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Abstract 
 

In this paper a novel protection and monitoring algorithm utilizing wavelet is 
implemented for many faults in a vector controlled induction motor. The stator 
current is introduced first to the wavelet circuit to calculate the energy of all 
the decomposing levels, the highest one being used. The energy of the original 
phase current is calculated to obtain the wavelet index. AC current protection, 
above voltage, under voltage protection, above DC voltage, short stator 
winding, broken rotor bar and damaged induction motor are introduced in this 
paper. More than 13 trips can be monitored along with the time of the fault 
occurrence. The trip status analysis by wavelet is used to enable a protection 
circuit to stop the motor. Additionally, a summary of the wavelet types 
(continuous and discrete) are given. 
 
Keywords: Wavelet, induction motor, fault diagnosis, protection, monitoring, 
vector control. 

 
 
Introduction 
The induction motor is crucial in the industry for a variety of reasons, including its 
simple construction, low maintenance requirement, rigidity and high reliability. It is 
commonly used in compressors, pumps and fans.  
 Condition monitoring (CM) is an important industrial tool that involves 
monitoring a parameter of condition in induction motors, such that any change in the 
system performance or the parameters will be indicated as a machine fault or failure. 
It improves machine efficiency, reduces unscheduled shutdowns and minimizes 
damage.  
 The induction motor current contains harmonics that are used as fault indicators. 
Squirrel cage motors are especially important because their functionality is not 
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severely affected until the fault becomes considerably high [1].Besides; they are 
relative cheap and have high reliability [2]. 
 The mathematical equations used to separate a given continuous-time signal into 
several scale components is called wavelet. A lot of work has been done to identify 
faults like stator short, broken rotor bars, stator open winding, DC short buses and 
bearing in the field of condition monitoring with wavelets. 
 Condition monitoring can be off-line or on-line. Alternatively, it can also be 
classified as continuous or periodical [3]. Continuous monitoring allows the detection 
of damages as soon as they appear, even if they are sudden and humanly inaccessible. 
Trends can be formed automatically, thus minimizing the labor. Periodical monitoring 
has its share of advantages too. Mechanical damages, loosened fastening and leaking 
seals are easily discernible with this method. Also, when measurement is carried out, 
the motors can be cleaned. Periodical monitoring is also a cheaper option than 
continuous monitoring.  
 Condition monitoring using wavelets has been investigated for a variety of 
scenarios. Condition monitoring performed for an induction motor with a broken rotor 
bar and end ring faults as in [4]. CM to sensor signals in induction motor has been 
tested by [5]. CM to medium voltage induction motor operation has been performed 
by [6]. The difference wavelet function was used by [7], who also employed the 
Quadratic Discriminated Classifier (QDC) and the Linear Discriminated Classifier 
(LDC) for CM. [8] used the MCSA method for the CM to monitor the fault 
frequencies using both FFT and wavelets. This method has been shown to perform 
health monitoring with noninvasiveness and high reliability [9]. The condition 
monitoring of induction machines follows the sequence of fig.1.  

 

 
 

Figure 1: Condition monitoring procedure. 
 
 

 While previous research has focused exclusively on either monitoring, detection 
or protection circuits for induction motors, in this paper, wavelets have been used to 
synchronize the three processes. Additionally, circuits have been developed to provide 
the time and location of occurrence of faults.  
 A key requirement of the monitoring system is the ability to make the distinction 
between machine faults and supply conditions [10]. Improving over traditional 
statistical methods, The Robust Condition Monitoring technique takes into 
consideration both the presence of anomalous feature measurements in Phase I of the 
Quality Control process and the different motor performance characteristics.  
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 The paper is organized as follows: Section 1 gives an introduction about 
monitoring and protection. Section 2 describes condition monitoring for stator current 
and voltage, induction motor speed, DC voltage, stator short winding, stator open 
winding and broken rotor bars. Section 3 outlines the proposed methodology. Section 
4 presents the protection against the faults. Section 5 contains a case study of 1 broken 
rotor bar and AC voltage unbalance with under speed. Section 6 presents simulation 
results. Finally, future possibilities are mentioned in conclusions. 
 
