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Although it is one of the most common fault signatures methods for 

diagnosing motor defects, Motor Current Signals Analysis (MCSA) has some 

drawbacks that can degrade the performance and accuracy of a motor diagnostics 

system. In particular, it is very difficult to detect broken rotor bars (BRB) when the 

motor operates at no load condition. This paper proposes a comparative study of 

two methods for the diagnosis of BRB defect in closed-loop induction motors. Stator 

currents in an induction motor have been measured, transferred to a computer, used 

for MCSA, and advanced signal-processing algorithms. They consist of analyzing 

the envelope of one-stator phase current. This envelope is obtained, using the 

Hilbert transformation (HT). Both methods are based on spectral analysis via Fast 

Fourier Transform (FFT). Both methods have proved their effectiveness to detect 

BRBs under different load conditions. However, the HT is considered more efficient 

compared to the MCAS method in the case where the motor operating at no load 

condition. The simulation results obtained for the two methods applied on a three-

phase squirrel-cage induction motor controlled are discussed.  

Keywords: SCIM, DTC control, BRB diagnostics, MCSA, HT 

1. Introduction 

Squirrel cage induction motor (SCIM) is widely used in the energy 

conversion and industrial drive fields because of their robustness, mass power, 

and cost. Their maintenance and diagnosis become an economic challenge [1–3]. 

Hitherto, The induction motor is still prone to some drawbacks due to electrical, 

mechanical, thermal, magnetic and environmental constraints causing internal 

and/or external defects during the operating processes [4]. It is important to detect 
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early the defects that can appear in these machines and therefore develop 

preventive diagnostic techniques to prevent total machine failure.  

Recently, despite considerable improvements in the design and build 

quality of stator windings to mitigate common electrical stator faults, the design 

of squirrel cage rotor has undergone few improvements, reasoning that its failures 

represent a high percentage of the total IM failures [1,5]. The BRB defect is one 

of the important defects that require early detection because of its unexpected 

severe damage. Surveys have been revealed that the percentage of this failure 

accounts for 10% of induction motor faults [6].  

The development of robust fault diagnosis techniques under the impact of 

the control system is one of the challenges of many researchers [7]. When SCIM 

drivers are used, the control structure of the system becomes more complex and 

most of the techniques previously tested in open-loop drives are not effective 

[4,8], only if the stator current spectrum is used in case of anomalies. In DTC-fed 

SCIM, the stator current spectrum has a high additional frequency component due 

to the effects of control parameters and switching frequency, which is responsible 

for the space vector modulation (SVM) of the inverter [2]. Although their 

amplitude will be affected by control structures and parameters, sidebands around 

the supply frequency of the phase current and voltage can still be used for BRB 

fault detection [9,10]. 

Many techniques have been developed for the BRB defect using several 

fault signatures such as motor current, vibration, acoustic noise and magnetic flux 

[11]. One of the most common fault signatures for detecting BRBs in an induction 

motor is MCSA for detecting sidebands around the supply frequency[12,13]. 

When BRB fault occurs, current components are induced in the stator winding at 

frequencies given by: 

( ) ,3,2,1,21 == kfksf sb                                                (1) 

Where sf  is the supply frequency and s  is the slip. MCSA is one of the 

most widely used methods in the last decade to detect sidebands around the power 

frequency, without estimating motor parameters, online in a motor drive system, it 

becomes the main for on-line motor diagnostics. However, this technique has 

some drawbacks such as spectral leakage due to the finite-time window, need for 

a high-frequency resolution, and variation in the sideband frequencies due to the 

varying load conditions [1,14]. MCSA using FFT technique cannot detect the 

component of the characteristic frequencies of BRBs fault, which is very close to 

the fundamental frequency when the motor operating at no load condition [15]. 

This paper addressed the  HT, which can be considered, as a promising BRB fault 

diagnostic technique that will be proposed in order to overcome the 

aforementioned difficulties especially at very low slip [6,16]. It offers very low 

sensitivity to the low-level load condition compared to MCSA. This technique is 

based on the analysis of the envelope of a single stator phase current for BRBs 
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fault [2]. The envelope is obtained from the modulation of the stator phase 

current. The investigation revealed that this envelope is a powerful feature for 

BRBs fault. 

