the
bearings has worn off, which resulted in a small eccen-
tricity. Generally, the high temperature produced by large
stator currents was the major reason of MOSFET components
degradation. The high temperature produced by large stator
currents and eddy current loss and also the aging of mag-
net components itself resulted in demagnetization. MOSFET
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components degradation, demagnetization. Long-term use
resulted in bearing wear. Mingled and integrated together,
all these factors resulted in torque ripple ratio increasing as
time goes on. Overall, whatever the reasons for performance
degradation, it can result increasing of torque ripple ratio
and also the health index K. The proposed healthy index
K; can be used to evaluate performance and early identify
degradation for the PMSM.

Measure

Encoder R
resistance

Stator

A

Motor driver

FIGURE 17. Changes of the healthy PMSM torque ripple ratios.

D. DISCUSSION

It is worth noting there are factors causing error in the test
result. At present, there is no accurate method to monitor
demagnetization during the PMSM is working. We did not
monitor the changes in superficial magnetic field until the
motor was disassembled. When demagnetization reaches a
certain extent the back-emf spectrums changes. We did not
identify when the superficial magnetic field of the rotor
began to change. Moreover, magnetic saturation is also a
potential factor in causing torque ripple in PMSM. The cur-
rent should be measured under constant speed so that the
more accurate and reliable current spectrums can be analyzed
with FFT. The results show that the extent of performance
degradation can be identified more accurately under constant
speed.

Compared to the tested PMSM, the moment of inertia of
the magnetic powder brake is much greater. There are speed
fluctuations due to stability of load when the magnetic pow-
der brake is used to simulate load. This factor influences the
speed control accuracy. This in turn has effects on the wave-
form of stator current, and even the harmonic components of
stator currents. Different factors such as design characteris-
tics, the winding configuration and load level variation, even
the torque ripple reduction control methods, have effects on
the harmonic components of stator currents. Overall, all the
factors should be fully considered when the health index is
measured by using the proposed method in this paper.

V. CONCLUSION
This paper proposed a new method with aim to detect early
performance degradation and prevent catastrophe failure for
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PMSM. A theoretical expression of electromagnetic torque
was developed by fully taking into account the effects of rotor
flux harmonics and current harmonics on electromagnetic
torque ripple. and also a method to calculate health index
was proposed by considering the different amplitude and
frequency of harmonic components in three-phase current.
Then, the steps on how to monitor performance and identify
degradation early are proposed. Experimental results show
that the change in the proposed health index is consistent
with change in the torque ripple ratio. The proposed health
index can be used to accurately monitor the performance of
PMSM under actual working condition. As long as significant
changes in health index have taken place, it indicates the
performance of PMSM degrades, and there is something
wrong with the PMSM. By following the proposed approach,
the early performance degradation can be detected in time.
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