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Abstract 

A recent and continuously developing trend in Fault Diagnostics (FD) of Induction 
Motors (IM) is the measurement of electromagnetic felds attenuated in the vicinity of the 
machine for diagnostic purposes. This type of analysis is referred to as Stray Flux Signature 
Analysis (SFSA) and has proven at least as valuable as the traditionally applied Motor Current 
Signature Analysis (MCSA). The stray felds are captured with magnetic feld sensors or 
with the use of search coils as induced voltage, which is the fnal signal of interest to apply 
Digital Signal Processing (DSP) and FD. 

To this direction, the presented thesis has contributed in the feld by proposing a diagnostic 
solution for a specifc type of faults, rotor faults. The method is referred to as frequency 
extraction, as it is based on the extraction of frequency information with advanced DSP, 
and takes advantage of the fault related speed ripple effect during the steady-state operation. 
Initially, it is successfully applied on stray magnetic fux measurements, a purpose for 
which special sensor coils were also designed and constructed. Afterwards, the method is 
demonstrated on measurements of stator currents as the most traditional measurement in FD. 
The validation of the method regarding both stray fux and stator currents is done with Finite 
Element (FE) simulations and experimental measurements. 
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Chapter 1 

Introduction 

Induction machines are the most widely used devices for electromechanical energy con-
version [1, 7–9]. Since their invention in the late 1890’s, they have been used in various 
applications including power generation and conversion [7, 8], mobility and transport ap-
plications [7, 9], as well as a lot of industrial-based applications like pumping, drilling, oil 
& gas, hydroelectric, petrochemical, power plants, etc, [10–16]. Their widespread use due 
to their facile handle, effciency, robustness, and reliability makes them a vital part of the 
modern industry. The same reasons give growth to the feld of induction machines condition 
monitoring and fault diagnostics [7–10]. This chapter briefy introduces the feld of research 
subject and the contribution of this thesis. 

1.1 The Induction Motor 

The induction motor (IM) consists from two basic components: the stationary part which is 
called the stator and the rotating one which is called the rotor, both designed and constructed 
with slots and separated from each other by a thin layer of air referred to as the air-gap [1, 17]. 
The stator of a 3-phase induction machine consists of a 3-phase winding confgured with 
120◦ angle difference in space. There are two types of induction machines, depending on the 
rotor construction: the wound rotor and the cage rotor induction machines. A wound rotor 
is constructed from coils, placed inside the rotor slots in a similar manner as the 3-phase 
winding’s wires of conductors are slotted in the stator. A cage rotor consists of a series of 
conducting bars incised at the rotor slots, close to the face of the rotor and shorted at either 
end by large shorting rings [1, 17]. Both types of motors are shown in Figure 1.1. To avoid 
high losses (e.g. eddy-currents and cross-currents [1, 7]), both the stator and rotor iron cores 
are manufactured from laminated material which is compressed to form the fnal body. 
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Fig. 1.1 A cage rotor (left) and a wound rotor (right) [1, 3] 

The stator winding is placed inside the stator slots in such a way that, when the stator 
winding is symmetrically supplied, magnetic regions are formed in which a specifc number 
of slots is included and current of the same direction is fowing. These are the machine’s 
poles depending on the winding’s confguration, distribution, and placement, while the 
distance between two consecutive poles is called the pole pitch [1, 17]. The pole pitch can 
also be defned as "the half period of the machine’s rotating magnetic feld" [1, 17]. The 
interaction of the stator and rotor magnetic felds results in the production of electromagnetic 
torque, which is desired to be smooth and sinusoidal to avoid higher harmonics and their 
consequences [1, 7, 8, 17]. In order to create magnetic felds that are morphologically as 
close as possible to sinusoidal, the winding distribution is ideally a sinusoidal one. However, 
this is not feasible in real life applications and this is the main reason -along with the slotting-
for the existence of higher space harmonics in the electromagnetic quantities of all AC 
machines [1, 2, 7, 17]. 

Regarding the rotor construction, a wound rotor consists of a 3-phase coil placed inside 
the rotor slots usually in star (Y) confguration [1]. The winding terminals are connected 
to the slip rings, which are connected through brushes to an external circuit (e.g. a 3-phase 
resistor bank). A cage rotor consists, as described, of a series of conducting bars made of 
either copper or aluminium. These conductors are put together to form a cage, which is 
enclosed inside the rotor iron core slots either by casting (die-cast rotors) or by manual 
placement of manufactured bars. A rotor can also be unslotted, consisting only from solid 
material. These are special types of rotors called solid rotors and are used in high-speed 
applications due to their high endurance in harsh conditions and centrifugal forces [1, 2]. 
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1.2 Induction Motor Faults & Fault Diagnostics 

A fault in electrical machines is an undesired situation or damage, which can directly 
affect the machine’s normal operation or progressively lead to machine failure. Many reasons 
can constitute the cause of fault existence: inherent manufacturing defects, machinery long 
overdue life-time, operation in harsh environments, frequent start-ups and so on [7–9]. 
Incipient faults might not always evidently affect the machine operation, however their 
progression can evolve undetected and thus endanger both safety of users/equipment/facility 
and money lost from downtimes or invested in maintenance. Therefore, it is a matter of 
uttermost urgency to detect faults in early stages and prevent as much as possible potential 
risk emerging from faults [7, 8, 10, 12]. 

A list of the most frequently occurring faults in an IM that are also continuously investi-
gated by the research community is the following [7–10]: 

1. Stator faults originating from core lamination damage or open-circuits 

2. Stator faults due short-circuits 

3. broken bars and/or broken end-rings (for cage rotors) 

4. rotor winding short-circuits (for wound rotors) 

5. bended shaft 

6. eccentricity faults 

7. bearing faults 

Considering the above list, faults in induction machines are essentially categorised in 
three main types of faults: stator faults, rotor faults and mechanical faults [7–9]. The main 
stator fault being of prior interest to the research community is the inter-turn short-circuit 
and is usually caused due to insulation failure [7, 8]. Rotor faults include primarily the 
broken bar and broken end-ring fault [7, 8]. Although rotor faults are mainly considered as 
electrical faults, due to their origin and aftermath they might sometimes be categorised as 
partial electrical and partial mechanical faults [12]. Mechanical faults refer to a bended shaft, 
the static, the dynamic and the mixed eccentricity, as well as the bearing faults [7–9]. An 
overview of faults, their origin and their symptoms is given in the theoretical background of 
Chapter 2, along with the Digital Signal Processing (DSP) techniques used for purposes of 
Fault Diagnostics (FD). 

The repercussions of the aforementioned faults are symptoms that can be generally 
summarised as below [7–9]: 
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1. asymmetries in the phase currents or voltages 

2. increased torque and speed ripples 

3. reduction of useful electromagnetic torque 

4. excessive vibrations and noise 

5. unbalancing or stalling of heavy loads 

6. reduction of the effciency 

7. impairment of the power factor (cosφ ) 

8. overheating and excessive fumes or smells 

Condition monitoring and fault diagnostics of IM handle the task of detecting a fault on 
time and prevent all its risky -or even fatal- consequences [7–10]. This is done through the 
monitoring -by measurement means- of a vital parameter or a set of vital parameters, that are 
of major importance in terms of information comprised in their time waveform, harmonic 
content or any other type of signal representation and analysis [7, 8]. The following list 
is a summary of such parameters and consequently of the diagnostic methods they have 
prospered in the feld [7–9]: 

1. Vibration, noise & harshness analysis (NVH) 

2. Current measurements 

3. Torque and speed measurements (usually by consequent ripples) 

4. Active & reactive power measurements 

5. Electromagnetic felds analysis (air-gap fux, stray fux, etc) 

6. Temperature and thermal analysis 

7. RF emission analysis 

8. Chemical analysis (for insulation and windings) 

Apparently a condition monitoring and fault detection procedure ideally consists of 
multiple choices from this list, since additional measurements of any kind are always useful 
to cross-validate with the main measurements or to provide extra information [16, 18]. 



5 1.3 Aims & Objectives 

However, this is not always feasible; hence, one or a couple of them are chosen and usually 
prove enough to guarantee a successful diagnosis [16, 18–20]. In this thesis, a successful 
rotor fault detection method is proposed and demonstrated on measurements of stator current 
and stray fux signals, encapsulating the originality of a novel DSP approach during the 
steady-state of the machine operation. 

1.3 Aims & Objectives 

The motivation for this research springs from the problem of rotor electrical faults and 
their unpredictable dynamic nature during the machine operation. Such a case in induction 
motors is the problem of broken rotor bars and broken rotor end-rings. These issues are being 
extensively studied in academia for more than fve decades. In particular, when these faults 
occur in multiple locations of the rotor, diagnostic engineers face the problem of adjacent and 
non-adjacent cracks and breakages on the rotor body. Along with other complex phenomena 
like the magnetic saturation, the proximity and the skin effect, phenomena of thermal nature, 
etc., these faults make up very challenging diagnostic cases. Due to all these factors, it is 
frequently the case for motors installed in industry to encounter incidents of false-positive or 
false-negative diagnosis. Therefore, an aim of this research is to fll this diagnostic gap and 
solve the problem of non-adjacent breakages. 

Another issue in applications of rotor fault diagnostics is the parameter setting during 
digital signal processing with regards to the parameters of the induction motor, the duration 
of the signal measurements, and the boundaries within which a diagnostic method can 
be applied. Consequently, this research investigates such questions and aims to set the 
boundaries required for the reliable tracking of rotor fault related frequencies. The proper 
tracking and evaluation of these frequencies require to account for certain inherent system 
parameters, as these relate to the speed ripple effect which is continuously altered and 
modulated at the presence of rotor faults and in turn affects the motor’s magnetic felds 
distribution. 

Finally, regarding the stray magnetic feld measurements, commercially available sensors 
are usually very expensive and sometimes not very user-friendly or facile to install. It is well 
known amongst researchers that such sensors require extensive additional research regarding 
their suitability, placement, properties, etc., which means additional time and effort that 
can be sometimes be costly. Therefore, this research aims for the proposal of a low-cost 
monitoring device to measure stray magnetic felds in the vicinity of the motor. The device 
can be constructed in a laboratory environment with low-cost materials and be embedded on 
induction motors of various sizes. 

http:decades.In


6 Introduction 

1.4 Key Achievements & Contribution 

The key achievements of the present research are both of diagnostic and technical value. 
Regarding diagnostics of induction motors, a new diagnostic technique is proposed for rotor 
faults which solves the problem of adjacent and non-adjacent broken rotor bars. This problem 
has been studied extensively over the past decades in academia, as it is continuously reported 
to be a vice in the industry. This work successfully confronts the problem and resolves it by 
reliably tracking the fault-related speed ripple effect and by taking advantage of the spectral 
components it generates. The proposed method was validated on various induction motors 
experimentally and computationally for the electromagnetic variables of stator current and 
stray magnetic fux. Moreover, a subset of harmonics which is adequate to reveal frequencies 
related to rotor electrical faults was ushered in these signals, using the frequency extraction 
process formulated in the methodology. This is of additional diagnostic value, as such 
frequency subsets can be extracted and investigated in the future for measurements of other 
signals like electromagnetic torque, acoustic noise, zero-sequence currents or voltages, and 
many others. 

Regarding the key achievements of technical nature, a search coil sensor was designed 
and manufactured to acquire stray magnetic fux measurements for diagnostic purposes. This 
monitoring device was tested in laboratory level and in some selected industry applications 
like large industrial motors embedded in hydroelectric power plant installations [16]. It 
provides a low-cost solution for diagnostic purposes and can be easily implemented on 
machines of different sizes and power rating. Another contribution of this research is in the 
DSP domain, as the proposed methodology formulates the boundaries for the apt parameter 
tuning regarding applications of rotor fault detection. Finally, the latter contribution leads to 
the aspect of the time-varying nature and non-linearities in the behaviour of induction motors 
at the presence faults, which are studied extensively by research works of the latest years 
presented in the literature. These can be respected with assumptions and fne tuning that 
consider inherent parameters on system level, like the induction motor slip or the sampling 
frequency during measurements. Such aspects are discussed in the methodology chapter and 
taken into account during the application of the proposed method. 

The original contribution of this thesis can be found in publications [6, 21–24]. In [6] 
the proposed approach is introduced in an investigative manner, while [21] fnalises its 
pre-setting and fne-tuning to defne the limits within which the method can be applied for the 
detection of rotor faults. In [22] the preliminary results of the proposed method are applied 
on stray magnetic fux data acquired from FEM simulations, while the work is extended 
in [23] validating the method with experimental measurements. Finally, the method is applied 
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on stator current measurements in [24] to confrm its validity with the most traditional and 
commonly used measurement in FD. 

1.5 Thesis Outline 

The dissertation consists of seven chapters in total. Excluding the current chapter, the rest 
of the thesis is structured as follows: 

Chapter 2, providing the basic theoretical background regarding induction motors, digital 
signal processing, and fault diagnostics. 

Chapter 3, which performs a review on the state of the art diagnostic techniques for rotor 
fault detection using stator current and stray magnetic feld measurements. 

Chapter4, where the proposed methodology is formulated. Afterwards, the chapter 
describes the induction motor models used for the FEA simulations, their design, their 
parameter setting, and their simulation process. The chapter concludes with the two experi-
mental set-ups, where data were acquired on various induction motors for the analysis and 
experimental validation. 

Chapter 5, presenting the results from FEA simulations on three motors: two 4− pole 

induction motors of 4 kW power with different rotor slot number, and one large 6− pole 

industrial 1.1 MW induction motor. Each motor was extensively studied under fve different 
scenarios, namely the healthy model and the models suffering from broken bar faults. The 
chapter concludes with a brief discussion on the results of each examined model. 

Chapter 6, presenting the results from experimental measurements on two different 
motors: a 4− pole induction motor of 4 kW power, and a 1.1 kW , 4− pole induction motor, 
while the faulty motors regard multiple cases of adjacent and non-adjacent breakages in the 
rotors. The chapter fnishes with some conclusive remarks on the experimental results for 
each motor and the corresponding motors with broken rotor bars. 

Chapter 7, where the overall conclusion is presented with the contribution of this research 
to existing knowledge. The chapter concludes with the limitations and the suggestions for 
future work, that spring from obstacles faced during the current study. 





Chapter 2 

Theoretical Background 

This chapter provides the main theoretical background of the thesis regarding the induction 
motor (IM), Digital Signal Processing (DSP) and Fault Diagnostics (FD). As the scope of 
the chapter is to apprehend basic concepts used throughout the thesis for literature (Chapter 
3), presentation of methodology (Chapter 4) and presentation of results (Chapter 5 & 6), the 
theory is described here briefy. 

2.1 The Induction Motor 

2.1.1 Basic Theory & Fundamental Principles of Operation 

The stator winding of an induction machine can come in various confgurations, in either 
single-layer or double-layer coiling. Considering m the number of phases, N the number of 
slots and p the number of pole pairs, an important parameter to know is the characteristic 
number q defning the number of slots per pole and per phase [1, 3, 17]: 

N 
q = (2.1)

2pm 

There are windings with q integer and windings with q fractional, providing a full-pitched or 
fractional-pitched confguration respectively. Fractional-pitched windings are mainly used 
in large industrial induction machines for avoidance of higher harmonics in the stator core, 
which is extremely expensive to maintain or repair in such scales [1, 3, 17]. The pole pitch, 
which is defned either as the distance between two consecutive poles or as the half period of 
the rotating magnetic feld’s wave, electrically covers 180◦ and is measured in meters [17]: 
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πD
τp = , (2.2)

2p 

where D is the inner stator diameter. 
Now, when the stator winding is supplied from a symmetrical 3-phase source of frequency 

fs, a rotating magnetic feld is created in each phase of the stator. Their speed of rotation in 
rpm is called the synchronous speed [1, 3]: 

fs ns = 60 (2.3)
p 

These rotating magnetic felds are practically stationary waves. The superposition of the 
three stationary waves results in a rotating magnetic feld which is a travelling wave, being 
a function of both time and space, and whose general form is given from the following 
equation [3, 4]: � � 

x
B(x, t) = Bmax sin ωst + π , (2.4)

τp 

where t is the time, x the peripheral distance on the circle defned by the inner stator radius 
(space dependence), Bmax the magnitude of the magnetic feld, ωs = 2π fs and τp the pole 
pitch. Relationship (2.4) describes the magnetic feld of the machine under the infuence 
of the fundamental harmonic and it denotes the existence of harmonics in a machine’s 
electromagnetic quantities with either spatial origin (space harmonics), or with time origin 
(time harmonics). In all related equations and formulas, it is more convenient to use the 
angular coordinate α , which is defned as [25]: 

1 π
α = x (2.5)

p τp 

To account for adjustment of the air-gap variation by the stator and rotor teeth with a 
constantly adjusted air-gap δ ′′, the Carter coeffcient is use [3, 4, 17, 26]. The fnal form of 
the magnetic feld’s fundamental harmonic accounting for Carter’s theorem is given by [3, 4]: 

√ 
3wξ I 2

B(α, t) = µ0 · · cos(pα − ωst− ϕ) . (2.6)′′πpδ 

where µ0 is the magnetic permeability of free space, w the number of turns per phase with 2w 

being the number of conductors, ξ a geometrical parameter called winding factor defned as 
sinβ S π

ξ = and β = · 2 , with S being the winding’s width (coil span) in radians [1, 3, 4, 26].
β τp 

Similarly with the characteristic number q given by (2.1), ξ is also defned for the rotor. In 
the case of a wound rotor, where the number of phases is mr = 3, it is defned in the same 
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way as for the stator. In the case of a cage rotor, it is considered that the number of phases 
mr is equal to the number of rotor bars Nr, the winding factor is ξr = 1 and one accounts for 
wr = 1/2 turns per phase since there is wr = 1 conductor (bar) per phase [1, 3, 4, 26]. 

The feld of (2.6) induces currents in the rotor cage, which in turn create a rotating 
magnetic feld in the rotor. The interaction of the two felds results in the production of 
electromagnetic torque on the rotor cage, which turns the rotor in the same direction as the 
felds’ direction of rotatio [1, 3]. It is due to the nature of this mechanism that these machines 
are called induction machines, since the continuous induction is caused by the relative 
motion of the rotor with respect to the rotating magnetic feld and this is what produces 
electromagnetic torque. In other words, the rotor of the machine rotates asynchronously at its 
own speed which is slightly smaller than ns, continuously trying to catch up with the speed 
of rotation of the magnetic feld that slips away [1, 3, 4, 26]. The mechanical speed of the 
rotor body in rpm is usually indexed as nm or simply n, while its angular velocity in rad/sec 

is symbolised with ωm or simply ω . The difference of the synchronous speed and the rotor 
speed is called the slip speed and is symbolised as nr or nslip [1]: 

nslip = nr = ns − nm , (2.7) 

which in rad/sec can be expressed as: 

ωslip = ωr = ωs − ω (2.8) 

The motor’s slip, symbolised with s, is consequently defned as [1]: 

ns − n nr ωs − ω 
s = = = (2.9)

ns ns ωs 

It is obvious from (2.9) that the slip s relates the slip speed nr with the synchronous speed ns 

via the relationship: 

nr = s · ns , (2.10) 

while the rotor electromagnetic quantities carry the frequency: 

fr = p · nr = s · fs (2.11) 

From all the above and accounting for (2.7)-(2.11), the following relations are valid relating 
the frequencies of stator and rotor quantities as well as their rotational speeds [1, 3, 4, 26]: 

nm = (1− s) · ns, ωm = (1− s) · ωs (2.12) 
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fr ns = nr + nm , fs = fr + pn , s = (2.13)
fs 

Practically, the slip s is used to express the percentage of the rotor’s speed relative to 
the synchronous speed. At standstill s = 1 since n = 0 and the machine behaves as an ideal 
transformer (locked rotor) [1, 26]. On the other hand, close to the synchronous speed ns we 
have s → 0 and for any point in between the two extremes fr = s · fs. 

2.1.2 Per-Phase Equivalent Circuit & Development of Torque 

As mentioned, the induction machine behaves as a rotating transformer with the stator 
being the primary part and the rotor being the secondary, while the only difference from an 
ideal transformer is that the secondary operates at a slightly different frequency [1, 3, 4, 27]. 
Hence, from the classical theory of electrical machines, a useful tool for the representation of 
the IM during steady-state operation is the per-phase equivalent circuit. This refers to the 
per-phase equivalent shown in Figure 2.1, for which: R1 the stator per-phase resistance, X1 

the stator per-phase reactance, R2 the referred rotor resistance, X2 the referred rotor reactance, 
Xm the leakage inductance, Rc the core losses resistance, Vph the phase voltage, I1 the stator 
line current, I2 the rotor line current [1, 3, 4, 27]. 

