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Partial Demagnetization Fault Diagnosis in Double-Rotor 

Double-Sided Stator Structure Axial Flux Permanent Magnet 

Generator under Various Load and Speed Conditions 
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Abstract: A double-sided axial flux Permanent Magnet (PM) generator which can be directly 

driven by small-scale low-speed turbines is highly suitable for use in renewable energy 

generation systems. Partial demagnetization is a failure occurring under the high thermal 

operation of a Permanent Magnet machine. This paper focuses on partial demagnetization fault 

diagnosis in a double-rotor double-sided axial flux PM generator using stator currents analysis 

under time-varying conditions. 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 problems, this paper adopts a novelty detection algorithm based on the 

Hilbert–Huang transform for fault diagnosis. 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 using the Hilbert spectrum, which is 

applied for accurate fault diagnosis. The Partial demagnetization severity can be evaluated based 

on the IMF’s 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. 

Keywords: Double-Sided Axial Flux Permanent Magnet Generator, Partial Demagnetization 

Fault Diagnoses, Stator Currents, Hilbert–Huang Transform. 

 

  

1 Introduction 

ERMANENT 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]. Among different types of PM 

machines, the double structural axial flux PM 

machine (AFPM) is applied for direct driving of 

small-scale low-speed turbines with wide speed 

 

Iranian Journal of Electrical & Electronic Engineering, 2023. 

Paper first received 11 Oct 2022 and accepted 13 Sep 2023. 

* The authors are with the Department of Electrical 
Engineering, Semnan University, Semnan, Iran. 
E-mails: s.makan.torabi@semnan.ac.ir, 

yalinejad@semnan.ac.ir. 

Corresponding Author: Y. Alinejad-Beromi. 

variation because of its suitable performance [2, 3]. 

In practice, AFPMs are subjected to various 

mechanical faults (partial demagnetization, 

eccentricity and bearing fault) and electrical faults 

(mainly short circuit faults) occurrence. Partial 

demagnetization occurs due to armature reaction, 

temperature rise, oxidation, corrosion, structural 

failure, and degradation of the permanent magnet 

coercive force. Under partial demagnetization 

conditions, the stator current increases to provide the 

same quantity of electromagnetic torque, causing 

significant thermal insulation stress, which reduces 

their expected life [4, 5]. Moreover, partial 

demagnetization increases the magnitude of higher 

force harmonic components resulting in vibration and 

acoustic noise during machine operation and 

changing the attraction between the rotor and the 
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stator, causing an alteration in the machine’s shaft 

trajectory. 

 Several methods have been developed for partial 

demagnetization fault diagnosis in AFPMs. 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 non-stationary 

conditions are different. Magnetic flux analysis is an 

accurate method for various fault diagnoses, 

including partial demagnetization fault. In [6], the 

electromotive force (EMF) is analyzed under partial 

demagnetization conditions to extract the frequency 

components caused by the fault, and in [7] a Back-

EMF Based Method is applied for partial 

demagnetization fault diagnosis in permanent magnet 

synchronous machines. The magnetic flux signal can 

be driven from the induced voltage of mounted 

search coils [8] and the Hall Effect sensor [9-11]. 

The magnetic field analysis method is appropriate for 

online diagnosis under non-stationary conditions, but 

the high cost and difficulty of mounting the search 

coils and sensors are the main drawbacks of this 

method. In [12-14], the vibration signature analysis-

based method is developed for machine failure 

monitoring, and in [15] and [16], the analysis of 

acoustic noise is employed to introduce an index for 

partial demagnetization and eccentricity fault 

detection. The main limitation of the 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 judgment. In 

[17], spectrum analysis of the machine current and 

torque is applied to online partial demagnetization 

fault 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 [19-24], the 

analytical model-based method is developed for 

machine fault diagnosis, and in [25] the machine is 

modeled by using permeance network theory for 

demagnetization fault Identification in a permanent 

magnet synchronous machine. In [26], a frequency-

based analytical model is proposed to investigate the 

demagnetization defects in AFPMSMs, and in [27], 

the alteration in equivalent inductance has been 

applied to distinguish between eccentricity and 

partial demagnetization. Modeling and parameter 

estimation methods are sensitive, reliable, and more 

suitable for off-line diagnosis or non-stationary 

machine conditions. 

 The Machine Current Signature Analysis (MCSA) 

is the most common method for fault identification. 

