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Abstract: Eccentricity fault in double-sided axial flux permanent magnet generator is very difficult to be detected
as the fault generated variations in terminal electrical parameters are very weak and chaotic, especially at the initial
stages of the fault occurrence. In addition, one of the most important problems in any fault diagnosis approach is
the investigation of load and speed variation on the proposed indices. To overcome the aforementioned difficulty and
problems, this paper adopts a novelty detection algorithm based on Hilbert—Huang transform (HHT) which is a time-
frequency signal analysis approach based on empirical mode decomposition and the Hilbert transform. It is well suited
for reliable fault diagnosis since it is unaffected by transient conditions which make the diagnosis process incur into
false alarms. The HHT-based methods has been demonstrated in recent years for rotor and bearing faults detection of
induction machine and also for stator faults identification in PM synchronous machines with radial flux structure. This
study explores the possibility of applying the technique to the detection of dynamic eccentricity faults in double-rotor
double-sided stator structure axial flux permanent magnet generator under variable load and speed conditions. This
approach relies on two steps: estimating the intrinsic mode functions (IMFs) by the empirical mode decomposition
(EMD) and computing the instantaneous amplitude (IA) and instantaneous frequency (IF) of IMFs using the Hilbert
transform. The more significant IMFs are determined by means of Hilbert spectrum, which is applied for accurate
eccentricity fault diagnosis. The eccentricity severity can be evaluated based on the IMFs energy value. The theoretical
basis of the proposed method is presented. The effectiveness of the proposed method is verified by a series of simulation
and experimental tests under different conditions. The results show that the presented approach in this paper is robust

against load and speed variations.

Key words: Double-sided axial flux permanent magnet generator, dynamic eccentricity fault diagnosis, stator currents,

intrinsic mode function, empirical mode decomposition, Hilbert—Huang transform

1. Introduction

Permanent magnet (PM) machines have been extensively used in a variety of industrial applications and
renewable energy generation due to their high power density, high efficiency, and simple controllability [1-
5]. Among different types of PM machines, double structural axial flux PM machine (AFPM) is applied for
direct driving of small scale-low speed turbines with wide speed variation because of its suitable performance
[6-8]. In practice, AFPMs are subjected to various mechanical and electrical faults occurrence. Mechanical

faults could be due to eccentricities, damaged rotor permanent magnets, misalignment, and asymmetries. One
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of the most common faults in AFPMs is static/dynamic eccentricity. In the dynamic eccentricity the rotor
symmetrical axis is shifted with respect to the rotor rotation axis, which coincides with the stator symmetrical
axis and a rotating minimum air gap will be created. The consequence of this fault is the nonuniformity
of flux distribution between the rotor and stator poles which causes nonuniform magnetic poles formation
and lead to entail vibration, acoustic noise, and ball bearing failure [9]. If the machine operation continues
under dynamic eccentricity condition, the unbalanced magnetic force between rotor and stator will cause fault
expansion intensification, rotor and stator abrasion, and eventually, machine breakdown. Thus, it is important
to diagnose the dynamic eccentricity fault in initial stages of fault occurrence in order to avoid machine failure.
Several methods have been developed for fault diagnosis in permanent magnet machines. These methods
can be divided into five main categories: 1) magnetic flux analysis, 2) noise or vibration analysis, 3) torque
profile analysis, 4) analytical methods based on machine modeling parameters estimation, and 5) analysis of
the machine’s current. The capabilities of each method for online or offline diagnosis under stationary or
nonstationary conditions are different. Magnetic flux analysis is an accurate method for various fault diagnosis.
In [10], no-load radial magnetic field and no-load Back-EMF are analysed for eccentric position diagnosis
in external rotor permanent magnet synchronous motor and in [11] an online method for eccentricity fault
diagnosis in axial flux machines based on indirect flux measurements is presented. The magnetic flux signal
can be driven from the induced voltage of mounted search coils [12] and Hall Effect sensor [13, 14]. The
magnetic field analysis method is appropriate for online diagnosis under nonstationary conditions, but the high
cost and difficulty of mounting the search coils and sensors are the main drawbacks of this method. In [15]
and [16], the analysis of acoustic noise is employed to introduce an index for online eccentricity and partial
demagnetization detection. The main limitation of vibration and acoustic analysis method is the necessity
of physical access to the machine and perpetual installation of sensors, which increases the system cost and
reduces system reliability. In addition, various conditions may generate similar patterns in the vibration and
acoustic noise, which leads to wrong judgement. In [17], spectrum analysis of the machine current and torque
is applied to online rotor-bar faults diagnosis. Direct measurement of torque requires expensive sensors and
is an invasive method. Therefore, the electromagnetic torque can be computed by considering the saturation
through accurate analytical equations [18]. In [19], a knowledge graph method based on accurate modelling of
direct-drive permanent magnet synchronous motor is proposed for the detection and location of the fault coil
and in [20], the alteration in equivalent inductance has been applied to distinguish between eccentricity and
partial demagnetization. Modelling and parameter estimation methods are sensitive, reliable, and more suitable
for off-line diagnosis or nonstationary machine conditions.

The machine current signature analysis (MCSA) is the most common method for fault identification.
The main advantage of MCSA method is that no expensive sensors are needed, and the applied procedures are
not invasive and intricate [21, 22]. In this approach, frequency analysis using fast Fourier transform (FFT) is
applied for fault diagnosis under stationary conditions [23]. The extended version of MCSA (transient MCSA)
is applied for fault diagnosis under nonstationary conditions. In TMCAS procedure, time-frequency analysis
methods are employed for feature extraction to diagnose fault [24]. Different time-frequency analysis techniques
have been recommended to apply TMCSA. Short time Fourier transform (STFT) has been proposed as the
developed version of Fourier transform for nonstationary signals [25, 26]. In STFT method, the obtained signal
is divided into several time periods using windows with predetermined length and type and any section is
analysed by Fourier transform. The main drawback of this technique is that the type and length of the window

must be selected suitably depending on the intended application and frequency components, which are not a
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theoretical process [26]. In order to analyse the signals with fast dynamics, multiresolution signal processing
methods including wavelet transform have been applied [27]. In fact, wavelet transform makes it possible to
vary the time and frequency resolution on time-frequency plane [28, 29]. The main drawback of this method is
that once the wavelet function is chosen, it should be applied to analyse all the sampled data. Moreover, in a
discrete wavelet with permanent sampling, frequency bands of scales are dependent on sampling frequency.