Fig. 2.1 Equivalent Circuit of the IM assuming ideal transformer model [1, 2] 

The resistance R1 expresses the per-phase stator resistive losses, while the reactance X1 

expresses the per-phase inductance of the winding [1, 3, 27]. Considering Rr and Lr the 
actual rotor resistance and inductance respectively, Vr the rotor voltage, Ir the rotor current 
and that all the rotor quantities operate at frequency fr: 
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Vr = sVr0 , and (2.14) 

Xr = ωrLr = 2π frLr = 2πs fsLr = sXr0 , (2.15) 

where Vr0 and Xr0 the rotor voltage and reactance respectively when the rotor is at standstill 
(s = 1). Now, isolating the rotor side in the circuit of Figure 2.1 and accounting for (2.14)-
(2.15), the rotor current Ir can be obtained as [1]: 

Vr Vr Vr0Ir = = = (2.16)
jXr + Rr Rr + jsXr0 

Rr + jXr0s 

Considering the induction machine as an ideal transformer with ratio ζ , the rotor referred 
resistance and referred reactance can be defned as R2 = ζ 2Rr and X2 = ζ 2Xr0 respectively [1, 
27]. In a real life application and especially in the case of cage rotors, the ratio ζ , the actual 
rotor resistance Rr and the standstill rotor reactance Xr0 are very diffcult or even impossible 
to measure, while R2 and X2 can be directly measured at the terminals [1, 3, 27]. Hence, it 
is commonly established to use the refered values R2 and X2 when it regards the modelling 
of induction motors with the per-phase or MEC [1, 3, 4, 27]. To relate Eq. (2.16) with 
the production of torque, two factors are required: a clear idea of the power fow in the 
induction motor and, secondly, the equivalent Thevenin circuit from the terminals coupling 
magnetically the primary (stator) with the secondary (rotor). For the circuit of Figure 2.1, the 
total equivalent impedance of the circuit is easily calculated as follows [1, 4]: 

1
Ztot = R1 + jX1 + 1 , (2.17)

GC − jBM + R2/s+ jX2 

In references [1, 3, 4, 7, 8, 27, 28] the steps for the derivation of the Thevenin equivalent 
are in detail described with analytical formulation, from which one can derive the current I2 

as [1]: 

Vth Vth I2 = = q , (2.18)
Zth + Z2 R2(Rth + s )

2 +(Xth + X2)2 

where Vth the Thevenin voltage, Zth the equivalent Thevenin impedance, Z2 the referred rotor 
impedance of the circuit in Figure 2.1, which are given by [1]: 

Xm XmVth ≈ Vph , Rth ≈ R1( )2 , and Xth ≈ X1 (2.19)
X1 + jXm X1 + Xm 
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The power fow diagram of an induction motor is shown in Figure 2.2 and it provides 
a mapping of the induction machine power distribution from input to output. The depicted 
components are: the stator copper losses, PC the core losses, Pag the air gap power, PsCL 

the rotor copper losses, Pmech the converted mechanical power, Pf r the friction losses, PrCL 

PSL the stray losses [1, 27]. From Eq. (2.17) and Fig. 2.2 it is seen that, in the rotor side, 
"only the resistance R2/s consumes power during conversion of the air-gap power Pag to the 
mechanical power Pm" [1, 27]. Regarding the stator copper losses and the core losses, they 
are given from [1, 27]: 

Fig. 2.2 Power fow diagram of an induction motor [1–4] 

= 3I1
2R1, and Pc = 3V1

2Gc , (2.20)PsCL 

and since only R2/s consumes power: 

Pag = 3I2
2R2/s, and PrCL = 3Ir 

2Rr = 3I2
2R2 , (2.21) 

since the power is considered not to change in an ideal transformer [1, 27]. From the latter 
relationship it can be seen that PrCL = s · Pag, hence the converted mechanical power is given 
by [1]: 

1 1− s
Pmech = Pag − PrCL = 3I2

2R2/s − 3I2
2R2 = 3I2

2R2( − 1) = 3I2
2R2( ) , (2.22)

s s 

or by Pmech = Pag − PrCL = Pag − sPag =⇒ Pmech = (1− s)Pag . (2.23) 

The latter two relationships practically show that, from the IM equivalent circuit stand-
point, the resistor R2/s quantifes the resistance on which the air-gap power Pag in an 
induction motor would be consumed, the resistor R2 quantifes the resistance on which the 
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rotor copper losses PrCL would be consumed, while their difference Pag − PrCL would be 
consumed on a resistor Rmech = R2(

1−s ) [1, 27, 28]. Hence the resistance R2/s of the circuit s 

is encountered as R2
1−s , when it is desired to separate the rotor copper losses from the s 

converted mechanical power Pmech in a problem that is dealt with by the per-phase or MEC 
approach [1, 3, 4, 27, 28]. 

The induced torque on the shaft of the machine will be [1]: 

Pmech (1− s)Pag Pag 
τind = = = (2.24)

ωm (1− s)ωs ωs 

Finally, using Eq. (2.18) and (2.21)-(2.24), the induced torque can be quantifed electrically 
by the circuit parameters as [1]: 

3 ·V 2 R2/sth · 
τind = h i (2.25)

ωs (Rth + R2/s)2 +(Xth + X2)
2 

The characteristic curve of the induced torque versus speed (or versus slip) of an induction 
motor compared with its load curve is shown in Figure 2.3. By [1, 3, 4], the critical point 
between instability and stability is the point where the maximum torque occurs, which is 
called the pull-out torque. The machine motion of equation holds during every time-instant 
by the torque equilibrium given from [1, 3, 4]: 

dω
τind = τload + J , (2.26)

dt 

where τload the load torque, J the moment of inertia and J dω the acceleration torque. To be dt 
in the stability area, from (2.26) the following condition must hold: 

∂ τload 

∂ n 
≥ 

∂ τind 

∂ n 
, (2.27) 

n being the speed in rpm. 
Induction motors are known to have low starting torque and high starting currents, which 

affects not only the effciency via the losses but also the the ability to start the motor with 
loaded shaft. The problem of low starting torque is compensated by the use of external 
resistances in wound rotors. Variation of these resistances provides the ability to transit 
the torque-speed curve to the left, hence increasing the starting torque while also drawing 
lower starting currents. This is more detailed described in [1, 3, 4, 27, 28]. In cage rotors, a 
similar concept is applied aiming to take advantage of the skin effect by the use of different 
designs, meaning the shape and depth of the rotor bars [1, 3, 17]. Hence, depending on the 
application, motors of different rotor cage design might be required. These are specifed 
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Fig. 2.3 Torque-Speed Characteristic of an Induction Motor [1, 3] 

according to the specifcations of NEMA [1], and the rules of Richter [17]. More information 
on the torque-speed characteristics, how motor designs are classifed by NEMA and Richter 
and how these can affect the per-phase and MEC approach and its parameters can be found 
in [1, 3, 4, 7, 17, 26]. 

In practice, the spatial variation of the air-gap by the stator and rotor teeth as well as the 
slotted stator winding’s non-sinusoidal distribution cause a non-sinusoidal distribution of the 
magnetic felds of the rotor and the stator, which is due to the non-sinusoidal distribution of 
the initial current-sheet and mmf [17, 25, 26]. This results in the presence of higher harmonics 
and since the induced torque is the result from the interaction of these two magnetic felds, 
this causes also higher harmonic content in the torque of the machine known as higher 
synchronous and higher asynchronous torques [3, 25, 26]. 

The problem of higher space and time dependent harmonic content in the electromagnetic 
variables of induction machines as well as the materials’ non-linearities make the MEC 
approach to hold some disadvantages: a relatively satisfying accuracy only during the 
steady-state [1, 3]; a characterisation of the IM from a static analysis point of view [1, 3]; 
assumptions not satisfying for geometries with curvatures and corners [1, 7, 8]; results within 
a small percent of accuracy and increased errors, especially during transient operation [1, 7]. 
Despite its disadvantages, the MEC approach is the most fundamental one. It has rendered 
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valuable results and is very frequently used by engineers on the feld in practical applications 
for quick evaluation of induction motor parameters [29–32]. 

2.1.3 Space Harmonics of the Induction Motor Magnetic Field 

In subsection 2.1.1, the fundamental harmonic of the rotating magnetic feld in an induction 
motor were described. The current section aims to describe the higher space harmonic content 
of the air-gap magnetic fux density in an induction motor, as well as how it is derived by the 
MMF and magnetic permeance variation using fundamental laws. The effect of slotting and 
saturation is included, as well as the mutual effects from stator to rotor and vice-versa. 

By [25] and [26], the stator slot higher harmonic content is of the order: 

Ns
ν = κ ± 1 , 

p 
κ ∈ N (2.28) 

while the order of the rotor slot harmonics is: 

Nr
µ = κ ± 1 , 

p 
κ ∈ N (2.29) 

The negative sign (-) represents the rotating waves with clockwise direction, considered 
as the positive direction of rotation (forward). The positive sign (+) represents the waves 
rotating counter-clockwise (backwards), considered as the negative direction of rotation [25]. 
For any higher harmonic of order ν , the angular coordinate α must be accounted for as [26]: 

2π
αν = να = νp . (2.30)

N 

By Fourier series expansion, the mmf of the stator winding carries harmonics of the 
order ν = 6κ ± 1 with κ ∈ N (ν = 5,7,11,17,19...), and its general form is thus given 
from [25, 26]: 

Fs(α, t) = 
∞

∑ Fm,ν cos(νpα   ωst) , (2.31) 
ν=6κ±1 

while the mmf of the rotor cage is given from [25, 26]: 

Fr(α, t) = 
∞

∑ Fm,µ cos(µpα   ωµt − ϕµ ) , (2.32) 
µ=1 

where α the angular distance from the origin of the coordinate frame, ϕµ the angle between 
the vectors of the stator and rotor harmonics of equal order, ν and µ the order of space 
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harmonics at the stator and rotor respectively and ω = 2π f . The amplitude peaks Fm,ν and 
Fm,µ are given from the following two formulas respectively [25, 26, 33]: 

√ √ 
2 2I1ξν Ns 2I1NrFm,ν = , Fm,µ = (2.33)

πνp πµp 

The magnetic fux density in the air-gap results from the mmf and the relative permeance 
of the air-gap as [25, 26, 34]: 

B(α, t) = F(α, t)Λg(α, t) , with Btot = Bs(α, t)+ Br(α, t)+ Bsat(α, t) , (2.34) 

Bsat being the magnetic fux density due to magnetic saturation, Bs and Br the stator and 
rotor magnetic fux density respectively and Λg(α, t) the relative permeance (or magnetic 
conductance of the air-gap), whose general form is given from [25, 26, 35]: 

Λg(α, t) = Λg0λg,s(α)λg,r(α, t) (2.35) 

In the air-gap permeance given by Eq. (2.35), the term λg,s(α) expresses the relative 
permeance of the air-gap due to the slotting of the stator, which -as originating from the 
spatial geometry of the stationary part, the stator- is only space dependent by the angular 
coordinate α . The term λg,r(α, t) expresses the relative permeance of the air-gap originating 
from the effect of slotting in the rotor, which is at any case time and space dependent due to 
the difference in angular speed between the rotor body and the rotating magnetic feld. The 
amplitude term Λg0 is given from [25, 33]: 

A0 µ0
Λg0 = = (2.36)

2 kcg 

The air-gap permeance variation λg,s(α) including the effect of stator slots is given 
from [25, 34]: 

∞ 

λg,s(α) = 1+ ∑ Ak cos (kNsα) ∀ k ∈ N . (2.37) 
k=1 

The air-gap permeance variation λgr(α, t) including the effect of rotor slots is given 
from [25, 34]: 

∞ � � ��′
λg,r(α, t) = 1+ ∑ Al cos lNr α − ωrt ∀ l ∈ N , (2.38) 

l=1 



	

19 2.1 The Induction Motor 

′where ω = pωm the electrical frequency of the rotor quantities with ωm = (1− s)ωs ther 

mechanical. In Eq. (2.37) and (2.38), Ak and Al are the peak amplitude values of the k − th 

and l − th harmonic respectively at stator and rotor. 
By setting λg,s(α)λg,r(α, t)= λg(α, t), the air-gap relative permeance becomes Λg(α, t)= 

Λg0λg(α, t) and by substitution of (2.37) and (2.38) we get for λg: 

∞ ∞ � � ��′
λg(α, t) = 1+ ∑ Ak cos (kNsα)+ ∑ Al cos lNr α − ωrt + 

k=1 l=1 
∞ ∞1 � � � � �′ ′ + ∑ ∑ AkAl cos (lNr + kNs)α − lNrωrt + cos (lNr − kNs)α − lNrωrt (2.39)

2 k=1 l=1 

It is quite vital to refer to each one of the components in (2.39) seperately, since they constitute 
the fundamental source of higher space harmonics in any induction motor [25, 26, 33–35]. 
First, the unitary term expresses the permeance of the equivalent uniform air-gap as accounted 
for by Carter’s theorem [25, 26, 33]. The second and third terms express the permeance of 
stator and rotor respectively accounting also for the effect of slotting [25, 34, 35]. The fnal 
term, including the two summations in multiplication, expresses the stator and rotor mutual 
permeance due to their electromagnetic coupling and continuous interaction by induction 
and refection of quantities from one to another and vice-versa [25, 26, 33]. In the classical 
theory of induction machines, this is sometimes referred to as "reciprocal effect" [25]. In 
practical terms, a continuous injection of harmonics is taking place in the electromagnetic 
quantities of each motor part acting as a fltering of frequencies from one entity to the other. 

Multiplying the latter equation by Λg0 provides the air-gap relative permeance Λg(α, t) 
and by Eq. (2.34) one can obtain how the total magnetic fux density of the air-gap is 
formulated: 

Btot (α, t) = Bs(α, t)+ Br(α, t)+ Bsat (α, t) = 

= Fs(α, t)Λg(α, t)+ Fr(α, t)Λg(α, t)+(Fs(α, t)+ Fr(α, t))Λsat = 

= [Fs(α, t)+ Fr(α, t)] [Λg(α, t)+ Λsat (α, t)] , (2.40) 

Λsat (α, t) being the saturation related variation of permeance which is accounted for by its 
fundamental harmonic (ν = 1) given from [33–35]: 

Λsat (α, t) = −Λsat cos (2pα − 2ωst − 2ϕsat ) . (2.41) 
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The fnal form of Eq. (2.40) represents the basis formulation of a cage rotor induction 
machine’s harmonic content by means of the fundamental quantities, thus being the stator and 
rotor mmf and air-gap permeance variation having accounted for the slotting and saturation 
effects [33–35]. However, what is of main interest is the initial form of (2.40), since the 
harmonic content of the air-gap magnetic feld will be directly refected in quantities of 
practical interest in fault diagnostics like the machine’s stator current, electromagnetic torque, 
stray fux etc. For perspicuity, the three felds Bs(α, t), Br(α, t) and Bsat (α, t) of the initial 
form of (2.40) will be separately discussed to conclude on the fnal harmonics included by 
the contribution of each component. 

By [33–35], the air-gap magnetic fux density component related to the stator quantities 
is given from: " # 

∞ 

Bs(α, t) = Fs(α, t)Λg(α, t) = Λg0 · ∑ Fm,ν cos(ν pα   ωst) · 
ν=6±1 " # 

′1+ ∑∞ 
k=1 Ak cos (kNsα)+ ∑∞ 

l=1 Al cos [lNr (α − ω t)]+ r· = 1 ′ ′ +2 ∑
∞ 
k=1 ∑l

∞ 
=1 AkAl {cos [(lNr + kNs)α − lNrω t]+ cos [(lNr − kNs)α − lNrω t]}r r

" # " # " # 
∞ ∞ ∞ 

= Λg0 ∑ Fm,ν cos(ν pα   ωst) + Λg0 ∑ Fm,ν cos(ν pα   ωst) · ∑ Ak cos (kNsα) + 
ν=6±1 ν=6±1 k=1 

" # " # " # 
∞ ∞ ∞� � ��′ + Λg0 ∑ Fm,ν cos(ν pα   ωst) · ∑ Al cos lNr α − ωrt + Λg0 ∑ Fm,ν cos(ν pα   ωst) · 

ν=6±1 l=1 ν=6±1 

" # 
∞ ∞1 � � � � �′ ′ · ∑ ∑ AkAl cos (lNr + kNs)α − lNrωrt + cos (lNr − kNs)α − lNrωrt (2.42)

2 k=1 l=1 

The air-gap magnetic fux density component related to the rotor quantities is given 
from [33–35]: " # 

∞ 

Br(α, t) = Fr(α, t)Λg(α, t) = Λg0 · ∑ Fm,µ cos(µpα   ωµt − ϕµ ) · 
µ=1 " # 

′1+ ∑∞ 
k=1 Ak cos (kNsα)+ ∑∞ 

l=1 Al cos [lNr (α − ω t)]+ r· = 1 ′ ′ +2 ∑
∞ 
k=1 ∑l

∞ 
=1 AkAl {cos [(lNr + kNs)α − lNrω t]+ cos [(lNr − kNs)α − lNrω t]}r r
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" # " # " # 
∞

∑ Fm,µ cos(µpα   ωµt − ϕµ ) + Λg0 

∞

∑ Fm,µ cos(µpα   ωµt − ϕµ ) · 
∞

∑Λg0 Ak cos (kNsα) += 
µ=1 µ=1 k=1 " # " # 

∞

∑ Fm,µ cos(µpα   ωµt − ϕµ ) · 
∞

∑
� � ��′

Λg0 Al cos lNr α − ω t +r
µ=1 l=1 " # 

+ Λg0 

∞

∑ Fm,µ cos(µpα   ωµt − ϕµ ) · 
µ=1 

" # 
∞

∑ 
∞

∑ AkAl 
� � � � �1 ′ ′ cos (lNr + kNs)α − lNrω t + cos (lNr − kNs)α − lNrω t· r r2 k=1,2,3 l=1 

(2.43) 
By (2.42) and (2.43), it is evident how the fnal sets of higher harmonics are formed by 

mulitplication of the mmf in each case with the permeance. In order to fnalise the calculation 
of the total magnetic feld given from (2.40), the saturation space harmonics are needed 
which are evident via the saturation magnetic feld that is derived from development of the 
last term in (2.40): 

" # 
= 

∞ 
ν

∞ 
=6±1 Fm,ν cos(νpα   ωst) 

µ=1 Fm,µ cos(µpα   ωµt − ϕµ ) 
∑ +

Bsat (α, t)= (Fs +Fr)Λsat (α, t)= −Λsat ·cos (2pα − 2ωst − 2ϕsat )· 
∑

" # 
=6±1 Fm,ν cos(νpα   ωst)∞ 

ν
cos (2pα − 2ωst − 2ϕsat ) ∑ +· 

= −Λsat · = 
∞ 
µ=1 Fm,µ cos(µpα   ωµt − ϕµ )cos (2pα − 2ωst − 2ϕsat ) · ∑

 " #  
=6±1 Fm,ν 

cos (νpα   ωst + 2pα − 2ωst − 2ϕsat )+ ...
∞ 
ν∑

 + 
 ... + cos (νpα   ωst − 2pα + 2ωst + 2ϕsat )� � 1 " #= −Λsat · · = 

2 cos µpα �   ωµt − ϕµ + 2pα − 2ωst − ϕsat + ...
∞ 
µ=1 Fm,µ 

... + cos µpα   ωµt − ϕµ − 2pα + 2ωst + 2ϕsat 

 ∑ �  
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  
 ∑

∞ 
ν=6±1 Fm,ν

( )
cos [(ν + 2)pα − (2ωs ± ωs)t − 2ϕsat ]+ 

+ ... 

�
cos [(ν − 2)pα +(2ωs   ωs)t + 2ϕsat ]

cos (µ + 2)pα − (2ωs ± ωµ )t − (ϕ + 2ϕsat ) + 
�(1 

= −Λsat · · )� = 
2 

... + ∑∞ 
µ=1 Fm,µ �  cos (µ − 2)pα +(2ωs   ωµ )t − (ϕ − 2ϕsat ) 

(2.44) 
The summation of (2.42), (2.43) and (2.44) provides the total magnetic feld in the 

induction machine. Hence, the order of the harmonics carried in each fux density wave will 
be equal to the summation of each of its individual component’s harmonics and the fnal set 
of harmonics carried in Btot will be of the harmonic sets from Bs, Br and Bsat. More precise, 
by (2.42)-(2.43), the stator, rotor and saturation related magnetic felds respectively include 
harmonics of the order [33–35]: 

      µp 
µp± kNs 

  νp 
νp± kNs

(
(ν ± 2)p 
(µ ± 2)p

)
, (2.45), ,

νp± lNr 

νp± kNs ± lNr 

µp± lNr    
µp± kNs ± lNr 

with ν = 6κ ± 1, and µ,κ,k, l ∈ N. 
Accounting for the electrical angle ael = pα , one can reform (2.45) and refer all the 

harmonics in each set with respect to the fundamental harmonic. This is more convenient for 
comparison reasons during any spectrum representation etc. The harmonic orders described 
by (2.45) then come in their fnal form as [33–35]: 

      µ 

µ ± kNs/p 

  ν 

ν ± kNs/p
(

(ν ± 2) 
(µ ± 2)

)
, (2.46), ,

ν ± lNr/p 

ν ± kNs/p± lNr/p 
µ ± lNr/p    

µ ± kNs/p± lNr/p 

with ν = 6κ ± 1, and µ,κ,k, l ∈ N. 
Equation (2.46) fully describes the sets of space harmonics existing fundamentally in 

any cage induction motor during normal operation, thus providing an analytical mapping 
of all harmonics carried in the total magnetic feld of the machine. Some of these will be 
also carried in the electromagnetic quantities of the motor, providing sometimes signifcant 
diagnostic value during fault conditions. 
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2.2 Digital Signal Processing 

To facilitate a better understanding of how harmonics such those described in previous section 
are visualised, assessed and interpreted in practical applications of condition monitoring & 
FD, this section introduces the basic fundamental theory of DSP as to how it is used in FD. 

2.2.1 Signals in Time Domain 

A signal in time x(t) is usually acquired by a simulation dataset or by raw measurement 
on a system, i.e. the induction machine, and defnes the waveform of the measured quantity 
over time (Fig. 2.4). Such signals in induction machines usually have a form like that of 
Eq. (2.6) including also higher harmonics. Although from the raw time representation of a 
signal not much information can be provided, early works in the feld of electrical machine 
diagnosis investigated how fault conditions can be detected from anomalies in the time 
waveform of a signal [36–39]. The time domain representations have also proved useful for 
modelling purposes during fault conditions, e.g. fault-related pulsations creating harmonics 
of diagnostic value in the signal [8], ripples in quantities like the speed and torque [40–42] 
etc. 

In the last decade, time-domain representations are mainly used for monitoring and 
fault diagnostics when the application includes aspects of the power system [7, 9]. In the 
latest years, some newly introduced techniques for induction machine fault diagnostics 
have been proposed taking advantage of tools provided during the ongoing evolution and 
developments in machine learning, computational algorithms, feature extraction tools, etc [43– 
48]. Some of these methods are based in the time domain representation of a signal for their 
feature extraction or metrics defnition, diagnostic indices etc [46, 49], while some other 
indirectly consider the time-domain representation of a signal to initiate the steps of their 
algorithm [50, 51], or defne the initial parameters for means of pattern recognition [52], 
spectral subtraction and estimation [53–56], frequency extraction [23] and so on. 

