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Abstract— This study presents an in-service non-intrusive 
diagnosis methodology for the detection of incipient faults in the 
induction motor’s (IM) stator windings. The failure identification 
(FI) algorithm is based on the application of mathematical 
morphological gradient (MMG) technique on the stator’s current 
in the time domain. The IM under study is driven by the direct 
torque control (DTC). Comprehensive investigation of harmonics, 
inter-harmonics and sub-harmonics content is conducted to 
compare between the FI based on the classical motor current 
signature analysis (MCSA), and the proposed technique. The 
proposed MMG based FI routine is fast, online, and easy to 
implement on digital controllers. The FI technique was validated 
through the co-simulation between the physics based finite 
element (FE) model of IM, and the voltage source inverter (VSI), 
DTC controller, and FI logic. The co-simulation have the merit of 
simulating the IM with all the harmonic content to improve the 
reliability of the FI. Moreover, it represents a trustworthy 
alternative to the experimental platform, which accelerate the 
ageing rate of the IM. Simulation reinforced by experimental 
results depicted the robustness of the FI method. 

Keywords— Direct Torque Control, Diagnosis, Induction 
machine, Mathematical morphological gradient, FEA, Inter-Turn 
failures 

I. INTRODUCTION 

Inter-turn failure (ITF) in stator’s windings is the second 
most frequent fault in induction motors (IM), after bearing 
faults [1]. The online detection of ITF at its embryonic stages 
is a vital key for the protection of the asynchronous motor drive 
system [2]. Consequently, online techniques of ITF fault 
identification (FI) are pervasive in literature. 

The IM system could be categorized into three types: 
connected directly on-line (DOL), fed from open-loop 
controlled voltage source inverter (VSI), and fed from closed-
loop VSI. The latter can be categorized on scalar and vector-
controllers. The vector control algorithm employed in the 
majority of the high performance motor drive industries is the 
direct torque control (DTC), due to its robustness and could be 
implemented easily [3]. However, its robustness overburden the 
detection of ITFs at their initial stages, as the DTC controller 

hides the signatures present at the asymmetrical DOL 
connected IM.  

Frequency spectrum investigation is widely used in online 
diagnosis of asynchronous motors stator’s failures [4]. That 
investigation is commonly done for the stator’s current (࢙࢏), and 
denoted as motor current signature analysis (MCSA). 
Monitoring the third order harmonic of ࢙࢏ , proved to be 
ineffective in detecting the incipient stator’s fault, especially in 
the low voltage IMs, as supply unbalance or inherit IM 
asymmetries mimic the fault signatures, and could result in 
false FI [5]. Consequently, other harmonic orders were used to 
detect ITFs in DOL connected IM. In [6], three order harmonic 
components at 90, 120	and	150	Hz were used to detect ITF in 
DOL fed IM, with supply frequency of 60 Hz. A model was 
developed in [7] for the induction motor (IM) with ITF to 
explore the interaction between the saturation in the 
asymmetrical machine and the spectral content of ࢙࢏ . ITF 
detection based on the radiated magnetic flux captured via an 
external magnetic loop for DOL connected IM was presented 
in [8]. The researchers claimed that FI based on the radiated 
flux is more accurate than MCSA, as the ITF creates its own 
current, and its own magneto-motive force. However, that 
claim was not supported by comparative analysis between both 
techniques.  

Due to the fact that frequency domain transformations (FFT) 
are limited in their applications to stationary signals only, 
detection of ITF based on time-frequency domains gained 
popularity recently in literature. In [9]-[11] wavelet 
transformation (WT) was adopted to detect IM stator’s fault. 
Whereas in [12], wavelet transformation was done over the 
radiated external magnetic flux from the IM for FI. The IM 
considered in the four aforementioned studies were DOL 
connected. 

Stator’s winding fault recognition is more vital in VSI fed 
IMs. The abrupt voltage transitions (݀ݒ ⁄ݐ݀ ) accompanying 
high switching frequency ( ௦݂) of the VSI intensifies the electric 
field stress over the insulations, which by its role accelerates the 
ITF propagation. Moreover, with the rapid growth in the 
electric vehicles industry [13], more attention should be given 
to FI of ITFs in vector controlled IMs, especially the DTC 
driven ones. 

