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Abstract: In all processing and manufacturing industries, approximately half of the operating cost is contributed to the maintenance process. Due to high 

reliability and fault-tolerant capability, five-phase Permanent Magnet Synchronous Motors (5ϕ-PMSM) are commonly used in high-power and fault-

tolerant applications. Early-stage detection and diagnosis of faults can reduce maintenance costs. This paper proposes a single algorithm for detecting and 

diagnosing electrical faults such as inter-turn short circuit faults, phase-to-phase faults, phase-to-ground to ground faults, and open circuit faults in a 5ϕ-

PMSM drive. The discrete wavelet transforms, and statistical parameters extract the fault features from the normalized stator currents under normal and 

faulty conditions. A fuzzy logic system is adopted to diagnose electrical faults and faulty phases. Since the algorithm uses normalized stator currents for 

fault detection and diagnosis, it can be used for detecting and diagnosing electrical faults in 5ϕ-PMSM drive with any capacity. The time of fault detection 

and diagnosis process is less than two cycles of stator current. Finally, the proposed algorithm is experimentally validated using Raspberry Pi. 

Keywords: Five phase PMSM, fault detection and diagnosis, short circuit faults, inter-turn short circuit faults, phase to phase faults, phase to ground faults, 

open circuit faults, electrical faults, discrete wavelet transform, fuzzy logic systems. 

I. INTRODUCTION 

Fault detection, diagnosis, and protection of electrical machines have a history that is as antiquated as the machines 

themselves. Recently, research in fault detection and diagnosis of electrical machines has accelerated rapidly. It is essential 

to detect and diagnose the faults at the initial stage itself to reduce the running cost of an industry. Otherwise, this will lead 

to an unexpected and unscheduled shutdown of the machine and result in significant financial losses. 

In general, faults in PMSM can be categorized into three types based on the nature of the fault: mechanical, 

magnetic, and electrical. Electrical faults are divided into Short Circuit Faults (SCF) and Open Circuit Faults 

(OCF). The main types of short circuit faults include Inter Turn Short Circuit Faults (ITSF), Phase to Phase 

Faults (PPF), and Phase to Ground Faults (PGF). Electrical faults in the stator winding are common in AC 

machines [1]. This paper focuses on electrical faults and develops a detection and diagnosis algorithm for 

electrical faults. 

Research on fault detection in multiphase PMSM is still in its early stages. In [2], a fault detection technique based 

on discrete wavelet transform and a diagnosis technique based on a fuzzy logic system for ITSF in a 5ϕ-PMSM is 

presented. Zhongyi Yang et al. in [3] developed a method to detect ITSF in 5ϕ-PMSM based on Hilbert transform 

analysis. Even when a single turn is short-circuited, ITSF in 5ϕ-PMSM can be detected using the spectra of stator 

currents and zero-sequence voltage components, as demonstrated in [4]. For a 5ϕ-PMSM experiencing single-phase 

SCF and ITSF, the authors in [5] proposed a multi-vector model predictive control with voltage error tracking. A 

current control technique is reported by Du et al. in [6] to lower the losses of a 5ϕ-PMSM under OCF condition. In 

[7], a fault-tolerant control technique is proposed for 5ϕ-PMSM with third-order harmonic back EMF under single-

phase OCF and SCF. A field-oriented control technique for a 5ϕ-PMSM is suggested by the authors of [8] under OCF 

conditions. In [9], Chen et al. developed an online diagnosis method based on the magnetic field oscillation for OCF 

in 5ϕ-PMSM. A fault detection technique based on voltage and fundamental current trajectory distribution features 

for OCF in a 5ϕ- PMSM is presented in [10]. A short circuit fault detection algorithm for 5ϕ-PMSM drive based on 

wavelet transform is explained in [11]. 
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The literature study revealed that the existing algorithms for fault detection and diagnosis are only capable of 

identifying a single kind of fault at a time. Consequently, each fault requires a different detection and diagnosis 

algorithm, which will increase the complexity and cost of the system. To ensure the reliable and uninterrupted 

operation of motors, a combined fault detection algorithm for a group of faults is essential for a 5ϕ-PMSM drive. 