Finally, some recently published works suggest approaches and methods that redefne 
and reconfde the assumptions made for stationary and non-stationary conditions during 
faulty operation of electrical machines or their modelling during faults [57–61]. Some works 
like [58] investigate the non-stationary approach during faults and propose the modula-
tion/demodulation pattern. Other works like [62] and [63] propose approaches via analysis of 
the envelope of the time-waveform because it sometimes helps to better extract information 
about the instantaneous frequencies if the process is executed properly. Such methods are 
more extensively discussed in Chapter 3 with the literature review of advanced DSP used in 
fault diagnostics. 



24 Theoretical Background 

However, information only by a raw signal’s time domain representation has the dis-
advantage of limitations in handling and in revealing global information about harmonics 
and their origin. Apart from that, the input and output signals of an induction machine 
system are mainly composed from sinusoids or sinusoidal-like waveforms and, for condition 
monitoring, their time-dependent harmonic content needs to be evaluated. Hence, the use of 
frequency domain and time-frequency domain representations and transformations like the 
ones following have been established in the feld. 

Fig. 2.4 Stator line current waveform over time 

2.2.2 Signals in Frequency Domain & Fast Fourier Transform 

The harmonics included in the air-gap magnetic fux density as described in Section 2.1.3 
will also be carried in the signals of current and stray magnetic fux, as these are directly 
related with the total rotating magnetic feld. In addition, these signals will be carrying time 
harmonics as their morphology in time is never a pure sinusoid due to the effect of space by 
the stator and rotor slots, number of phases and rotor bars, winding distribution etc. These 
harmonics are visualised and examined over frequency by means of the Fourier Transform 
(FT), yielding a representation of the signal in the frequency domain [7, 8]. An example of 
such a visualisation is given in Fig. 2.5. In other words, the Fourier transform decomposes 
the signal into a weighted summation of sine and cosine functions. The continuous-time 
Fourier Transform (CTFT) of a signal x(t) is defned as [64–67]: Z 

∞ ω− j2π f t dt X( f ) = x(t)e , f = (2.47)
2π 

. 
t=−∞ 
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In system level and practical DSP applications it is most commonly the case that sampled 
and discretised signals are handled, i.e. a simulation data-set or an experimentally acquired 
discrete sample of a signal’s measurements with a sampling frequency Fs. Moreover, since 
the analysis of the signals in frequency domain are handled in a discrete manner, the Discrete 
Fourier Transform (DFT) [64–67] is utilised. Let x[k], k = 0,1, . . . ,N be a discrete signal of 
N samples, acquired from a continuous signal of fnite duration TF with a sampling frequency 
Fs. The Discrete Fourier Transform can be defned as: 

N−11 − j2π nk
X [n] = x[k]e N , n = 0,1, . . . ,N. (2.48)

N ∑ 
k=0 

A natural approach to understand the DFT is that if the Fourier Transform is applied to a 
discrete signal and the resulting X( f ) is sampled every ∆ f = F

N
s , then we get equation (2.48). 

From this it is apparent that the quantity 

1 Fs
∆ f = = , (2.49)

∆T N 

is defned as the frequency resolution [64–66] in the frequency domain, which expresses 
the localisation of the discrete frequency components in terms of accuracy for frequency 
separation [7, 8, 67]. From relation (2.49), it is apparent that the sampling frequency is an 
important system parameter for acquired signals. As an inner product transformation [64–67], 
practically the DFT is computed over a number of samples N by multiplication of the signal 

− j2π 
with a N ×N matrix containing the primitive n− th root of the unity vector matrix e N . This 
allows to unfold the frequency components over the frequency spectra and reveal information 
about the average spectral energy by means of amplitude spikes, usually measured in dB 

and normalised to the fundamental harmonic of the system (supply frequency fs). The 
computational complexity of the DFT is O(N2) [68, 69], derived from the summation of 
operations required to produce the fnal transformation result. The transformation of Eq. 
(2.48) is derived using tools like the Fast Fourier Transform (FFT) in commercially available 
software packages like MatLab from Mathworks. These enhance algorithms for recursively 
computed DFTs in signals of smaller chunks, reducing the number of samples to the half in 
each repetition and hence reducing the computational complexity to O(NlogN) [68, 69]. 

The DFT and its applications like the FFT have provided valuable results for condition 
monitoring and fault diagnostics since the early 90’s. Its application in the stator line 
current has provided the traditional technique of Motor Current Signature Analysis for the 
detection of various types of faults [10, 11]. Also, the FFT is used for diagnostic purposes by 
application on stray magnetic fux signals and has yielded the topic of Stray Flux Signature 
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Analysis (SFSA) since the late 90’s [70]. However, frequency domain transformations hold 
some disadvantages regarding not only frequency resolution, but also lack of competence 
when the application implies time-varying conditions like variable load, fault existence, 
variable frequency content or/and variable amplitudes, changing spectral characteristics, 
etc [60]. Some optimisations of the FFT and windowing functions to this direction will be 
discussed in later chapter. Apart from that, such transformations assume that the system’s 
frequencies are time invariant; thus, they are limiting the application only during the steady-
state time regime, where the system’s frequencies have been stabilised and cannot include 
the transient response part [7, 69]. 

Fig. 2.5 FFT spectrum of the stator line current in an induction machine [5] 

2.2.3 Time-Frequency Representations 

Time-frequency (t − f ) representations constitute an advanced signal processing approach, 
in terms of providing globally information about the signals spectral characteristics. These 
transformations expand the signal on a joint time-frequency plane, thus providing the advan-
tage to examine the spectral energy density of a signal [59, 69, 71]. This allows the inspection 
of the time-varying information comprised in a signal and a global response overview. This 
way the transient response part of a signal -where frequency content is of a variable nature-
can be included in the transformation and the harmonics are visualised as trajectories or 
orbits, which are drawn according to the pattern that a specifc harmonic’s spectral energy 
follows. The magnitude of each harmonic is expressed by the intensity of its energy and is 
usually color-coded on the plane via an intensity contour plot [59, 69, 71]. 
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Characteristic t − f representations applied in the feld of induction machines condition 
monitoring for the detection of various types of faults include: the Short-Time Fourier Trans-
form (STFT) [21, 72], the Wigner-Ville Distribution (WVD) [73, 74], the Wavelet Transform 
(WT) [75, 76], the Hilbert Transform (HT) [62, 77, 78], Multiple Signal Classifcation (MU-
SIC) [79, 80] etc. As expected, their success of application depends on the nature of the 
problem, i.e. the type of fault, on the frequency area aiming to provide diagnostic information 
(specifc band of frequencies indicative for a fault), on inherent system parameters like the 
sampling frequency or the induction motor slip, etc. Nevertheless, they all constitute tools 
which in one case or the other have proved reliable and useful in CM and FD over the 
years. Using t − f analyses, diagnostic procedures have advanced from every manner: from 
MCSA the feld has expanded to TCSA (Transient Current Signature Analysis) [14, 81, 82]; 
similar approaches have been introduced and established for other types of measurements 
like transient responses of vibration [83, 84], stray magnetic fux [85, 86], etc. The feld 
still advances rapidly during recent years, with methods being continuously optimised and 
adapted to new fndings and with algorithms continuously suggested for improvement of 
diagnostic procedures. 

Despite their facile application and sophisticated visualisation of results, t − f representa-
tions are not a panacea. In other words, there might be cases where the use of t − f analysis 
is not required, or its application yields nothing but already known results just acquired 
with increased computational complexity and resources. Also, a very vital part of a t − f 
analysis is the defnition of parameters, the initiation of the process and what boundaries 
within it can be applied, as well as how these can be optimised when something like a fault 
condition affects globally the set of parameters that relate with the t − f process. This gap in 
the existing literature is discussed more extensively in Chapter 4, where the formulation of 
the proposed methodology is presented. 

2.2.4 Short-Time Fourier Transform 

The STFT is one of the basic time-frequency representations and is derived by the FFT 
over a sliding window, shifted in time to create overlapping chunks. The continuous-time 
STFT for a signal with time representation x(t) is given from [71]: Z +∞ 

−j2π f τ dτX(t, f ) = x(τ)w(τ − t)e , (2.50) 
−∞ 

where w(t) the window function used during the transformation and X(t, f ) the transformed 
representation in the time-frequency domain. The windowing function w(t) must be of unit 
energy to provide a unitary and adjoint vector-space for the transformation to be scattered on 
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its Gabor frame [71] and hence the frequency resolution (and time resolution) of the STFT 
are kept constant over the t − f plane for windows such that: Z 

∞ 
|w(t)|2dt = 1 (2.51) 

−∞ 

In practice, the spectral energy density is used to visualise harmonics and evaluate them 
by means of the spectrogram which is defned as the squared magnitude of the signal [71, 23]: 

S(t, f ) = |X(t, f )|2 (2.52) 

An example of spectrogram derived using the STFT analysis is shown in Fig. 2.6 for the 
stray fux of an induction machine used in the results chapter. As in the case of the FFT, the 
amplitude of the trajectories is expressed in dB or dBm and is normalised to the fundamental 
harmonic for comparison purposes. 

Fig. 2.6 STFT spectrogram of the stray magnetic fux in an induction machine acquired with external fux 
sensor [6] 

As in all t − f representations, the time resolution of the STFT is defned as [87]: 

! 1R
∞ 2 
−∞

(τ − τ)2|w(t)|2dτ
∆τ = R

∞ , (2.53) 
−∞ |w(t)|2dτ 

while the frequency resolution is defned as [87]: 

! 1R
∞ 2 
−∞

( f − f )2|W ( f )|2d f 
∆ f = R

∞ (2.54)
c −∞ |W ( f )|2d f 
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The time and frequency resolution of the STFT are analytically discussed in Chapter 4, where 
its pre-setting and fne-tuning are described extensively during the initiation of the proposed 
methodology. This also includes a discussion on the effect of windowing regarding frequency 
separation during slip dependent faults. 

2.3 Overview of Induction Motor Faults & Fault Diagnos-
tics 

This section provides an overview of the most frequently encountered faults in induction 
motors. Main focus is given on rotor faults, as the scope of the thesis is to build a diagnostic 
method for their reliable detection. However, for completion of the theoretical background, 
all other types of faults are described sententiously. 

2.3.1 Stator Faults: Insulation Failures & Short-Circuits 

Origin & Symptoms 

Stator faults account for 30% − 40% of faults, the primary fault being short-circuits which 
are discerned in the following types: turn-to-turn (interturn), phase-to-phase (interphase), 
turn-to-ground, phase-to-ground and they occur mainly due to insulation failures [7, 8, 88]. 
The reasons causing insulation to fail may be of various origin: thermal stresses due to 
non-uniform temperature distribution, frequency variations, copper and stray losses, etc [7– 
9]; electrical stresses due to voltage spikes, arcs, partial discharges and others [7–9, 89]; 
ambient stresses due to inherent manufacturing imbalances, harsh environmental conditions, 
etc [7–9, 89]; mechanical stresses due to vibrations, spread forces or expansion forces caused 
by overheating [7–9, 89]. All these mechanisms are known as TEAM stresses (Thermal-
Electrical-Ambient-Mechanical), causing insulation to degrade much faster than expected 
and eventually to fail [7–9, 89]. 

The event of a short-circuit comes with multiple consequences and symptoms. One of 
them is local overheating and progressive degradation of winding and insulation, which 
consequently leads to higher voltage stresses on the machine [7, 89]. Other repercussions 
are: additional harmonics in the induction machine, or globally in the system where it is 
connected; poor power quality; reduction of the line voltage over the power system with 
asymmetries in the currents and voltages; extra harmonics pulsation to the load side. If not 
detected, a short-circuit can lead to total destruction of the motor within a very narrow time 
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frame and its fatal nature makes even more challenging the detection at early stages, which is 
still an open question to the research community [7–9, 89]. 

Diagnosis 

At very low levels of short-circuit between turns (within 1% − 4%) the fault is very 
diffcult to detect [7, 8]. Higher than that, due to its static nature as it exists on the stator, the 
short-circuit fault is usually detected using frequency domain analysis [90, 91]. The fault 
designates characteristic frequencies as harmonic (or spectral) signatures on the frequency 
spectra (or the t − f plane) regardless the measurement. In the axial magnetic fux the 
characteristic frequency indicating the fault was originally given in [92, 93] and [94]. With 
the axial fux being zero in a healthy and normally operating motor, the asymmetry caused 
by a short-circuit is large enough to produce the signature [7]: � � 

1− s
fsc = k ± n fs , (2.55)

p 

k being the time-harmonic order, n the space-harmonic order of the short-circuited faulty part 
of the winding, s the motor slip, p the number of pole pairs and fs the fundamental supply 
frequency. 

Regarding the use of external fux sensors, frequency components that might alarm about 
the short-circuit fault arise from the following signature [7, 94]: � � 

1− s
fsc = γNR ± v fs , (2.56)

p 

ν being the time-harmonic order, NR the number of rotor bars, γ ∈ N. The harmonic signature 
carried in the stator current indicative to denote the fault existence is [7, 95]: � � 

1− s
fsc = jrot R ± 2 jsat ± ist fs , (2.57)

p 

where jrot , jsat , irot , isat , k ∈ Z, while the subscripts st, rot, sat denote the relevance with 
stator, rotor or saturation respectively [7, 95]. During the steady-state all these frequencies 
can be looked for either with a frequency domain or t − f approach. During the transient 
of the start-up, a frequency domain analysis is not applicable and hence patterns of the 
frequency trajectories are looked for using t − f analysis [7, 8, 69]. 
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2.3.2 Rotor Faults: Broken Bars & Broken End-Rings 

Origin & Symptoms 

Rotor faults account for a percentage of faults between 7% and 12% and usually emanate 
from a cracked point on the cage [7, 8, 88]. The primary reason for this fault are weak 
connections (joints) between the bars of the cage and its end-rings [7, 8, 69] which become 
even more weak during machine operation due to excessive overheating and thermal stresses. 
Another reason for rotor cage defciencies are manufacturing defects like material impurities, 
existence of porosity (air-bubbles), the laminations’ magnetic anisotropy or imperfections [96– 
100]. In the long term operation, all the above factors become more tangible at the presence of 
magnetic stresses due to magnetic forces, variable frequency content or additional harmonics 
(and consequent effects of magnetic saturation), local maxima of the magnetic felds at 
sharp edges and corners, uneven distribution of eddy-currents, etc [7, 8, 97–100]. Ambient 
conditions play an important role, since the rotor of a machine can develop fatigue and 
corrosion when exposed to harsh environments like humidity, dust, high pressures, toxic 
fumes etc [7, 8, 96, 97]. 

It is highly likely that a rotor fault will lead to direct failure of the machine as it comes 
with long-term consequences, that affect both the general motor’s health as well as the 
fnancial costs of overall repercussions [7, 8, 69, 88, 100]. For example, a motor with one 
or two broken bars might seem to operate normally and not provide indications for the 
fault immediately; nevertheless the power factor, and consequently the power quality, will 
diminish [101, 102]. This will not constitute a direct safety or accident risk, but it will affect 
the power consumption in terms of quality, higher harmonics and losses and therefore will 
have a fnancial impact on the whole system [101–104]. The asymmetry induced by the bar 
breakage affects the distribution of magnetic felds, as it is interpreted by the rotor fux as 
an open circuit -or partial open circuit if it is cracked instead of broken. These distorted 
rotor felds will contribute in the production of electromagnetic torque, so essentially the 
torque and speed will undergo more intense ripples and eventually more noise and vibration 
will be present on the motor [7, 8, 69, 88, 100]. The breakages will also have an impact on 
the lamination material at the points where they occur. As the material undergoes thermal, 
mechanical and magnetic stresses, it will continue to weaken with the possibility to locally 
delaminate [7, 8, 96, 97]. The latter leads to the possibility of the closest bar to break, 
although some works reviewed in Chapter 3 have shown differently. Delaminating spots 
also endanger to harm the stator at extreme centrifugal forces causing dispersion of metallic 
powder fbres, or from small bended lamination parts that can scratch the stator teeth and 
winding during the rotor’s rotation [10, 11, 96, 97]. 
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Diagnosis 

One of the mentioned symptoms of the broken bar or/with broken end-ring condition has 
proven an advocate ally and been extensively taken advantage of in fault diagnostics. The 
stator and rotor magnetic felds are the only two felds contributing to the production of 
torque and they are intercorrelated by the slip (so practically the speed). As the two felds 
interact, the mentioned non-uniformity and distortion of rotor fux palpitates ripples in the 
stator magnetic feld that are consequently forced into the stator current [7, 8, 42, 88]. These 
will be translated as additional harmonics and will be also injected in the axial fux and 
the stray magnetic fux of the machine. The continuous induction between stator-rotor and 
the refection of electromagnetic quantities under the broken bar fault can be considered as 
a reciprocal modulation/demodulation pattern [7, 8, 42, 88]. In other words, fault-related 
frequencies are continuously fltered from one entity to the other and, due to the nature of the 
pulsating ripples, frequencies arise in the current from [7, 8, 42, 69, 88]: � � 

k
fbrb = (1− s) ± s fs , k = 6ν ± 1 with ν ∈ N (2.58)

p

where fs the fundamental frequency of supply, p the number of pole pairs, s the slip and 
in practice all the odd harmonics are investigated except for the saturation triplets, since 
k = 1,5,7,11,13... with ν ∈ N. The same signature is used in the parameter of the stray 
magnetic fux, while its harmonic content is usually acquired for diagnostic purposes by 
means of induced voltage captured with external or internal search coils. The mechanism of 
the fault frequencies genesis and their chain reaction are extensively discussed in the literature 
review of Chapter 3 and the methodology of Chapter 4, alongside the effect of speed-ripple 
and the appearance of sideband frequencies indicative for the fault given from [7, 8, 42]: 

fsideband = (1± 2ms) fs , m ∈ N. (2.59) 

Over the past two decades, research on the diagnosis of rotor -as well as other- faults 
using external search coils has been extensively undertaken [7, 8, 69]. In parallel with the 
stator current, stray fux analysis has also been investigated with t − f analysis over the 
transient [69, 85, 86, 105]. A commonly discussed pattern of rotor fault signature that a t − f 
analysis usually aims for is the the "V-shape trajectory" written by a frequency component 
over the transient response of a motor’s start-up [75, 106–109]. Other proposed frequency 
components for detection of the fault are debriefed in the literature review with the method 
of stray fux analysis and different ways to achieve it. 
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2.3.3 Bearing Faults 

Origin & Symptoms 

The percentage of bearing faults is 70% in low voltage machines, somewhat bigger than 40% 
in medium voltage machines and around 10% in high voltage machines, as the bearings are 
components permanently absorbing forces and vibration -sometimes even violently- during 
machine operation [7–9, 110]. Bearings are enhanced to assure stability, proper support and 
rotation of the shaft, the most established type in use being the ball bearings [110, 111]. They 
consist of a number of metallic spheres within a metal cage that is made of two concentric 
cylinders and upon which two race-ways are curved, the inner and the outer [110–112]. 
The main origin of bearing faults consist in magnetic and TEAM stresses, rough ambient 
conditions and excessive use under operation that is not always ideal [84, 110–112]. 

Symptoms are not evident incipiently as the fault starts from the balls or cage, where 
most of the forces and stresses are exerted [110, 113–115]. Consequently the material will 
undergo changes in its mechanical/magnetic properties and eventually the fault will propagate 
affecting the races [84, 112, 113, 115]. When the fault reaches a considerable severity level, 
inspection reveals corrosion, fatigue, cut slots of roughness or rubbing in bearing balls, cage 
and races. Sometimes excessive lubrication negatively affects the bearing itself and can speed 
up the development of the fault [72, 84, 112, 113, 115]. 

Diagnosis 

Bearing faults are mainly detected using vibration analysis, sometimes advanced by 
additional noise analysis, as they are a mechanical fault with mainly mechanical aftermath [7, 
8]. The mapped frequencies for bearing fault detection by vibration analysis regard a specifc 
component of the whole bearing structure, hence there is a specifc formula which will 
classify them either as a ball defect, cage defect, inner race or outer race fault. For specifc 
types of bearings, approximation formulas are used. References [7, 8, 84, 110–115] discuss 
these aspects in deep detail. 
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2.3.4 Eccentricity Fault: Static & Dynamic 

Origin & Symptoms 

The eccentricity fault is a condition at which the rotor and stator geometrical centres have 
come out of their normal and concentric alignment, causing an unsymmetrical air-gap [7– 
9, 33, 114]. The fault mainly originates from manufacturing anomalies, and bearing faults 
in extreme severity. Other reasons are excessive mechanical stresses with possible partial 
damage during transportation or installation, from a bended shaft, from improper reinstalling 
after a routine maintenance or from improper coupling of the shaft with other machines 
and loads [7, 8, 85, 114]. There are three types of eccentricity faults namely the static, the 
dynamic and the mixed eccentricity [7]. 

Assuming the geometrical centres of stator and rotor are Os and Or respectively, in a 
healthy machine they coincide (Or ≡ Os). In the static eccentricity the axes through the 
centres of stator and rotor have been slightly misaligned and the rotor steadily rotates around 
a new point O′ ̸≡ Os. Consequently the air-gap’s non-uniformity is not changing over r 

time and the machine operates normally, hence at low levels of severity it will not be very 
harmful and directly evident [7, 8, 33]. Dynamic eccentricity is present when the rotor rotates 
around a centre O′ changing position over time, so the air-gap non-uniformity will vary r 

with time [7, 8, 114]. At the presence of both static and dynamic, the type of eccentricity is 
referred to as mixed eccentricity [7, 8]. Although it doesn’t account for a large percent of 
faults (between 5%-7%), at extreme levels of dynamic and mixed eccentricity one risks the 
possibility of scratching the stator, which is harmful for the stator winding and laminations 
and might even destroy it irreparably. At that stage, the already eccentric rotor will also 
undergo further harm [7–9, 33, 85, 114]. 