The main purpose of this paper is to the diagnosis of the broken rotor bars 

fault when the closed-loop induction motor operates at low slip. It is suitable that 

this diagnostic technique is non-invasive and requires only an acquisition of these 

readily available signals in the motor control system. The DTC control strategy is 

presented to preserve high-performance control over output quantities, especially 

in torque and speed. The proposed diagnostic approach is based on the 

comparison of the signature analyses of both MCSA and MCSA via HT used the 

stator currents. It is a simple diagram, independent of the motor parameter, 

proposed to effectively detect BRBS faults in the DTC-fed SCIM at any load 

conditions. Simulation results are presented to confirm the effectiveness and the 

feasibility of the HT strategy that offers the possibility to detect BRBs fault even 

at no-load condition compared to CMSA. 

2. SCIM model including BRB fault 

The broken bar fault in the SCIM is modeled based on the winding 

function approach WFA. All the space harmonics in the machine are taken into 

account. The WFA approach predicts the performances of the differential 

equations model. This model refers to the coupled magnetic approach by treating 

the current in each rotor bar as an independent variable [17]. The induction motor 

model is considered with the following simplifying assumptions [18]: 

• The magnetic circuits are unsaturated, 

• The inter-bar current is neglected, 

• the skin effects are neglected, 

• The effect of slots is neglected, 

• The distribution of the magnetomotive force in the air-gap is sinusoidal. 

The rotor squirrel-cage modeling is based on the equivalent diagram of (Nr+1) 

meshes as shown in Fig. 1. Each mesh is substituted by an equivalent circuit 

represented by a rotor bar and a segment of end-ring, respectively under resistive 

and inductive nature (Rb, Re, Lb, Le). 

Rb and Lb, represent the rotor bar resistance and inductance. Re and Le are the end-

ring segment resistance and its inductance. The rotor voltage equations of the Nr 

loops can be expressed as follow: 

( ) 02 )1()1()1()1()1( =+−−−++ +++−+
dt

d
IRIRIRIRRR rk

Neekrkbkrbkrkbkkbek r


      (2) 

Where ϕrk is the rotor flux crossing the rotor loop k. 

The dynamic mathematical model of the induction motor can be written in vector 

matrix as: 
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       ( )IL
dt

d
IRV +=                                             (3) 

Where the voltage vector matrix [V] is given by: 
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Where Nr is the number of rotor bars. 

 

Fig. 1. The equivalent circuit of the rotor squirrel-cage 

 

The current vector matrix [I] is composed: 
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The global resistance matrix [R] is given as follow: 
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Where, [Rs] is the diagonal matrix of the stator resistances phases of (m, m) 

dimensions. 
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Rs1, Rs2, and Rs3 are the identical resistances of stator phases winding. 

The resistance [Rr] is a symmetric matrix (Nr+1, Nr+1) given as: 
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Where, Rrr =2(Rb +Re), Rb is the rotor bar resistance and Re is the end ring 

resistance. 

The global inductance matrix [L]  is as follow: 

 
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Where the inductance matrix [Ls]is given by: 
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Where, Ls1, Ls2, and Ls3 are the identical proper inductances of the stator coil and 

Ms is the mutual inductance of the stator phases. The inductance matrix [Lr] is a 

symmetric matrix (Nr+1, Nr+1 ) given by: 

 



























−−−−−−

−

−

=

+++

+

)1,1()1,1(

),(

)1,1(

rrr

rr

r

NNeeeeeNe

NNrrTrrT

TTrr

TrrTrr

errrrTrrT

NeTrrTrr

r

LLLLLL

LMMM

MMM

MLMM

LMMMLM

LMMML

L









        (11) 



214                       Lachtar Salah, Ghoggal Adel, Koussa Khaled, Bouraiou Ahmed 

Where, Lrr= Lmr+2(Lb+Le), MT =( Mrr- Lb), Lmr is the magnetizing inductance of 

each rotor loop. Lb is the rotor bar leakage inductance, Le is the rotor end ring 

leakage inductance and Mrr is the mutual inductance between two rotor loops.  