The main advantage of the MCSA method is that no 

expensive sensors are needed, and the applied 

procedures are not invasive and intricate [28-32]. In 

this approach, frequency analysis using the Fast 

Fourier Transform (FFT) is applied for fault 

diagnoses under stationary conditions [33]. The 

extended version of MCSA, Transient MCSA, is 

applied for fault diagnoses under non-stationary 

conditions. In the TMCAS procedure, time-frequency 

analysis methods are employed for feature extraction 

to fault diagnose [34, 35]. 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 non-stationary signals [36, 37]. In the 

STFT method, the obtained signal is divided into 

several time periods using windows with 

predetermined lengths and types, and any section is 

analyzed 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 theoretical process [38]. To analyze 

the signals with fast dynamics, multi-resolution 

signal processing methods including wavelet 

transform have been applied [39]. In fact, wavelet 

transform makes it possible to vary the time and 

frequency resolution on the time-frequency plane 

[40-42]. The main drawback of this method is that 

once the wavelet function is chosen, it should be 

applied to analyze all the sampled data. Also, in a 

discrete wavelet with permanent sampling, frequency 

bands of scales are dependent on sampling 

frequency. 

 Recently, the Hilbert-Huang transform (HHT) as 

a novel approach has been investigated for machine 

fault diagnoses under non-stationary conditions. In 

[43] and [44], the HHT has been applied for broken 
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rotor bars and bearing fault detection in an induction 

machine. The use of HHT for stator fault 

identification in PM synchronous machines with 

radial flux structure has been provided in [45] and 

[46]. 

 Load and speed variation, along with partial 

demagnetization fault, directly affects the behaviors 

of partial demagnetization 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 the Hilbert–Huang transform is provided to 

overcome the aforementioned problems for accurate 

partial demagnetization diagnosis in a double-

structural AFPM generator. To evaluate the validity 

of the proposed method, simulation, and experiments 

for unsteady speed in the presence of linear and non-

linear load under healthy and different 

demagnetization severity conditions of the generator 

have been performed. 

The contributions of this paper can be expressed as 

follows: 

1) Compared with the existing demagnetization 

diagnosis method, the proposed method provides a 

more reliable and accurate evaluation of 

demagnetization fault occurrence when the stator 

currents are not sinusoidal due to the harmonics 

caused by non-linear loads, in such a way that the 

applied technique makes it easier the extraction of 

demagnetization signatures by rejecting the load 

related components and other undesired frequencies. 

2) As the fault-related signatures at the 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 a more robust diagnosis by 

tracking the faulty frequencies using an effective 

HHT-based technique. 

Moreover, the energy of the introduced fault index 

increases with respect to fault severity and the 

demagnetization degree can be evaluated based on 

the fault components’ energy value.  

This paper is organized as follows. Section 2 

presents the theoretical analysis of partial 

demagnetization in a double structural axial flux PM 

generator. In section 3, the HHT and its application 

for partial demagnetization diagnosis under non-

stationary conditions 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 Partial Demagnetization 

Fault in the AFPM Generator 

The double-sided topology of the AFPM 

generator in the 3D plane is shown in Fig. 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 Fig. 1b [47]. 

 
Fig. 1 AFPM generator: a) Double-sided topology in 3D 

plane, and b) Flux directions. 

 

      Partial demagnetization usually originates from 

defective manufacturing of the PMs or high loading 

and thermal stress. Under demagnetization 

conditions, the rotor magnetic field symmetry is lost 

and extra harmonics in stator current appear. To 

realize the signatures induced to the stator coil caused 
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by the demagnetization fault, the air-gap magnetic 

flux density needs to be extracted, and it is given by 

equation (1): 

𝐵𝐴𝐺(𝑑𝑚𝑔) = 𝛬𝑑𝑚𝑔 . 𝐹𝑚 (1) 

The magneto-motive force 𝐹𝑚 developed from the 

PMs can be presented using Fourier series 

composition as follows [48]: 

(2) 𝐹𝑚(𝜃, 𝑡) = ∑ 𝐹𝑃𝑀 cos(𝑛𝑝𝜃 − 𝑛𝜔𝑠𝑡 − 𝜑𝑛)

∞

𝑛=2𝑚+1

 

 
where m=0,1, 2, …, 𝐹𝑃𝑀, 𝜑𝑛, 𝑝, 𝜃, 𝜔𝑠, and 𝑡 are the 

magnitude, phase angle of the MMF for the 𝑛𝑡ℎ 

contextually harmonic component, the number of 

pole pairs, an angle from a reference axis, angular 

electrical speed and the time variable.  

The permeance due to one partial demagnetized 

magnet is described by [48]: 

(3) 

𝛬𝑑𝑚𝑔(𝜃, 𝑡) = 𝛼 + 𝛽(𝐷)

+ 𝛾(𝐷)∑cos(𝑘𝜃 − 𝑘𝜔𝑟𝑡)

∞

𝑘=1

 

where 𝜔𝑟 =
𝜔𝑠

𝑝
  is the mechanical speed and: 

𝛼 = 
𝜇0
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(4) 
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𝜇0𝐷
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𝑔
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𝑘𝜋

2𝑝
)

∞

𝑘=1

}
 
 

 
 

 
(6) 

where hPM, g, and tw are the magnet height, air-gap 

length, and the stator winding thickness. D = εg 

where ε > 1, is considered a factor that related 

directly to the fault severity. 