Diagnosis 

Multiple works have been published on the diagnosis of the three eccentricity types. The 
analysis of eccentricity related frequencies -and the tools for its diagnosis at any of its 
three types- require further discussion on the modelling of the equivalent air-gap magnetic 
resistance under different assumptions for each type. However this is considered out of scope, 
since the eccentricity fault is not investigated throughout this thesis. By fundamental works 
like [7–9, 33, 85, 114] one of the original frequencies to detect the mixed eccentricity fault 
is: 

1− s
fecc = fs ± k fr , k ∈ N and fr = fs . (2.60)

p 

http:thesis.By
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2.4 Finite Element Method (FEM) 

As already mentioned, the MEC approach is an effcient model of the IM during the steady 
state. Approaches like the analytical model, the dynamic model with Park’s transforma-
tion [8], the WFA and MWFA [7] etc can include the transient response part in their analysis 
with satisfying results, but not always followed from accuracy [1, 7]. This is because the 
assumptions made in these approaches will essentially require direct simplifcations or further 
subsequent simplifcation assumptions, about phenomena whose existence -regardless if 
directly evident or not- affects directly the operation of the IM [7]. Furthermore, a number of 
reasons like the geometry of the induction machine meaning the stator and rotor slot shape, 
edges, depth etc, the air-gap non-uniform nature and its adjustment by Carter’s coeffcient, 
the stator winding and the rotor bars spatial distribution, possible internal core material 
magnetic anisotropy, the internal distribution of electromagnetic felds, and many others 
make the induction machine a very complex device regarding analytical methods to approach 
a "realistic solution" [7, 8, 116–118]. 

Such a problem is resolved in real-life applications with numerical methods, which 
divide the real space in a set of fnite elements and recursively solve a fundamental set of 
electromagnetic and motion equations, using a specifc algorithm that approaches the solution 
under time-stepping [7, 8, 119]. That is how the FEM approach works, in addition with 
the fact that it provides the ability of coupling the FEA and the mechanical aspects of the 
problem with the electrical circuits designed by the user. It is the most popular, effective and 
reliable tool for modelling electrical machines in either healthy or faulty condition, providing 
the ability to model and simulate the operation of a machine either in 3D or 2D [7, 8]. In 
either case, geometrical characteristics like a non-uniform air-gap and the winding spatial 
distribution, electrical characteristics like the feeding supply and resistances, mechanical 
load coupling and material non-linearities can be accounted for [7, 8, 119]. 

Although the solver of a commercially available FEA software usually provides several 
types of analyses (Static, Time-Harmonic, Transient or Transient with Motion, etc), usually 
the time-stepping transient with motion is utilised for simulations regarding fault diagnostics 
applications and investigations [7, 8]. This type of analysis can be run in either 2D or 3D 
mode, however 2D is usually chosen since it provides accurate solutions and can account 
for some of the 3D aspects by appropriate modifcations in the model. Another reason is 
that 3D is much more complex in design, meshing and boundary conditions; FEM is also 
characterised by increased computational burden both in resources and time required for 3D 
simulations to run [7, 8, 119]. 

After specifying the machine geometry, a design of the motor is made and the material 
characteristics are assigned for each component of the geometrical model (Fig. 2.7 a & b). 
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Then the electrical components are specifed and all input entries for sources, resistances, 
coil windings etc are given in the software (Fig. 2.8). Final step before simulation is the 
mesh generation and the defnition of mesh and re-mesh components for decimation of 
the space - usually in triangles (Fig. 2.7 c). This is done by a set of generic rules for the 
meshing according to the area of the machine and its material [7, 8, 119]. Most commonly 
used materials provided in a FEM software package are: copper for windings and coils, 
silicon steels, aluminium, air or virtual air, stainless steel and paper [7, 8]. After setting the 
mechanical parameters like load, torque etc, the solver then aims to approach a numerical 
solution for the electromagnetic problem by solving the equations in time-step for every node 
and loop created from the mesh. The time-stepping and the mesh are two aspects that play 
the most important role in the accuracy of solutions [7, 8, 119]. 

A series of numerical methods can be deployed to recursively solve such a problem 
(Euler, Range-Kutta, Gauss-Seidel, Euler-La Grange, Newotn-Raphson, etc). The most 
established one is the Newton-Raphson due to its fast convergence and relatively satisfying 
accuracy [7, 8, 119]. The solver uses the concept of the magnetic vector potential A⃗, which 
is calculated from the following equation as [7, 8]: 

∇
2A⃗ = −µ J⃗ , J⃗ = σ E⃗ (2.61) 

where µ the magnetic permeability, σ the conductivity, J⃗ the current density of the input 
currents and E⃗ the electric feld intensity. Considering Maxwell’s equations, the magnetic 
vector potential is used to calculate the magnetic feld intensity B⃗ from [7, 8]: 

B⃗ = ∇ × A⃗ (2.62) 

The general form of the fnal equation to be solved iteratively by the solver for the electro-
magnetic problem is [7, 8]: � � 

1 ∂ A⃗
∇ × ∇ × A⃗ = J0− σ , (2.63)

µ ∂ t 

Awhere J0 the current density of the applied stator currents and ∂⃗ the induced currents (eddy-
∂ t 

currents). For a 2D problem, where the z axis direction of the magnetic vector potential is 
considered to be known, the last equation is simplifed to [7, 8]: 

1 ∂ Az 1 ∂ 2Az 1 ∂ 2Az− ∇ · ∇Az = J0− σ = = −J0 + jωσA (2.64)
µ ∂ t µ ∂ x2 + 

µ ∂ y2 

As expected, such a problem is followed by losses from the thermal and the electromag-
netic point of view. It is known that these are directly related with the B − H characteristic 
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curve, which is is in turn frequency dependent. To include such aspects in a FEM model 
and acquire a more accurate data set after solution of the model, FEM software packages 
compensate the issue with the use of Steinmetz equation [8]. This is a model which accounts 
by its coeffcients for variable B − H curve points in different frequencies to include an 
approximation of the aforementioned phenomena as accurately as possible in the losses 
calculation. Assiduous in-depth analysis regarding the implementation of numerical methods 
and FEM can be found in [7, 119], alongside with modelling rules for meshing and circuit 
modelling. More general information on FEM and how it is used to model faults can be 
found in [7, 8] and some of these aspects will be discussed in later chapter, where the FEM 
models used in this thesis will be presented. An example of a 2D FEM model pre and post 
simulation is shown in the following fgures, where an example of the coupled MEC, the 
mesh generation and magnetic feld spatial distribution is also shown (Fig. 2.7 d). 

Fig. 2.7 FEM model at different stages of design and simulation 
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Fig. 2.8 MEC of the FEM model and its components 



Chapter 3 

State of The Art in Rotor Fault Detection 

3.1 Applied DSP and Fault Diagnostics 

Applied digital signal processing has been deployed in electrical machines condition 
monitoring and fault diagnosis since the 80’s. During that period, the earliest and most 
fundamental works in the feld are reported [37, 120–123]. With the means and resources 
provided at that time, DSP was still in its primitive form. Hence, only a steady state analysis 
would be included in investigations of faults and it would regard aspects of the machine 
performance [121], torque with power and effciency over the steady-state speed [122], 
modelling and formulation approaches for current distribution and inter-bar impedance 
drops [123], or simply analysis of anomalies in the time-domain representation [36]. Signal 
anomalies over the time waveform were detected and evaluated by decimation of the time 
axis in small windows and by analysis of the patterns regarding maxima or spikes, harmonic 
distortion (THD), periodical disturbances, over-voltages or over-currents, etc. 

One of the earliest works using stator current successfully for detection of bearing damage 
is reference [110]. Contributive works for broken bar detection using stator current monitor-
ing are: reference [124] providing a very good explanation of the broken bar mechanisms and 
how they affect the inter-bar currents by means of harmonics; reference [39] explaining the 
effect of broken bars and broken end-rings on speed as well as torque (cogging and crawling) 
by time-domain analysis; and reference [41] also by time-domain analysis and by the use of 
a numerical model for the motor parameters. The latter two ([39], [41]) along with [40] are 
considered two of the most important studies in the feld regarding rotor faults and detection 
of relevant defects by means of torque monitoring. 

Characteristic works of the same era for fault detection, including also measurements 
of magnetic felds with the use of search coils (externally by leakage felds or internally), 
are found in [37, 38, 93, 125]. Apart from the fact that these works use magnetic feld 
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measurements, except for current and torque, they also consist the frst works applying 
frequency domain analysis with the use of the FFT alongside the time-waveform analysis. 
As a result, the decade of the 90’s is a period during which the feld of CM and FD reports 
signifcant advances by a series of works [42, 126–130]. A time-based model using magnetic 
coupled circuits theory and the d − q transformation of the stator current is delivered by [127] 
with a numerical modelling approach for the equivalent motor parameters. By results from 
simulation datasets, abrupt changes in the mutual inductance of the examined models and 
small fractioned transients of the torque and speed are evaluated for diagnostic purposes on a 
5 hp, 4-pole IM. 

Another important contribution of that early era was published in 1987 for the detection 
of electrical failures on three-phase induction motors by the use of Park’s Vector [131, 132]. 
The Park’s Vector Approach (PVA) was then implemented in [133], aiming for on-line 
diagnostics of current source inverter-fed induction machines, and in [134] for the on-line 
detection of air-gap eccentricities. A few years later, in 1995 and 1996, the PVA was 
validated successfully for rotor cage failures in induction motors [135] and for semi-converter 
faults in DC motor drives [136] respectively. Regarding its application for targeted rotor 
fault detection, it was also successfully performed in [137]. As a result, the PVA formed 
historically a signifcant tool for fault diagnostics, which is why it was proposed in 1997 
as a general tool for diagnostics of general purpose, namely in electrical machines, power 
electronics and adjustable speed drives [138]. In 1999 and 2000, the discussed method was 
extended and applied for rotor cage fault diagnosis in grid-fed [139] and in voltage source 
inverter-fed induction motors [140], providing the Extended Park Vector Approach (EPVA). 
Advances in fault diagnostics regarding methods deploying the PVA and its derivatives are 
extensively discussed in [141]. 

At the same time, a very important contribution in the knowledge of rotor fault detection 
is formed from [42, 126, 128]. The chain reaction of harmonic signatures over the frequency 
spectra due to the counter rotating felds at the event of a breakage and the genesis of fault 
related speed-ripple effect sidebands, is analytically formulated and described in [42]. In 
the same work the authors defne a fault severity indicator by means of a currents difference 
ratio during quasi steady-state operation. Then, it is shown how the fault related frequencies 
included in the current -and propagated by the torque and speed ripple effect- affect this 
ratio. The approach is then further validated in [128] experimentally on a 1.5 kW , 4-pole 

IM, where the authors demonstrate the same method under different profles of constant 
load torques. The broken bar frequencies in the terminal voltage over the low frequencies 
range are examined in [126] during supply disconnection, for datasets acquired both from 
simulation models and experimental set-up on 3 hp IM identical with the simulation model. 



41 3.1 Applied DSP and Fault Diagnostics 

Moreover, a similar approach to the latter one for the detection of rotor bar and end-
ring faults in adjustable speed drives is delivered by [129, 130] using FEM. These are two 
papers published in that period with a severe contribution in FEM for fault diagnostics, 
since they included ohmic and core losses in a successful model analysis with satisfying 
accuracy during fault conditions. They also provided a competent comparison for the method 
between the conditions of broken bar faults and eccentricities in IM of low power applications 
(1 hp − 2 hp). Finally, two important reviews which also summarise the evolution of the 
feld for that decade can be found in [142] and [143]. The frst one reviews and compares 
aspects of vibration and stator current monitoring by a demonstration on experimental data; 
the second one reviews and compares signal analysis methods deploying frequency-domain 
and t − f spectral approaches for eccentricities, broken bars and bearing faults including load 
effects. 

During the decade of 1999-2009, a series of publications were made available for fault 
diagnostics using power spectrum analysis. The instantaneous power spectral analysis was 
initially proposed in [144] for rotor cage fault diagnostics. A few years later, approaches 
in a similar context were performed for rotor cage fault diagnostics using the instantaneous 
non-active power signature analysis [145] and the instantaneous reactive power approach 
[146] for induction motor drives. The authors of the latter two works presented a similar 
analysis in 2007/2008 providing studies for the reliable detection of rotor cage faults by the 
use of the instantaneous phase-angle signature analysis [147], the instantaneous power factor 
approach [? ], as well as the instantaneous-reactive-power signature analysis. Approximately 
half a decade later, in the years 2014 and 2016, the power spectrum analysis methods were 
expanded to more advanced approaches; this provided the publication of [148] which deploys 
the discrete wavelet transform (DWT) of the instantaneous reactive power signal for a spectral 
analysis under time-varying load conditions, and the publication of [149] -which uses the 
active and reactive power analysis- performing a spectra-based detection of rotor faults and 
their separation from low-frequency load torque oscillations. 

There is also a plethora of research works published from the late 90’s until almost the 
latest years in the decade of 2000 − 2009, which have given rise to new approaches, have 
redefned assumptions on stationary/non-stationary conditions and the so called quasi-steady-
state, or have even ushered new frequency bands for IM’s fault detection. These approaches 
have paved the road for the feld to advance from the year 2010 and on by integrating new 
hardware technologies and novel updates in DSP, regardless the acquired measurement or the 
fault type. They mainly include t − f representations deployed for FD applications and have 
acted as a connecting bridge that linked the premature decade of the 90’s with the millennium 
and made the feld to what it currently is. The majority of these works is reviewed either in 
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the section discussing applied FD with advanced DSP, or in Chapter 4 with the formulation 
of the proposed methodology. 

There is also a conceivable population of novel works providing successful methods 
for reliable diagnostics without using t − f analysis. These works are not devalued by 
t − f , as they have equipped researchers with knowledge on how to proceed to further 
expansion of traditionally applied methods into t − f . Now, traditionally applied CM usually 
employs measurements of vibrations/noise, torque, stator current, stray magnetic fux, or a 
combination of these with some additional measurement as an extra prophylactic measure 
(e.g. thermography or infrared [20]). The scope of the work presented in this thesis is the 
reliable detection of rotor faults by measurements of stator currents and stray magnetic fux. 

On this basis, the current section reviews the most valuable works in the feld regarding 
the techniques of Motor Current Signature Analysis (MCSA) and Stray Flux Signature 
Analysis (SFSA) over the past two decades. In parallel, some works that have contributed to 
the expansion of the two methods using t − f analysis during transients (and/or steady state) 
will be referred to, due to the need to cover all the recent advances and state of the art in the 
feld. Another portion of the literature from these two decades is used thereafter to present 
the proposed methodology and justify its own contribution. 

3.1.1 Motor Current Signature Analysis (MCSA) 

There are several advantages of the stator current that have established its use in CM 
and FD: it can be acquired safely from a distance, as usually it is measured anyway for 
control and stabilisation reasons [10, 110]; unless the installation or its application is very 
complex, the stator current provides a non-intrusive option with relatively low complexity 
in interpretation [10–12]; it can be applied on-line, so the process that the machine serves 
can remain uninterrupted [10–13]; apart from non-intrusiveness, it is a reliable and low-cost 
solution [10, 13, 110]; the stator current is an electromagnetic variable of the induction motor 
that carries a lot of useful information for diagnostics, in terms that it relates directly with the 
magnetising fux of the machine and hence will refect the reciprocal effect of the continuous 
stator-rotor magnetic felds interaction [88]. 

In the year 2001 the authors of [128] update their work of the year 2000 with further 
simulations and experimental measurements [150], providing some additional information on 
their modelling approach for the fault indicator. A similar approach is shown for discrimina-
tion of electric and magnetic asymmetries in [13], which is a work demonstrating diagnostics 
by means of the stator current with laboratory tests and actual on-feld experiences to eval-
uate the effectiveness of MCSA. The study includes diagnosis on a special type of rotors 
referred to as "spider-structured rotors". Some defciencies of MCSA were reported at this 
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point, occurring due to the special structure of some rotors like spider type rotor structures, 
rotors with axial cooling air-ducts etc. Such special rotor structures sometimes -or always-
relinquish the diagnostic ability of MCSA, alarming for a rotor fault when the machine is 
healthy or masking the fault when it exists. The latter two cases are known as false-positive 
and false-negative MCSA respectively, hence induction motors with the discussed structures 
run the danger of being misdiagnosed. This fact alone was enough to form an area of research 
by itself, where diagnostic engineers started looking for a reliable modelling solution back in 
the years [151–154]. In applied fault diagnostics it is an open issue being investigated still 
to this day, with mainly experimental works being published from 2012 until today, using 
measurements mainly of current, torque or stray fux [155–161]. 

Meanwhile, reported cases from applications in industry are continuously published 
during the discussed era. The authors of [12] demonstrate the reliable detection of mechanical 
faults with MCSA and torque disturbances analysis in the low frequencies range for a 6 kV , 
550 kW , 6-pole IM used in coal mills. The authors of [11] demonstrate MCSA and propose 
an instrumentation for industrial applications, to reliably diagnose symptoms of eccentricity 
and air-gap disturbances as well as: broken rotor bar faults in a 11 kV , 1950 kW , 4-pole 

IM used to drive the compressor for cement plant applications, where the excessive broken 
bar failure damaged also the stator winding due to centrifugal forces; broken bars in a cage 
IM (440 V , 134 kW , 4-pole) driving an offshore gas compressor; rotor winding failures in a 
wound rotor IM (575 V , 74.6 kW , 8-pole) driving the fan in a cement plant; and the effect 
of gearboxes in a 575 V , 223.8 kW , 8-pole IM driving a coal crusher. Another published 
work with case histories from industrial environments is [10], which includes various types 
of applications (pumping, oil & gas, low voltage applications) for motors being diagnosed 
with broken bars, eccentricity and stator shorted turns. Finally, a work for diagnostics of 
rotor cage defects during the mentioned years is [162], which includes the effect of higher 
mmf harmonics during the broken bar fault in a 4-pole, 1.1 kW IM. The latter work is proven 
rather insightful, as some years later it gave birth to a very instructive publication by the 
same authors [163], questioning the diagnostic competence of the stator current sidebands 
for broken rotor bar detection at some specifc locations of the fault. 

To perceive and comprehend the actual need for research emerging from the aforemen-
tioned works and other relevant publications in the feld, it is considered essential to hold 
a discussion on the broken bar fault itself. When the induction motor is healthy and under 
normal operation, only two magnetic felds exist fundamentally in the machine: the stator 
magnetic feld rotating at the supply frequency fs (fundamental) and the rotor magnetic 
feld rotating at frequency s fs, with s denoting the motor slip [37, 122, 124]. Now, at the 
event of a severe cracking in the rotor or at bar breakage, the bar is electrically discon-
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nected from the rest of the cage and the point of previous connection is replaced by an 
open-circuit [37, 42, 122, 124]. Due to the asymmetry caused by this open-circuit at the point 
of breakage, the magnetic feld -and consequently the stator current and the magnetic fux-
will return with distorted waveforms over time [37, 122, 124]. Eventually, these distortions 
will be refected in the frequency spectra (or t − f spectral content) of the measured signals. 
Apart from that, three rotating magnetic felds exist during the fault and these come at 
frequencies: fs at the stator and ±s fs at the rotor [42, 88, 128, 164]. A simplifed illustration 
of the magnetic felds’ direction of rotation is depicted for healthy and faulty condition in 
Fig. 3.1 and Fig. 3.2 respectively, while Fig. 3.3 shows the distortion of the magnetic felds’ 
spatial distribution during the fault by a FEM simulation. 

Fig. 3.1 Magnetic felds and their direction 
of rotation in a healthy IM 

Fig. 3.2 Magnetic felds and their direction 
of rotation in rotor fault condition 

The chain reaction of harmonic signatures over the frequency spectra due to the counter 
rotating feld at −s fs and the genesis of fault related speed-ripple effect sidebands, is thor-
oughly described in [42, 88, 150, 164–166] and [167, 168]. At any case, the rotational 
frequency of the rotor (mechanical) is fmech = (1− s) fs. During a breakage the ±s fs fre-
quencies interact with the mechanical frequency fmech, injecting the (1− 2s) fs frequency in 
the current; this is expressed in the stator current or magnetic feld spectra with a sideband 
component known as the left sideaband of the fundamental. Due to the speed-ripple, an 
additional sideband component is created at +2s f s in the EMF and injected back in the 
magnetic feld, which feeds it back in the stator current; this is known as the right sideband 
of the fundamental. Regarding a higher harmonic, i.e. the 5-th: the ±s fs frequencies interact 
with the mechanical frequency (5− 5s) fs causing two sidebands at (5− 4s) fs and (5− 6s) fs, 
referred to as upper and lower respectively, and so on for every higher harmonic. 

As already discussed in Chapter 2, Subsection 2.3.2, the general equation for tracking the 
frequency signatures induced by the broken bar fault is [167, 169–171]: 

fbrb = [k(1− s) ± s] fs , k = 6ν ± 1 with ν ∈ N , (3.1) 
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and essentially the spectrum will contain neighbouring frequencies (sidebands) which usually 
spike at twice the supply frequency times the slip: 

fsideband = (1± 2ms) fs , m ∈ N. (3.2) 

Such components are detected practically near all the odd frequencies, except for the triplet 
harmonics which usually belong to considerations regarding saturation and some times the 
effect of loading. So, at the presence of rotor electrical faults like broken bars and rotor ring 
failures, potential frequency components preserving diagnostic information are the following: 
the fs ± 2s fs, the 5 fs − 4s fs & 5 fs − 6s fs, the 7 fs − 6s fs & the 7 fs − 8s fs and so on [88, 164– 
167, 169, 170]. The side-effects and repercussions of the fundamental harmonic’s sideband at 
+2s fs is extensively discussed later in this chapter and is taken advantage of in the formulated 
methodology of Chapter 4. 