The mutual inductance matrix [Msr], between the stator windings and rotor loops 

of (3, Nr+1) dimensions, which signified that the vector of the rotor currents 

comprises (k+1) elements corresponding to the number of rotor cage bars Nr, plus 

the end-ring loop (Nr+1). 
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The mechanical rotor equations of velocity Ωr and position ϴr are represented as 

follows: 
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Where J is the moment of inertia, TL is the load torque and Te the electromagnetic 

torque produced by the machine is obtained by: 
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The mathematical model of induction motor is presented as follow: 
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In order to simulate the broken rotor bars failure using MATLAB 

software, the broken bar resistance Rb is strongly increased by an additional 

resistance RbF called the defect resistance. 

3. DTC strategy fed induction motor 

Mainly the DTC method illustrated in Fig. 2 has selected one of the six 

non-zeroes and two zero voltage vectors of the inverter based on the instantaneous 

errors in torque and stator flux magnitude Fig. 3. This is done by choosing the 

appropriate sector in the spatial vector modulation that will be described in this 

section.  
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The DTC strategy is based on the estimation of the magnetic flux and the 

torque from the measurement of the voltages and currents supplying the motor. If 

the torque or flux falls out of a predefined tolerance range (hysteresis band), the 

variable speed drive transistors are switched to the next state in such a way as to 

return to the range as quickly as possible [19,20]. 

 
Fig. 2. DTC block diagram fed SCIM 

 

In a three-phase inverter of two levels voltage, the voltage measured between the 

output of each branch and the neutral point can have two values, Vdc or Vk0 with:  

dckk VSV =0                                                        (16)        

Where Sk the signal controls k connects, and Vdc the voltage rectified at the entry 

of the inverter. 

The operation can be described as follow: 

Sk =1: Switch top is closed, and switch bottom is open. 

Sk =0: Switch top is opened, and switch bottom is closed. 

 
Fig. 3. Inverter output voltage sectors 
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Admitting that the point (N) is neutral, the voltage of the neutral line can be 

evaluated as follow:  
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The application of the Clarke frame allows the establishment of (1, 2, 3→ α, β).  
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Therefore, the space voltage vector  sv  might be written as follow: 
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3.1 Stator flux controller  
 

The stator flux formula can be written as follow: 
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Where: 
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Noting that Idc is the current supply the inverter, between two switches of the 

inverter switches, the selected voltage vector is always the same, hence:   

( )dtiRv
t

sssss  −+=
0

0                                      (22)                                                                                     

Where s  is the flux vector, 0s  is the initial vector of s  and, sR is the stator 

resistance. 

If the voltage drop due to the stator resistance neglected, s  can be written as 

follow: 

dtv
t

sss +=
0

0                                                 (23) 

Noting that over an interval (t=0 to  t=te), the end of the s vector moves on a line 

whose direction is given by the selected vector sv  during te Fig. 4.          
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Fig. 4. Space vectors of stator and rotor fluxes 

 

The estimated flux is carried out by the integration of the stator voltage. The 

selection of the voltage vector depends on the position of stator flux. 
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22 ˆˆˆ
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3.2 Torque Controller 
 

The electromagnetic torque component as shown in Fig. 4, is a sinusoidal 

function of , the angle between the stator and rotor fluxes s and r . Since the 

stator flux variation is faster than that of the rotor flux, which will produce a 

variation of the developed torque due to the variation of the angle   between the 

two vectors. The electromagnetic torque equation is given by: 

sse jiPT 
2

1
=                                              (26)  

Since Si the area in which the vector is located is determined by the s
ˆ and s

ˆ  

equation components (25). The electromagnetic torque can be estimated by means 

of equation (27): 

)ˆˆ(ˆ
  sssse IIPT −=                                   (27) 

The output of the hysteresis bands must indicate the direction of the s module 

evolution and torque eT̂ , in order to select the corresponding voltage vector (Fig. 

3). 
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3.3 Sequences of the switching table 
 

Based on the hysteresis state of the torque and the flux and the switching 

sector of the stator flux, which is designated by (α), the DTC algorithm (Fig. 2) 

selects the suitable inverter voltage vector to apply to the induction motor from 

the Table 1. The outputs of the switching vectors in the different stator flux 

sectors are parameters for the inverter switching devices.  


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s

s

s

1tan                                          (28) 

The active switching vectors are 61 VV → , and the zero switching vectors are 0V , 

7V  as shown in table 1. 