 
Condition monitoring 
Stator Current 
The stator phase current is a useful quantity for condition monitoring as it is easy 
measure. Faults affect the spectrum of the current signal while the induction machine 
is sufficiently loaded and extracted [11].Fig.2 shows the protection circuit against the 
stator phase current exceeding or dropping below the standard requirement. This 
circuit is mainly composed of current measurement which depends on the negative 
sequence analysis of stator current per phase. Negative-sequence currents arise in this 
system due to construction asymmetry, faults, transducer-gain difference, voltage and 
load unbalance at the terminals [12], according to the following relationship: 
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 The instantaneous AC over current fault will occur when the maximum value of 
stator phase current exceeds 1% of the rated current (I.7 Amps), that is when |max 
(Ia,b,c)|>1.7*1.01 yields logic 1 to enable the decoding unit and the fault and time are 
shown. 
 Maximum allowable AC current (| 1I |) occurs when it exceeds the rated current by 
10%. The decoding-encoding circuit is then enabled by logic 1 to show this fault with 
time as can be seen in Fig.2. 
 Max AC current unbalance fault will occur when the condition I2/I1 > 40%*I rated 
holds true.

    The decoding circuit will be enabled to show this fault and its time as can be seen 
in the monitoring circuit of Fig.2.  
 For the condition monitoring program to be truly effective, it should allow the 
determination of a procedure for extracting different features from the current signal, 
so that a distinction can be made between various machine conditions. This will allow 
the classification of faulty models from normal models [13]. 
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Figure 2: Current motor protection against excess and drop. 
 
 
Stator Voltage 
The stator voltage is another important quantity that proves useful in condition 
monitoring of the induction motor. 
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 The circuit to detect AC under voltage is shown in Fig.3. The condition ‘Min V1’ 
refers to AC under voltage, when the voltage V1 falls below 90% of the nominal stator 
voltage. ‘Max V1’ refers to AC over voltage, when V1 exceeds 110% of the nominal 
stator voltage, as shown in Fig.4. Max voltage unbalance or negative sequence occurs 
when the ratio of V2 to V1 exceeds 10% of the stator voltage. Max voltage unbalance 
(zero sequence) occurs when the ratio V0 to V1 exceeds 10% of the stator voltage. At 
the occurrence of either condition, the decoding circuit is enabled to indicate the fault 
and the time of occurrence. 
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Figure 3: AC under voltage monitoring. 
 

 
 

Figure 4: Voltage motor protection circuit. 
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 The voltage unbalance at the terminals of an induction machine leads to increased 
heating losses and requires de-rating. Therefore, the unbalance is normally restricted 
to below 5 % as can be seen in Table1. 
 SIEBER LS71 induction motor parameters are listed in Table2.  

 
 

Table 1: Observation of induction motor according to IEEE standard. 
 

 
 
 

Table 2: SIEBER LS71 induction motor parameters. 
 

 
 
 
DC Voltage  
When the DC voltage VDC exceeds 300 V, the ‘Max Vdc’ condition is enabled as in the 
circuit of Fig.5. The on delay in all units is to ensure the voltage change is genuine 
and not just momentary. 
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Figure 5: Protection circuit against excess DC voltage. 
 
 
Speed Monitoring  
The actual speed of the induction motor is considered one of the most important 
characteristics. Operating speed of the motor can be monitored by using the encoder 
as input to the circuit shown in Fig.6. 

 
 

 
 

Figure 6: Protection circuit against excess or drop in speed. 
 
 
 Speed below 90% or over 10% of the 2800 rpm reference speed are taken as 
faults. Either condition enables the decoder circuit or the fault is indicated along with 
its time of occurrence. The on delay of 0.2 seconds is to ensure that the system is in 
steady state and that the speed change is not momentary. 
 
Broken Rotor bar  
The induction motor faults can be divided into two main groups: stator fault and rotor 
faults as is shown Fig.7. 
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Figure 7: Induction motors faults percentages. 
 
 
 For more than 3 decades, fault detection of rotor bars has received attention in the 
context of induction motor fault diagnosis. A variety of diagnosis techniques have 
been developed to identify rotor bar faults. The use of effective signal processing 
techniques with condition monitoring ensures the early detection of faults [14].The 
prominent ones are machine current signature analysis, Fast Fourier Transform (FFT), 
estimation of rotor resistance approach, Short-Time Fourier Transform and Wavelet 
Transform. The Discrete Wavelet Transform (DWT) possesses a compression 
property that serves to keep the original signal in the desired frequency band [15].  
 The energy contained in the signal is a useful tool for the fault detection of 
induction motors. The energy is calculated for the details and for the approximation 
[16]. To determine the wavelet index for detection of the induction motor faults, the 
maximum energy serves as the most effective detailed information. In this paper, 
stator current is used as the input to the DWT. The variation in stator current 
waveform is defined as the instant at which a sudden increase, decrease or transient is 
observed in the magnitude of the current [17]. The construction of DWT is followed 
by implementing the criterion of fault detection for induction motors. The criteria 
used to detect the induction motor faults depend on the relationship between 
maximum detail energy (d6) and the original stator current (Ia) as can be shown in (8) 
and Fig.8. 
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Figure 8: Fault detection according to the wavelet index. 
 