 Considering (1), (2) and (3), the air-gap magnetic 

flux density is given by: 

𝐵𝐴𝐺(𝑑𝑚𝑔)(𝜃, 𝑡) = ∑ 𝐹𝑃𝑀 cos(𝑛𝑝𝜃 − 𝑛𝜔𝑠𝑡 − 𝜑
𝑛
) +

∞

𝑛=2𝑚+1

 (7) 

𝛽𝑘 ∑ ∑

{
 
 

 
 

𝐹𝑃𝑀𝛼𝑘

[
 
 
 
 
 cos ((𝑛𝑝 − 𝑘)𝜃 − (𝑛 −

𝑘

𝑝
)𝜔𝑠𝑡 − 𝜑𝑛) +

 

cos ((𝑛𝑝 + 𝑘)𝜃 − (𝑛 +
𝑘

𝑝
)𝜔𝑠𝑡 − 𝜑𝑛)

]
 
 
 
 
 

}
 
 

 
 

∞

𝑘=1

∞

𝑛=2𝑚+1

 

where 

(8)          𝛼𝑘 = 𝛼 + 𝛽(𝐷) 

 

(9)          𝛽𝑘 =
𝛾(𝐷)

2
 

 

The magnetic flux can be calculated by: 

𝜑 = ∫∫𝐵𝑑𝑠 (10)          

 Due to Faraday’s Law, the voltage will be induced 

in the stator coils caused by the change in the 

magnetic flux: 

𝑒𝑖𝑛𝑑 = −𝑁
𝑑𝜑

𝑑𝑡
 (11) 

 Considering (7), (10), and (11) together, the 

induced voltage in the stator coils due to the 

demagnetization is described by: 

 

𝑉𝑑𝑚𝑔 = ∑ 𝑉𝑛 cos(𝑛𝑝𝜃 − 𝑛𝜔𝑠𝑡 − 𝜑𝑛) +

∞

𝑛=2𝑚+1

 (12) 

∑ ∑𝑉𝑛𝑘

{
 
 

 
 

[
 
 
 
 
 cos((𝑛𝑝 − 𝑘)𝜃 − (𝑛 −

𝑘

𝑝
)𝜔𝑠𝑡 − 𝜑𝑛) +

 

cos ((𝑛𝑝 + 𝑘)𝜃 − (𝑛 +
𝑘

𝑝
)𝜔𝑠𝑡 − 𝜑𝑛)

]
 
 
 
 
 

}
 
 

 
 

∞

𝑘=1

∞

𝑛=2𝑚+1

 

  According to [48] harmonic components that are 

triple multiples of the mechanical frequency cancel 

out in the stator current when all three phases are 

considered in a PM machine, where each phase 

consists of a single coil. If each phase consists of 

more coils in the three-phase system, then the 

demagnetization impact on each phase is [48]: 
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𝑓𝑑𝑚𝑔1 = (𝑛 ±
2𝛿𝜀

𝑝
) 𝑓𝑠 , if the phase coils are a 

power of 2 (defined by δ) and 𝑛 is an integer odd 

number.   

𝑓𝑑𝑚𝑔2 = (𝑛 ±
3𝑘

𝑝
) 𝑓𝑠 , if the phase coils number is a 

multiple of 3 and 𝑛 is an integer odd number. 

Moreover, the harmonics obeying 𝑓3𝑝ℎ_𝑛𝑢𝑙𝑙 =

3𝛾𝜆′

𝑝
𝑓𝑠 (𝛾 is the number of phase coils and 𝜆′ ∈ 𝑍 ) 

are canceled out due to the spatial phase difference 

between coils of three-phase winding [48]. It means 

that, for a machine with 2 coils per phase, the sixth 

multiples of the mechanical frequency will not exist 

in a 3-phase PM generator due to the 

demagnetization. If phase winding consists of 4 coils 

the twelfth multiples of the mechanical frequency 

cancel out etc. 

3 Partial Demagnetization Diagnoses Based on 

Hilbert-Huang Transform 

 The Hilbert-Huang Transform (HHT) is the 

expansion of the Hilbert transform for non-linear and 

non-stationary signal analysis. The HHT consists of 

two parts: empirical mode decomposition (EMD) and 

Hilbert spectral analysis (HSA). The EMD is applied 

to decompose the main signal into monotonic 

frequency components, known as intrinsic mode 

function (IMF). The obtained signatures of the 

Hilbert transform of the IMFs are used as features for 

fault diagnosis.  