Fig. 3.3 Magnetic feld local asymmetry during the broken bar fault 

In the majority of works mentioned so far, traditionally applied MCSA inspects those 
signatures over the frequency spectra to evaluate their amplitudes. This is done under 
the assumption that the motor is operating at the late steady-state being healthy or at a 
"quasi-steady-state" mode, a term used to refer to the condition where a machine is operating 
steadily but its operational state is periodically disrupted by the fault-induced disturbances [42, 
88, 150]. The most signifcant contributions in MCSA and its application for rotor fault 
diagnostics are seen in the following publications: the work presented in [172] validating the 
theoretical and experimental frequency content -by MMF with winding function approach 
and laboratory tests respectively- for the stator and rotor space harmonics under healthy 
condition, one, two, and three broken bars, examining the diagnostic potential of broken bar 
sidebands in the stator current up to the 7-th harmonic (3 kW , 4-pole IM); with multiple 
experimental measurements, the work presented in [173] examines the effect of different 
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inertia values and torque disturbances on the current spectra and specifcally the sidebands 
of the the fundamental frequency fs; the publication presenting rotor condition assessment 
by a multi measurement approach (stator current, stray fux and vibration analysis) [18], 
demonstrating apart from the fundamental’s fs also the diagnostic potential of the rotor speed 
frequency fr and its own sidebands for the detection of rotor faults; a device proposed for 
on-line MCSA monitoring using the two aforementioned frequencies sidebands is presented 
in [174], contributing also to the knowledge regarding eccentricity and bearing faults; the 
work presented by [175], which -although not using MCSA- is considered a very notable 
work providing a semantic global index for the broken bar fault by the instantaneous power 
spectrum in a 3 kW , 4-pole IM. 

At the early decade of 2000-2009, some very important works make their manifest 
regarding DSP and its application in FD, not only for IM but for fault diagnostics of all 
electromechanical machinery. From the DSP point of view, the works presented by [176– 
181] provide signifcant new knowledge on the analysis of non-stationary signals and exploit 
by what means signals during fault conditions can be approached in such a manner. The 
work of [181] also relates with the inclusion and use of envelope analysis as an approach in 
fault diagnostics. This method will later provide valuable results by [182], using the Hilbert 
transform and Park’s transform for stator condition assessment and by the authors of [183], 
who provide a novel approach for monitoring the sidebands’ behaviour combining the 
classical FFT method with phase analysis via the Hilbert Transform for broken bars. Concise 
works summarising the impact of this period’s integration are found in [171] and [184], which 
provide condensed reviews with comparison of spectral methods for different faults with 
different measurement techniques. Likewise, the authors of [185] contribute to the detection 
of broken bars with a method referred to as "frequency tracking maximum covariance 
method", which uses the covariance to statistically calculate a windowed DFT using the rotor 
slot frequencies for the slip estimation (1.5 kW , 4-pole IM). 

As a matter of fact, the evolution mentioned by the imprint of these works justifes 
questions in the feld as put by [163, 171] and [184] for the need of improved diagnostics 
by new diagnostic approaches. So the feld witnesses the emergence of new diagnostic 
tools at these years [186–188]. Cracked beams in electromechanical devices diagnosed 
by the phase spectrogram is demonstrated in [186] under steady frequency and frequency 
excitation by sweeps. Recalling the t − f transformations discussed in Chapter 2, Section 
2.2, the spectrogram of the STFT as diagnostic tool is also utilised in [189] for an application 
regarding sensorless speed estimation by analysis of space vector amplitudes fuctuation. 
As will be seen in later section of this Chapter, due its low computational complexity from 
other t − f transformations and due to the optimisation it has been applied to over the 
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past few years [190], the STFT spectrogram is being deployed -at least for slip dependent 
faults- as a useful diagnostic tool providing valuable results for rotor fault detection still to 
this day [22, 191, 192]. Moreover, the authors of [187] present an approach for improved 
monitoring by deploying the "maximum covariance frequency method" and the algorithm of 
the "zoom-FFT (ZFFT)" for higher resolution in selected frequency bands. 

The main role of advanced DSP was to model and analyse signals of variable frequency 
content. Given the fact that a rotor fault signature is propagated as a modulation through the 
(1− s) fs fault component, the transient response regime of the motor’s start-up seemed more 
promising as the effects of faults are more likely to be evident due to high currents, strong 
magnetic felds and saturation effect, torque-speed transient, etc [7–9, 193]. Compelling 
candidates to achieve the aims of such an analysis by modulation/demodulation patterns 
for a signal’s frequencies classifcation were two types of analysis: the HT [106, 194] and 
the DWT [106, 188, 195]. The latter three works practically compare the two methods and 
their application for rotor fault detection in datasets from: experimental measurements for 
one partial broken bar until its total disconnection in a 4-pole, 2.2 kW [188]; one and two 
broken bars in a 4-pole, 1.1 kW IM [106]; for a 5.5 hp IM with one broken bar [195], where 
also a probability density function calculation of windowing parameters during the envelope 
analysis is used. The idea of HT application is also attempted for broken bar detection by 
analysis of the neutral voltage in [196] for broken bar detection in two low power motors, a 
4-pole, 0.25 kW IM and a 2-pole, 3 kW IM. 

Nevertheless, the calculation of the instantaneous frequencies required for the HT is not 
always an easy task to achieve in DSP, as the use of the analytic signal and derivation of 
the phase might affect unknown frequency content with its amplitudes and hence affect the 
result of the process [197, 198]. Apart from that, the concept of a signal’s phase itself and 
the information it carries are not always veritably convenient to facilitate a deterministic 
and conclusive interpretation [199, 200]. For these reasons the HT was outrun by the 
DWT, as the DWT promises a defnitive higher resolution in the frequency bands that it 
resolves [75, 201, 202]. Within the end of the discussed decade, the very frst primitive 
approaches of the MUSIC algorithm are also approached for detection of rotor faults in low 
power IM’s: by [203] using the terminal voltage’s harmonics (5th, 7th, 11th, 13th, 17th, 
19th) for one and two broken bars, while the same is done in a year’s earlier work using 
stator currents by [204]. Two signifcant works cannot be excluded from the literature which 
-although don’t handle rotor faults- provide useful information during this period for t − f 
analysis using the WVD: the work of [205] for discrimination of load oscillations from 
eccentricity related frequency components and the work of [73] for an attempt to reliably 
diagnose stator winding short-circuits. 

http:4-pole,0.25
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Finally, this decade fnishes with a credible amount of works on which the fnal decade of 
FD (2010-2019) will be grounded on. These are considered to be condensed in the following: 
the work presented in [206] delivering a study of the spectral signatures in the vibration 
pattern and air-gap MMF distribution, by a numerical model (FEM) and by experimental 
measurements on a 35 kW , 4-pole IM with three broken bars; the one presented in [207], 
which provides a pattern of study for the fundamental harmonic’s left and right sidebands 
induced by the broken bar fault using time-stepping FEM simulations; the publication 
presented in [19], which uses the triple-variable measurement of currents, stray fuxes, and 
vibrations and -regarding MCSA and fux monitoring- it analyses sidebands around the 
frequency fs, for a diagnostic strategy to detect one and two broken bars of a 1.5 kW , 4-
pole IM; the work of the authors in [107], which provides an insightful analysis of the 
modulation/demodulation mechanisms during rotor faults under time-varying condition 
assumptions for a 7 kW , 4-pole IM validated by FEM simulations and experiments. 

Reviews of the decade providing a synopsis of its main contribution up until the year of 
their publication are found in [88, 169] and [170], the latter two addressing the confrontation 
of multiple faults with MCSA and other newly introduced methods. Regarding stator current 
analysis from the year 2010 and on, the rest of the published works in the feld are discussed in 
the advanced DSP approach for FD (Section 3.2.1). What is noteworthy from the comparison 
of methods presented in [170] and [208] is that -except for some frst preliminary attempts 
during the 90’s discussed in the beginning of this Chapter- stray fux monitoring methods 
are applied until the year 2009 mainly for stator faults with the frequency-domain approach, 
while they are not very popular for rotor faults. 

3.1.2 Stray Flux Signature Analysis (SFSA) 

In the very beginning of this chapter, some early research works regarding approaches 
from the frst decades of FD (late 70’s-1999) using measurements of the stray fux approach 
were mentioned [37, 38, 93, 125]. Being the frst ones in the feld, they defne the basis 
of the SFSA methods, as mentioned however DSP was primarily developed during those 
years. Apart from that, the modelling of attenuated magnetic felds in the vicinity of a motor 
and the formulation of its harmonic signatures was also premature at that point, something 
also explained in [209]. As mentioned in one of the frst important works of the decade, up 
unto that time "a model was not available and the procedure on spectral analysis was more 
qualitative than quantitative" [70]. 

Another reason for its delay in development is that stray fux monitoring required a 
complete exploitation and robust fnalisation of the possibilities provided by the stator 
current; not only because the current and stray fux would provide the same harmonics [210], 
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but also because measurement of currents was much more simple and stabilised back then, 
whereas the measurement of externally radiated magnetic felds is something still being 
researched today. So, the main advance in IM fault diagnostics by SFSA is noted from the 
year 2003 and on. Due to the needs of industry however and the short background compared 
to the variable of stator current, the method was edged out by MCSA until almost 2010 and 
the published research works are not of the same population. For this reason, the time-line 
of SFSA is divided in two main periods: the frst decade (2003 − 2013), and the works 
published in the last fve years 2014-2019 including practically the advanced DSP for stray 
fux analysis. 

To begin with, the basis of frequencies included in the stray fux calculated by the mmf 
and main air-gap fuxes was formulated in [70, 165] and [211]. In [70] the authors explain 
how the quantity of fux relates to the current and specifcally, what frequencies are the 
stator and rotor currents injecting in the magnetic feld that is eventually measured around 
the motor’s periphery with a search coil by means of induced voltage. In [165] the authors 
propose a model which provides a 3D version of the MEC to account for the effect of 
axial fuxes disturbance and inter-bar currents during faults; the results of the proposed 
model validate experiments on a 2 hp, 6-pole IM acquired with internal search coils. The 
formulated approach is verifed experimentally up until the 19-th harmonic and then the 
study demonstrates the potential of SFSA for the detection of stator winding short circuits in 
a 11 kW , 4-pole IM. 

At the years 2003 and 2006, two research works are published in the feld with major 
contribution in SFSA. They can be considered to mark the beginning of the completely 
non-intrusive monitoring trends by stray fux measurements, which characterise the era 
we are currently going through. The frst one (2003) is presented in [212] and regards an 
experimental work validating non-intrusive monitoring with axial leakage fux measurements. 
The study handles mainly stator winding short-circuit faults, while diagnosis using the 
fundamental harmonic are studied to some extend for broken rotor bars. Also, a review 
of the stator and rotor induced frequencies during the named faults in the stray magnetic 
fux is provided. Apart from its value in stray fux diagnostics, the work delivers a review 
of the most commonly used types of sensors and the measurement principles for magnetic 
felds. The sensor deployed in the study is an "air-core fux sensor" commonly referred to 
as "coil-type fux sensor" [212], connected with a digitisation and amplifying system, while 
the SFSA is demonstrated in low and high frequencies range using FFT analysers. The 
work concludes that coil-type sensors are practically convenient for non-intrusive monitoring 
and that more reliable results are acquired with compact sensors, meaning search coils with 
reduced slot surface and increased number of turns. This is coherent with other works from 
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the same years, most of them confrming that these types of sensors render compelling results 
"if sized much less than the machine’s height" [94], within a reel or race of small surface 
in order to "totally cover an area of several stator slots" [94]. At the same time, the coil 
must have as many turns as possible in order to amplify the magnitude of its induced voltage, 
without affecting high order components during the fux derivation [18, 94, 115]. 

The second work (2006) is presented in [213]. It explains the role of the stator winding 
and how -by being the stationary part- it practically acts as a search coil for the rotor-induced 
frequencies by asymmetries in the cage. The same principle makes the stray magnetic 
fux carry the same frequencies with the stator current, as the fux sensor is placed on the 
stator periphery and captures asymmetries in a stationary manner, similarly with the stator 
current carrying winding. The discussed work also includes an in-depth study using FEM 
and experimental set-up for various types of faults, frst by classical MCSA and then by 
SFSA under three different measurement types. Regarding SFSA, intrusive and non intrusive 
measurements are acquired. The intrusive ones regard a search coil mounted around one 
stator tooth and then mounted around serial stator teeth, so that the mounting includes two 
pole pitches. The non-intrusive ones regard search coils of the air core type as described in 
the work of [212], placed coaxially with the machine’s shaft or at the fan-drive end. Despite 
using the similar coaxial technique with [212], conclusions of this study regarding rotor faults 
summarise in the observation that the latter two techniques did not render promising results 
for rotor faults detection. Expectedly the vicinity points chosen for the axial leakage fux 
monitoring run such risks due to excessive noise and vibrations at these points, something 
that can affect the resonance frequencies of the sensor and interfere with additional or 
counter-cancelling harmonic content [18, 115, 212]. This can be further complicated if the 
measurement is taken in industrial environments; e.g.: in a production line with series of 
motors coupled, the shaft sides are not of easy access; or in power plant applications using 
large IM in vertical alignment and orientation, where neither of these points are accessible. 
However, rotor faults provide promising results with the intrusive techniques in the mentioned 
work, especially for the search coil mounted around a single stator tooth. This comes again 
in agreement with the observations from the other works of the decade regarding the coil 
sensor dimensionality. 

In a nutshell, there are two possible positions to allocate a sensor for a stray fux measure-
ment, the frontal and the lateral. At the frontal position the coil senses axial fux only and 
can measure it in two ways: the air-coil is placed coaxially to the machine shaft or around 
it, the latter case usually including multiple sensors placed symmetrically in quartiles. In 
the lateral position, the sensor accounts for pure radial or mixed axial/radial fux quantities. 
The frst one is achieved by placement of the coil peripherally, so that its surface lies in the 
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machine’s precinct side; the second one is measured with the sensing coil placed vertically to 
the machine cross-section. All the possible sensor orientations regarding radial stray fux are 
shown in Figure 3.4. Although in the mixed axial/radial fux measurement more signatures 
unfold in the spectra, either pure axial or pure radial is chosen as the frequencies have been 
discriminated from the works discussed in the previous and current section. 

Fig. 3.4 Orientation of stray fux sensing coils 

Moreover, a very important contribution in SFSA is found in [211], which is the main 
modelling basis of the magnetic felds radiated externally from a physical point of view. 
The work validates the approach experimentally and includes analysis of the rotor current 
distribution and rotor mmf for a 3 kW , 4-pole IM; the studied faults are one broken bar 
and one inter-turn short-circuit. Stator short-circuit faults are also investigated in [94, 214] 
and [215] on the same 11 kW , 4-pole IM, while the same fault and its detection are examined 
by internal fux sensors in [216]. The correspondence of the sidebands around the supply 
frequency in the spectrum of stray fux under rotor faults is researched in [217]; with only 
experimental approach, three different machines are tested in healthy and faulty conditions: 
two squirrel-cage IM (18.5 kW , 4-pole and 1.1/1.8 kW , 6/4-pole) and one wound rotor IM 
(0.09 kW , 4-pole). The pair of healthy versus broken bar motor apparatus of the 18.5 kW , 
4-pole IM is also used in [218] for trajectory identifcation in signals of stray fux during 
supply disconnection at the medium frequency band. Lastly, SFSA is used in [219] to study 
the impact of gearing in an electromechanical system by monitoring two IM’s it enhances, 
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one 4 kW , 4-pole IM and one 5.5 kW , 8-pole IM, and a comparison between MCSA and 
SFSA as media to detect rotor faults is delivered by [220]. 

In the years 2010-2013 there are ten works with main contribution in SFSA, handling 
mainly short-circuits and mechanical faults with more focus on eccentricity, while roughly 
fve works are handling rotor faults. In 2010 a universal model framework for the theoretical 
calculation of the healthy magnetic feld captured externally in AC machines is given, 
with focus in stator short-circuits for the stator of a low power IM and a synchronous 
generator [221]. The same authors explained in [164] the use of the rotor frequency harmonic 
fr (or fmech) in stray fux, when captured from the different peripheral positions by numerical 
simulations under eccentricity and one broken bars -the latter followed by an experiment. 
A similar approach but for the area of the fundamental fs is deployed by other authors 
of [222] for eccentricity faults without really satisfying results; however the method is later 
improved in [114] with an experimental investigation of the frequency fs ± fr and further 
improvement takes place in [223], with addition in the investigation of the 5-th harmonic and 
the PSH. Three interesting works of those years regarding bearing fault detection with SFSA 
are presented in [113] and in [224] from a statistical perspective, which was later extended 
in [115]. Conclusive works on stator faults with frequency domain analysis of stray fux for 
this decade are summarised in [90, 91, 225] and [226]. 

With regards to rotor condition assessment, in [227] a fux-based monitoring method is 
proposed using a threshold for zero-crossings detection, in the fux sensed by a search-coil 
sensor planted internally on the stator periphery. The method is demonstrated on a 11 kW , 
4-pole IM with three broken bars. The rotor frequencies in the low frequency range of 
the fux spectrum are investigated for a broken bar fault in [166], with a study of axial and 
radial fuxes measured externally in different positions around the machine; the investigation 
includes two 4-pole machines: a 4 kW and a 7.5 kW . A similar study in a more quantitative 
attempt for the pure radial fux is given in [228] for a 11 kW , 4-pole IM and a 4 kW , 4-pole 

IM under the effect of short-circuits and one broken bar respectively, by a quantifcation 
of the radial feld’s components through the air-gap permeance and mmf. Using a hall 
sensor planted on the stator teeth of a 42 kW , 4-pole IM, the authors of [229] examine 
experimentally the effect of one, two, four and six broken bars -analysing the diagnostic 
dependence in the low frequencies range to the windowing and spectral leakage. The year 
of 2014 ends under two works with signifcance regarding air-gap fux -from the space 
harmonics perspective- for broken rotor bar detection, with an intrusive method for the stator 
and rotor fuxes [230, 231]. In [230] the applicability of the space harmonics amplitudes for 
the detection of eccentricity and broken bars is evaluated on a simulated 11 kW , 4-pole IM; 
in [231] their time-dependent harmonic content is examined for eccentricity by simulation 
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and experimental results. All works from the year 2014 and on are discussed in the next 
section. 

3.2 Advanced DSP and Fault Diagnostics 

3.2.1 Diagnostics Using Stator Current Measurements 

As already discussed in Subsection 3.1.1, some works between 2001 and 2012 had con-
tributed in establishing advanced DSP approaches both in frequency domain and t − f 
analysis. This section discusses the most dominant approaches of the last decade using 
stator current for rotor fault detection. A few works that do not handle rotor faults will 
only be mentioned when necessary, due to their signifcance regarding advanced DSP or 
contribution in FD. Mixed diagnosis of broken bars and eccentricity is performed in [232]. 
By time-stepping FEM simulations and experimental measurements regarding a 3 hp IM, 
the 5-th and 7-th harmonics’ sidebands are evaluated after the fundamental’s, alongside an 
examination of the PSH. The lower sideband harmonic of the stator current, and the trajectory 
it orbits during the transient start-up, are examined with Gabor analysis and proposed in [108] 
for rotor faults mixed with eccentricity in a 1.1 kW , 4-pole IM. The work also explains the 
effect of leakage and windowing selection and the repercussions during transients of short 
duration. A high resolution analysis for the lower sideband by t − f representation with a 
short-time MUSIC algorithm is presented for broken bars in [233], using spectral power 
density estimators. 

Semantic part of the advanced approaches in the years 2011-2014 is the Hilbert Transform, 
although its use by now was limited to very few works. The mixed fault of broken bar and 
eccentricity in a 1.1 kW , 4-pole IM is attempted by the Hilbert-Huang analysis in [234] with 
some vagueness in results. A similar approach suggesting a frequency classifcation criterion 
is provided in [235], comparing broken bar diagnosis in line-start and inverter-fed IM. The 
HT is used also for bearing faults during those years, with two main signifcant contributions 
in the feld: the work of [236] examining the line current with the HT on two 3 kW IM, one 
4-pole and one 8-pole; the work of [237] providing one of the most novel approaches of 
the last years, deploying the HT and Park Vector’s modulus and using a neural network for 
fault feature and classifcation, to successfully discriminate between eccentricity and bearing 
failures. 

Other advances on mechanical faults and rotor faults detection with stator current mea-
surements are publications [238] and [239], both works considering inverter-fed IM. The 
frst one examines the application of the Chirplet Transform during rotor faults for scattering 
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on a Gabor frame the spectral content of components located in close frequency bands, while 
the second examined eccentricity faults with the use of an adaptive slope t − f representation. 
Moreover, a reconfgurable monitoring device with embedded FPGA for industrial equipment 
diagnosis is proposed in [240] for analysis via the STFT and DWT. A similar strategy regard-
ing the STFT and DWT is applied by the authors of [241] for a load monitoring application. 
The STFT spectrogram is also successfully used for detection of bearing faults and excessive 
lubrication forces in [72], while latest works with the Wavelet Transform for rotor fault 
conditions are given by [242] for a 1.1 kW , 4-pole IM in operation with soft starter and 
in [243] for a 1 hp, 4-pole IM. 

During the years 2013-2018, analysis of the Zero-Sequence Current (ZSC) proved a 
useful complementary tool in MCSA for ∆-connected motors [244]. An experimental 
investigation is demonstrated in [245] for one and two broken bars, comparing the mean 
amplitude fuctuations for a fault severity evaluation between MCSA and ZSC. In [246] a 
similar comparative investigation is delivered, where the authors examine the fault severity 
with respect to the broken bar location, pointing out diagnostic issues arising from the 
non-adjacency in breakages of a 1.1 kW , 4-pole IM. The ZSC is used reliably to detect 
rotor failures in [80] by a t − f analysis using the MUSIC algorithm on a laboratory 1.1 kW , 
4-pole IM and on a a 1.1 MW , 6-pole IM FEM model. 