This paper proposes a combined detection and diagnosis algorithm for electrical faults in a 5ϕ-PMSM drive, 

including ITSF, PPF, PGF, and OCF. 
 

This paper is organized as follows: it begins with an introduction. The classification of faults in PMSM is discussed in 

Section II. In the third section, the analysis of 5ϕ-PMSM drive with various electrical faults is analyzed. Section IV 

provides a theoretical background of discrete wavelet transforms and fuzzy logic systems. The results and discussion are 

explained in the fifth section, followed by experimental validation. The last section includes the conclusion and discusses 

the future scope of the work. 

 

The key contributions of this paper are as follows: 

• Developed a model of 5ϕ-PMSM drive and electrical faults using the external editor platform of Ansys software. 

• Analyzed the performance of the developed motor. 

• The fault feature is extracted using the wavelet transform and mathematical parameters. 

• Developed a single fault detection and diagnosis algorithm for all electrical faults, including ITSF, PPF, PGF, and    

OCF, using a knowledge-based fuzzy logic system for 5ϕ-PMSM drive with any capacity. 

• The fault detection and diagnosis time is less than two cycles of stator current. 

 

II. CLASSIFICATION OF FAULTS IN PMSM 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1 Classification of faults in 5φ-PMSM drive 

 

 

In PMSM, the faults are mainly categorized into mechanical faults, electrical faults, magnetic faults and as shown in Fig. 

1. Mechanical faults are related to the air gap, bearings, and alignment in the stator and rotor, whereas electrical faults 

are related to the windings in the stator. The magnetic fault is associated with the permanent magnet rotor. The present 

status of different faults occurring in PMSM is 41% faults are bearing related, 37% faults are stator related,10% faults 

are rotor related and the remaining 12% are other faults [1]. 
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 2.1 Electrical Faults 

 

The electrical faults are due to either short circuits or open circuits of windings in the stator part of the motor. Insulation 

failure, overheating, or overload are the primary reasons for electrical faults. The most frequent electrical fault in PMSM 

is ITSF in the stator windings. This fault generates a significant amount of heat and circulating current in the shorted 

path, making it particularly challenging. If not identified and removed promptly, it can spread into more stator windings 

and produce PPF, PGF, and even demagnetization faults [12]. An OCF in a PMSM typically occurs when a phase 

winding is disconnected from the power source. This disconnection may result from either an internal failure of the stator 

winding or a mechanical failure of the terminal connector. Such faults lead to significant electromagnetic torque ripples, 

considerable mechanical vibrations, and notable fluctuations in motor performance, including variations in speed and 

torque, as well as unbalanced currents in the stator winding. Consequently, these issues generate excessive heat within 

the winding. 

2.2 Mechanical Faults 

 

 The mechanical faults include shaft bending, bolt loosening, bearing issues, and air gap eccentricity. Among these, 

bearing faults are the most common mechanical faults, and the main causes of these faults are vibrations, shaft 

misalignment, inadequate lubrication, overload, and corrosion [13]. Even during regular operation, bearings are subject 

to wear and tear. Bearing degradation can cause mechanical faults such as air gap eccentricity, and increased friction.  

2.3 Magnetic Faults 

 

PMSM can be demagnetized by various factors, such as high temperature, large short-circuit currents, damage to the 

magnet, armature reaction, and aging of the magnet itself [14]. When a demagnetization fault occurs, it can cause ripples 

in flux linkage which lead to insufficient torque. To compensate for this, the motor needs more current to provide the 

necessary torque, which in turn raises the temperature and worsens the demagnetization. This fluctuation in torque can 

also produce abnormal vibration and acoustic noise. In addition, this torque variation can lower the performance and 

efficiency of the motor. Of all the faults listed above, electrical faults are the most serious and frequent ones, and if not 

detected in time, this may lead to other faults like magnetic and mechanical faults. So, it is necessary to detect and 

diagnose the electrical faults at the initial stage itself and the authors proposed a single algorithm to detect and diagnose 

these faults. 