This section presents the use of HHT for axial flux 

generator stator currents analysis in non-stationary 

conditions. 

3.1 Empirical Mode Decomposition 

The applications of the Hilbert transform are all 

limited to mono-component functions with only one 

frequency value at any given time; hence, the EMD 

method is necessary to deal with multi-component 

signals from non-stationary and nonlinear processes. 

The EMD is defined by an algorithm, as in the 

following steps [49]: 

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 

(emin[n] and resp.emax[n]). 

3) Extraction of the mean as: 

𝑚[𝑛] =
𝑒𝑚𝑖𝑛[𝑛] + 𝑒𝑚𝑎𝑥[𝑛]

2
 (13) 

4) Computation of the detail as: 

𝑑[𝑛] = 𝑥[𝑛] − 𝑚[𝑛] (14) 

5) Algorithm iteration by considering d[n] instead 

of x[n] (sifting process). 

The algorithm has to be refined by repeating the 

sifting process until two conditions are fulfilled [49]: 

1) The number 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 c1, and the residue r1 is defined as: 

𝑟1[𝑛] = x[𝑛] − 𝑐1[𝑛] (15) 

r1 is treated as the new actual data (instead of x[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 Ci[n]  or the residue ri[n] becomes so 

small that it is less than the predetermined value of 

substantial consequence; or 2. when the residue 

ri[n]  becomes a monotonic function from which 

no more IMFs can be extracted. 

3.2 Instantaneous Amplitude (IA) and Frequency 

(IF) Extraction by The Hilbert Transform (HT) 

The IA 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: 

𝑥ℎ[𝑛] = 𝑥[𝑛] ∗ ℎ[𝑛] (16) 

where ∗ points to the convolution product. The 

superscript in Xh[n] denotes the Hilbert transform 

of the sampled stator current x[n], and: 

https://ieeexplore.ieee.org/document/4745333/
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ℎ[𝑛] = {

0       𝑓𝑜𝑟 𝑒𝑣𝑒𝑛 𝑛

2

𝑛 𝜋
     𝑓𝑜𝑟 𝑜𝑑𝑑 𝑛

 (17) 

The analytic signal is defined as: 

𝑧ℎ[𝑛] = 𝑥[𝑛] + 𝑗𝑥ℎ[𝑛] = 𝑎[𝑛]𝑒𝑗𝜃[𝑛] (18) 

The instantaneous amplitude (IA) and the 

instantaneous frequency (IF) are given by: 

�̂�[𝑛] = |𝑧ℎ[𝑛]| (19) 

𝑓[𝑛] =
1

2𝜋
(∠(𝑧ℎ[𝑛 + 1]) − ∠(𝑧ℎ[𝑛])) × 𝐹𝑠 (20) 

where |zh[n]| and ∠(zh[n]) are the moduli and the 

argument of complex-valued signal zh[n] 

respectively and  Fs 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 Partial 

Demagnetization Diagnoses in AFPMs 

 The proposed procedure for partial 

demagnetization diagnoses in AFPMs is 

represented in Fig. 2. The fault components will be 

derived using EMD in the presence of a partial 

demagnetization fault. After signal decomposition 

to its components, the Hilbert transform is used to 

compute the instantaneous amplitude (IA) and the 

Instantaneous Frequency (IF) of each IMF. In fact, 

the Hilbert transform converts the local energy 

and IF extracted from the IMFs to a full-energy-

frequency-time distribution of the signal, with 

energy defined as the amplitude squared [50]. The 

signal energy is represented by the joint function 

of time and the IF. Such a representation is named 

Hilbert spectrum. The more significant IMFs 

caused by faulty conditions are determined using 

the Hilbert spectrum, which are considered partial 

demagnetization indicators. 

 

Fig. 2 The proposed algorithm for partial demagnetization 

diagnoses in AFPMs. 

4 Simulation and Experimental Results 

      To validate the usefulness of the proposed 

method, a series of simulations and experiments have 

been carried out on a double-sided AFPM generator 

(Fig. 3a and Fig. 3b) in healthy and faulty states 

under various conditions. The experimental setup for 

data sampling, including AC motor (with speed 

control drive), AFPM generator, oscilloscope, and 

variable load is shown in Fig. 3c. The constructed 

generator characteristics are listed in Table 1. 

In the experimental setup, partial demagnetization 

is caused by the single defective permanent magnet 

on both sides of the rotor, which can be implemented 

by heating the PM pieces. This is done via hot oil as 

shown in Fig. 3. The magneto motive Force of 

defected PM pieces is evaluated by a Hall-Effect 

sensor with analogue output. 

For a comprehensive method survey, the 

simulations and experiments have been done on the 

investigated AFPM at unsteady speed with linear and 

non-linear load under healthy and faulty conditions of 

the generator with different demagnetization 

severities. 