Another tool of complementary use for MCSA is vibration analysis as used in [247], 
with improved power spectral density by a high resolution buffer to acquire the vibration and 
current spectra. A work proving useful for transient operations is the publication of [248], 
formulating a diagnostic index by space vector theory under changing operating conditions in 
speed for wound rotors. A space vector extracted index is also formulated in [168] to discern 
rotor faults from torque-load oscillations. In a similar concept, a generalised scheme for 
quantifcation of the rotor fault mechanisms by an index is presented in [249] for various IM 
sizes aiming for improved diagnostics. The t-f representations of the STFT, DWT and WVD 
are applied in [109] to demonstrate the detectability of the fault imprint in the trajectory 
pattern using the different t − f representations. Advanced DSP on the transient current using 
the STFT is shown in [192] for coupling imbalances and misalignment, while the recently 
published work in [24] demonstrates the frequency extraction process on the stator current. 

In the prospect of the ongoing evolution in machine learning and data analysis techniques, 
intelligent tools have been deployed in the attempt to integrate diagnostics. Also, DSP tools 
and algorithms are being continuously optimised for a wide range of applications, including 
condition monitoring and FD. On this agenda, apart from the approaches mentioned so far 
regarding neural networks and classifcation algorithms, some works presenting promising 
results in the latest years are the following: rotor asymmetries detection by a scale invariant 
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t − f framework using a 2-D correlation coeffcient for feature extraction and wavelet 
analysis [250] ; a piecewise aggregate approximation algorithm with the use of the STFT 
and Principal Component Analysis (PCA) for defnition of the healthy/faulty class and 
classifcation of the studied IM [251]; in a similar concept with the latter, the classifcation is 
performed in [252] by Empirical Mode Decomposition (EMD); PCA classifcation combined 
with intelligent icon algorithms is also examined in [253] for classifcation of motors from 
different applications; the accuracy in classifcation by different classifcation algorithms 
is compared in [254] for rotor faults in inverted-fed IM; fault-indicative harmonic features 
extracted using Pearson’s correlation coeffcient are used in [255] to train machine learning 
classifers for inverter-fed IM; wavelet analysis regarding the frequency content and statistical 
means regarding quality control charts are deployed in [256], which compares robust and 
non-robust tools applied within a threshold of tolerance to examine fault alarm levels for 
broken bars, bearing and eccentricity faults, while the method’s validity is confrmed via the 
application on IM fed from different inverter sources . 

Finally, some industrial case histories reported over the last fve years are presented 
in [14, 15] and [16]. The frst one applies current analysis ("Advanced Transient Current 
Signature Analysis - ATCSA") using DWT decomposition for IM used in petrochemical 
plants by an amplitude indicator [14]. For similar applications, the second one performs 
ATCSA with the STFT analyses and frequency domain approach [15]. The last one presents 
the monitoring of 6.6 kV IM used for pumping applications in a hydro-electric power plant 
and investigates the diagnostic potential of the fs ± fr frequency in the stator current and 
stray fux, concluding that combination of MCSA and SFSA equips a user with robust 
diagnostic means, as potential sensitive frequencies in the one variable might be immune 
in the other. Reviews denoting -up unto their publication year- the works with the most 
marginal contribution and a comparison of MCSA with t-f during transient can be found in 
references [208, 257] and [258], which provide a complete state of the art in the feld for the 
era. 

3.2.2 Diagnostics Using Stray Flux Measurements 

As described, by the year 2018 stator current analysis had been exploited by all means 
to a determinant maxima. By that time, defciencies of the technique had been as well 
documented and reported from all perspectives: false/negative and false/positive outcomes, 
special rotor designs, combination of rotor faults leading to more complex problems for 
challenging diagnostics, non-stationary conditions, manufacturing defects amplifying all 
these problems, and so on. As a result, stator current monitoring was saturated from the FD 
point of view, so research works started diminishing and most comprehensive diagnostics 
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related to stator current would regard methods using advanced DSP or machine learning 
tools. 

At the same time, the stray fux methods were -and still are- rendering valuable results, 
either on their own or as an additive technique to cases of MCSA weaknesses and failures. 
There are several advantages of stray fux monitoring that have made it a favourable diagnostic 
tool for electrical machines: the non-intrusive nature, the fact that it is independent from 
the number of poles, it provides a mapping of same or similar frequencies with the stator 
current, it constitutes a low-cost monitoring solution with relatively facile implementation, etc. 
Among some fundamental works comparing stator current analysis and stray fux analysis for 
FD it is elaborated that: "the stator current gives information about power supply and rotor 
cage structure and the rotor current gives information about stator coils" [70], however "a 
search coil located outside the IM gives information about all IM electrical phenomena" [70]; 
although current measurement is to some extend also non-intrusive, sometimes "in the real 
world the measurement of the current in one phase of the stator and its transformation in the 
frequency domain is not always possible, since often the winding of one phase cannot be 
accessible" [90]; whereas "stray fux analysis is expected to convey the same information 
that can be obtained by conventional current analysis" [90]. 

The above facts have brought stray fux monitoring to the epicenter of FD over the past 
fve years [259]. In [260] it is applied with vibration analysis to detect stator winding faults, 
while short-circuit detection at different load levels is also evaluated in [261] by an improved 
diagnostic system embedding Emerson fux coils in a 1.5 kW , 4-pole IM. An IM of the same 
power rating and pole pairs is used in [262] for a comprehensive review of the short-circuit 
detection frequencies in axial fux; and a similar analysis is delivered in [263] for the radial 
fux in a 1 hp, 4-pole IM. A publication examining stator faults at the levels of 5% and 
10% with the stray fux by advanced diagnostic means is presented in [264]. The work uses 
wavelet analysis in inverter-fed IM and compares the results acquired with an Emerson coil 
and a custom in-house built search coil. An advanced framework for improved diagnostics of 
stator inter-turn faults is also provided by the authors of [265] with internal fux measurement, 
studying the impact of coil pitching in the space distribution of the air-gap magnetic fux for 
large induction motors. Finally, a novel work studying inter-turn short-circuits by stray fux 
monitoring was recently published in [266] for induction motors and synchronous machines. 
The novelty lays within the use of correlation analysis between harmonics of the stray fux 
acquired from two individual sensors, placed diametrically on the machine periphery. 

The comparison between Emerson coils and custom fux coils is also demonstrated 
in [267] for rolling bearing element faults in a 2.2 kW , 2-pole IM. The eccentricity me-
chanical fault is studied in [268] via the space and time harmonics in the main air-gap fux, 
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acquired with an internal sensor in a 11 kW , 4-pole IM by simulations and experiments. 
Other publications regarding mechanical faults are [269] and [270]. The frst one evaluates 
the 1st, 5th and 7th harmonics, as well as the 1st and 2nd PSH for an experimental study 
of the eccentricity fault in inverter-fed IM, comparing MCSA and SFSA in a specifc type 
of machines. The latter presents an experimental investigation for the same fault in a 1 kW , 
4-pole IM. Mechanical aspects by a model-based approach including both simulations and 
experiments are studied in [271]. The work applies classical control theory and transfer 
function concepts combined with t − f analysis for monitoring the condition of loading and 
its effects on the acquired stray fux signals. 

A series of works handling stray fux analysis have been published over the last four 
years with an added value to FD and rotor faults. To begin with, electromagnetic felds 
are resolved in a generalised framework using demodulation analysis for the detection of 
dynamic eccentricity and shaft oscillations in [272]. Intrusive monitoring using a growler 
apparatus and magnetic flms for detection of rotor damages is applied in [273]. Other 
research works with intrusive monitoring are presented in [167, 265] and [274]. Advanced 
diagnostics aiming for rotor fault detection are applied in [265] using the space harmonics of 
a 11 kW , 4-pole IM with one broken bar at different load levels. The work is expanded by 
the same authors two years later in 2018, with the use of the differential air-gap fux between 
two poles and a spreading of its frequency content on a t − f frame. With the same method 
of differential fux, experimental validation for eccentricity, broken bars and short-circuits 
is performed in [167] to evaluate the dependencies of space and time harmonics and their 
diagnostic capability. Classical SFSA is compared with MCSA by FEM and experimental 
work in [275] for one broken bar and for two different double bar breakage scenarios, adjacent 
and opposite located. 

Despite the fact that internal fux sensors provide robust results for the main air-gap 
fux, as they are planted inside the machine and very close to the air-gap, intrusive methods 
demand to disassemble the IM and place the sensors internally or mount them around a 
stator area. Not really a convenient case, for it is a time consuming process and users 
always run the possibility to grant the motor with inherent defects during the process of 
reassembling. Therefore, non-intrusive monitoring of stray fux has been established as 
a dominant approach during the past three years. The known chain reaction of the speed 
ripple frequency components induced by bar breakages are elaborated on by FEM and 
experimental measurements in [276], where a fuxgate sensor is used on a 2.2 kW , 4-pole 

IM. The same authors demonstrate their method in [277] for the same experiment apparatus 
and simulation model but with the fuxgate sensor at two different positions on the machine 
frame, to separate the low frequency load oscillations from the broken bar induced low 
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frequency components. Two different sensor positions are also examined in [85] to evaluate 
the detectability of high eccentricity level and two broken bars in a 1.1 kW , 4-pole IM, using 
STFT analysis and wavelet decomposition with a wavelet indicator for determination of the 
fault severity. The same analysis for detectability of rotor faults during transient is performed 
in [105] for a 1.1 kW , 4-pole IM, examining the impact of adjacent and non-adjacent broken 
bars on the severity indicator. A mixed case of electromechanical faults are examined on 
the same basis under three different sensor positions in [86] using the STFT and DWT 
analyses. Extraction of the amplitude information in a two-stage manner with application 
of the STFT analyses and then the classical FFT is implemented in [22]. A combination 
of adjacent and non-adjacent broken bars is assessed using radial stray fux signals from 
FEM simulations, to evaluate the detectability of the fault in a 1.1 MW , 6-pole IM. The 
method is further validated with experimental measurements in [23], where the successful 
detection of non-adjacent broken bars is achieved in the same FEM motor and a laboratory 
scale IM (1.1 kW , 4-pole IM). Finally, a work presenting a novel approach using stray fux 
was published very recently in [278], proposing the detection of rotor electrical faults with 
the use of the Zero Sequence Flux (ZSF). The novelty of the method lays within the use of 
three individual sensors, capturing stray fuxes at 120◦ angle difference to acquire by post 
processing the Zero-Sequence Flux signal for harmonic analysis. 

3.3 The Problem of Adjacent and Non-Adjacent Broken 
Rotor Bars 

The extensive research undertaken for broken rotor bars over the past twenty years shows 
that although the problem does not account for a large percentage amongst faults, its incipient 
state does not necessarily create large asymmetries and is therefore rarely spotted [246, 279]. 
As a result, the fault and its undesired physical mechanisms evolve undetected and propagate 
to a terminal stage, whereas the machine indicates a seemingly normal operation. At that 
stage, damages in the rotor are extended and very hard to repair in maintenance [96, 279]. 
Hence, the rotor service or replacement will amount to costs that equate with extreme 
fnancial losses affecting the supplier, the distribution network and the end users [96, 279]. 

On the other hand, there is a series of factors with vital, and sometimes dominant role, 
regarding how this specifc type of fault will evolve: the rotor design and constructional 
aspects [13, 155, 156]; general manufacturing asymmetries [97, 129], or porosity (air-
bubbles) in the rotor core [98]; material defects like magnetic anisotropy [99] and/or inherent 
local deformations [100]; partial discharges and/or TEAM stresses [89]; and so on. All 
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the mentioned aspects however cannot be predicted and modelled, except from created 
case-scenarios in order to study the effects of such phenomena on the hypothetical basis 
that some of them -or a combination- will exist. One way or the other, all these factors will 
determine the fault evolution and the fow sequence of the breakages. 

What usually happens is that the open-circuit induced by a bar breakage will directly affect 
the two neighbouring bars, for the fow of inter-bar and eddy-currents will distribute in the 
closest paths available [280]. Consequently, additional electrical and thermal stresses will be 
exerted on those bars diminishing the robustness of their material properties; hence, they are 
expected to crack and break [280]. For this reason, works of major contribution to the effect 
of the broken bars population has been undertaken with FEM for multiple breakage scenarios 
randomly distributed in [281], with multi-variable measurement techniques (current, speed & 
torque) for multiple consecutive breakages [280], with advanced techniques for frequency 
and amplitude tracking [282], and so on. Nevertheless, it has been shown in various works 
that it is not always the case for the cage bars to break in a sequential mode [246, 279, 283– 
285]. For a series of known and unknown reasons, frequent cases have been reported where 
bars do not break in a consecutive pattern [246, 279, 283]. This happens mainly in large 
industrial machines, but manufacturing defects that "spread randomly" [246, 286] can be 
the motif for such a mechanism to arise in smaller scale IM as well [279]. This designates 
an even more challenging problem in FD, the detection of non-adjacent broken bars. As 
mentioned in one of the works published in 2016, "the reliable diagnostic of non-adjacent 
bar breakages in induction motors is still an unsolved industrial problem" [286]. Such cases 
make up a diagnostic challenge, as the location of such non-consecutive breakages might 
defect the asymmetries and the anomalies that can reveal the indication of the fault. 

A practical example by visual demonstration of the problem is shown in Figure 3.5. 
The graph depicts a comparative FFT of the stray fux in different broken bar scenarios, 
adjacent and non-adjacent, from one of the FEM models used in later chapters for simulation 
purposes. The broken bar sideband frequencies used for the detection of the fault at the quasi-
steady-state mode are not always of resolute ability to reveal the fault. More specifcally, 
the spectrum signatures around the area of the fundamental harmonic behave in a somehow 
random and unpredicted pattern: at the −4s fs and +2s fs sidebands, the adjacent broken bar 
scenario shows a signature of highest amplitude (red spectrum) compared to all the other 
cases, because the fault is intensively localised at a point of double breakage over the rotor 
surface, arising from two consecutive breaking points -and hence the magnetic feld local 
asymmetry radiated from the rotor magnetic feld through the air gap to the stator and then 
further to stray felds out of the frame will be larger; the frst non-adjacent broken bar scenario 
(black line spectrum) regards two broken bars at half pole-pitch distance and the examined 
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Fig. 3.5 Comparative FFT spectrum of different broken bar scenarios 

sidebands signifcantly drop at every frequency, indicating a healthy spectrum (danger of 
false-negative misdiagnosis), whilst this issue could defect and mask the asymmetry even 
further if the problem of spectral leakage would be present at the FFT extraction; the second 
non-adjacent scenario -at one complete pole-pitch distance (green)- rises slightly lower 
than the amplitudes risen by the two adjacent broken bars regarding the −2s fs sideband, 
however it behaves similarly with the half-pitch scenario regarding the other two sidebands 
endangering false-negative diagnosis; the third broken bar case, combining a mixed fault 
scenario of adjacent and non-adjacent breakages, is getting masked indicating an adjacent 
scenario (purple-dashed). 

An example of the magnetic feld local asymmetry at specifc time instants during the 
simulation are shown in Figure 3.6; the adjacent broken bar scenario (left) presents a tangible 
local asymmetry, while the half-pitch breakage distance (middle) and the full-pitch one (right) 
express a weak local asymmetry in the magnetic feld distribution. There can be time instants 
where the rotating felds will not mask their asymmetry and will locally spike or be visually 
seen, when screened through a simulation software; however, whether this asymmetry will 
be refected or not on a stationary fux sensor, or superimposed with other asymmetries, or 
attenuated through the air gap to the stator winding (that acts for stator current measurements 
in a similar manner with a stationary feld sensor), is unknown. And so is the evolution of the 
fault progression, especially if a real world application is considered. The described problem 
becomes even more complex for large industrial motors, for rotors where bars are manually 
placed and not melted in by casting, for rotors of special construction like spider or ducted 
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rotors, for rotors being recursively maintained and replaced back in the stator as the whole 
process might introduce inherent imbalances, for rotor operating in harsh conditions, for 
frequent start-ups, and so on. 

Fig. 3.6 Magnetic feld spatial distribution at the presence of adjacent and non-adjacent broken bars 

A small population of research works have conducted investigations on the infuence 
of all these phenomena regarding fault diagnostics. The majority of this literature was 
published after 2006/2007, which is when the issue was put under the scope for two reasons: 
it was no frequently encountered and hence not often reported until that time, considering 
reported case-studies from industrial on-site experiences, except for some rotors with special 
structure [13, 155, 156]; however, more recent studies and experimental cases from on-sites 
more and more frequently report such cases, as explained in works like [246, 279, 283, 286]; 
another reason is the lack of knowledge regarding the actual formulation and modelling of the 
mechanisms during non-adjacency and its propagation, something that was for the frst time 
given during 2007-2009 from works like [284] and [285] experimentally; and from works 
like [100] on a theoretical framework, the latter leading to the later publication of [283] in 
2009 using a simplifed 8-bar-rotor model and a MEC representation. The research question 
was frstly put in [163], a work examining the problem of non-adjacent broken bars at various 
locations, proving the monitoring of the fundamental’s sidebands via MCSA not reliable for 
the majority of the studied cases. 

Considering the distribution of the already discussed literature, the main research on the 
matter has been undertaken using stator current measurements. In the recent years, current 
analysis using advanced DSP has been applied to some extent, while some promising results 
are very lately given from stray fux analysis. In particular, the work presented in [284] 
approaches the problem with a multiple coupled MEC accounting for the motion equation at 
steady state; then experimentally, the changes awaited in the calculated model parameters 
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are verifed on a 1.1 kW , 2-pole IM with broken bars spaced at different angles inside the 
pitch, and the fundamental harmonic lower and upper sidebands are examined in the stator 
current by the classical FFT. The work shows that, depending on the examined angle between 
breakages, both the left and the right sideband behaviours alter in amplitude without a distinct 
pattern or monotony. The same theoretical model of analysis and experimental rig are used 
in [285] for a simultaneous study of the breakages location and the effect of load, whose 
pulsations obscured the complex phenomena and their impact on the spectra even more. One, 
two, three and pairs of adjacent broken bars planted non-adjacently from each other and 
spread randomly around the cage are examined by multiple FEM models in [281], which 
examined the 1± 2s fs and 1± 4s fs components in the stator line current for a 4-pole, 3 hp 

IM model. 
A fundamental research work dealing with the problem in an abstract way comes in [283], 

which denotes the defciencies of classical methods like MCSA [246] and the Vienna moni-
toring method [287] to detect non-adjacent breakages. With a simplifed model of a 8-bar 
cage and a MEC representation, the authors explain how the asymmetries -that spring from 
dislocation of the symmetry axes in current sheet and mmf- can mask the fault. Then, they 
distinguish the locations of breakages that are endangering the diagnosis: the diagnosis could 
state the machine as healthy at half pole pitch breakage distance (π/2 electrical radians), 
something that was also explained in [171] theoretically and shown in [246] experimentally 
for 1.1 kW , 4-pole IM rotors. At a full pitch spatial separation (π electrical radians) the 
fault frequencies rise back indicating a case of adjacent broken bars or a single breakage, 
something that runs an additive danger of being overlapped and obscured by the fundamental 
harmonic through spectral leakage overlap if the machine is characterised from high inertia 
or very low value of slip (s%) [22, 280, 283]. However, even if the examined fault frequency 
remains intact in the latter case, the theoretical model used to explain these mechanisms 
in [100] and [283] regards a cage with 8 bars (or 16 bars like the ones in [284] and [285]). 
In actual cases reported from industry like [13, 14] and [156] -where special construction 
rotors or rotors used in harsh environments were examined- it has been seen and proved 
otherwise, as the visual inspection of rotors revealed breakages at such locations, whilst the 
frequency spectra indicated no fault. The work of [283] compares the classical MCSA with 
an alternative method called "Magnetic Field Pendulous Oscillation (MFPO)", which was 
proposed in [288] and [289] and was applied in [290] successfully for broken bars and some 
levels of inter-turn faults. The advantage of the method compared to MCSA is the extraction 
of information about the angle swing between the original symmetry axes of the magnetic 
feld space vectors and the shifted ones during a fault condition. Examination of the 1± 2s fs 

and 1± 4s fs components allows the authors to take advantage of some additional "secondary 
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saturation effects" [283] for diagnosis. However, defciencies during multiple breakages like 
three broken bars, each at distance half pitch from the other, still remained and the problem 
is still pointed out both from FEM approaches [291] and from experimental [246, 286], or 
from industrial experiences [14, 15]. 

The infuence of non-consecutive broken bars has also been examined with FEM in [291] 
for one, two and three broken bars distributed randomly over the rotor cage. The work 
studies seven different FEM models with broken bars to examine the 1± 2s fs frequencies 
and their amplitudes’ unexpected behaviours for a 1.1 kW , 4-pole IM. The phenomenon 
of non-adjacency is then studied in [96] for different supply conditions for a 1.1 kW , 4-
pole IM spaced at half pole pitch. An experimental investigation comparing MCSA and 
ZSC methods at 1.1 kW , 4-pole IM for the problem is given in [246], while the work is 
expanded in [286] to provide a reliable indicator for some adjacent cases with the use of 
the "Filtered Park Vector Approach (FPVA)" [132, 135] and the "Filtered Extended Park 
Vector Approach (FEPVA)" [139, 292]. Over the past two years (2017-2019), the problem of 
non-adjacent broken bars is being looked into with stray fux methods. The works of [85] 
and [105] described in the literature of advanced SFSA (Section 3.2.2) are characteristic 
works examining the problem with DWT and STFT analyses. Also, the work presented 
in [86] which applies extraction of the amplitude information for mixed rotor faults and 
eccentricities. Finally, the discussed problem is confronted with a reliable solution presented 
in [22] by FEM for a large industrial 1.1 MW , 6-pole IM; the work is extended later in [23] 
to validate the method experimentally for 1.1 kW , 4-pole IM, where the method is proved 
immune to inherent manufacturing defects and asymmetries. A demonstration of the DSP 
implementation of the frequency extraction method shown in the latter work by FEM and 
experimental approach, is then presented in [24] using stator current measurements on a 
4 kW , 4-pole IM. 