Recently, Hilbert-Huang transform (HHT) as a novel approach has been investigated for machine fault
diagnosis under nonstationary condition. In [30] and [31], the HHT has been applied for broken rotor bars
and bearing faults detection in an induction machine. The use of HHT for stator faults identification in PM
synchronous machine with radial flux structure has been provided in [32] and [33].

Load and speed variation, along with eccentricity fault, directly affects the dynamic behaviours of
eccentricity signatures that appear in the current spectrum of the generator. Such a problem is one of the
most important problems in any fault diagnosis approach.

In this paper, a novelty detection algorithm based on Hilbert—-Huang transform is provided to overcome
the aforementioned problems for accurate dynamic eccentricity diagnosis in a double structural AFPM generator.
In order to evaluate the validity of the proposed method, simulation and experiments for unsteady speed in the
presence of linear and nonlinear load under healthy and different eccentricity severity conditions of generator
have been performed.

This paper is organized as follows. Section 2 presents the theoretical analysis of dynamic eccentricity in
double structural axial flux PM generator. In Section 3, the HHT and its application for dynamic eccentricity
diagnosis under nonstationary condition are introduced. The simulation and experimental validation results
that prove the effectiveness of the proposed method are elaborated in Section 4. Finally, Section 5 concludes

the paper.

2. Theoretical analysis of dynamic eccentricity in the AFPM generator

Double-sided topology of AFPM generator in 3D plane is shown in Figure 1a, which is simulated in MAXWELL
FEM software. The test generator used in this research consists of two rotor discs with surface-mounted
permanent magnets and a double side stator with series-connected four coils per phase. The back EMF is
generated in the coils due to the rotation of the rotor magnets. The coils have been located in the stator slots

in such a way that the direction of air gap flux density is mainly axial, as shown in Figure 1b [34].

Permanent
Magnet X

Stator  windings
Core

(a) (b)

Figure 1. AFPM generator: (a) double-sided topology in 3D plane, (b) flux directions.
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2.1. Dynamic eccentricity description

The eccentricity is a nonuniform air gap condition between the stator and the rotor, causing an asymmetric air
gap flux distribution, which creates an unbalanced magnetic pull. This leads to vibrations, noise, and possibly
destroying the bearings. If the machine operation continues under eccentricity condition, the unbalanced
magnetic force may further increase and cause the rotor and stator to rub. Eccentricity faults can be categorized
into three main types: static eccentricity (SE) (caused by an incorrect rotor and stator aligning during the
machine agssembly or due to the different mechanical and electrical stresses acting on the machine [35]); dynamic
eccentricity (DE) (caused by a bend in the machine shaft, bearing wear, mechanical and thermal stresses acting
on the shaft [36]); and mixed eccentricity (ME) (combination of both static and dynamic eccentricities).

As shown in Figure 2a, the air gap length go is symmetrical along the circumferential direction under
healthy condition. The rotor position with respect to the stator under static eccentricity in 2D plane is shown
in Figure 2b. In the static eccentricity, the symmetrical axis of the rotor coincides with its rotating axis but
is dislocated from the stator symmetrical axes. In this case, the axis of the rotor deviates from the axis of the
stator by an angle which causes a nonuniform air gap but the position of the minimum air gap length is fixed

in space.

ﬁ____i“i__.——-), (a)
1

Stator coordinate

(b) ()

Figure 2. Double-sided topology of AFPM machine in 2D plane: (a) healthy condition, (b) static eccentricity condition,
(¢) dynamic eccentricity condition.

The static eccentricity factor (SEF) is defined as:

SEF = = % 100% (1)
9o

where go is the air gap length in the normal operation of the machine and r is calculated as:

7 =Ruia % sin(f) (2)
Riia :w (3)

In (3), Rin and Ryt are machine inner and outer radius, respectively. Therefore, r can be rewritten as:

9max — 9min
= 4
= dme ()
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The air gap length at mean radius R4 can be expresses as follows [11]:

() = a0 (1 - SEF cos(0—0)) (5)

where 6 is the angular stator position measured from a reference point (7o) of the minimal air gap. According

to Figure 2b, the air gap length in all positions of (R,0) can be calculated as [11]:

9(R.0) =gm(0) — g'(R,0) (6)
¢'(R,0) =(R — Ruin) sin B cos(6 — o) (7)

o(1,0) g0 (1= 2 SEF cos(0 o)) 0

mid

According to equation (8), in static eccentric condition, the air gap length varies from small to large

around the circumference of the stator (sinusoidal variation), but the minimum air gap position is not time-

variant as shown in Figure 3a. The dynamic eccentricity is also caused by the declined rotor plane, but the

rotor axis is matched by the configuration presented in Figure 2c. In this case, a time-dependent sinusoidal
variation of air gap will be created as shown in Figure 3b.

Figure 3b shows that in dynamic eccentricity, the air gap length is dependent on rotor angular velocity

(wr = % where w is the fundamental frequency in rad/s and p is the number of pole pairs). The dynamic

eccentricity factor (DEF) is defined as static eccentricity, described in (1). Thus, the equation of dynamic

eccentricity can be deduced with respect to equation (8) as follows [35]:

1.166 go [
do [

R wt
g(R,0) = go (1 — DEF cos (9 - — = 70)) (9)
Riia P
Air gap length i i i . i Air gap length :
1.33go | —Timety 1.33 go F=<C —Time t4 g
’ -===Timetz 14 16691; | ""Timetg/',:-

9o [

0.83g0 0.83go
Ofg :z } . T Static eccentricity 0-062 o [ | } - 'f);/;lamic eccentricity.
“Fo e 120 180 240 300 360 %o g 120 180 240 300 360
Angular position (M ech deg) Angular position (M ech deg)
(a) (b)

Figure 3. The change of air gap length: (a) static eccentricity condition, (b) dynamic eccentricity condition.