AFPM at unsteady speed with linear and non-linear 

load under healthy and faulty conditions of generator 

with different demagnetization severities. 

 

 

 

 

Empirical mode decomposition (EMD) 

Hilbert transform, IA and IF computation  

IMFs 

Local energy (Integral of the amplitude) and 

IF conversion 

AFPM generator 

stator current x(t) 

IA and IF 

Hilbert spectrum 

More significant IMFs determination 

Operating conditions 
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Table 1 AFPM Generator characteristics table. 

v 81.42 Phase EMF (RMS) @ 600rpm 

mm 132` Outer diameter of stator 

mm 25 Inner diameter of stator 

mm 1.2 Air gap length 

rpm 500 Machine mechanical rated speed 

 6 Number of coils per each side of stator 

 12 Number of coils on double sided stator 

 10 Number of PM pieces on a rotor disk 

 20 Number of PM pieces in generator 

Hz 50 Electrical frequency 

A 1.2 Rated phase current (RMS) 

w 100 Rated output power 

 180 Number of conductors turns per coil 

mm 0.55 Conductor diameter 

 N52 MGOe PM pieces class 

At 923000 Magneto motive Force of PM pieces 

 

 

Fig. 3 PM pieces demagnetizing using the hot oil. 

     For a comprehensive method survey, the 

simulations and experiments have been done on the 

investigated AFPM at unsteady speed with linear and 

non-linear load under healthy and faulty conditions of 

the generator with different demagnetization 

severities. 

     Considering the generator structure there are 2 

phase coils at 180 degrees apart (2 coils per phase on 

each side of the stator). Therefore, as described 

earlier the demagnetization will produce current 

harmonics around the fundamental at frequencies 

(𝑛 ±
2𝜀

5
) 𝑓𝑠 ((𝑛 ±

2𝛿𝜀

𝑝
) 𝑓𝑠, 2

𝛿 = 2 , 𝑝 = 5 and 𝑛 is an 

integer odd number: 

(3 −
2

5
) 𝑓𝑠, (3 −

4

5
) 𝑓𝑠, (3 −

6

5
) 𝑓𝑠, (3 −

8

5
) 𝑓𝑠,               

(3 −
10

5
) 𝑓𝑠, (3 −

12

5
) 𝑓𝑠, (3 −

14

5
) 𝑓𝑠, (1 −

2

5
) 𝑓𝑠,           

(1 −
4

5
) 𝑓𝑠, (1 +

2

5
) 𝑓𝑠, (1 +

4

5
) 𝑓𝑠, (1 +

6

5
) 𝑓𝑠,               
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Fig. 4 a) Exploded view drawing of the generator and assembled AFPM, b) Stator core with two installed coil and Rotor disk 

with PM pieces, and c) Practical setup for experimental data sampling. 

Although partial demagnetization usually occurs 

non-uniformly, a local defect on a single permanent 

magnet with 36% and 60% demagnetization on both 

sides of the rotor is considered. The stator currents 

have been recorded during 3.5 seconds with a 1 kHz 

sampling rate (Fig. 5a and Fig. b). The experimental 

results are compared to those of the simulation tests 

and the expectations of theoretical analysis. Fig. 5c 

gives a series of computed IMFs extracted from the 

original signal of the actual generator under faulty 

conditions with demagnetization severity of 60% at 

speed variations of 0% to nominal speed in the 

presence of a linear load. These IMFs have been 

generated at frequencies (𝑛 ±
2𝜀

5
) 𝑓𝑠 (10Hz, 30Hz, 

70Hz, 90Hz, 110Hz, 130Hz, 170Hz, 190Hz, 210Hz, 

230Hz and 270Hz at nominal speed) due to partial 

demagnetization faults. The more significant IMFs 

caused by the faulty conditions are determined by 

means of the Hilbert spectrum, which are applied for 

partial demagnetization identification. 

For instance, Fig. 6 gives the Hilbert spectrum of 

stator current under healthy and partial 

demagnetization conditions at speed variations of 0% 

to nominal speed in the presence of a linear load. The 

color bar in the Hilbert spectrum presents the energy 

levels in 𝐴2 (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 the Hilbert spectrum easier.  

As shown in Fig. 6a and Fig. 6b, only the 

fundamental and sub-harmonics (3rd, 5th, and 7th) 

can be seen in the Hilbert spectrum under healthy 

conditions and no-fault components have appeared. 