The first reaction of the DTC controller to the ITF is the 
increase in the 3rd order harmonic component of ࢙࢏, to counter 
balance the oscillatory component in the developed torque [14]-
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[15]. That’s the reason why in [16] MCSA was used and the 3rd 
order harmonic component was adopted for FI. Whereas in 
[17], beside the MCSA, the authors used the increase in the 
positive sequence components (SC) of ࢙࢏  in the synchronous 
rotating frame to counter-balance the negative SC due to ITF as 
FI. The latter technique was implemented on DSP controller in 
[18]. As the ITF will introduce a 2nd order harmonic component 
in the developed torque [15], the developed power will inherit 
the same signature. Consequently in [19], the FI was based on 
monitoring of the 2nd order harmonic component of the 
developed power, for DOL connected IM and DTC driven IM. 
The signatures were much more obvious in the DOL connected 
IM than the DTC driven one, due to the compensatory nature of 
the DTC controller. Finally, the FI or ITFs in DTC driven IMs 
based on the off-diagonal components of the symmetrical 
components impedance matrix was presented in [20]. The FI 
routine has the advantages of being in time domain, and 
immune against sensor errors and motor inherited asymmetries. 
However, the fundamental frequency got affected by the 
stator’s fault, hence a robust frequency estimation technique is 
required in that FI routine. 

 From the aforementioned literature survey, it is obvious that 
the 5 researches have investigated FI of ITFs in DTC driven 
IMs were either in frequency domain completely, or require 
frequency estimator for the transformation. None of the 
aforementioned researches dealt with the signal directly in the 
time domain (T-domain). Among the various T-domain signal 
processing routines, mathematical morphological gradient 
(MMG) theory, that was initiated for image processing 
applications [21], showed promising results in detecting broken 
bar faults [22], and ITFs [23] for DOL connected IMs. 

The contribution of this study to the current state-of-the-art 
is the development of a non-intrusive, non-destructive online FI 
technique based on MMG filters applied on ࢙࢏ for DTC driven 
asynchronous motors. Moreover, physics based co-simulation 
is presented for FI in DTC controlled IM, through the coupling 
between: finite element analysis (FEA) of IM and VSI and DTC 
models. Simulation and experimental results demonstrating the 
FI technique is able to detect ITSC faults. Furthermore, 
comparative analysis is given between the proposed FI and the 
MCSA based FI. 

II. OVERVIEW OF DTC

The co-simulation platform and the FI routine of the DTC 
driven asynchronous motor under study is shown in Fig.1. The 
DTC algorithm is based on two hysteresis controllers , the first 
is a two-level one to control the developed torque ( ௘ܶ), while 
the other is a three-level one used to control the magnitude of 
the flux-linkage (|࢙ࣅ|). In this article the DTC controller is 
implemented with a fixed switching frequency ( ௦݂ = 10 kHz). 
It’s noteworthy to mention that ௘ܶ and |࢙ࣅ| are not measured by 
the DTC controllers, they are estimated. The DTC algorithm 
procedure could summarized in the following 7 steps: 

1) Measurement of VSI signals’
The first step is the measurement of the DC-link voltage

( ஽ܸ஼) and the motor’s line current(࢙࢏). 
2) Transformation into ߚߙ coordinates
The measured values are transformed from the three-phase

stationary frame of reference ܾܽܿ into the two-phase stationary 
frame of reference ߚߙ via Clark’s transformation.  

3) Stator’s voltage estimation
The space-vector (SV) output voltage of the VSI (ෝ࢙࢜) could

be estimated through the knowledge of ஽ܸ஼ and the switching 
sequence ([࢏ࢊ] = [݀௜௔ ݀௜௕ ݀௜௖]௧). 

4) Estimation of  ௘ܶ and ࢙ࣅ
Using ෝ࢙࢜ and ࢙࢏, the developed torque and the flux-linkage

could be estimated by (1) and (2), respectively.	ܴ௦ is the stator 
resistance. ෠ܶ௘ = ଷଶ ௉ଶ ௅೘௅ೞ ൫݅௦ఉߣመ௦ఈ − ݅௦ఈߣመ௦ఉ൯          (1) ࣅ෠࢙ = ࢙࢜)׬ − ܴ௦(2)            ݐ݀(࢙࢏ 

5) Controllers action
The error between the estimated and reference values of Tୣ

and ࢙ࣅ  are the inputs for the aforementioned hysteresis 
controllers. δ|ࣅs| = ௥௘௙ߣ − |sࣅ|  and δ ௘ܶ = ௥ܶ௘௙ − ௘ܶ  are the 
errors in ࢙ࣅ and Tୣ , respectively. The output of the hysteresis 
controller are the (߰, ߬ signals) indicate to the switching table 
(Look-up Table) the requirements, as in Fig. 2. 