To introduce a frequency pattern of the stator current spectrum under dynamic eccentricity condition, the
determination of air gap field components and subsequently permeance function in the faulty AFPM generator

is necessary.

2.2. Permeance function
For explaining the basic concept of the proposed method, an analytical approach is first reviewed. In this

analysis, the permeability of the iron is assumed to be infinite and flux fringing and leakage are neglected. In
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AFPMs the length of magnets should be included in air gap length. So, the permeance function ppg(R,0) in

permanent magnet machines can be written as [11]:

Mo

()

(10)
Where pg is the permeability of air and ¢’ (R, ) is the air gap length under eccentric condition including the

magnet length that can be expressed as:

hy

Hre

g9"(R.0) = g(R,0) + (11)

where h, is the magnet length and p,.c is the permanent magnet recoil permeability, which is assumed to be 1.

Therefore, the ¢ (R,0) can be written as g(R, )+ h, and dynamic eccentricity permeance function ppg(R,8)

in AFPMs can be expressed as:

Ho
RO =—1%
pDE( ) hP + g(R7 9)

— Mo
hy + 90 (1 — ﬁDEF cos (9 - % _70>)

Ko
_ hp +9o0 (12)

R wt

DEF = hy and —2& ___DEF = h,,. Thus, the air gap permeance is

It is assumed that (hp=+90) Rumia

Mo
(hp +90) Rumid
expressed as:

ho

wt
1-h,, cos(?féf’yo)

poE(R,0) — (13)

The equation (13) can be presented as a Fourier series as [37]:

k
h 2h = 1—/1—h2 wt
ppe(R,0) = \/1 jhfn + \/1 ,Oh?n X Z (h) cosk (p —0— 70) (14)

k=1 m
The Equation (14) will be applied for the analytical justification of the proposed method in this section.

2.3. Air gap field components

Since one stator electrical fundamental period generates only %, a rotation for a p pole pairs AFPM, and the
position of minimum air gap varies with the rotor rotation, magnetic flux density, winding inductances and the
flux linkage will be different in % of the rotation compared to other pp%l of rotation. The stator air gap field

due to Ampere’s law can be expressed as:
Bs(6.) = p(Rt) [ pojs(6,)9 (15)
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where jg(0,t) is the current density on the stator surface and is defined as:
js(0,t) = Jg sin(wt — 0) (16)

where Jg is the peak value of the surface current density. Stator air gap field can be expressed by combining (14)—
(16) as:

k
ho 2ho = 1—+/1—h2 wit
Bs (6,t) = ( + X <m cosk | — — 60—
VI-h2,  J1-h% = hp, P
X /uo Jgsin (wt — 0) do (17)

Equation (17) can be simplified as follows:

k
ho 2h0 > 1— 1-— h2 (wt )
B ,t = + X — Yy m COSk’ —_— = 0 —
s (@) <\/1—h$n V-1, ,; ( N p 0

X ( poJs cos (wt — 0)) (18)

Equation (18) can be rewritten as:

k

h 2 poh > 1—/1—h2 t

Bs (p,t) = (% cos (wt — 0) +% XZ <hm> cosk ((';—0—’70) cos (wt — )
m mo k=0

(19)

By multiplying the cosine statements in the parentheses, equation (19) can be presented as:

o k
Bs (p,1) =100T5_ o (ot — g) 1+ LoltoT5 )5 1-Vi-n3,
s (i, V1-h2, J1-hZ, 2 ™

 Joos (15wt Kot (5= 10) voos (145 Jwt =0 ~ 4 m6) || o

To determine a definition for the rotor MMF wave components, it is assumed that § = wt + 6’ and a

similar survey can be performed for rotor air gap field. Therefore, the air gap field can be expressed as follows:

10— st 5 {35 [ (1= ) er-0) scn (14 5) =) [}

The MMF considering eccentricity fault can be defined as F(¢t) = B(t)g(t). Thus, the air gap field
components raise in the current spectrum, and it is expected that the subharmonics at frequencies (1 + %) fs,

(fs is the fundamental frequency and k is an integer number) can be introduced as proper signatures for
eccentricity fault diagnosis, but it is noticeable that in addition to fault impacts, the current frequency pattern
affected by different factors such as design characteristics, the winding configuration and even the manufacturing

procedure. In order to remove such harmonic components from the aforementioned frequency pattern, the
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sideband components at odd coefficients (K = 1,3,5,---.) is proposed as a competent criterion for dynamic
eccentricity fault diagnosis (fpr = (1 + %T_l) fs ) [37]. To validate this analytical approach, an axial flux
permanent magnet generator with 5 pole pairs has been studied. Since the main field generates fundamental
harmonic at frequencies 50 Hz, it is expected that the dynamic eccentricity causes current components at
frequencies of 40 Hz and 60 Hz (2k —1 = 1), 20 Hz and 80 Hz (2k — 1 = 3), 100 Hz (2k — 1 = 5), 120
Hz (2k—1=17), 140 Hz (2k — 1 =9), 160 Hz (2k — 1 = 11). The current components caused by dynamic

eccentricity condition are extracted by Hilbert-Huang transform, as introduced in the next section.