Fig. 6c and Fig. 6d show the energy of IMFs affected 

by partial demagnetization. 
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Fig. 5 Simulated and experimental stator current (with a linear load) a) Healthy condition, b) Faulty condition with demagnetization 

severity of 60%, and c) A series of computed IMFs under faulty condition with demagnetization severity of 60%.
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Fig. 6 Hilbert spectrum of stator current (with a linear load) a) Simulated healthy condition, b) Actual healthy condition, c) 

Simulated faulty condition with demagnetization severity of 60%, and d) Actual faulty condition with demagnetization severity 

of 60%. 

Table 2 gives the Instantaneous Frequency (IF) of 

simulated and experimental stator current 

components under partial demagnetization conditions 

in the presence of a linear load with fault severities of 

36% and 60%. The table is divided into four subsets 

based on the various generator speeds at 50, 150, 

300, and 500 RPM. The phase currents are sampled 

at different speeds and fault severity to obtain the 

frequency spectrum of phase currents using the 

Hilbert-Huang Transform. 

As it can be seen in Table 2, in addition to the 

fundamental component and its harmonics, the 

current components (affected by partial 

demagnetization) at frequencies (𝑛 ±
2𝛿𝜀

𝑝
) 𝑓𝑠 (The 

instantaneous fundamental frequency depends on 

instantaneous rotor speed) will appear together in the 

presence of partial demagnetization fault.  

 

 

(c) (d) 
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Table 2 The Instantaneous Frequency of the simulated and experimental stator current components under partial 

demagnetization conditions in the presence of a linear load. 

Fault severity demagnetization severity of 36% demagnetization severity of 60% 

Test condition Simulation Experimental Simulation Experimental 

operating speed

nominal speed
 

10 

% 

30 

% 

60 

% 

100 

% 

10 

% 

30 

% 

60 

% 

100 

% 

10 

% 

30 

% 

60 

% 

100 

% 

10 

% 

30 

% 

60 

% 

100 

% 

S
ta

to
r 

cu
rr

en
t 

co
m

p
o
n

en
ts

 

h
a

rm
o

n
ic

s 

Fund 4.82 15.08 30.53 50.23 5.12 14.88 30.24 50.13 4.93 15.17 30.31 50.12 5.14 14.97 30.13 50.21 

3rd 15.01 44.83 90.21 150.2 15.21 44.91 90.11 149.2 15.13 44.74 90.13 150.2 14.84 44.82 90.24 149.8 

5th 25.04 75.46 149.8 250.3 24.73 74.86 150.1 250.2 25.14 75.37 150.1 250.1 24.85 74.91 150.2 250.3 

7th 34.83 104.7 210.4 350.1 35.13 105.2 210.1 349.9 34.91 104.8 210.3 350.3 35.22 105.1 210.2 349.9 

IM
F

s 

IMF 1 0.99 3.37 6.05 10.12 1.09 3.15 5.93 9.82 1.09 3.28 6.16 10.17 1.18 3.17 5.86 9.93 

IMF 2 3.32 9.16 18.02 30.27 3.12 8.96 17.93 30.14 3.22 9.25 18.13 30.16 3.21 9.06 18.24 30.11 

IMF 3 7.4 21.21 42.12 70.54 7.13 21.32 41.92 69.93 7.14 21.34 42.23 70.13 7.24 21.24 41.81 69.89 

IMF 4 9.13 27.34 54.46 90. 18 8.83 26.79 53.81 90.21 9.23 27.32 54.35 90. 27 8.92 26.83 53.92 90.12 

IMF 5 11.23 33.16 66.59 110.4 11.14 32.93 66.18 110.4 11.16 33.28 66.23 110.1 11.13 32.72 66.21 110.2 

IMF 6 13.31 39.32 78.28 130.2 13.12 39.14 78.13 130.2 12.89 39.24 78.17 130.1 13.09 39.21 78.21 130.1 

IMF 7 17.21 51.17 102.3 170.3 17.09 51.08 102.1 169.3 17.12 51.26 102.21 170.2 17.18 51.23 102.3 169.2 

IMF 8 19.23 57.12 114.2 190.5 19.16 56.82 114.4 190.6 19.14 57.23 114.2 190.3 19.21 56.91 114.2 190.1 

IMF 9 20.95 63.19 126.1 210.3 21.15 62.87 126.18 210.2 20.83 63.28 126.2 210.1 21.23 62.76 126.3 210.3 

IMF 10 23.13 69.17 138.1 230.1 23.24 69.23 138.1 229.9 23.04 69.26 138.1 230.2 23.12 69.32 138.4 230.1 

IMF 11 26.8 81.18 162.3 270.2 27.16 81.31 162.1 270.1 27.05 81.23 162.2 270.3 27.14 81.21 162.2 270.1 

 Instantaneous Frequency (IF) (Hz) 

 

     Fig. 7a to Fig. 7 gives the energy values of the 

simulated and experimental stator current 

components under partial demagnetization conditions 

in the presence of a linear load with fault severities of 

36% and 60%. 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 10+6. 