Table 1 

Switching sequences of inverter voltage vectors 
Sector  (S) 1 2 3 4 5 6 

 

k=1 
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Considering the six sectors shown in Table 1, the stator flux switching sectors can 

be distributed as follow: 



























−

=

0

1

0

0

5

0

0

4

0

0

3

0

0

2

0

0

1

0

330270

270210

210150

15090

9030

3030













  

4. Simulation results for both healthy and faulty cases 

The simulation of the closed loop SCIM in MATLAB/Simulink software 

in order to calculate easily the stator three-phase currents, torque and rotor speed 

in both cases healthy and faulty appearing respectively in Figs. 5 and Figs. 6. The 

diagnosis process of the BRB fault is verified under two different techniques. For 

the DTC fed SCIM system, the constant control is adopted which has the ability to 

adjust the motor reference speed. The fundamental frequency is corresponding to 

rotor speed level. 



A comparative investigation between the MCSA method and the Hilbert transform (…)  219 

   
a) Rotor speed     b) Electromagnetic torque 

   
                     c) Stator phases currents                            d) Quadratic currents component (α,β) 

 

Figs. 5. Electrical and mechanical quantities of the SCIM under DTC strategy in the healthy case 

 
                             a) Rotor speed                                              b) Electromagnetic torque 
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                c) Stator phases currents                   d) Quadratic current component (α,β) 

 

Figs. 6. Electrical and mechanical quantities of the SCIM under DTC strategy in faulty case 

 

4.1 Hilbert transform for detection BRBs fault 

 

The HT method is used in various scientific areas such as signal 

transmission, geophysical data processing, fault detection and diagnosis in 

induction motors and others [1]. One of these scientific areas is the diagnosis of 

BRBs fault in the rotor cage in induction motors [15,16]. Discussion and 

application of the HT for the stator current analysis of SCIM under closed-loop 

are introduced as follows. 
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Where ( )( ) ( )titiHt sasa
ˆ=  is the ( )tisa  imaginary signal, the divergence  =t  is 

enabled by taking the Cauchy principal value of the integral.   

By coupling the ( )tisa  real signal with its imaginary ( )tisa
ˆ , the analytical signal 

( )tisa  is created: 
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Where ( )ta  is the so-called envelope ( ( )tisa  instantaneous amplitude), that can 

reflect the ( )tisa  energy varies with time and ( )t  is the instantaneous phase of 

( )tisa . 
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The procedure to obtain the one phase stator current envelope for BRB case for 

diagnostic and analyzing can be summarised in the following steps: 

The first step, computation the HT of the phase stator current ( )tisa , in order to get 

the imaginary signal ( )tisa
ˆ  as explaining the aforementioned. The phase stator 

current is measured for a DTC fed IM in the healthy and faulty cases under 

different load conditions as shown in Fig. 5 (c) and Fig. 6 (c).  The second step, 

modulation of the complex phase stator current (29) is necessary to obtain the so-

called envelope ( )ta  such as seen in Figs. 7. The identification of the envelope 

consists of extracting only the positive peak of each period of the phase stator 

current. The third step, a Low-Pass Filter is needed to eliminate a high-frequency 

component due to the frequency of the space vector modulation (SVM) of the 

DTC inverter. As a general rule, the fundamental frequency of the stator current 

varies from 0 to 50 Hz and the sampling frequency in our case went up to 4 kHz, 

caused by the hysteresis bands of flux and torque. This SVM component is 

removed from the envelope signal by a second-order low-pass filter. As a result, 

the envelope is isolated from the phase stator current without a significant SVM 

component. The last step, the normalization of the envelope signal by removing 

the dc component.  

( ) ( )( )**
)( tameantatienv −=                                 (32) 

Where: ( )*ta  is the filtered signal ( )ta   

Therefore, the identified envelope is useful as an indicator to detect BRBs fault. A 

fast Fourier transform (FFT) is applied to the identified envelope to detect BRBs 

fault at a specific frequency band, which is low to the supply frequency. 

 
                          a)                                                                              b)  

Figs. 7. a) Stator current Ia and its envelope for one BRB under different load condition, and b) Its 

zoom 

 

Using the HT of the stator current or its modulus and apply it for detection the 

asymmetries rotor fault, particularly, at no-load condition has significant 
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advantages compared with the MCSA method [6,16]. Otherwise, this paper 

focuses on the diagnosis of the rotor asymmetries at low load in SCIM drive and 

the resolution of the difficulties related when the SCIM operating under high 

frequencies caused by the switching closed-loop strategy [2,8,22]. 