2.4. Axial unbalanced magnetic force due to eccentricity

The axial magnetic force between the rotor and the stator is very high; therefore, a slight rotor dissymmetry
could cause an unbalanced magnetic pull (UMP) and, consequently, induce vibration. The magnetic forces
produced by PMs comprise the normal F,, and tangential F; components and are computed using Maxwell’s

stress tensor as follows [38]:

N
1
Fo =g |22 (BR; = BE) (22)
Ho 7
1 N
Fo=—||>_ B} (23)
HA\T
where B,, and B; are normal and tangential components of magnetic flux density and j =1,2,3,..., N. While

F; produces the useful electromagnetic torque, F, causes the vibration and noise of electromagnetic origin.
As described above, the SE fault has significant effects on the air gap flux pattern and consequently leads
to electromagnetic harmonic component, which is present in the vibration spectrum. In other words, under
eccentricity condition, the air gap varies in axial length from small to large around the circumference of the
stator. Therefore, the permeance varies axially across the machine circumference from maximum to minimum
in the regions of minimum to maximum air gap, respectively, and the flux density is increased due to minimum
reluctance of the magnetic circuit but gradually decreased across the remaining part of the air gap. Since B,;
in (22) is a product of the air gap MMF and air gap permeance, in nonuniform permeance, the rotating air
gap MMF becomes asymmetric, thereby exciting the harmonics j, which, when interacted with each other
and/or armature reaction fields, may incite F,, and other electromagnetic harmonics and, consequently, induce
vibration of the stator and machine housing. The axial magnetic force due to eccentricity can be expressed
as [39]:

Wtooth hPMS { <oskew
X COS
4#0 eskew

(hpam — htooth)) -1 }

hpn

Z > Z Z By Bisin (mswt — (¢, + ¢ £ md)) (24)
n=1k=1 =1 m=1

where Ospew, Br (By), ¢r (¢1), and O are rotor skew angle, amplitude of magnetic flux density components,
phase of the magnetic flux density and the magnitude of eccentricity. The Wiootn, hpar, s, and hioorn are the

constant values related to machine parameters.
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3. Dynamic eccentricity diagnosis based on Hilbert-Huang transform

The Hilbert-Huang transform (HHT) is the expansion of the Hilbert transform for nonlinear and nonstationary
signal analysis. The HHT consists of two parts: empirical mode decomposition and Hilbert spectral analysis
(HSA). EMD is applied to decompose the main signal into monotonic frequency components, known as intrinsic
mode function (IMF). The obtained signatures of Hilbert transform of the IMFs is used as features for fault
diagnosis. This section presents the use of HHT for axial flux generator stator currents analysis in nonstationary

conditions.

3.1. Empirical mode decomposition

The applications of the Hilbert transform are all limited to monocomponent functions with only one frequency
value at any given time; hence, the (EMD) method is necessary to deal with multicomponent signals from
nonstationary and nonlinear processes. The EMD is basically defined by an algorithm, as in the following
steps [40]:

1. Identification of all extrema (local minima and local maxima points) of actual signal x[n].

2. Connecting all local minima (resp. all local maxima) to produce the lower and upper envelope (€mn[n]

and resp. emaz[n])-

3. Extraction of the mean as

4. Computation of the detail as
d[n] = x[n] — m[n] (26)

5. Algorithm iteration by considering d[n] instead of z[n] (sifting process).
The algorithm has to be refined by repeating the sifting process until two conditions are fulfilled [40]:
1. The quantity of extrema and the quantity of zero-crossings should either equal or differ at most by one.

2. The mean value of the lower and upper envelopes should be close to zero.

After this procedure, the detail d[n]corresponds to the first Intrinsic Mode Function (IMF1) which is

named ¢, and the residuer; is defined as
r1[n] = x[n] — e1[n] (27)

r1 is treated as the new actual data (instead of z[n]) and subjected to the same sifting process as described
above. This procedure is repeated to extract more IMFs. The sifting process can be stopped finally by any
of the following predetermined criteria: 1. when the component C;[n] or the residue 7;[n] becomes so small
that it is less than the predetermined value of substantial consequence; or 2. when the residue r;[n] becomes a

monotonic function from which no more IMFs can be extracted.
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3.2. Instantaneous amplitude (IA) and frequency (IF) extraction by the Hilbert transform (HT)

The TA and IF of each IMF are computed using the Hilbert transform. When the EMD is jointly applied with
the Hilbert transform, the transformation is named the HHT. The discrete definition of the Hilbert transform
is formulated as

z"n] = z[n] * h[n) (28)

where * points the convolution product. The superscript in X" [n] denotes the Hilbert transform of the sampled

stator current z[n], and

0= ot e
The analytic signal is defined as
2Mn) = z[n] + jz"[n] = a[n]e’#" (30)
The instantaneous amplitude (IA) and the instantaneous frequency (IF) are given by
aln] = |"[n]] (31)
flnl =5 (£ (" + 1)) = £ ("1a))) x F, (32)

where ’zh[nH and £ (zh[n]) are the modulus and the argument of complex-valued signal z"[n], respectively,

and Fy is the data sampling rate. Finally, the time-frequency distribution is obtained by displaying the time

evolution of the instantaneous amplitude and frequency for each IMF in the time-frequency plane.

3.3. HHT-based algorithm for eccentricity diagnosis in AFPMs

The proposed procedure for dynamic eccentricity diagnosis in AFPMs is represented by Figure 4. The fault
components will be derived by means of EMD in the presence of dynamic eccentricity. After signal decom-
position to its components, the Hilbert transform is used to compute the instantaneous amplitude (IA) and
the instantaneous frequency (IF) of each IMFs. In fact, the Hilbert transform converts the local energy and
IF extracted from the IMFs to full-energy-frequency-time distribution of the signal, with energy defined as the
amplitude squared [41]. The signal energy is represented by the joint function of time and the IF. Such a rep-
resentation is named Hilbert spectrum. The more significant IMFs caused by faulty conditions are determined

by means of Hilbert spectrum, which are considered as dynamic eccentricity indicators.