3.4 The Problem of Parameter Setting for FD Applications 

By the theoretical background of Chapter 2 and the literature presented so far, it is seen 
that various DSP approaches have been implemented in FD throughout the decades. The 
main reasons are the advances in DSP over the past two decades, as well as the fact that 
-regardless the diagnostic technique and measurement- with every different DSP approach 
a different outcome might be provided [21, 69, 185]. The use of t − f approaches like the 
STFT and the Wavelet analyses have provided the feld of FD with a signifcant advantage: 
the ability to properly monitor transient phenomena, meaning time-varying and/or non-
stationary conditions of operation, or changing frequency content at steady-state due to faults 
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existence [21, 107, 208, 293]. Indeed the application of t − f analyses during the transient 
start-up of IM has utterly contributed to model some fault aspects, like the commonly known 
"pattern of V-shape" which denotes the orbit of a frequency trajectory at the presence of 
a broken bar fault [75, 106–109]. However, during the problem of multiple adjacent or 
non-adjacent broken bars multiple V-shaped trajectories are curved on the t − f plane, from 
each broken bar induced spatial asymmetry locally in the IM magnetic felds [6, 14, 15]. 
In such cases, the trajectory patterns might overlap in time and frequency step and spread 
obscurity on the t − f plane, depending on the frequency resolution used and on the motor’s 
slip s, that is practically an inherent system parameter [6, 21, 75, 107, 280]. 

The fact that the inherent system parameter of slip affects a diagnostic process for rotor 
faults, has raised questions on whether one specifc t − f analysis is enough to represent and 
map all investigated aspects of a fault [21, 171]. On the one hand, targeted t − f analysis of 
high resolution provides satisfactory results under specifc frequency areas and, if tuned by 
the appropriate parameters, it can conveniently detect the fault induced oscillating frequencies 
of that area given a reasonably long transient response to acquire samples; on the other hand, 
if the transient response is of short duration, the t − f analysis might not be advocate enough 
due to the samples limitation and impairment of the frequency resolution [21, 69, 171]. The 
apt tuning of parameters for an advocate t − f analysis is somewhat arbitrary and is usually 
chosen by the user’s experience or by trial and error [21, 69, 171, 294]. Especially when an 
FD application like rotor faults is considered, the trial and error option is sometimes the only 
one as the pre-setting and fne tuning will defnitely depend on the slip and hence potentially 
on the inherent imbalances and defects, that can indirectly affect the rotor parameters and 
consequently the slip [21, 69, 108, 109]. 

Issues like the discussed have given birth to publications that handle the optimality of 
t − f analysis from the DSP point of view, accounting for such aspects and for implemen-
tation in various applications. Early works in DSP like [295, 296] have studied the effect 
of windows on Fourier-based transformations. A similar individual work for the behaviour 
of the local bandwidth and optimal windowing functions for the STFT is found in [297]. 
In the most recent years modern research works examine approaches for: setting of pa-
rameters in deployed t − f analysis and their fne tuning [87, 294]; optimal windowing for 
robust t − f analysis [298–300]; improvement of resolution [190, 301, 302]; adaptivity of 
transformations [50, 239, 302]; and other abstract approaches for applications oriented from 
engineering [303–305] to economics [87, 306] and from geological applications [307] to 
biomedical and health sciences [308–310]. 

Regarding FD targeted to rotor fault detection, in the majority of the existing literature 
t − f analysis is applied over the transient response [75, 85, 108, 192, 200]. The main reasons 
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are the dynamic nature of the transient start-up interning variable frequency content, and the 
distinctive patterns that can be marked upon the t − f plane to indicate a fault. Nevertheless, 
despite the fact that FD during the transient start-up is novel and has provided reliable 
results, the setting of parameters becomes even more challenging and vague [21, 69, 87, 108]. 
Besides, it is usually the steady-state response where condition monitoring is applied in 
practice. Except for applications with frequent start-ups (drilling, mining, mobility, etc), 
induction motors in industrial processes with major production lines, power generation 
and conversion, or stable transportation, are mainly operating at fxed speed and being 
monitored in the steady state [21, 311, 312]. The advantage of monitoring signals of the IM 
in the steady state comes in the stabilisation of the frequency content and relaxation of slip 
transitions after the transient, something that allows the apt monitoring of the speed-ripple 
effect [10, 11, 21, 23, 42]. Recalling the literature of Sections 3.1 and 3.2, the healthy steady-
state mode and smooth spectral characteristics of monitored signals under a fault condition 
practically transit to a quasi-steady-state mode, which embeds non-stationary characteristics 
and frequency content of time-varying nature [42, 107, 128, 293]. The latter two observations 
are also the reasons why implementation of approaches over the steady state response is 
frequently encountered in works over the past few years providing promising results, for 
t − f analysis [21, 23] and other sophisticated or automated smart approaches [313, 314]. 

On this agenda, a limitation of the windowing function used to derive the STFT analysis 
is proposed from the DSP point of view in Chapter 4. The proposed windowing limit ensures 
the apt setting of parameters to separate rotor related frequency components under potential 
broken bar conditions. Then, it is used as the frst step initiating the frequency extraction 
process, proposed to reliably detect rotor faults. The method is implemented over the steady-
state regime, something that allows to properly take advantage of the speed-ripple effect. In 
the fnal step, the method proceeds with a two-stage analysis to provide an advocate signal 
representation for global monitoring. 





Chapter 4 

Methodology and Research Approach 

Within the literature review, some problem statements were structured regarding non-
adjacent broken bars, FD with advanced DSP and performance of DSP applications in 
induction machines. This chapter describes the theory and formulation of the proposed 
methodology regarding the frequency extraction method, which is used to reliably detect 
rotor faults. Also, the research approach is shown by the description of the designed FEM 
models and simulations; this is followed by the experimental procedure of designing and 
constructing the stray fux sensors (search coils), as well as the motors and test-rig used for 
measurements. 

4.1 Formulation of the Frequency Extraction Process 

The proposed methodology uses the STFT of a measurement to visualise its spectral 
content, with focus on the steady-state. Apart from the reasons mentioned in Section 3.4 
regarding application of a method over the steady-state regime, another reason is the next 
step of the method. This is the extraction of the spectral content, regarding frequency bands 
of interest to detect the fault. The referred bands are the frequency areas around the 5− th 

and 7− th harmonic, which are examined for fault related sidebands in order to extract their 
own spectral content by the classical FFT. In order to apply the method reliably and extract 
accurate frequency information, some limitations must be set regarding the windowing 
functions which results to the system-oriented parameter setting of the STFT. 

As explained in [21], the discussed approach practically deploys a two-stage t − f analysis 
for rotor fault detection. The frst stage includes the advanced analysis of the acquired signals 
executed with the STFT under two different window sequence lengths. The frst one is the 
long-term window to localise the sidebands in frequency so as to provide a frst indication 
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of a fault existence, while the second is a short-term one which is limited by a lower bound. 
This is to ensure frequency separation in the examined frequency zone, meaning that the 
trajectories examined by frequency tracking will belong in different frequency bins or chunks, 
therefore spectral leakage overlap and spectral energy diffusion between closely positioned 
components on the spectrogram is avoided [21, 24]. The second stage includes the extraction 
of a desired frequency trajectory from the spectrogram and its processing to evaluate it over 
time, as well as the classical FFT analysis of the extracted result. In practice, the quasi-steady 
state is approached with tools of t − f analysis and, since localised over the steady-state, the 
post processing of the t − f analysis results is done with the FFT. An example of the spectral 
information representation with the STFT analysis is shown in Figure 4.1, where the ripples 
of spectral components extracted are circled in dashed. The depicted spectrogram regards 
the 4 kW motor with one broken bar, used for experimental measurements. 

Fig. 4.1 STFT ridges of spectral components to be extracted 

A fowchart of the proposed methodology is shown in Figure 4.2 and can be summarised 
in the following steps: the initialisation step, where the window of interest is chosen and 
the lower bound limit of the data sequence length is defned according to the slip (rated or 
estimated); the analysis steps under improved frequency and then improved time resolution, 
where the speed ripple effect is evaluated from the trajectories visualised with the STFT 
analysis; the implementation step, where the spectral density information S(t, fi) is extracted 
for any frequency fi detected in the analysis step; the diagnosis step, where the extracted 
spectral content S(t, fi) is treated as a periodical function of time and analysed with the 
classical FFT to detect subcomponents related to rotor faults. 

http:result.In
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Fig. 4.2 Flowchart of the proposed methodology 
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4.1.1 Parameter Setting for Frequency Separation 

In order to apply the frequency extraction reliably, the spectral components examined with 
frequency tracking must be separated. This means that the frequencies examined will belong 
in different bins or frequency chunks, not to be overlapped or diffused. The theoretical 
framework for extraction of spectral information is discussed in works like [49, 51] and [176, 
177]. The implementation of methods like extraction or decomposition analysis springs from 
the nature of slip dependent faults like rotor faults to generate modulating/demodulating 
frequency patterns. This makes AM-FM analysis appropriate for the measured signals, 
which are in their general form multicomponent non-stationary signals in the quasi-steady-
state [50, 181, 315, 316]. 

As mentioned in Chapter 2, the discrete-time STFT is given from [302]: 

tk+L/2 
−j2π f ntkX [tk, f ] = ∑ [xn · wn−tk ] · e , (4.1) 

n=tk−L/2 

and requires the selection of a window that is apt to capture the event of a frequency, or the 
time instants at which the examined frequency exceeds transitions in time. This commonly 
establishes the time resolution seen in Chapter 2, that is calculated in practice from the 
window sequence length Lw and the sampling period 1/Fs as [280, 300]: 

∆t = LwTs (4.2) 

Improved resolution in time is given by a window of short length in time; this provides 
adequate knowledge of the frequencies’ instants at the cost of poor frequency resolution. 
What is usually aimed for in t − f analysis is a compelling frequency resolution, which 
similarly to the time resolution ( 4.2) can be practically calculated from [294, 296, 300]: 

Fs
∆ f = β , (4.3)

Lw 

with β the local equivalent noise bandwidth, as defned and used in [295–297, 301]. Improved 
frequency resolution is acquired with a long window in time, localising the position of 
the frequency trajectory. Equations ( 4.2)-( 4.3) show the inverse relationship between 
time and frequency resolution. This inverse relationship is in general terms referred to 
as the Heisenberg uncertainty principle [87, 317] and was introduced in t − f analysis by 
Gabor [318, 319]. It practically states that, when examining harmonics of a signal, it is not 
possible to calculate simultaneously -and with the maximum precision- the frequency and 
time of that harmonic. In t − f analysis the uncertainty principle is expressed as [87, 318]: 
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1
∆t · ∆ f ≥ (4.4)

4π 

and shows that there is always a trade-off between frequency and time resolution. In the 
majority of t − f analysis tools a user is called to choose between either an advocate time or 
an advocate frequency resolution, and usually the corresponding parameters like the window 
length and overlap are chosen with a trial and error method. 

By [21, 319] and [320], in order to obtain reliable results by an unambiguous analysis 
before drawing cogent conclusions on a signal, a t − f analysis imposes to be held under three 
types of windows. A short-term window will reveal the time information and modulation 
patterns comprised in the signal (AM/FM law); a long-term window that will localise the 
frequency posistions and allow amplitude inspection at very specifc frequency points; an 
intermediate state window within the two extremes to validate the observations by the short-
term and long-term window. The concept of such an analysis is deployed in the proposed 
approach for two main reasons. Firstly, this analysis provides global information of the 
quasi-steady-state response during a rotor fault condition, where modulating frequencies 
are inducing time-varying oscillations in amplitudes due to the magnetic feld asymmetries 
over the rotation of the rotor body. The second reason is that approaches like the frequency 
extraction require improved time resolution, hence a short-term window. The question is 
how short can the length of the window be in order to avoid undesired phenomena like the 
spectral leakage and diffusion and, most of all, at no cost of information loss regarding the 
signal’s frequency content. 

The answer to this question is frequency separation, since obscurity of the spectral content 
will be the result of diffused energy between sidebands and main harmonic, or generally 
from closely positioned components. Considering fi a central frequency like the fundamental 
or the 5th harmonic, frequency separation is fortifed when the frequency resolution ∆ f is 
at least equal to the distance of fi from its corresponding sidebands [21]. Therefore, when 
applying t − f -or even simply frequency- analysis, the resolution is also dependent on the 
slip s. This is also discussed in [21] and [280], explaining how the window sequence length 
and consequently the frequency resolution are indirectly bounded by the slip. However, the 
frequencies investigated in FD using applied or advanced DSP are of discrete nature. Hence, 
it is possible to calculate the minimum window length required to reliably perform the step 
of the discussed two-stage approach regarding short-term windows. 

Let fi ∈ R be the i−th harmonic of the examined signal. The STFT effectively quantises 
this frequency with the quantisation step of Eq. (4.3) into frequency bins f q 

= ni∆ f , ni ∈ Z.i 

The actual frequency relates to the quantised one via [21]: 
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fi = f q 
+ ξi∆ f , ξi ∈ [0,1) (4.5)i = ni∆ f + ξi∆ f 

Considering f1 a central frequency of interest and f2 its lower sideband, the two frequencies 
can be written due to ( 4.5) as follows: 

f1 = n1∆ f + ξ1∆ f 

f2 = n2∆ f + ξ2∆ f (4.6) 

and since f1 > f2, the following relation is valid: 

n1 = n2 + m , m ∈ Z+ (4.7) 

By substituting (4.7) into (4.6) we obtain: 

f1 = (n2 + m)∆ f + ξ1∆ f 

f2 = n2∆ f + ξ2∆ f (4.8) 

By subtracting Eq. ( 4.8) we obtain 

f1− f2 = m∆ f + ξ ∆ f , where ξ = ξ1− ξ2 ∈ (−1,1) (4.9) 

By substituting ∆ f from (4.3) into (4.9) and solving for Lw, the lower limit of the window 
sequence length is obtained by the equality: 

β FsLw = (ξ + m) (4.10)
f1− f2 

Since m ∈ Z+ defnes the distance between the quantised frequencies, the minimum 
value of m for which they are separated is m = 1. As described in Chapter 3, the rotor fault 
related sideband tones are distanced from a main harmonic at even multiples of the factor s fs. 
Therefore, without loss of generality, the difference f1− f2 can be set as f1− f2 = 2ρs f s, 
where ρ ∈ N and Eq. (4.10) thereof becomes: 

β FsLw ≥ (ξ + 1) (4.11)
2ρs fs 

Inequality (4.11) provides the minimum lower bound of the window length for separation 
of the examined quantised frequencies. It should be noted that this bound depends to the 
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windowing function w through parameter β . Selection of the windowing function is an 
important step in the proposed method. Intuitively the windowing function can be considered 
as a flter in the information that is carried within the signal under investigation and will be 
revealed by the STFT analysis. Proper selection of this function will optimise the amount of 
spectral information to be extracted. Therefore, the Gaussian and the Kaiser-Bessel windows 
were chosen for implementation of the method in the following chapters, obeying to the 
limitation of inequality (4.11). The main reason is their ability to properly analyse short 
transients and frequency components located close to each other (sideband tones). Another 
fact that makes these windows apt is that they provide an optimal main-lobe-to-side-lobe 
energy ratio, a property desired in electrical machine diagnosis, where faults leave their print 
as sideband tones carrying the information of spectral distortion. 

In practical terms, the limitation provided by (4.11) is the lower extreme where extraction 
is applicable without information loss regarding spectral characteristics. This allows to 
evaluate components designated by the speed ripple effect over time and carried in the 
spectral energy density amplitude of the spectrogram. The stages of analysis by short-term 
and long-term windows is shown in Figures 4.3 and 4.4, for a healthy motor and a motor 
with broken bars respectively, around the frequency zones of the 5−th and 7−th harmonics. 
As explained in [21], ξ ∈ (−1,1) is an inherent system parameter that can not be controlled, 
in terms that it inherently depends on characteristics like the slip, the effective equivalent 
noise bandwidth, the sampling, the quantisation step, the length of the dataset, etc. Therefore 
the most convenient way to select an appropriate value is by an exhaustive search algorithm 
within (−1,1) until convergence is achieved [321], cross-validating that it returns resolutions 
obeying to inequality of (4.4) and a frequency resolution twice the distance between an 
examined sideband and the main harmonic it belongs to (central frequency) [21]. 
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Fig. 4.3 Stages of analysis: localisation in frequency (a & b) & localisation in time (c & d) for a healthy motor 

Fig. 4.4 Stages of analysis: localisation in frequency (a & b) & localisation in time (c & d) for a faulty motor 
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4.1.2 Extraction of the Separated Frequencies 

As soon as seperability of the spectral components is assured by the described limitation, the 
result of the spectrogram is used to isolate the amplitude information over time at a desired 
frequency. The component is extracted on the chosen fxed frequency fi and the trajectory of 
S(t, fi) is plotted over time. An example of the extracted trajectory for the 5− th harmonic’s 
upper sideband is shown in Figure 4.5, blue color representing the healthy motor and red 
the faulty motor. The fnal diagnosis stage is the time waveform evaluation of the trajectory 
and examination of its signatures with the FFT; this is depicted in Figure 4.6 for the lower 
sideband of the 7− th harmonic. The circled frequencies show bands of interest in the low 
frequency range for frequency tracking of fault related components. 

The t-f representation of the STFT is calculated for the examined signals over the whole 
duration of the measurement (or simulation dataset), using Gaussian windows and Kaiser-
Bessel windows. The Kaiser parameter and its overlap are chosen by ad-hoc selection, 
always setting the window’s frequency response to be with the smoothest ripple around 
the unit, smoothing the cut-off from the rectangular shape [23, 24, 201]. This way spectral 
diffusion on the boundaries of the window and the Gibbs phenomenon are avoided. As 
discussed in Chapter 3, DSP issues or defciencies can potentially arise when analysing 
the fundamental 50 Hz harmonic and its sidebands [22, 23, 75]. Therefore the diagnostic 
method with extraction focuses on analysis of sidebands at the higher harmonics of the 5− th 

and 7− th harmonic. The discussed harmonics are chosen in a variety of works as they are 
free from load and saturation effects [75, 201], hence more likely to be immune to false 
negative or misinterpreted diagnosis from secondary effects [100, 283]. Considering fa the 
a − th central harmonic under investigation, and i the index equal to 1 or 2 for the frst or 
second sideband respectively, then S(t, fa,i) is the magnitude of the spectral density over the 
spectrogram’s t − f plane [22–24]. Fixing a frame around a frequency zone by means of 
overlapping windows, a chosen frequency fa or fa,i in that frequency band curves on the 
spectrogram a distinct ripple over time. 

The STFT output at short-term windows maps the modulation of these ripples and 
examines denoted periodicities at each band with focus in the steady-state. The t − f analysis 
is paused at this point and its outputs are evaluated at the chosen fa or fa,i over time. The 
classical FFT of the stator current and stray fux signals is examined to track the rotor 
frequency fr and calculate the slip. Regarding FEM datasets, the motor speed over time 
is always acquired in transient time-stepping simulations. Hence, the only unknown time-
varying quantity is the slip and it can be used in the process either in its mean value or 
modelled over time s(t), the latter being more accurate in the frequency localisation. An 
example of extracted trajectories is shown in Fig. 4.5 comparing healthy with single breakage 
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case, for the spectral information of some of the components shown in Figures 4.3 and 4.4 
(bottom ); Fig. 4.6 shows the trajectories’ comparative FFT at the fnal diagnosis stage. The 
results regard the 4 kW motor used in the experimental validation. 

Fig. 4.5 Extracted trajectory over time of a healthy motor (blue) and motor with one broken bar (red) 

Fig. 4.6 Final diagnosis stage: FFT analysis of extracted trajectories 
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4.2 FEM models & simulations 

The models used for the FEM validation were designed and simulated in MagNet, a FEM 
software provided by Mentor/Infologic [5]. The models are run under 2-D transient time-
stepping analysis with rotary load-driven motion, which is a type of simulation accounting 
for the machine’s motion equation and the moment of inertia [5, 22]. Initially, three models 
of induction motors were designed, two 4 kW motors with four poles and a 1.1 MW motor 
with six poles. The frst 4 kW model (Model #1) fully corresponds to the motor used for 
experimental validation [24]; the second 4 kW model (Model #2) is used for further data 
collection and validation of the method on the same machine, embedding a rotor with 
different number of bars; the third model (Model #3) regards a large industrial 1.1 MW 

motor, so that the method is generalised by demonstration on a machine of different size, 
design/geometry and number of pole pairs [21, 23]. 

For each motor, fve different models were simulated and studied: the healthy, the model 
with one broken bar, two adjacent broken bars, two broken bars at half pole-pitch and two bars 
at full pole-pitch distance. Consequently, 15 different FEM models were used for the data 
collection. The software provides the ability of modelling the multiple coupled equivalent 
circuit of the machine, where each component is modelled by material and equivalent circuit 
components. The air-gap is divided in three layers to create mesh and re-mesh components 
during transient time-stepping motion (Figure 4.7), for accurate calculation of the air-gap 
torque. One air-gap layer corresponds to the stator, one to the rotor and the in between 
re-mesh layer that changes in every time instant. The numerical method used by the solver is 
the Newton-Rapshon method by conversion of the conjugate gradient [322, 323]. 

Fig. 4.7 Air-gap with mesh and re-mesh components 



78 Methodology and Research Approach 

Apparently 2D FEM does not account for friction and end effects. However, lumped 
resistances in the equivalent circuit compensate the ohmic losses, while the MEC components’ 
ohmic losses are calculated from the current density in each component. For the iron core 
losses, the solver uses a penalty function to compensate their calculation with the use of the 
Steinmetz coeffcients and the Jiles-Atherton model [322, 323]. More specifcally, current 
driven stranded coils are used for the stator winding modelled with material "Copper 100 % 
IACS" [322, 323]. The MEC components for the rotor bars are chosen as solid coils with 
fll 100% factor and unit winding factor. Both the stator and rotor iron cores are modelled 
with laminated steel material, given in the model description from the manufacturer. In the 
geometrical parameterised model, rotor bars are modelled with material "Aluminum 50 % 
IACS" for the low power induction motors and with "Copper 100 % IACS" for the large 
industrial motor. 