 As can be seen in Fig. 7a to Fig. 7d, the HHT 

allows removing the undesired frequencies in both an 

easy and fast way. It makes it possible to observe the 
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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 a fault indicator and its 

severity at different rotor speeds. 

Accurate fault diagnosis is questionable without 

investigating the relationship between the load 

condition and the current frequency pattern. 

Therefore, further results are presented here to 

validate the proposed technique in the presence of a 

non-linear load. Based on the aforementioned proved 

formula, the number of poles and supply frequency 

(depending on rotor speed) change the fault 

components. The same frequency components that 

are affected by partial demagnetization may be 

introduced by non-linear loads, so some harmonics 

can be observed in both healthy and partial 

demagnetization conditions. Fig. 8a and Fig. 8b give 

the simulated and experimental stator current at 

unsteady speed with a non-linear load under healthy 

and partial demagnetization conditions of the 

generator in the presence of a non-linear load with 

fault severity of 60%. The Hilbert spectrum of 

experimental stator current under healthy conditions 

is shown in Fig. 8c. 

 

Fig. 7 Current components under partial demagnetization condition with a linear load a) at 10% of the nominal speed, b) at 30% of 

the nominal speed, c) at 60% of the nominal speed and d) at the nominal speed. 
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Fig. 8 Simulated and experimental stator current (with a non-linear load): a) Healthy condition, b) faulty condition with 

demagnetization severity of 60% Hilbert spectrum of stator current (with a non-linear load), c) Actual healthy condition, and d) Actual 

partial demagnetization condition. 

     As seen, the presence of non-linear 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 

the Hilbert spectrum. Fig. 8d shows the fault components of 

the experimental stator current in the Hilbert spectrum 

under partial demagnetization condition with fault severity 

of 60%. As shown, the EMD process does clear the signal 

from the effects of switching operation in non-linear loads 

for reliable and accurate fault identification. Table 3 gives 

the Instantaneous Frequency (IF) of the simulated and 

experimental stator current components under partial 

demagnetization conditions in the presence of a non-linear 

load with fault severities of 36% and 60%. As it can be 

seen, in addition to the fundamental component and 

switching harmonics, the current components (affected by 

partial demagnetization) at frequencies (𝑛 ±
2𝛿𝜀

𝑝
) 𝑓𝑠 (The 

instantaneous fundamental frequency depends on 

instantaneous rotor speed) will appear together in the 

presence of partial demagnetization fault. 

 

 

 

  
(a) 

(d) (c) 

(b) 
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Table 3 The Instantaneous Frequency of the simulated and experimental stator current components under partial 

demagnetization conditions in the presence of a non-linear load 

Fault severity demagnetization severity of 36% demagnetization severity of 60% 

Test condition Simulation Experimental Simulation Experimental 

operating speed

nominal speed
 

10 

% 

30 

% 

60 

% 

100 

% 

10 

% 

30 

% 

60 

% 

100 

% 

10 

% 

30 

% 

60 

% 

100 

% 

10 

% 

30 

% 

60 

% 

100 

% 

S
ta

to
r 

cu
rr

en
t 

co
m

p
o
n

en
ts

 

h
a

rm
o

n
ic

s 

Fund 5.17 15.24 30.43 50.23 5.12 14.88 30.24 50.13 4.93 15.17 30.31 50.12 5.14 14.97 30.13 50.21 

3rd 55.12 165.3 330.2 550.2 15.21 44.91 90.11 149.7 15.13 44.74 90.13 150.2 14.84 44.82 90.24 149.8 

5th 65.04 195.4 389.8 650.3 24.73 74.86 150.1 250.2 25.14 75.37 150.1 250.1 24.85 74.91 150.2 250.3 

7th 74.89 224.7 450.3 750.2 35.13 105.1 210.2 349.8 34.91 104.8 210.3 350.2 35.22 105.1 210.3 349.9 