4. Simulation and experimental results

In order to validate the usefulness of the proposed method, simulations and experiments have been carried out
on a double-sided AFPM generator (Figures 5a and 5b) in healthy and faulty states under various conditions. In
the experimental setup, dynamic eccentricity is caused by the declined rotor plane, which can be implemented
by changing the position of the rotor discs. This is done via axial bolts that can be seen on the picture in
Figure 5c. A fillet gauge was applied to measure the resulting g¢.nqe and ¢, to ensure accuracy. Because
of the high ratio of machine diameter to length in the AFPMs, DEF of more than 40% is not considered in
this study. The experimental setup for data sampling, including AC motor (with speed control drive), AFPM
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AFPM generator
stator current x(t)
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Empirical mode decomposition (EMD)
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Hilbert transform, IA and IF computation

T3 1T Liaenar

Local energy (Integral of the amplitude) and IF
conversion

l i l i lHilbert spectrum

More significant IMFs determination

!
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Figure 4. The proposed algorithm for dynamic eccentricity diagnosis in AFPMs.

=y e~

— — & -
Variable speed [EE== |
ACmotor __| generator |

|- o o

(d)

Figure 5. (a) Exploded view drawing of axial flux permanent magnet test generator, (b) stator core with two installed
coils and rotor disk with PM pieces, (c) declined rotor implemented by axial bolts, (d) practical setup for experimental
data sampling.

generator, oscilloscope, and variable load is shown in Figure 5d. The constructed generator characteristics are
listed in Table 1.

Moreover, the 3D-FEM is used for the simulation of the test generator, which is carried out through the
Maxwell FEM software. The simulated AFPM generator under eccentricity condition with linear and nonlinear
load is shown in Figure 6. The “Rotate Operator” in Maxwell FEM software is applied to make a small deviation

angle of the rotor coordinate system around the y-axis for DE fault simulation. In this case, the rotor rotates
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Table 1. AFPM generator characteristics table.

Phase EMF (RMS) @ 600rpm 81.42 A%
Outer diameter of stator 132 mm
Inner diameter of stator 25 mm
Air gap length 1.2 mm
Machine mechanical rated speed 500 rpm
Number of coils per each side of stator 6

Number of coils on double-sided stator 12

Number of PM pieces per each rotor disk | 10

Number of PM pieces in generator 20

Electrical frequency 50 Hz
Rated phase current (RMS) 1.2 A
Rated output power 100 W
Number of conductor turns per coil 180

Conductor diameter 0.55 mm
PM pieces class N52 MGOe
Magneto motive Force of PM pieces 923000 At

around the z-axis of the stator coordinate system, as detailed in Figure 2c. The nonuniform air gap caused by
DE fault is seen in Figure 6a. When the simulated AFPM is running under nonstationary faulty condition,
phase current sampling is achieved through Maxwell software at 10 kSample/s sampling rate and the phase
current data is saved in a CSV file which makes it possible to process the phase current data based on proposed
method.

Experimental current data acquisition is carried out by using a digital oscilloscope with nominal sampling
rate of 1000 kSample/s, as detailed in Figure 5d. The experimental data is transferred from digital oscilloscope
to personal computer expert diagnosis through a USB data cable and is saved in a CSV file, which allows data to
be saved in a table structured format in plain text. Each line of the CSV file is a recorded data and each record
consists of one field separated. The FEM simulations and experimental current data are processed based on
Hilbert-Huang transform through MATLAB software in personal computer expert diagnosis. The experimental
results are compared to those of the simulation tests and the expectations of theoretical analysis.

For a comprehensive method survey, a set of simulations and experiments have been carried out at
unsteady speed with linear and nonlinear load under healthy and eccentricity conditions of generator with
DEF=26% and DEF=40%. In the case of simulations and experiments, g.;n and ¢gmq: are set on 0.88 mm and
1.51 mm, respectively, for DEF=26%, and also gmin and gmae are set on 0.72 mm and 1.68 mm respectively
for DEF=40%. The actual and simulated stator currents have been recorded for 3.5 s with a 10 kHz sampling
rate as shown in Figures 7a and 7b.

Figure 7c gives a series of computed IMFs extracted from the original signal of actual generator under
eccentricity condition with DEF=40% at speed variations of 0% to nominal speed in the presence of a linear
load. These IMFs have been generated at frequencies (1 + Lljl) fs (20 Hz, 40 Hz, 60 Hz, 80 Hz, 120 Hz,
140 Hz, 160 Hz, 180 Hz, 200 Hz, and 220 Hz at nominal speed) due to dynamic eccentricity fault. The more
significant IMFs caused by faulty condition are determined by means of Hilbert spectrum, which are applied

for dynamic eccentricity identification.
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Time dependent non-
uniform air gap

Time dependent

(a) non-uniform air gap
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Figure 6. (a) Simulated AFPM generator under eccentricity condition in Maxwell FEM software, (b) simulated linear
load in Maxwell FEM software, (c) simulated nonlinear load in Maxwell FEM software.

For instance, Figure 8 gives the Hilbert spectrum of stator current under healthy and eccentricity
conditions at speed variations of 0% to nominal speed in the presence of a linear load. The colour bar in
Hilbert spectrum presents energy levels in A? (amplitude squared). The amplitude of fault components is
small in comparison to the amplitude of the fundamental harmonics; thus, to increase the resolution of T-F
(time—frequency) distributions, the fundamental, 3rd, 5th, and 7th harmonics have been removed by EMD and
cannot be seen on IMF1 to IMF11. It makes the appearance of fault components in Hilbert spectrum easier.
As shown in Figures 8a and 8b, only the fundamental and subharmonics (3rd, 5th, and 7th) can be seen in the
Hilbert spectrum under healthy conditions and no fault components have appeared. Figures 8c and 8d show the
energy of IMFs affected by dynamic eccentricity under simulated and actual fault condition, with DEF=40%.

Table 2 gives the instantaneous frequency (IF) of simulated and experimental stator current components
under dynamic eccentricity condition with DEF=26% and DEF=/0% in the presence of a linear load. The table
is divided into four subsets based on the various generator speeds at 50, 150, 300, and 500 RPM. The phase
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Figure 7. Simulated and experimental stator current (linear load): (a) healthy condition, (b) eccentricity condition
(DEF=40%), (c) a series of computed IMFs under actual eccentricity condition (DEF=40%).

currents are sampled at different speed and fault severity to obtain the frequency spectrum of phase currents
using Hilbert-Huang transform.