 
 The response of standard deviation of wavelet index for different load percentages 
is interpreted as in Fig.9.  
 The chief aim of this work is to detect the fault at the incipient stage and identify 
its source. 

 

 
 

Figure 9: Standard deviation of wavelet index for different faults. 
 
 
 In the detection process, DWT was implemented using Daubenchies 10 (db10) 
function as the "mother" wavelet and decomposition level 6. Table 3 illustrates the 
measurements of both approximation and detailed coefficients for the reconstructed 
signal. 
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Table 3: Approximation and detail coefficients measurements. 
 

level Approximation detail 
mean median Std dv mean median Std dv 

1 -0.041 0.00156 1.306 6.36e-8 2.49e-8 0.00044 
2 -0.041 0.00156 1.306 -1.89e-7 5e-9 0.0035 
3 -0.041 0.00156 1.306 6.38e-7 2.58e-8 0.0072 
4 -0.041 0.0026 1.306 -7.18e-7 5.69e-8 0.014 
5 -0.041 0.0040 1.304 -4.91e-5 -2.46e-7 0.057 
6 -0.041 0.0024 1.300 -0.00023 -0.00043 0.101 

 
 
Shorted stator Winding 
The presence of turn faults in the stator winding of an induction motor creates an 
asymmetry between the three phases. A negative sequence component thus appears in 
the line currents [18], the stator winding faults can be classified as follows [19]: 

1. Turn to turn shorts within a coil.  
2. Short between coils of the same phase.  
3. Phase to phase short.  
4. Phase to earth short.  
5. Open circuit in one phase.  

 
 The majority of these faults are caused because of a combination of various 
stresses acting on the stator, which can be classified into thermal, electrical, 
mechanical, and environmental stresses [20]. 
 
 
Proposed methodology  
The proposed methodology for multiple fault detection, monitoring and protection in 
induction motors involves obtaining the three phase stator current, three phase voltage 
and DC voltage fault monitoring and protection for one part of the proposed circuit as 
well as one phase current as input to the discrete wavelet transform to detect and 
monitor the broken rotor bars, short stator winding and open stator winding and many 
other faults, as is shown in Fig.10.  
 DWT analysis to precisely determine the motor condition adheres to the following 
procedure:  

1. Current, voltage, DC voltage signals acquisition.  
2. Processing the broken rotor bar, short stator winding and open stator winding 

interval test to be processed using the discrete wavelet transform as can be 
seen in Fig.10. 
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Figure 10: Fault detection interval test of wavelet index. 
 
 

3. With these analyses determine the wavelet index to determine the stator, rotor 
bar status. 

4. Analyze stator current and voltage using negative sequence to determine both 
AC current and voltage over, under and unbalance. 

5. Analyze the induction motor speed to determine the under and over speeds. 
6. The output of each stage is sent to an OR gate and encoding circuit to give 

indication of fault (0 or 1) and trip status respectively. 
7. The output of the OR gate is considered as a monitoring unit to show both the 

trip and the time of the trip as can be seen in Fig.12.  
8. The output of the encoding is part of the monitoring unit to show the trip 

status.  
9. If the faults of the induction motor are high, the operation is halted. This is 

considered the protection unit. 
 
 The proposed circuit for detection and monitoring is shown in Fig.11. 
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Figure 11: Procedure of monitoring and protection. 
 
 
 The internal connections of both detection and monitoring induction motor units 
are shown in Fig.12. 
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Figure 12: Internal connections of both detection and monitoring units. 
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Protection  
To complete the system performance, a protection unit is added to be more efficient. 
The protection circuit is a novel technique to halt the faulty induction motor without 
any circuit breaker by setting the space vector modulation (SVM) pulses to zero 
through the switching mechanism. This behavior depends on the severity of the faults 
as can be seen in Fig.13. 

 

 
 

Figure 13: Protection unit mechanism. 
 