III. PERFORMANCE ANALYSIS OF 5Φ-PMSM DRIVE 

 

A 220V, 50Hz, 1500rpm, 1kW 5ϕ-PMSM drive is selected, and the detailed design procedures are explained in   [15]. 

The dimensions obtained are presented in Table 1. A 5ϕ-PMSM drive with these dimensions was developed using Ansys 

software, and its 2D model is depicted in Fig. 2. The analysis of the developed model is done. Fig.3 shows the stator 

current with a peak value of 2.06A under full load and healthy conditions. Fig. 4 and Fig. 5 illustrate the torque and 

speed of the motor under healthy conditions. The motor attains a rated speed of 1500 rpm with a rated torque of 6.5 Nm 

at 100ms. 

The electrical faults such as ITSF, PPF, PGF, and OCF are created in the 5ϕ-PMSM model using the external editor 

platform of Ansys software and analyzed its characteristics under various fault conditions. The fault was introduced at 

t=0.15 sec. The performance of the motor under different electrical faults, including ITSF, PPF, PGF, and OCF will be 

illustrated in the following section.  
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Table 1 Designed values 

 

 

                                 

 

 

 

 

 

 

 

 

                           

 

                                
                                  

               Fig. 2 Developed model of 5φ-PMSM drive                                                            Fig. 3 Full load current response of healthy motor      

 
 

 

  

 

                 Fig. 4 Speed response of healthy motor                                                                                 Fig. 5 Torque of healthy motor  

  

3.1 Inter-Turn Short Circuit Fault Analysis 
 

An ITSF is developed in the stator winding of the 5ϕ- PMSM drive, by connecting a very low value of resistance (Rf) in 

parallel with some portions of the stator winding using the external circuit editor platform of Ansys Maxwell software. 

Fig. 6 depicts the equivalent stator winding of 5ϕ-PMSM drives with ITSF in “phase A”. The fault is introduced at t = 

0.15 sec, and the performance analysis of the developed motor with ITSF is carried out. The stator current of “phase A” 

winding with ITSF is shown in Fig. 7, where the magnitude of currents in phase “A” increased rapidly after the 

occurrence of a fault, and all other phase currents become distorted. 

 

      

              Fig. 6 Stator winding with ITSF in phase A                                                       Fig. 7 Full load current response of ITSF in phase A 

Parameter Quantity 

          D 

 

 113 mm 

          L   97 mm 

          LPM 

 

   5 mm 

 
          hs 

   13 mm 

           S     40 

 
         Tp     184 

          Z     1870 
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The analysis is done with ITSF in different phases, and the resulting stator currents are depicted in Fig. 8. The magnitude 

of the current in the faulty phase becomes increased and distorted, and the other stator currents are also distorted, and 

detailed analysis is explained in [16]. 

 

 
 

                                                       Fig. 8 Full load current response of the motor under ITSF in different phases 

 

3.2 Phase to Phase Fault Analysis 
 

A PPF is developed in the stator winding of the 5ϕ- PMSM drive, by connecting a very low value of resistance (Rf) 

between two phases of the stator winding using the external circuit editor platform of Ansys software. An equivalent 

stator circuit of 5ϕ-PMSM drives with PPF is illustrated in Fig. 9, where the fault is developed between “phase A and 

B”. The fault is created at t = 0.15 sec, and the analysis of the motor with PPF is carried out. The stator current waveforms 

with PPF between “phase A and B” conditions are shown in Fig. 10, where the magnitude of currents in “phase A and 

B” increased rapidly after the occurrence of a fault, and all other phase currents become distorted. 

 

 

      

                 Fig. 9 Stator windings with PPF in phases A and B                                Fig. 10 Full load current response of PPF in phases A and B 

 

The analysis is done with PPF occurring in different phases, and the resulting stator current response is depicted in Fig. 