6) Sector detection
Based on ߬ and ߰,  the sector (ܵ௫, whereݔ = {1 − 6} ) where

the flux-linkage lies is determined.   
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TABLE I. SWITCHING LOOK-

UP TABLE FOR CLASSICAL DTC ߬, ߰ ↓↓ 0 ↑↓ 0 ↓↑ 0 ↑↑ 0 ܵଵ ࢙࢜૝ 0 ࢙࢜૛ 0 ࢙࢜૞ 0 ࢙࢜૜ 0 ܵଶ ࢙࢜૞ 0 ࢙࢜૟ 0 ࢙࢜૚ 0 ࢙࢜૛ 0 ܵଷ ࢙࢜૚ 0 ࢙࢜૝ 0 ࢙࢜૜ 0 ࢙࢜૟ 0 ܵସ ࢙࢜૜ 0 ࢙࢜૞ 0 ࢙࢜૛ 0 ࢙࢜૝ 0 ܵହ ࢙࢜૛ 0 ࢙࢜૚ 0 ࢙࢜૟ 0 ࢙࢜૞ 0 ܵ଺ ࢙࢜૟ 0 ࢙࢜૜ 0 ࢙࢜૝ 0 ࢙࢜૚ 0 
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7) VSI switching signals 
Via the detected sector ܵ௫, and the controllers output signals 

(߰, ߬), the output switching signals to the gates of the VSI 
switches are determined based on the DTC look-up table, 
shown in Table I. 

III. MCSA: ITF EFFECT AND DTC REACTION THROUGH 

HARMONIC INSERTION 

ITF results in escalating the positive SC, and insertion of 
negative SC in ࢙࢏	[15]-[14]. Thereby, ࢙࢏ will be as in (3): ࢙࢏ = ௦̅௉|݁௝ቀఠ௧ାథ೔ೞುቁܫ| +  ௦̅ே|݁ି௝ቀఠ௧ାథ೔ೞಿቁ            (3)ܫ|

where |ܫ௦̅௉| and |ܫ௦̅ே|  are the magnitudes of the positive and 
negative SC of ݅௦ , respectively, ߱ = ݂ߨ2 . It’s noteworthy to 
mention that those SCs are observable by the DTC via the 
current transducers.  
 Based on (2),  ߣመ௦ will inherit a negative SC, and will suffer 
of suppression in the positive SC. ߣመ௦  in the space-vector 
notation will be as in (4): ߣመ௦ = หߣ௦̅௉ห݁௝ቀఠ௧ାథഊೞುቁ + ห̅ߣ௦ேห݁ି௝ቀఠ௧ାథഊೞಿቁ         (4) 

where หߣ௦̅௉ห and ห̅ߣ௦ேห are the magnitudes of the positive and 
negative SC of ߣመ௦,	respectively. But ௘ܶ  could be written as in 
(5) instead of (1): ෠ܶ௘ = ଷଶ ௣ଶ ௅೘௅ೞ Im൛ࣅ෠࢙∗࢙࢏ൟ                                (5) 

 Consequently, from (3) and (4) in (5), ෠ܶ௘ will have two 
terms in summation, as in (6): the first is constant (observable 
static error), while the second represents the oscillatory 
component at 2߱௘ (observable dynamic error).  ෠ܶ௘ = 32 2ܲ ௦ܮ௠ܮ ൫ sܶtat_obs + ห തܶୢ ୷୬_୭ୠୱห sin(2߱௘ݐ +  (6)									൯(ߛ

DTC tends to compensate the observable error through 
introducing a 3݂  component in ࢙࢏  (and hence in ࣅ෠࢙ ). The 
aforementioned 3rd order harmonic will counterbalance the 
oscillatory torque error observed by the torque controller. 