 
 The output of the detection unit in the healthy operation is logic 0. This output 
will be logic 1 in the faulty case to enable the switching mechanism to set the SVM 
generated by vector control to zero, hence stopping the induction motor. 
 To check the effectiveness of the proposed methodology, against multiple faults, 
three case studies are performed: 
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Case study 
Healthy case 
The healthy induction motor is tested first under normal operation conditions. The 
space vector pulse and the trip status are plotted in Fig.14. The comparison between 
the actual and reference speed is shown in Fig.15.  

 
 

 
 

Figure 14: SVPWM with trip in healthy case. 
 
 

 
 

Figure 15: Actual and reference speeds in healthy case. 
 
 

 The monitoring of both trip time and status of the trips is shown in Fig.16. 
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Figure 16: Simulink monitoring circuit for the healthy case study. 
 
 
High severity case study  
In this case study, multiple faults are subjected to the induction motor at the beginning 
of operation. These faults are AC under voltage, unbalance in one of the three line 
voltages as well as the speed sensor. The monitoring unit effectively shows all the 
trips and the time of the first fault is recorded as shown in Fig.17. 

 

 
 

Figure 17: Simulink monitoring circuit for the first case study. 
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 As mentioned earlier the output of the detection unit is 1 in the case of faulty 
machine as can be seen in the blue line in the Fig.18. 

 

 
 

Figure 18: SVM (red) with trip (high severity fault). 
 
 

Low severity case study  
In this case study, one broken rotor bar with minimum speed is considered. Key 
reasons for a broken rotor bar are [21]: 

1. Direct on line starting which leads to excessive heating and mechanical 
problems. 

2. Variable mechanical load. 
3. Unsatisfactory rotor cage manufacturing.  

 
 Broken rotor bar faults can be simulated by connecting three resistances with the 
rotor resistance so that by increasing one of the rotor phase resistances, the broken 
rotor bar equivalent resistance can be computed as in (9). 
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 The external added resistances are changed in 0.0833 Ω steps, which represent the 
difference between the reference rotor resistance and the original rotor resistance for 
one broken rotor bar. Reference rotor resistance depends on the number of broken 
bars and the total number of rotor bars [22]. The resistance of the induction motor 
rotor bar is assumed to be high. 

 

 
 

Figure 19: SVM duty cycle with trip (low severity fault). 
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Figure 20: Speed response of both actual and reference. 
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Figure 21: monitoring unit in the broken rotor bar. 
 
 

Simulation results  
Computer simulations using Matlab/Simulink have been performed for assessment of 
the operating features of the proposed scheme. The simulation involved a startup of a 
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0.5Hp, 230V, 50 Hz induction motor as is shown in Table 2. One phase of stator 
current is used as the input to the wavelet circuit. A higher order of wavelet (db10) is 
used to introduce better signal accuracy. As is clear from Fig.9, the standard deviation 
of wavelet index for different faults is an effective differentiating factor between 
healthy and faulty states of the induction motor.  
 Fig.14 shows the SVM duty cycle of the healthy case as well as the trip status 
which is always zero (red line). Fig.15 shows the actual and reference speeds, which 
completely coincide. Fig16 shows the trip status of the healthy case which is zero for 
all trips. Fig.17 and Fig.18 show both the trip existence and space vector modulation 
of the second case study. In the beginning of the operation, there is a high severity of 
faults so the output is zero to control the operation of motor. After that, we remove the 
fault for a short period so that there is an SVM pulse. Fig.19, Fig.20 and Fig.21 show 
low SVM with trip, actual and reference speeds and monitoring graphs respectively 
for low severity faults with one broken rotor bar. The fault time is 1.5 sec and the 
degradation of speed performance lasts for 1 sec after which the system behaves in a 
satisfactory manner. The duty cycle varies between 20% and 80 %. The figure does 
not start from zero because there is a 1 sec delay. Fig.22 shows the flowchart of the 
proposed monitoring and protection according to the wavelet index. 

 

 
 

Figure 22: flowchart of the monitoring and protection circuit. 
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Conclusion 
A number of conclusions can be derived from this work: 
• The proposed method is effective in identifying a wide range of machine faults, 

as is evident from the simulation results. 
• Condition monitoring with wavelet transform is a practical method to monitor 

electrical or mechanical faults. 
• The monitoring method was able to identify the changes in running conditions 

and the protection technique was successfully implemented subsequently. 
• The wavelet index was shown to properly differentiate between faulty and 

healthy states of an induction motor.  
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