11 and Fig. 12. It is observed that the stator current in the faulty phases becomes distorted and increased, and other stator 

currents become distorted. The schematic diagram of the stator winding of 5ϕ- PMSM drive with PGF at “E phase” 

is depicted in Fig. 13. The PGF is developed in the stator winding, by connecting a very low value of resistance (Rf) 

in between stator winding and the ground using the external circuit editor platform of Ansys software. 
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                                                                Fig. 11 Full load current response of PPF between different phases 

     

 

 

                                                               Fig. 12 Full load current response of PPF between different phases 

 

3.3  Phase to Ground Fault Analysis 

 

     

 

                         Fig. 13 Stator windings with PGF in phase E                                                              Fig. 14 Full load current response of PGF phase E 

     

 

The fault is created at t=0.15 sec, between “phase E and ground”, and the corresponding stator currents are depicted in 

Fig. 14. In the faulty phase, the current suddenly rises to a high value, and the currents in the other phases are also 

changed. 

         

                                                                       Fig. 15 Full load current response of PGF in phases A, B, C, and D 
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The analysis is done with PGF at different phases, and the resulting stator current response is depicted in Fig. 15. It is 

observed that the stator current in the faulty phase becomes distorted and increased, and the other stator currents exhibit 

distortion. 

3.3 Open Circuit Fault Analysis 

      

 

                     Fig. 16 Stator windings with OCF in phase A                                              Fig. 17 Full load current response of OCF in phase A 
 

 

An OCF is developed in 5ϕ- PMSM drive by connecting a very high-value of resistance (Rf ) in series with the stator 

winding using an external circuit editor platform of the Ansys software. An equivalent diagram of the stator winding of 

5ϕ- PMSM drive with OCF in “phase A” is shown in Fig. 16. 

 

 

The fault is introduced at t = 0.15 sec, and the performance analysis of the developed motor with OCF at “phase A” is 

carried out. The corresponding stator currents are shown in Fig. 17 and is seen that the current in “phase A” drops to 

zero, and the other phase currents become distorted and changed. The analysis of 5ϕ-PMSM drive with OCF at different  

                

                                               Fig. 18 Full load current response of OCF in Phases B, C, D, and E 

 

phases is carried out, and the corresponding stator currents are depicted in Fig. 18. The current in the winding                 

experiencing OCF drops to zero, and the currents in the other phases become distorted and increased. 

 

The analysis of 5ϕ-PMSM drive with all the electrical faults such as ITSF, PPF, PGF, and OCF are done. The current 

under normal and different electrical fault conditions are considered for further process. 

IV. DETECTION AND DIAGNOSIS PROCESS 

The general block diagram for the fault detection and diagnosis process is shown in Fig. 19. The current signals from the 

5ϕ-PMSM drive are fed to the signal processing unit through a signal acquisition unit. In this unit, these signals are 

processed with different signal-processing techniques Then the processed signals are analyzed to extract the fault-

indicating parameters to detect the faults using various statistical parameters. The final stage of the process is to diagnose 

the faults using either signal-based, model-based, or knowledge-based methods. 
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                                                                              Fig. 19 Block diagram of fault detection and diagnoses process 

 

For evaluating the nonstationary signals, Short Time Fourier Transform (STFT) and wavelet analysis are commonly 

used methods. STFT uses a window function with a predetermined length and type to split the non-stationary signal into 

stationary segments. Each segment is then assumed as stationary and the Fast Fourier Transform (FFT) of stationary 

segments is carried out. The wavelet analysis has been developed to overcome the limitations of STFT and has become 

one of the most prominent techniques. 

In wavelet analysis, the signal is divided into small oscillations of specific time and frequency. The primary benefit is 

that it offers good time resolution at high frequencies and good frequency resolution at low frequencies. Among the 

wavelet analysis types, even though both methods yield equally accurate results, a Discrete Wavelet Transform (DWT) 

is more effective since it requires less data for processing than Continuous Wavelet Transforms (CWT). In this paper, 

the DWT is used for the analysis process. In the DWT algorithm, the input signal, y(n) is divided into various frequency 

bands using Low Pass Filters (LPF) and High Pass Filters (HPF) to obtain the approximation constants (Yac) and the 

detailed constants (Ydc) [17]. The outputs from the LPF are down-sampled by a factor of 2 to obtain coefficients at 

various levels, and the process is repeated up to the nth level. A block diagram of this decomposition process in 

multiresolution DWT is shown in Fig. 20. 