IM
F

s 

IMF 1 1.03 3.17 6.27 10.16 1.21 3.26 5.92 9.93 1.07 3.26 6.16 10.23 1.05 3.26 5.83 9.78 

IMF 2 3.13 9.14 18.24 30.25 3.12 9.17 18.33 30.11 3.21 9.25 18.13 30.16 3.21 8.82 17.82 30.23 

IMF 3 7.23 21.23 42.32 70.24 7.15 21.13 41.78 69.89 7.27 21.32 42.23 70.43 7.24 21.41 41.78 69.82 

IMF 4 9.31 27.21 54.24 90.16 8.89 26.92 53.89 90.12 9.24 27.16 54.34 90.27 8.92 26.86 53.72 90.31 

IMF 5 11.21 33.16 66.14 110.2 11.24 32.84 66.14 110.2 11.32 33.25 66.43 110.3 11.23 32.82 66.21 110.2 

IMF 6 12.91 39.15 78.28 130.2 13.17 39.32 78.32 130.1 13.22 39.24 78.17 130.1 13.27 39.23 78.25 130.3 

IMF 7 17.21 51.15 102.32 170.1 17.27 51.32 102.2 169.2 17.33 51.26 102.21 170.2 17.34 51.19 102.3 169.2 

IMF 8 19.22 57.32 114.3 190.2 19.13 56.84 114.1 190.1 19.34 57.23 114.3 190.3 19.28 56.91 114.1 190.3 

IMF 9 20.92 63.37 126.1 210.3 21.32 62.87 126.4 210.2 20.85 63.28 126.2 210.2 21.37 62.78 126.3 210.2 

IMF 10 23.13 69.15 138.2 230.2 23.23 69.41 138.3 230.1 23.41 69.24 138.4 230.2 23.13 69.31 138.2 229.8 

IMF 11 27.15 81.34 162.3 270.1 27.25 81.12 162.2 270.1 26.79 81.27 162.1 270.3 27.29 81.27 162.4 269.9 

 Instantaneous Frequency (IF) (Hz) 

 

Fig. 9a to Fig. 9d give the energy values of the 

simulated and experimental stator current 

components under partial demagnetization in the 

presence of a non-linear load with fault severities of 

36% and 60%. The faulty condition is decomposed 

into four parts at 10%, 30%, 60%, and 100% of 

nominal speed. Similar to the linear load condition, 

the 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 

non-stationary conditions with linear or non-linear 

load the stator current would have to be filtered by 

means of the EMD to remove the fundamental and 

other sub-harmonics prior to the applications of the 

fault diagnosis algorithm. This filtering increases the 

resolution of TF distributions and makes easier the 

identification of fault metrics. 
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Fig. 9 Current components under partial demagnetization condition with a non-linear load a) at 10% of the nominal speed, b) at 30% of 

the nominal speed, c) at 60% of the nominal speed and d) at the nominal speed. 

 

5 Conclusion 

 In this paper, the mathematical foundations of partial 

demagnetization and Hilbert–Huang transform have been 

settled and the use of HHT for partial demagnetization 

diagnosis in double-rotor double-sided stator structure 

AFPM generator has been investigated. As it was 

explained, one of the most considerable problems in any 

fault detection approach is the investigation of load and 

speed variation on the proposed indices. The usefulness 

of the novelty fault diagnosis algorithm based on the 

Hilbert–Huang transform for solving the aforementioned 

problems has been demonstrated on simulated and actual 

axial flux generators under non-stationary conditions. 

The results show that the HHT provides an evaluation of 

partial demagnetization fault occurrence when the stator 

currents are not absolutely sinusoidal due to the 

harmonics caused by non-linear loads and speed 

variations. The proposed method allows rejecting the 

load-related components and other undesired frequencies 

to make the calculation of partial demagnetization 

signature for maximizing the performance of fault 

detection easier in a double structural AFPM generator 

independently of the load and speed variations. As it has 

been demonstrated, the faulty frequencies can be detected 

and tracked perfectly without using any extra electronics. 

Moreover, as shown in the diagrammatic presentation of 

results, the energy of the IMFs’ increases with respect to 
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fault severity and the demagnetization degree can be 

evaluated based on the IMFs energy value. The proposed 

approach could be developed to detect several axial flux 

machine fault signatures such as static and dynamic 

eccentricity and inter-turn short circuit faults. 

List of Symbols and Abbreviations 

 AFPM, axial flux permanent magnet; IMF, intrinsic 

mode functions; EMD, empirical mode decomposition; 

IA, instantaneous amplitude; IF, Instantaneous 

Frequency; 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; 𝚲𝐝𝐦𝐠, The permeance due to one 

partial demagnetized magnet; MMF, Magneto motive 

Force, 𝐅𝐦, Magnetic-field Motion Force; 𝛍𝟎, The free 

space permeability of the flux path; 𝛚, The fundamental 

frequency in rad/sec; 𝐏, The number of pole pairs; 

𝐁𝐀𝐆(𝐝𝐦𝐠), The air-gap magnetic flux density due to one 

partial demagnetized magnet; 𝐕𝐝𝐦𝐠, The induced voltage 

in the stator coils due to the demagnetization; 𝐫𝐩𝐦, 

Round per minute; 𝐟𝐬, Fundamental frequency; 𝐞𝐦𝐢𝐧[𝐧], 
local minima points in sampled data; 𝐞𝐦𝐚𝐱[𝐧], local 

maxima points in sampled data; ∗, points the convolution 

product; 𝐓 − 𝐅, time-frequency.    
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