As it can be seen in the table, in addition to the fundamental component and its harmonics, the current

2K-1
P

rotor speed) will appear together in the presence of dynamic eccentricity. Figures 9a—9d give the energy values

components at frequencies (1 + ) fs (The instantaneous fundamental frequency depends on instantaneous

of the simulated and experimental stator current components under eccentricity condition with DEF=26% and
DEF=40% in the presence of a linear load. The faulty condition is decomposed into four parts at 10%, 30%,
60%, and 100% of nominal speed. The energy value is defined as the amplitude squared multiplied by 1076.

As it can be seen in Figures 9a-9d, the HHT allows removing the undesired frequencies in both an easy
and fast way. It makes it possible to observe the more important IMFs individually to increase the precision in
the fault diagnosis. As shown, the energy of fault components increases with respect to fault severity. Moreover,
it seems that the 2nd and 10th IMFs are the most affected IMFs and the energy of these IMFs is more reliable
as fault indicator and its severity at different rotor speed.

Accurate fault diagnosis is questionable without investigating the relations between the load conditions
and current frequency pattern. Therefore, further results are presented here to validate the proposed technique
in the presence of a nonlinear load. Based on the aforementioned proved formula, the number of poles and
supply frequency (depends on rotor speed) change the fault components. The same frequency components that
are affected by dynamic eccentricity may be introduced by nonlinear loads, so some harmonics can be observed

in both healthy and eccentricity conditions.

66



TORABI and ALINEJAD-BEROMI/Turk J Elec Eng & Comp Sci

X 3.015
400 ‘ Y 350.6 1= 250 0.075
= X 3.001 .
3001 2 Y 250.1 el -
= 0.8 z 0.05
z 150 | 2 '
[ x 2.000 3
c
200 g | Y 1501 =
3 100 2
100 E X 3.006 i ® 0.025
/ Moo . . -
0 0 0 0
0 3 3.5 0
Tlme (s)
(a) (% 3.08
400 Y 350.7 . 250 0.075
= X 3.029
N -
300 L Y 250.3 200 N
> L | S— 0.8 L, 0.05
0
g X 3.017 3
= g | Y 1505 8
& 00| g
100 E X 3.018 a4 ® 0.025
Y 50.02 | 50| *
==
0 0 0 0
0 0.5 1 15 2 25 3 35 0 0.5 1 1.5 2 25 3 3.5
Time (s) Time (s)
(b) (d)

Figure 8. Hilbert spectrum of stator current (linear load): (a) simulated healthy condition, (b) actual healthy condition,
(c) simulated eccentricity condition (DEF=40%), (d) actual eccentricity condition (DEF=40%).

Figures 10a and 10b give the simulated and experimental stator current at unsteady speed with a
nonlinear load under healthy and eccentricity conditions of generator with DEF=40%. The Hilbert spectrum of
experimental stator current under healthy condition is shown in Figure 10c. As seen, the presence of nonlinear
load leads to harmonics (2nd, 11th, 13th, and 15th) associated with the switching operation of the converters.
The amplitude of switching harmonics is small in comparison to the amplitude of the fundamental component;
thus, to increase the resolution of T-F distributions, the fundamental harmonic has been removed by EMD and
cannot be seen in Hilbert spectrum. Figure 10d shows the fault components of experimental stator current
in Hilbert spectrum under eccentricity condition with DEF=/0%. As shown in Figure 10d, the EMD process
does clear the signal from the effects of switching operation in nonlinear loads for reliable and accurate fault

identification.
Table 3 gives instantaneous frequency (IF) of the simulated and experimental stator current components

under eccentricity condition with DEF=26% and DEF=40% in the presence of a nonlinear load. As it can
be seen in the table, in addition to fundamental component and switching harmonics, the current components
at frequencies (1:tLP’1) fs (The instantaneous fundamental frequency depends on instantaneous rotor speed)
will appear together in the presence of dynamic eccentricity.

Figures 11a—11d give the energy values of the simulated and experimental stator current components
under eccentricity condition with DEF=26% and DEF=40% in the presence of a nonlinear load. The faulty
condition is decomposed into four parts at 10%, 30%, 60%, and 100% of nominal speed. Similar to the linear
load conditions, current frequency pattern is speed-dependent and the components energy values increase almost
linearly with respect to the speed and fault severity.

As it has been demonstrated in this section, under nonstationary conditions with linear or nonlinear

load, the stator current would have to be filtered by means of the EMD to remove the fundamental and other
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Table 2. The instantaneous frequency of the simulated and experimental stator current components under eccentricity
conditions in the presence of a linear load