 

 

 

 

 

 

 

                                                                                Fig. 20 Decomposition process of Wavelet Transform 

To handle a vast amount of data, artificial intelligence (AI), is the best method for fault detection and identification of 

electrical machines. One of the simplest and most accurate AI for decision-making tasks is fuzzy logic systems [18]. The 

traditional model of a fuzzy logic system is illustrated in Fig. 21. 

 

 

                                                                                  Fig. 21 Block diagram for Fuzzy Logic System 
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There are three main processes between the input and the output: fuzzification, fuzzy inference, and defuzzification. 

During the fuzzification process, crisp input data is converted into fuzzy sets using input membership functions. 

Commonly used membership functions include Gaussian, trapezoidal, and triangular shapes. The fuzzified data is then 

fed into the fuzzy inference system. This system employs “if-then” rules, utilizing logical operators like “and” and “or” 

to establish the relationships between the input fuzzy data and the output fuzzy data. The decisions are made based on 

these fundamental rules. In the defuzzification process, the output membership function is used to convert fuzzy sets 

back into actual values.  

V. RESULTS AND DISCUSSION 

 

The flowchart for the detection and diagnosis algorithm is illustrated in Fig. 22. The electrical faults including ITSF, 

PPF, PGF, and OCF are developed in the 5ϕ-PMSM drive using the external editor platform of Ansys Maxwell software, 

and the performance characteristics are analyzed. For fault feature extraction, two cycles of normalized stator currents 

are analyzed continuously with DWT. In this work, Daubechies 1 (Db 1) mother wavelet and the 4th level of the detailed 

coefficients are selected because these values exhibit a significant change between the healthy and faulty conditions. The 

normalized stator current of 5ϕ- PMSM drives under healthy conditions, and the corresponding wavelet window is shown 

in Fig. 23 and Fig. 24. 

 

                                  

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
                                      

                        

 
 

 

 
 

                                                                                       Fig. 22 Flow chart for electrical fault detection  

 

 

             Fig. 23 Normalized stator current under healthy condition                                            Fig. 24 Wavelet window for healthy condition     
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In Fig. 24, the top signal represents the original signal, and the second signal displays the approximation coefficient 

signal at level four. The remaining signals are the detailed coefficient signals from levels 1 to 4.  

The normalized stator current and wavelet window of 5ϕ-PMSM drives under different electrical fault conditions  (such 

as ITSF, PPF PGF, and OCF) are shown in Fig. 25 to Fig. 32. 

 

 

                   Fig. 25 Normalized stator current under ITSF at phase A                                        Fig. 26 Wavelet window for ITSF at phase A 

 

 

 

                      Fig. 27 Normalized current under PPF between A & B                                         Fig. 28 Wavelet window for PPF between A&B   

 

 

                   Fig. 29 Normalized stator current under PGF at phase E                                         Fig. 30 Wavelet window for PGF at phase E 

 

In this work, the detailed coefficients of the fourth level of the Db1 mother wavelet are chosen. The standard deviation 

(SD) of these coefficients for two cycles of normalized stator currents under healthy and different electrical fault 

circumstances has been computed and is presented in Table 2. Under normal operating conditions, the SD values 

presented in Table 2 fall within the range of 1 to 1.5. These SD values deviate from this range, either below 1 or above 

1.5 when a fault occurs. This deviation serves as the basis for identifying a fault, enabling the development of a detection 
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algorithm. Table 2 reveals some uncertainty or ambiguity in the SD values of stator current under healthy and various 

fault conditions. A fuzzy logic system is used to address this uncertainty and diagnose the faults.        