Stator’s fault introduces inter-harmonics in the stator’s 
current at frequencies ( ூ்݂ௌ஼) [19], as in (7): ூ்݂ௌ஼ = ݂[௠௣ (1 − (ݏ ± ݈]                               (7) 

where, ݉ = 0,1,2…, ݈ = 0,1,3,5…. 
The interaction between the TIF, and the saturation in the 

stator as its result, produces third-order-related inter-harmonic 
components as in (8) [7].  

ଷ݂௛ = ݂[ோ௣ (1 − (ݏ ± 3]                               (8) 

where ܴ  is the number of rotor’s slots. 
Various other harmonics/inter-harmonic components appears 

in the stator’s current, even for healthy IMs, as a result of the 
rotor slot effects, its interaction with saturation, switching 
activity of VSI, etc. Those harmonic components and their 
causes are explained in details in [15], and could be 
summarized as in Table II. It was proven experimentally in 
[15], the difficulty of FI based on MCSA due to the numerous 
harmonics/inter-harmonics existence. 

TABLE II.  SUMMARY OF PREDICTED HARMONICS DTC DRIVEN 
FAULTY IM. 

Cause Generated harmonics in stator’s Current

Rotor slots effect 
௅݂ி_ோுௌ = ݂ ቂ1 − ோఉ௣ (1 − ቃ             (9)(ݏ

ு݂ி_ோுௌ = ݂ ቂ1 + ோఉ௣ (1 − ቃ            (10)(ݏ

Saturation effect  ோ݂ௌு_௦௔௧ = ݂ ቂ1 ± ߙ2 ± ோ௣ (1 − ቃ       (11)(ݏ

ITSC effect    ூ்݂ௌ஼ = ݂ ቂ௠௣ (1 − (ݏ ± ݈ቃ             (7)

ITSC and Saturation effect  ଷ݂௛ = ݂ ቂோ௣ (1 − (ݏ ± 3ቃ             (8)

DTC reaction    ஽்݂஼_௥௘௔௖௧௜௢௡ = 3݂               (12)

 
IV. MATHEMATICAL MORPHOLOGICAL GRADIENT 

ALGORITHM FOR FI 
Mathematical morphology (MM) can be defined as a 

technique for the analysis of spatial structures, based on set 
theory, integral geometry and lattice algebra [21]. The main 
application of the MM is the image and video processing. It is 
totally different from the methods that are based on integral 
transform, such as Fourier Transform (FT) and Wavelet 
Transform (WT), in basic principles, algorithmic operations 
and approach. In contrast to the theory of linear signal 
processing, such as FT/WT, MM is non-linear signal processing 
technique [25]. Furthermore, it depends on the shape of a signal 
waveform in the time domain rather than the frequency domain. 

The main purpose of morphological operators is to extract 
related structures of a set. The extraction is performed by 
interaction between the set of the signal data and another 
probing set, which is called Structuring Element (SE). The 
shape of the SE is pre-defined according to some priori 
information about the morphological form of the signal. 

 There are two basic morphological operators, dilation and 
erosion, which form a pair of dual transforms. The logic behind 
the mathematical morphological gradient (MMG) theory is to 
recognize the pattern in a non-linear signal in the time domain 
by adapting it through the interaction with the MMG operator. 
This interaction is done via the basic logical operators of MMG: 
dilation (δ) and erosion (ε). Let ݉ denote a signal and ݃ denote 
a SE, and the length of g be noticeably shorter than that of ݉. 
The signal is defined as a single dimension gray-scale image 
and it is proceeded by dilation operation as in (13): ߜ = (݉⨁݃) = ݔܽ݉ 	൛݉(ݔ + (ݏ + ݔ)|(ݏ)݃ + (ݏ ∈ ,௠ܦ ݏ ∈  (13)	௚ൟܦ
where ⊕ dilation operator means ݉ dilated with ݃ to produce 
the dilated signal ߜ. Whereas ܦ௠,ܦ௚ are the definition domain 
of ݉	and ݃	respectively, and ݔ is the samples of signal ݉. In 
the case under study, the signal ݉ is the stator’s current ࢙࢏. 

Erosion can be described as shrinking of the shapes 
contained in the input signal by using the SE [21]. Erosion is 
labelled the same equation but instead of supreme will be 
replaced by minutest as in (14), ߝ = (݉⊝ ݃) = ݉݅݊	൛݉(ݔ + (ݏ + ݔ)|(ݏ)݃ + (ݏ ∈ ,௠ܦ ݏ ∈ ௚ൟܦ (14)  
where ⊝	erosion operator means  ݉ eroded with  ݃, and ߝ is 
the eroded signal. 