Stator current components
—opera.ting speed harmonics IMFs
nominal speed "o e d 5th 7h | IMF IMFIMFIMFIMF_IMF_IMF_IMF_IMF _IMF_IMF
1 2 3 4 5 6 7 8 9 10 11
" 10% | 4.82 15.01 25.04 3483 | 1.8 403 6.13 7.01 7012 1232 13.91 16.12 17.89 19.91 22.13
E' 30% | 15.08 44.83 75.46 104.71| 6.13 12.09 17.82 24.12 20.88 35.02 42.06 48.01 53.93 60.21 66.07
g 60% | 30.53 90.21 149.83 210.41| 12.02 23.96 35.87 48.08 60.13 72.3 83.97 96.07 107.82 120.23 121.9
% 8 100% | 50.23 150.2 250.3 350.17| 20.1  40.08 60.03 80.89 100.15 120.4 140.1 160.0 180.23 200.3 220.4 5
L 10% | 531 14.71 2473 35.07 | 1.76 441 597 804 1023 1242 14.07 1631 18.05 20.53 22.41 %,
& § 30% | 15.47 45.13 74.62 105.35| 6.03 1212 18.23 23.87 30.05 35.61 42.21 47.74 5424 60.36 66.17| 3
%' 60% | 29.62 89.21 150.51 210.17| 11.91 24.36 36.04 47.86 60.47 7181 84.09 96.43 108.37 119.73 121.7 i
?,_* 100% | 50.14 150.3 250.2 350.47| 19.82 40.64 59.81 8049 100.1 1203 139.6 160.2 1793 199.34 220.9| &
@ 10% | 453 1528 25.30 34.63 | 2.34 3.81 634 824 073 11.85 14.26 1583 17.63 20.37 21.68 E
E 30% | 15.23 4456 T491 10547) 6.28 1173 1837 2351 20.69 3608 4182 4750 5439 6006 66.35|
g 60% | 30.31 90.44 150.23 209.62| 11.63 23.41 36.27 48.36 60.17 7213 83.71 96.14 107.63 119.53 122.3| =
% 2 100% | 50.31 150.1 2504 350.29| 2004 30.73 59.63 8099 99.74 120.1 1401 159.7 180.1 200.3 219.6| &
L 10% | 474 15.53 24.61 35.36 | 1.7 426 563 7.74 1034 11.71 13.61 16.43 18.68 19.61 21.76
& ﬁ 30% | 14.57 45.41 75.39 104.63| 5.64 1241 17.56 2441 30.14 36.49 42.36 48.38 53.74 59.57 65.67
g' 60% | 29.58 90.25 149.62 210.27| 12.32 24.17 35.51 47.62 59.73 721 84.24 95.66 108.32 119.81 122.4
f,: 100% | 49.84 149.9 250.1 350.38| 19.64 40.39 59.77 79.56 100.1 119.6 139.7 160.1 180.2 200.14 220.9

subharmonics prior to the applications of the fault diagnosis algorithm. This filtering increases the resolution
of TF distributions and makes the identification of fault metrics easier.

The presented approach can be extended to discriminate the SE, DE, and ME faults. In order to simulate
the static eccentricity, rotor coordinate system is deviated as much as § around y-axis by “Rotate Operator”
in Maxwell FEM software. In this case, the rotor rotates around the z-axis of its own coordinate system, as
detailed in Figure 2b.

Figures 12a and 12b give the energy values of the simulated stator current components under static
eccentricity condition with SEF=26% and SEF=40% in the presence of a linear load. The faulty condition is
decomposed into two parts at 60% and 100% of nominal speed. The energy value is defined as the amplitude

squared multiplied by 1016,

As shown in Figures 12a and 12b, SE fault generates sideband components at frequencies (1:t 2I§;1) fs-
Thus, the amplitude of sideband components of the aforementioned pattern frequency can be applied for the

detection of SE. Meanwhile, Figures 12a and 12b show that a higher degree SE increases the amplitude of

2K—1
P

SE degree is sharper than that of the DE fault. Therefore, it is possible to discriminate the SE and DE faults

sideband components at frequencies (1i ) fs considerably. It is noticeable that the incremental rate of the

using the difference between the amplitude of sideband components at frequencies (1:&215;1) fs-

If both of rotor and stator coordinate systems are deviated as much as different angles around the y-axis
and the rotor rotates around the z-axis of the stator coordinate system, the ME fault is simulated. In other

words, under ME condition, the symmetrical axis of the rotor and stator and the rotation axis of the rotor are
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Figure 9. Current components under DE condition with a linear load (a) at 10% of nominal speed, (b) at 30% of
nominal speed, (¢) at 60% of nominal speed, (d) at nominal speed.

displaced. The spectrum energy of simulated AFPM with 25% SE and 20% DE, and 40% SE and 35% DE is
shown in Figure 13. Referring to Figure 13, the incremental rate of amplitude of sideband components due to

ME is more than that of the SE or DE case.
A comparison between the spectrum current of the faulty AFPM due to DE, SE, and ME fault illustrates

that a hierarchical scheme can be employed for eccentricity fault classification and its severity. The first classifier
only decides whether the eccentricity is ME or purely static or dynamic, and then, another classifier estimates
the eccentricity severity according to its type. Thus, a k-NN classifier is employed for the diagnosis of the
eccentricity fault type, and then, a multilayer perceptron artificial neural network (ANN) is applied for the
estimation of eccentricity severity. The utilization of ANNs for pattern classification has been deeply studied
in [42].

It is noticeable that k-NNs are a nonparametric classifier based on nonparametric estimation of the class
densities. The simplest version of this algorithm is for kK = 1. However, in most practical applications, the data
distributions for various classes are overlapping, and more than one NN (k > 1) is applied for majority voting.
As this classifier is well known for electrical machine fault detection [43], it can be employed for estimating the

eccentricity type.
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Figure 10. Simulated and experimental stator current (nonlinear load): (a) healthy condition, (b) eccentricity condition
(DEF=40%), Hilbert spectrum of actual stator current, (c) healthy condition, (d) eccentricity condition.

5. Conclusion

The objective of this paper is to develop a new technique for dynamic eccentricity diagnosis in double-rotor
double-sided stator structure AFPM generator. Since the traditional methods such as vibration, acoustic noise,
magnetic field, and torque analysis are generally expensive, invasive, and complicated and can lead to incorrect
diagnosis, the method was based on current signature analysis by means of Hilbert-Huang transform. As the
variable load and speed can have significant effect on the proposed indices in any fault diagnosis, the most
important requirement for the new method is sensitive detection of dynamic eccentricity under unsteady speed
and load conditions, especially at the initial stages of the fault occurrence.

Firstly, the method was described by following an analytical approach to show that the frequency pattern
of the stator current spectrum under dynamic eccentricity condition introduces appropriate indices for fault
detection.

Secondly, the mathematical foundations of Hilbert—-Huang transform were settled and the use of the
HHT for proposed indices extraction was investigated, which makes the robust diagnosis against load and speed
variations.

Thirdly, the analytical formulation of fault detection process was validated through both simulations and
experiments. Sixteen scenarios with DEFs of 26% and 40% were considered at 10%, 30%, 60%, and 100% of
nominal generator speed with linear and nonlinear load. In the 3D-FEM and experimental results, the average

error in frequency of extracted current components affected by dynamic eccentricity, was less than 3.5% and
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Table 3. IF of the simulated and experimental stator current components under eccentricity conditions in the presence

of a nonlinear load.