      

 

 

 

           Fig. 31 Normalized stator current under OCF at phase A                                                        Fig. 32 Wavelet window for OCF at phase A 

 

These SDs of 4
th 

level of the Ydc of Db1 wavelets of normalized currents under both healthy and various electrical fault 

states serve as the input of the diagnosis algorithm. In this fuzzy logic-based diagnosis system, trapezoidal membership 

functions are used as input functions. The input membership function (range from 0 to 30) includes nine variables, 

namely Extreme Small (ES), Very Very Small (VVS), Very Small (VS), Small (S), Medium (M), Very Medium (VM), 

Large (L), Very Large (VL), and Very Very Large (VVL) and shown in Fig. 33. The output membership function also 

uses trapezoidal membership functions and ranges from 0 to 52 and is shown in Fig. 34. For the diagnosis purpose of 

each fault, this output membership is divided into five sections: normal case (N) from 0 to 2, ITSF from 2 to 12, PPF 

from 12 to 32, PGF from 32 to 42, and OCF from 42 to 52 and are shown in Fig. 35 to Fig. 38 respectively.  

 

Table 2 SD-detailed coefficients-electrical faults 

 

SL 

No 

Type of 

fault  

SD 

(Ia) 

SD 

(Ib) 

SD 

(Ic) 

SD 

(Id) 

SD 

(Ie) 

1 HEALTHY 1.339 1.476 1.405 1.185 1.026 

2 ITSF A 2.158 1.501 1.04 1.369 1.369 

3 ITSF B 1.75 2.186 1.089 1.023 1.137 

4 ITSF C 1.529 1.832 2.258 1.204 0.8798 

5 ITSF D 1.08 1.711 1.644 1.721 0.842 

6 ITSF E 1.368 1.539 1.438 1.551 2.439 

7 PPF AB 11.51 8.574 1.285 1.77 1.627 

8 PPF AC 16.48 1.651 12.57 1.995 2.096 

9 PPF AD 12.3 1.566 0.87 10.41 1.901 

10 PPF AE 6.115 1.554 0.9835 1.087 6.381 

11 PPF BC 1.981 8.344 5.14 1.162 1.55 

12 PPF BD 2.396 14.17 1.022 10.49 1.719 

13 PPF BE 2.459 16.11 1.357 0.9304 13.05 

14 PPF CD 2.056 2.014 11.88 8.588 1.143 

15 PPF CE 2.277 2.485 19.28 1.363 14.84 

16 PPF DE 1.348 2.072 1.847 10.03 7.019 

17 PGF A 23.08 2.658 2.529 1.791 0.9932 
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18 PGF B 1.116 24.5 2.571 2.47 1.635 

19 PGF C 2.058 1.98 29 2.711 2.488 

20 PGF D 2.619 1.679 0.8097 19.63 2.198 

21 PGF E 2.893 2.788 1.913 1.367 28.72 

22 OCF A 0.8201 1.773 1.252 1.202 1.379 

23 OCF B 1.508 0.9249 1.993 1.647 1.168 

24 OCF C 1.798 1.452 0.498 1.219 1.049 

25 OCF D 1.564 1.762 1.818 0.8257 1.514 

26 OCF E 1.823 1.389 1.738 1.54 0.4214 

 

 

 

 

 

                                                                 Fig. 33 Input membership function 

 

 

 

 

 

 

 

                                     Fig. 34 Output membership function                                                       Fig. 35 Output membership function for ITSF 

                                           

                                       
                                   Fig. 36 Output membership function for PGF                                              Fig. 37 Output membership function for OCF                                                          

 

 
                                                            Fig. 38 Output membership function for PPF 

 

The range of output membership function values under normal, ITSF, PPF, PGF, and OCF conditions are given in Table 

3. The center of the average approach is used for the defuzzification process. The fuzzy rules are developed in the fuzzy 

inference system with input to the system and the input membership function, and some of the rules are listed in Table 

4. 
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In this fault diagnosis algorithm, the results are presented in the rule viewer window of the fuzzy logic system. Fig. 39 

shows the rule viewer window of the system under normal conditions and shows that the displayed value is 1.1, which 

is within the range of healthy conditions (0 to 2). Fig. 40 presents the rule viewer window of an ITSF that occurred in 

the C phase, with a displayed value of 7. This value lies between 6 and 8, fitting within the limits of the output 

membership function for ITSF in the C phase. Fig. 41 depicts the rule viewer window of PPF that occurred between 

phase A and phase B, with a displayed value of 13. This value lies between 12 and 14, fitting within the limits of the 

output membership function for PPF between phase A and phase B. The rule viewer window of PGF at phase D is shown 

in Fig. 42, with a displayed value of 38.9. This value falls within the range of 38 to 40, which is the output membership 

function indicating PGF at phase D. Also, Fig. 43 represents the rule viewer window of OCF at phase B, showing a 

displayed value of 45.1. This value is also within the acceptable limit of the output membership function for OCF at 

phase B. 