MMG is defined as the arithmetic difference between the 
dilation and erosion of a signal by the SE. The MMG aims at 
removing the steady state components and highlights the 
transient’s ones. The MMG is represented as in (15), 
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ܩܯܯ = ߜ −   (15)																																												ߝ
Meanwhile dilation and erosion using a flat SE return the 

maximum and minimum of the signal samples, for each point, 
its morphological gradient reflects the change between 
maximum and minimum obtained within the samples of the SE. 

V. CO-SIMULATION RESULTS 

A 1 HP WEG IM of M19 USS iron cored stator with 36 slots 
is used in this study. The rotor has 44slots, and aluminum bars 
of 3.8ൈ 10଻Ʊ/m. The IM has an air gap of 0.31 mm. Each 
phase total number of turns per phase is ௔ܰ௦ = 510. Four taps 
were done on the physical IM and the FEA model to study the 
ITF. The fault severity factor (ߤ௙) is a ratio between the number 
of turns short-circuited and ௦ܰ௔.The four faulty cases (ܥଵ −  (ସܥ
are for ߤ௙ = 1.08%, 2.68%, 3.98%  and 4.7% , respectively. 
The fault resistance ௙ܴ = 0.67	Ω. The nameplate ratings and 
parameters of the IM are shown in Table III. Co-simulation 
environment was realized via the interactive coupling between 
the DTC-VSI models in Simulink/MatLab environment and the 
FEA model of IM in MagNET/Infolytica. For both experimental 
and Co-simulation test, the torque reference value was ௥ܶ௘௙ =2	Nm. 
A. FI based on MMG 

TABLE III.  NAMEPLATE RATINGS OF THE 1 HP WEG IM 
UNDER STUDY. 

Param. Value Param. Value Rating Value Rating Value ܮ௟௦	(	݉ܪ) 32.1  ܴ௦(Ω) 9.292  ௥ܲ ௥(Ω) 7.231  ௥ܸ(V) 460  polesܴ 	 37.0 (ܪ݉)௟௥ܮ0.8 ܨܲ  746 (ܹ)	 ௥ܫ  0.053 (ଶ݉݃ܭ)௠ܬ  0.895 (ܪ)௠ܮ4 (݉݌ݎ)	௥݊  1.47 (ܣ) 1730

 
Fig. 3. FEA Co-Simulation results for healthy and C1 faulty case (a): ࢙࢏ in T-

domain, (b): Zoom-in of ࢙࢏ at zero-crossing at at the peak, (c): Dilataed 
signal, (d): Eroded Signal, (e): MMG, (f): Accumulated energy.  

The stator’s current was obtained for healthy and ܥଵ faulty 
conditions from the FEA co-simulation environment, as shown 
in Fig. 3(a). Zooming of ࢙࢏ of both are shown in Fig.3(b). The 
dilation and erosion of the obtained signals are displayed in Fig. 
3(c) and Fig. 3(d), respectively. As Fig. 3(c) shows, the 
maximums of the faulty cases are larger than those for the 
healthy case. Whereas in Fig. 3(d), the eroded signal has higher 
value in the healthy case if compared to ܥଵ. Thereby, ܩܯܯ, has 
higher value in ܥଵ case if compared to the healthy, as in Fig. 
3(e). To discriminate the ITFs, the area under the curves of Fig. 
3(e) are calculated and denoted as ‘Energy’, as in Fig. 3(f). The 
ITFs detection is based on the end value of the energy at the 
processing window. That energy end value was 9.185	A. s	and 
13.5	A. s	for healthy and ܥଵ cases, respectively 

B. FI based on MCSA 

To compare with the MCSA based FI algorithms, the 
harmonic spectrum of ࢙࢏	was obtained, up to the 8th order 
harmonic ( ݄ = frequency(Hz)/݂ ), by FFT with sampling 
frequency of 20  kHz. Results showed that numerous sub-
harmonics, inter-harmonics and harmonics are present in case 
of healthy and faulty IM driven by DTC controller, due to the 
reasons mentioned in section III. Those harmonics are not 
always greater in amplitude in case of faulty IM. As expected, 
the fault will amplify the 3rd order harmonic component if the 
current, due to the DTC reaction. However, that 3rd order 
content was present in case of healthy motor, due to inherent 
asymmetries in the motor design, which makes the FI through 
monitoring that component problematic.  