Stator current components
M harmonics IMFs
nominal speed o T 13tk 15th | IMF IMFIMFIMF IMF _IMF_IMFIMF IMFIMF_IMF
1 2 3 4 5 6 7 8 9 10 11
" 10% | 4.8% 5523 64.71 7475 | 1.88 414 626 8.05 1029 1251 1411 16.35 18.13 20.17 22.42
E' 30% | 15.20 164.8 195.14 225.16| 6.26 1227 18.06 24.41 30.22 36.32 4251 4852 5449 60.83 66.74
5 60% | 30.28 330.4 300.53 450.34| 12.15 24.14 36.10 48.36 60.46 72.67 84.30 96.54 108.3 120.8 122.5
% 2 100% | 50.48 549.5 649.84 749.91| 20.25 40.29 60.30 S1.14 100.44 120.7 140.4 160.4 180.6 200.7 220.6
Ly 10% | 547 55.12 65.14 75.16 | 1.84 452 6.10 819 1040 12.61 1428 1654 18.30 20.80 22.70
& ﬁ 30% | 15.30 165.2 195.27 225.31| 6.16 12.30 18.47 24.16 30.40 36.01 42.67 48.25 54.80 60.98 66.84
%' 60% | 30.16 320.6 389.84 449.91| 12.04 2454 36.27 48.14 60.80 72.18 8451 96.90 108.8 120.2 122.3
fz 100% | 5029 550.4 650.53 750.28 | 19.96 40.85 60.07 80.74 100.59 120.6 139.9 160.6 179.7 199.8 219.7
" 10% | 468 546 6540 7546 | 243 391 647 839 089 1203 1447 16.05 17.87 20.64 21.96
E' 30% | 15.48 165.4 19553 225.38| 6.41 1191 18.61 23.80 30.03 36.48 4227 48.09 54.96 60.68 67.02
g 60% | 30.85 330.2 389.71 449.76| 11.76 2359 36.50 48.64 60.50 72.50 84.13 96.61 108.1 120.0 122.8
% 5 100% | 50.26 550.1 650.14 750.17| 20.19 39.93 59.80 81.24 100.02 120.4 140.4 160.1 180.5 200.7 219.8
Ly 10% | 479 5545 6553 75.61 | 1.78 437 575 7.8% 1051 11.80 13.81 16.66 18.93 10.87 22.04
B ﬁ 30% | 14.74 164.7 194.84 224.90| 577 12.60 17.79 24.71 30.49 36.89 42.82 48.89 54.30 60.18 66.34
%' 60% | 29.96 320.9 390.14 450.17| 12.45 24.35 35.74 47.90 60.05 72.47 84.66 96.13 108.8 120.3 1222
f,: 100% | 50.43 550.2 649.71 750.12| 19.78 40.28 60.03 79.80 100.39 119.9 140.0 160.5 180.6 200.6 219.6

(zH) (4I) Aouenbagy snosuejueISUL

4.5%, respectively, compared with the theoretical frequency of proposed indices. Moreover, in the experimental

results, the average error in energy of the IMFs affected by dynamic eccentricity was less than 4%, compared
with those of the 3D-FEM results.

The contributions of this paper are as follows:

1. Compared with existing eccentricity diagnosis method, the proposed method provides a more reliable and

accurate evaluation of eccentricity fault occurrence when the stator currents are not absolutely sinusoidal

due to the harmonics caused by nonlinear loads, in such a way that the applied technique makes the

extraction of eccentricity signatures easier by rejecting the load related components and other undesired

frequencies.

2. As the fault-related signatures at initial stages of the fault occurrence are very weak and also are chaotic

due to load and speed variations, the proposed approach, in comparison to other MCSA methods, provides

more robust diagnosis by tracking the faulty frequencies using effective HHT-based technique. Moreover,

as shown in the diagrammatic presentation of results, the energy of the IMFs increases with respect to

fault severity and the eccentricity degree can be evaluated based on the IMFs energy value.

The proposed approach could be developed to discriminate the SE, DE, and ME faults and also to detect several

AFPMs faults signatures such as partial and uniform demagnetization and inter-turn short circuit faults.
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Figure 11. Current components under DE condition with a nonlinear load (a) at 10% of nominal speed, (b) at 30% of
nominal speed, (c) at 60% of nominal speed, (d) at nominal speed.
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Figure 12. Current components under SE condition with a linear load (a) at 60% of nominal speed, (b) at nominal
speed.

List of symbols and abbreviations

AFPM, axial flux permanent magnet; IMF, intrinsic mode functions; EMD, empirical mode decomposition;
T A, instantaneous amplitude; I'F, instantaneous frequency; SE, static eccentricity; DE, dynamic eccentricity;
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Figure 13. Current components under ME condition with a linear load (a) at 60% of nominal speed, (b) at nominal
speed.

ME, mixed eccentricity; MCSA, machine current signature analysis; TMCSA, transient machine current
signature analysis; FFT, fast Fourier transform; STFT, short time Fourier transform; HHT, Hilbert-Huang
transform; EMF, electromotive force; 3, the angle between rotor and axis of the stator; SEF, static eccentricity
factor; DEF, dynamic eccentricity factor; g, The air gap length in the normal operation of machine; R;n,,
the inner radius of the rotor; Roqt, the outer radius of the rotor; «4, The position measuring reference point;
6, the angular position on the stator measured from the reference point; g (6, R), the air gap length in all
positions of (R,0); , Permeance of the flux path; MMF, magneto motive force, F(t), magnetic-field motion
force; pg, the free space permeability of the flux path; w, the fundamental frequency in rad/s; P, the number
of pole pairs; By, the stator air gap field; Js (¢,t), the current density on the stator surface; rpm, round per
minute; f,, fundamental frequency; e€,,in[n], local minima points in sampled data; emaz[n], local maxima

points in sampled data; *, points the convolution product; T' — F', time—frequency.
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