 

Table 3 Range of outputs of fuzzy system 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 4 Fuzzy rules for healthy and faulty conditions 

 

Sl 

No 

Type of 

fault 
Range 

Sl 

No 

Type of 

fault 
Range 

1 Healthy 0 to 2 14 PPF CD 
26 to 

28 

2 ITSCF A 2 to 4 15 PPF CE 
28 to 

30 

3 ITSCF B 4 to 6 16 PPF DE 
30 to 

32 

4 ITSCF C 6 to 8 17 PGF A 
32 to 

34 

5 ITSCF D 
8 to 

10 
18 PGF B 

34 to 

36 

6 ITSCF E 
10 to 

12 
19 PGF C 

36 to 

38 

7 PPF AB 
12 to 

14 
20 PGF D 

38 to 

40 

8 PPF AC 
14 to 

16 
21 PGF E 

40 to 

42 

9 PPF AD 
16 to 

18 
22 OCF A 

42 to 

44 

10 PPF AE 
18 to 

20 
23 OCF B 

44 to 

46 

11 PPF BC 
20 to 

22 
24 OCF C 

46 to 

48 

12 PPF BD 
22 to 

24 
25 OCF D 

48 to 

50 

13 PPF BE 
24 to 

26 
26 OCF E 

50 to 

52 

SL 

NO Ia Ib Ic Id Ie 

Condition of 

the motor 

1 VVS VVS VVS VVS VVS 

HEALTHY 2 VS VS VS VVS VVS 

3 S VS VVS VVS VVS 
ITSCF A 

4 S VS VVS VS VS 

5 VS S VVS VVS VVS ITSCF B 

6 VS VM M VVS VS PPF BC 
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                            Fig. 39 Fuzzy rule viewer - healthy condition                                                     Fig. 40 Fuzzy rule viewer - ITSC at C phase 

                                   

  

 

          

Fig. 41 Fuzzy rule viewer - PPF between A & B phases                                 Fig. 42 Fuzzy rule viewer - PGF at D phase 

 

                

 

 

                                                                                                     Fig. 43 Fuzzy rule viewer - OCF at B phase 

 

7 S S VM VM VVS PPF CD 

8 VL M M VS ES 
AG 

9 VVL M M VS VVS 

10 VVS VL M S VS 
BG 

11 VVS VVL M S VS 

12 VS VS VS ES VS 
DOC 

13 VS VS S ES VS 

14 VS VVS VS VS ES 
EOC 

15 S VS VS VS ES 
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This algorithm can be used to detect and diagnose electrical faults in 5ϕ-PMSM drives with any capacity. To realize this, 

a 20kW, 5ϕ-PMSM drive [19] was developed, and a performance analysis was conducted. Fig. 44 illustrates the stator 

current under full load conditions, with a peak value of 37.5 A. Fig. 45 shows the normalized stator current, which has a 

peak value of 1.34 A and aligns with the performance of the proposed motor. Although the actual peak values of the 

stator currents differ, their normalized values remain constant across different machine ratings [20]. Since these 

normalized stator currents are utilized for wavelet analysis, the proposed method can effectively used for the detection 

and diagnosis of various electrical faults, including ITSF, PPF, PGF, and OCF in 5ϕ-PMSM drives with any capacity. 