 
Fig. 4. Frequency spectrum of ࢙࢏  in Co-simulation enviroment 

 
Fig. 5. Experimental setup for acquisition with a dSpace 1104. 

VI. EXPERIMENTAL RESULTS 

The experimental test platform is shown in Fig. 5. The 1 HP 
IM’s shaft is mechanically coupled to a 250 W and 42 V dc 
permanent magnet (PM) machine. The dc PM machine is acting 
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as a generator with variable load. A dSpace 1104 board is used 
for the control and condition monitoring. The motor angular 
speed is measured with a 1000 ppr coupled to the PM machine. 
The healthy condition as well as the 4 faulty conditions were 
run experimentally in the setup, and MMG FI routine, as well 
as FFT were performed to the stator current.   

A. FI based on MMG 

The MMG routine is applied on ࢙࢏, and the energy’s end 
values (EEV) are displayed in Table IV.  For better judgement 
on the proposed CM technique, the EEV of the healthy cases 
were taken a reference, and the EEVs were calculated as 
percentage with respect to it, according to (16): ܸܧܧ	(%) = ൬ாா௏೑ೌೠ೗೟೤ିாா௏೓೐ೌ೗೟೓೤ாா௏೓೐ೌ೗೟೓೤ ൰ ൈ 100															(16)  

TABLE IV.  MMG EXPERIMENTAL RESULTS ࢇ࢙ࡺ૛	ࢌࣆ	(%) Cases ۳۳܄	0 (%)ࢂࡱࡱ	 0	 healthy	9.18	 0	6	 1.08	 C1	 		12	 30.72	14	 2.68	 C2	 		13.4	 45.9	20	 3.98	 C3	 	15.4	 67.76	24	 4.70	 C4	 16.4	 78.6	
As Table IV depicts, the proposed MMG technique was able 

to detect embryonic faults experimentally. Even for the 1.08% 
fault, the ܸܧܧ  as percentage was 30.7% , which is very 
significant to notice that small ITF.  

B. Comparative analysis between the proposed MMG based 
FI and MCSA based FI 

      To investigate the effectiveness of the proposed technique, 
comparative analysis was done in the experimental platform 
between the proposed MMG based FI and the convetional 
MCSA based FI for the DTC driven IM with ITFs. The setup 
was run experimentally under the five conditions, and the 
spectrum of ࢙࢏ is displayed in Fig.6. From Fig. 7 it is obvious 
that none of the harmonic orders classically used for CM 
(fundamental, 3rd, 5th, 6th and 7th orders) was able detect and 
discriminate the faults in order of ߤ௙. Per instance, the healthy 
has higher fundamental component than ܥଵand	ܥଶ, but less than ܥସ. Whereas at the 3rd order harmonic, all the faulty cases have 
higher value from the healthy one, but the difference between 
the faulty ones is not significant. Moreover, at the 6th and 7th 
order harmonics, the healthy case coincide with ܥଵ, and it is 
hard to discriminate between them. Another interesting point is 
to notice that the experimental results matched with the co-
simulation  

 
Fig. 6. Expiremental result: Spectrum of C4 faulty IM’s current at ௥ܶ௘௙_ଶ  

results, which makes the co-simulation platform convenient 
alternative to avoid subjecting the machine to short-circuit that 
might accelerate its ageing process. 

VII. CONCLUSION  

A novel MMG based FI technique was proposed to detect 
stator inter-turn failures in DTC driven asynchronous motors 
was presented in this study. Co-simulation results reinforced by 
the experimental results showed the capability of the proposed 
non-intrusive non-destructive online FI technique to detect the 
TIF faults in time-domain more accurately than the 
conventional MCSA. Among the advantages of the proposed 
technique is: unlike the MCSA based FI, which requires 
monitoring of several harmonics/inter-harmonics to detect the 
fault, Mat-Morph CM is based on monitoring one value. In 
addition, Mat-Morph routine in its basic concept is based on 
buffering, addition and subtraction, which make it easy to 
implement on digital signal processing boards. 
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