The simulation was done under the software Matlab / Simulink for a healthy case 

and a one BRB faulty case are shown respectively in Figs. 5 and Figs. 6. In both 

cases, the tests were carried out under the no load, 50% load and 75% load 

conditions, to demonstrate the feasibility of the proposed method in the no-load 

state. 

The simulated three-phase SCIM was a, 3.6 kW, 50 Hz, 380 V, two-poles and 

with 48 stator slots 28 rotor bars. 
Table 2 

Simulation tests of the healthy and faulty motor under DTC strategy 

Motor Load Slip % 2sfs (Hz) (1±2s)fs (Hz) 

Healthy case No load - - - 

 

Faulty case 

One BRB 

No load 0.34 0.34 - 

50% load 3.62 3.62 37.96 

45.13 

75% load 5.37 5.37 37.04 

47.72 

 

The rotation speed of the SCIM operating under DTC strategy is fixed at 

250 rad/s Fig. 5 (a), in the healthy case under the no-load condition the 

fundamental frequency corresponding to the speed rotation is 40 Hz seen in Fig. 8 

(a). 

The results are presented in the form of normalized spectra in Figs. 8 and 

Figs. 9 are obtained by the Fast Fourier Transform (FFT) algorithm in a linear 

scale with the Hamming Window. In fact, Figs. 8 present the FFT of the classical 

method phase current (MCSA), and Figs. 9 present the FFT of the phase current 

envelope filtered ( )tienv  (proposed method).  

Figs. 8 present the results of the stator phase current processing. The 

components of the frequency characteristic of the BRB condition are completely 

buried at the no-load condition under the mains frequency component spectral 

leakage, which clearly appearing similarity in both Fig. 8 (a) and Fig. 8 (b) 

respectively healthy case and BRB case. The increasing of the load is 

corresponding to the increase in the motor slip (show Table 2), which makes the 

frequency characteristic components of the BRB clearly shown in Fig. 8 (c) and 

Fig. 8 (d) respectively under 50% and 75% load conditions. Concluding, 

according to both results whether in table 2 or in Figs. 8, the classical MCSA 

method is unable to detect the BRB fault at the no-load or even at the low-load 

condition. On the other hand, this method is efficient to detect asymmetries rotor 

at a high level-load. 
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                                     a)                                                                            b)  

  
c)                                                                            d) 

Figs. 8. The spectrum of the phase current under a DTC strategy: a) and b) respectively healthy 

motor and one BRB at no-load condition, c) one BRB at 50% load condition, d) one BRB at 75% 

load condition 

 

The proposed method relies on the analysis of the stator phase current 

oscillations illustrated by its positive peaks (envelope). Figs. 9 present the results 

of the identified envelope processing. in healthy case, Fig. 9 (a) presents that there 

is not any specific frequency associated with BRB fault. The frequency 

characteristic components related to BRB fault is clearly shown in Fig. 9 (b) 

compared to Fig. 8 (b) at no load condition. In conclusion, the proposed method is 

able to detect the frequency characteristic related to the BRB fault at any load 

condition, even at the absolute no-load condition. 
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                                          a)                                                                             b) 

  
                                   c)                                                                           d) 

Figs. 9. The spectrum of the phase current filtered envelope under a DTC strategy: a) and b) 

respectively healthy motor and one BRB at no-load condition, c) one BRB at 50% load condition, 

d) one BRB at 75% load condition 

 

5. Conclusion 

This paper has presented a motor fault diagnosis method based on stator phase 

current and its envelope for BRBs for SCIM controlled by DTC strategy. Rotor 

fault signatures were generated using the classical method MCSA and HT 

method. The classical method proved its failure to detect the BRB fault at the no-

load condition. The spectrum leakage of the fundamental frequency hides the fault 

frequency characteristic components. However, analysis at no-load of the SCIMs 

under closed-loop industrial applications is very interesting, required 

unconventional techniques able to detect motor faults. Therefore, the identified 

envelope of the stator phase current, based on the HT, have been used to perform 

MCSA, as an unconventional technique in this paper. This method proved its 

effectiveness to detect BRB frequency characteristic components at any load 

condition, even at the absolute no-load condition, as it requires only a single stator 

phase current and a limited storage memory. These advantages make it 

appropriate for software and hardware implementations. 
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