 

Table 5 Comparison table with existing methods 

 

 

 

SL 

No 
Fault diagnosis 

method 

Detection 

time 

Types of faults detected 

Electrical faults 

SCF OCF 

ITSCF PPF PGF OCF 

 

1 

Hilbert Transform 

method [3] 
1 sec Yes No No No 

 

2 

Self-adapted 

model predictive 

current control 

method [6] 

0.8 sec Yes Yes No Yes 

 

3 

Third-order 

harmonic back 

EMF [7] 

0.2 sec Yes No No Yes 

 

4 

Field-oriented 

control strategy 

[8] 

2 msec No No No Yes 

 

5 

Magnetic field 

pendulous 

oscillation 

phenomenon [9] 

0.6 sec No No No Yes 

 

6 

Trajectory 

distribution 

characteristics of 

current and 

terminal voltage 

[10] 

1 sec No No No Yes 

 

7 
Proposed method 

< 0.04 

sec 
Yes Yes Yes Yes 

 

                 

 

                                                                   Fig. 44 Stator current at full load condition for 20 kW motor 
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                                                                     Fig. 45 Normalised stator current at full load condition for 20 kW motor 

 

 The novelty of the proposed algorithm is validated by comparing it with the existing fault detection and diagnosis 

techniques found in the literature, as summarized in Table 5. While the current algorithms are only capable of detecting 

and diagnosing a single fault at a time, the proposed algorithm can simultaneously detect and diagnose all the electrical 

faults (ITSF, PPF, PGF, and OCF) within two cycles of the normalized stator currents. A hardware setup is implemented 

to evaluate the efficacy of the proposed algorithm.  

VI. EXPERIMENTALSETUP 

Fig. 46 shows the hardware setup of the proposed diagnosis algorithm, which consists of the following components: 1. 

Auto-transformer, 2. Two numbers of 3ϕ Inverters, 3. Microcontroller and driver circuit, 4. a 1kW, 220V, 5ϕ-PMSM, 5. 

Cur- rent sensors, 6. Raspberry Pi, 7. Breadboard with LEDs, and 8. LCD. To experimentally validate the proposed 

algorithm, a Raspberry Pi 4 Model B is set up with the Raspbian operating system using the Raspberry Pi Imager. The 

fault detection and diagnosis algorithm is implemented in Python. Essential Python libraries, such as pandas, pywt, and 

scikit-fuzzy, are installed to support data processing and fault diagnosis procedures. 

 

The Raspberry Pi continuously acquires the stator currents of the 5ϕ-PMSM drive via its GPIO pins and a current sensor 

circuit. These current readings are then processed using a Daubechies 1 wavelet at level 4 from the PyWavelets library. 

The transformed data is fed into a Mamdani fuzzy logic model, built with the scikit-fuzzy library and user-defined 

membership functions, to determine the fault condition of the drive based on the processed data. The system displays the 

result on the Raspberry Pi terminal after comparing the current value acquired by the system to predetermined fault 

detection criteria. 

 

The implementation of the output of the proposed algorithm uses an LCD screen with designated green and red areas 

and corresponding LEDs connected to a Raspberry Pi. Python scripts control the LEDs and LCD. A healthy motor status 

triggers the green LCD box and LED to blink, while a fault triggers the red LCD box and LED. The status of the motor 

is also displayed on the LCD screen, as depicted in Figure 47. 

 

 

                                                                        Fig. 46 Experimental setup to validate the fault detection algorithm 
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Fig. 47 Display system for proposed algorithm 

VII. CONCLUSION 

 

The authors developed a single algorithm to detect and diagnose all the electrical faults (ITSF, PPF, PGF, and OCF) in 

a 5ϕ-PMSM drive. The external editor platform of Ansys Maxwell software is used to develop the model of the motor 

and the faults. The normalized stator currents of the motor under normal and different electrical faults are analyzed using 

DWT. The SD of the detailed constants of the db1 wavelet at the 4th level is calculated to identify the faults. A 

knowledge-based fuzzy logic system is developed to diagnose the faults and the faulty phases. All electrical faults are 

detected and diagnosed within two cycles of stator currents, which ensures the continuity and reliability of the service. 

Since the current normalization is considered for DWT analysis, the proposed algorithm can be used to detect and 

diagnose all electrical faults in the 5ϕ-PMSM drive with any capacity and ratings. The proposed fault detection and 

diagnosis algorithm is experimentally validated through the Raspberry Pi. The future scope of this work is that it can be 

used to detect and diagnose other faults, including magnetic, mechanical, and external faults in 5ϕ-PMSM drive. 
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