4.2.1 Model #1: 400 V, 4 kW, 4-pole IM (36/32) 

The characteristics of Model #1 are presented in Table 4.1. The discussed motor is a 
Delta-connected 400 V , 4 kW , 4-pole, 50 Hz IM, designed with 36 stator slots and 32 rotor 
bars and fully corresponds to the laboratory motor used for experiments [5]. The schematics 
of the basic motor geometry were provided by the manufacturer in a DXF fle, which was 
imported in the FEM software for further components design, defnition, expansion, material 
assignment, etc. The stator is designed with round slots, where the stator winding is placed. 
The winding confguration includes six coils per phase, with 49 turns per coil (98 conductors) 
and a 2.785 Ω per-phase resistance. The rotor is also designed with round bars, slots and 
shaft, included in the motion component through the defned reference paths. The fux sensor 
is a stranded search coil of 1000 turns, placed on the external periphery of the motor to 
capture stray felds of radial fux in the vicinity of the machine [5]. To model the open-circuit 
condition of the voltage meter, a large value resistance (1 MΩ) is connected in series with the 
coil. The stator equivalent circuit is shown in Figure 4.9, while the air-gap of the motor with 
the mesh and re-mesh components highlighted is shown in Figure 4.7. A full geometrical 
view of the model is shown in Figure 4.8, along with the spatial distribution of the magnetic 
feld at a single bar breakage. The stator and rotor iron cores are modelled with laminated 
material "M800-50A", while the rotor bars are modelled with "Aluminum 50 % IACS". 
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Fig. 4.8 FEM model of 4 kW motor with 32 rotor bars (Model #1) 

Fig. 4.9 Stator MEC of Model #1 & Model #2 

Table 4.1 
Characteristics of Model # 1 

Characteristics Model # 1 
Supply Frequency fs 50 Hz 
Stator Connection △ 

Output Power 4 kW 
Rated Voltage 400 V 
Rated Current 10 A 

Number of Poles 4 
Rated Speed 1416 rpm 

Number of stator slots 36 
Number of rotor bars 32 
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4.2.2 Model #2: 400 V, 4 kW, 4-pole IM (36/28) 

The second motor (Model #2) has an identical stator with Model #1 and different rotor 
design. The rotor of Model #2 is designed with 28 rotor bars and it is chosen to examine the 
effectiveness of the proposed method on a motor of the same power rating but with different 
rotor construction [24]. The geometrical view of the model is shown in Figure 4.10 (left), 
which also presents the magnetic feld spatial distribution during a single breakage. The 
arrow points the asymmetry in the rotating magnetic feld caused by the bar breakage. Figure 
4.11 depicts the stator slot and rotor bar geometry, which is the same for Model #1 and Model 
#2, while the characteristics of the motor are listed in Table 4.2. 

Fig. 4.10 FEM model of 4 kW motor with 28 rotor bars 

Fig. 4.11 Geometry of stator and rotor slots for Model #1 & Model #2 
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Table 4.2 
Characteristics of Model # 2 

Characteristics Model # 3 
Supply Frequency fs 50 Hz 
Stator Connection △ 

Output Power 4 kW 
Rated Voltage 400 V 
Rated Current 10 A 

Number of Poles 4 
Rated Speed 1416 rpm 

Number of stator slots 36 
Number of rotor bars 28 

4.2.3 Model #3: 6.6 kV, 1.1 MW, 6-pole IM (54/70) 

The motor referred to as Model #3 is a large industrial 6.6 kV , 1.1 MW , 6-pole motor with 
the schematics provided by the manufacturer and its characteristics as given on the nameplate 
are listed in Table 4.3. The rotor consists of 70 copper bars and the stator of 54 slots, where a 
fractional-pitched 1-9 double layer winding is placed after modelled with "Copper 100 % 
IACS". The stator circuit includes 18 stranded coils per phase, with 24 turns per coil (48 
conductors) and a 0.99 Ω stator per-phase resistance [6, 21, 22]. The stator and rotor back 
iron are modelled with laminated material "M-19 29 Ga", while the rotor bars of this motor 
are modelled with "Copper 100 % IACS" as solid coils in a similar manner with Model #1 
& Model #2. The slot and bar geometry is depicted in Figure 4.13, where also the double 
layer winding is shown with the slot coil and its coil mate. A full geometrical view is shown 
in Figure 4.12 with the magnetic feld distribution under the single breakage fault. The fux 
sensor is designed with 1000-turns on a stranded copper coil, placed on the periphery of the 
stator back iron [6, 21, 22]. 
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Table 4.3 
Characteristics of Model # 3 

Characteristics Model # 3 
Supply Frequency fs 50 Hz 
Stator Connection �

Output Power 1.1 MW 
Rated Voltage 6.6 kV 
Rated Current 170 A 

Number of Poles 3 
Rated Speed 990 rpm 

Number of stator slots 54 
Number of rotor bars 70 

Fig. 4.12 FEM model of 1.1 MW motor (Model #3) 

Fig. 4.13 Geometry of stator and rotor slots for Model #3 
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4.3 Experimental Procedure 

4.3.1 Motors & Monitoring Equipment 

The laboratory test-rig was provided from the company AE Electromagnetics BV, Nether-
lands. It consists of a supply fed 4 kW induction motor driven by the load, which is a 
permanent magnet generator, via the IPC of an industrial safety cabinet [24]. The custom 
pre-installed monitoring software displays the rms value of the 3-phase current and voltages, 
the instantaneous value of torque, the input/output power and the effciency. The permanent 
magnet generator’s output are connected to a variable three phase load, connected in Star 
connection. The end user side of the monitoring display is shown in Figure 4.14, along with 
the variable load topology. The test-rig with the embedded induction motor and permanent 
magnet generator is shown in Figure 4.15, which also shows the rotor drilled to emulate the 
broken bar faults and the additional current sensors used to acquire the datasets of the stator 
current waveforms [24, 324]. 

Fig. 4.14 End user side of monitoring equipment (left) and variable load topology (right) 

The multi-variable measurements of the stator current and the stray fux signals are 
acquired with a high resolution, deep memory, 8-channel board, which is the 4824 Series 
PicoScope operating as a portable multifunctional oscilloscope [24, 324]. Offering a 12-bit 
resolution and serial bus decoding with 256 MS buffer memory and a 20 MHz bandwidth, 
each signal waveform was captured within 12 frames of 10− 15 sec each, providing the 
ability to gather extended waveforms over the steady state of the motors, for reliable signal 
representation in both the time and frequency domain. For the current measurements, three 
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picoThech TA 167 current probes are used for monitoring the line current of each phase. 
The current probe has a sensitivity of 10 mV /A and an accuracy of ±1% of reading at 
±100/ ± 500 mA, so the stator currents of each motor were captured with a set of three 
identical current probes. Providing a safety BNC connector, this measurement was at later 
stage logged onto the digital high resolution buffer memory unit of the 4824 Series PicoScope 
used for acquisition of signal waveforms and data [24, 324]. 

Fig. 4.15 Experimental rig and monitoring equipment (left), drilled rotor to emulate the broken bar fault (right) 

To emulate the broken bar fault, the rotor cage was drilled at the connection point of the 
bar with the end-ring. After the acquisition of all datasets in the three conditions of load, 
the rotor was removed and drilled to a second connection point to emulate the non-adjacent 
broken bar fault at the distance of half pole pitch. This way, the studied faulty cases of one 
broken bar and two non-adjacent broken bars at half pole-pitch are in full correspondence 
with Model #1. Additional experimental validation of the proposed methodology has been 
demonstrated on stray fux data from a 230 V , 1.1 kW , 4-pole, 50 Hz IM with 28 rotor bars 
and 36 stator slots, performing its diagnostic validity for adjacent and non-adjacent broken 
bars at half pole-pitch and one full pole-pitch at the full load condition. These measurements 
were taken in collaboration with the University of Valencia, where the discussed test-rig 
belongs, and the results are also shown in the next chapters, corresponding to cases like two 
adjacent, the half and full pole-pitch breakages of the low power FEM models. The test-rig 
and sensor topology of the ∆-connected 1.1 kW IM, shown in Figure 4.16, are described 
in [21] and [23], while the rotors emulating the broken bar fault were drilled with a similar 
process, breaking the connection between rotor bar and end-ring. The characteristics of both 
experimental motors are given in Table 4.4. 
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Fig. 4.16 a) Experimental rig of 1.1 kW & fux sensors b) fux sensor in position to capture radial fux c) healthy 
rotor (left) and drilled rotors for the adjacent broken bar fault (middle) and non-adjacent broken bar fault (right) 

Table 4.4 
Characteristics of experimental motors 

Characteristics Motor # 1 Motor # 2 
Supply Frequency fs 50 Hz 50 Hz 
Stator Connection △ △ 

Output Power 4 kW 1.1 kW 
Rated Voltage 400 V 230 V 
Rated Current 10 A 4.5 A 

Number of Poles 4 4 
Rated Speed 1416 rpm 1410 rpm 

Number of stator slots 36 36 
Number of rotor bars 32 28 
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4.3.2 Flux Coils: Design & Construction 

The fux coils used to acquire experimental measurements of the stray fux are in-house 
built search coils, designed and constructed in the PowerLab of Coventry University. The 
software CATIA V5 was used for the design of the coil reel in the environment for parts and 
components. The reel was then 3D printed and coiled under the same identical construction 
and winding process with a custom self-constructed winder, by a simple topology of a DC 
motor and a breadboard with a controller and a digital counter circuit -for exact number 
of turns in each coil slot- regulated by a voltage and frequency regulator. A 3D view of 
the designed sensor prototype is depicted in Figure 4.17, while the internal and external 
dimensions of the sensor core are given in Figures 4.18 and 4.19 respectively. 

Fig. 4.17 Sensor 3D side view 

Each of the rigid search coils consists of several number of turns wounded on a square-
body reel of dimensions 40x40 mm2 for the main body and 55x55 mm2 for the salient edges 
at each top and bottom end of the reel, while the 8 mm slot height of the reel is fully flled 
with a 0.1 mm diameter distributed copper winding of resistance 3.4 Ω/m. For capturing the 
waveform of the voltage induced on the search coil, a voltage probe was installed so as to 
clamp one of the two ending connectors of the sensor, while the other end of the sensor was 
grounded. The voltage probe was connected to the BNC input of the Picoscope to log the 
data of the induced voltage time waveforms. 

Several coils were 3D printed and wounded by different number of turns. Different 
groups of sensors were tested, consisting from 1500, 2000, 3000 and 3500 turns. The testing 
proved more effcient for the sensors of 2000 turns for laboratory motors of low power 
rating like the ones used in the experimental test-rig. The main reason is the distortion 
in stray fux waveforms, as it originates from the derivative of the induced voltage on the 
sensor, which is affected by the number of turns due to the amplifcation of high-order 
components [5, 18, 19, 274]. For larger machines, sensors with 3000 and 3500 turns proved 
more reliable as the number of turns attenuates the stray felds around the motor frame. The 
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process of winding the coils is shown in Figure 4.20, while Figure 4.21 shows the testing of 
the different sensors. Figure 4.22 shows all the tested sensors and the data acquisition unit 
(Picoscope), with the current probes used to measure the induced voltage on the search coils. 

Fig. 4.18 Flux sensor inner dimensions (coil slot and core length) 

Fig. 4.19 Flux sensor outer dimensions (coil reel) 
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Fig. 4.20 Coil winder device used to wind the 3D printed coil reels 

Fig. 4.21 Coil sensor testing in different orientations 
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Fig. 4.22 All the coil sensors used with different number of turns 





Chapter 5 

Results from FEM simulations 

This chapter presents the results from all simulated FEM models. To aid the reader, all 
cases examined with FEM are labelled for convenience in the same way for each model: 
Case #1 is always the healthy model; Case #2 regards the single bar breakage, while Case #3 
the scenario of two adjacent broken bars; Case #4 and Case #5 represent the scenarios of 
two non-adjacent broken bars, at half pitch and full pitch distance respectively. All cases are 
summarised in Table 5.1. Initially the frequency extraction method is applied on stator current 
signals, then on radial stray fux signals. The spectral components of interest examined 
with the proposed method in all models are listed in Table 5.2. The analysis of long-term 
windows versus short-term windows is shown only for the 5− th and 7− th harmonics in the 
stator current and stray fux of Model #1, to demonstrate the concept of the extracted spectral 
components analysis as time-signals; since the process is identical, for the rest of the models 
the extraction method is applied directly, with a presentation and discussion of the derived 
windowing limits per model. Each of the fve cases created to investigate and compare the 
fault detection method provides a separate model by itself and are consequently handled 
as 15 different motors. Due to the time consuming nature of the FEM simulations, the 15 
models are simulated at the full-load condition. However, in the next chapter the method is 
validated experimentally by results which regard also a lower level of load (half the rated 
load). 
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Table 5.1 
Summary of cases for every model 

Case Breakage Location 
Case #1 healthy 
Case #2 single breakage 
Case #3 2 adjacent bars 
Case #4 2 bars at half pitch 
Case #5 2 bars at full pitch 

Table 5.2 
Spectral components used in the method 

Examined Sidebands Spectral component 
(5− 4s) fs S(t, f5,1) 
(5− 6s) fs S(t, f5,2) 
(7− 6s) fs S(t, f7,1) 
(7− 8s) fs S(t, f7,2) 

5.1 Model #1 

Reliable Limit for Extraction 

The instant measurement of speed is available in every dataset from the FEM simulations, 
hence the value of slip s is easily acquired. All components at twice the slip frequency 
(≃ 2ks fs components) are calculated for each model’s case and are given with the values of 
slip in Table 5.3. Each presented value expresses the distance of an examined component 
from the central harmonic and is accounted for when deriving the lower bound of the window 
sequence length. The minimum window is derived by the parameter ξ , converging in values 
where the accrued resolutions capture such neighbouring components, without obscuring any 
information of the spectral content. The latter distances are calculated for the healthy motor 
as well, on the assumption of unawareness whether they are comprised in the examined 
signal and, if existent, they would have required a resolution at least equal to this distance. 
The FEM model for this motor is shown in Fig. 5.1. 

Table 5.3 Slip values & distances of the 2ks fs components in Hz for all cases of Model #1 

Case #1 Case #2 Case #3 Case #4 Case #5 Component 
s1 ≃ 0.0174 s2 ≃ 0.018 s3 ≃ 0.0189 s4 ≃ 0.0187 s5 ≃ 0.0207 

2s fs 1.7397 1.803 1.8853 1.8737 2.0688 
4s fs 3.4793 3.6061 3.7705 3.7473 4.1376 
6s fs 5.219 5.4091 5.6558 5.621 6.2064 
8s fs 6.9586 7.2122 7.5411 7.4946 8.2752 
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The minimum required window sequence lengths, calculated as described in Chapter 4, 
are presented in Table 5.4, with the value used for the parameter ξ derived from exhaustive 
search. Each value in the table provides a window length capable to separate and capture the 
the sideband given in the frst column. Any of these values will separate the component from 
the main harmonic and will allow to apply the frequency extraction reliably. However, the 
largest of each column is chosen to assure seperability of frequencies distanced at least 2s fs 

from each other; this way each sideband -if existent- will be localised on the spectrogram in 
a different frequency chunk, without being diffused or obscured by spectral leakage, and will 
be separated both from its neighbouring sideband and the main harmonic. 

Table 5.4 Window sequence lower bounds for Model #1 

ξ = −0.29 Case #1 Case #2 Case #3 Case #4 Case #5 
2s fs 4369 4215 4031 4056 3674 
4s fs 2184 2107 2016 2028 1837 
6s fs 1456 1405 1344 1352 1225 
8s fs 1092 1054 1008 1014 918 

Fig. 5.1 FEM model of Model #1 
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5.1.1 Stator Phase Current Analysis 

Long-Term vs Short-Term Windows Analysis 

The two-stage analysis at the two windows of different sizes is shown in Figures 5.2 -
5.6 for every case. In each of these fgures, the subfgures a & b depict the analysis under 
the long-term window, while the subfgures c & d the analysis under short-term windows. 
Starting with the frst one (Fig. 5.2), by examination of the spectrogram in both stages -either 
with improved localisation in time or in frequency- one can easily conclude on the same 
observation, thus being the non-existence of sideband frequencies. Neither the (5− 4s) fs and 
(5− 6s) fs, nor the (7− 6s) fs and (7− 8s) fs trajectories are present in the motor of Case #1. 
Apart from the absence of such components, the discussed spectrograms clearly denote that 
for a healthy machine, the spectral signatures’ trajectories are of fat morphology and without 
undergoing any modulations at all during the steady-state regime. So, using the long-term 
window (Fig. 5.2 a & b), improved localisation in frequency shows that the spectrogram is 
clear around the area of the 5th and 7th harmonic; on the other hand, improved localisation 
in time confrms the assumption of a healthy motor, since the trajectories of each central 
harmonic are smooth and straight over time with no fuctuation of the amplitude components 
(Fig. 5.2 c & bd). These spectrograms are to be used as a baseline for the rest of the cases. 

Fig. 5.2 Stages of analysis: localisation in frequency (a & b) & localisation in time (c & d) for Case #1 

Nevertheless, a machine operating under the existence of a fault is practically operating 
in time-varying conditions. The periodicity introduced on a signal representation by the 
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fault’s non-linearity during such time-varying conditions, is designated according to the 
periodicity of the fault appearance over the rotation of the rotor and the continuous induction 
of electromagnetic quantities from the stator to the rotor and vice-versa. The latter modu-
lation is occurring with the (1− 2s) fs as a modulating carrier, and superimposed with the 
even multiples 2ks fs generated by the 2s fs speed ripple component. Such periodicities are 
not always easy to track through the frequency spectra, as the assumption of quasi-state 
diminishes their effect during the calculation of the average spectral characteristics; therefore 
a time-frequency representation -where they are translated on a spectrogram as modulations-
provides more defnite indications for the fault condition on the pipeline for a diagnostic 
decision, in cases where using the classical FFT as in traditional MCSA might fail to do so 
due to loss of diagnostic information. 

In Fig. 5.3 a & b, the spectrograms under improved frequency resolution are shown for 
the single bar breakage (Case #2) for the 5− th and 7− th harmonic respectively. The bins 
created by the rolling windows are shown upon the area of interest, marking the location of 
each harmonic component observed. As sidebands are clearly detected around the areas of 
interest, improved frequency resolution confrms they should be separated at least 2s fs to 
allow examination for potential rotor faults and tracking of their frequency components. The 
components captured at the current stage are analysed at the second stage with a short-time 
window (Fig. 5.3 c & d). Although each selected window resolves the modulation suffciently 
enough to observe its characteristics, the sideband tones might not be visually discriminated 
easily. However, due to the predetermined lower bound, the frequency spread has been 
bounded to be such that for the aim of the analysis, any existing amplitude oscillations are 
also discriminated. To extract such information reliably, the windows from Table 5.4 are 
used, providing the depicted frequency bins. 

In contrast with Fig. 5.2, analysing Fig. 5.3 allows to spot the characteristics of a 
signal carrying information of rotor faults: a multicomponent FM signal with non-stationary 
characteristics is spotted by the energy transitions, which are expressed via the designated 
ripples; these ripples obey the modulation (FM law) with a period of ≃ 1/2ks fs and with 
the carrier getting strongly modulated continuously over the whole steady-state. Similar 
observations are valid for the adjacent double breakage scenario (Case #3). The spectrograms 
of Fig. 5.4 admit a multi-tone FM signal with more stationary characteristics over time which 
encloses a modulated carrier with modulated components, having dominant periods ranging 
between ≃ 1/2s fs and ≃ 1/4s fs, evident in the marked areas of both the 5− th and the 7− th 

harmonic. 
Furthermore, Fig. 5.5 and Fig. 5.6 present the spectrograms under the two analysis stages 

around the 5− th and 7− th harmonics frequency zones respectively. What is interesting 
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Fig. 5.3 Stages of analysis: localisation in frequency (a & b) & localisation in time (c & d) for Case #2 

Fig. 5.4 Stages of analysis: localisation in frequency (a & b) & localisation in time (c & d) for Case #3 
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in both fgures, is the clear presence of ripples over the whole steady-state, which are 
designated by the relative position of the broken bars during the rotor rotation with the 
stator-current winding sensing the relative position difference with the rotor mechanical 
frequency. This the reason that the fault modulated trajectories appear as multicomponent 
signals being dominantly non-stationary, whereas the single and double breakage and the 
double breakage are sensed once per rotor revolution due to their localisation in one point 
of the rotor only. This fact makes the method advantageous for the challenging cases of 
non-consecutive breakages at half and full pole pitch distance, as it tracks such modulations 
over the spectrograms before to extract the fnal subcomponents and represent them with the 
FFT. 

Fig. 5.5 Stages of analysis: localisation in frequency (a & b) & localisation in time (c & d) for Case #4 
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Fig. 5.6 Stages of analysis: localisation in frequency (a & b) & localisation in time (c & d) for Case #5 

Frequency Extraction 

After resolving the examined signals with the discussed two-stage analysis, the spectral 
content S(t, f ) is extracted. During the STFT computation with the short-term windows, three 
variables of the set of results are isolated from the algorithm: the time and frequency vectors 
and the density of the spectral energy. These are logged on a one-to-one correspondence 
with each other and they fully embed within the time-frame of the initial measured raw 
signal. Such a correspondence provides the ability to represent the spectral density S(t, fa,i) 

designated over time within a specifc frequency bin fa ± s fs, hence providing a trajectory as 
a unique time-signal representation. An example of such a representation is shown in Fig. 5.7 
& Fig. 5.8 for the upper and lower sideband components of the 5− th harmonic respectively. 

Some of the modulations equal to 2s fs and 4s fs in both fgures, that can be easily located 
visually, are labelled on the depicted waveforms. The extracted trajectory is in turn handled 
as a periodical time-signal, which expectedly has itself a transient response and a steady-
state regime. Regarding the analysis part, the discussed approach allows to handle these 
signals with the FFT, as soon as the transient has elapsed and stationarity supervenes over 
the steady-state. The discussed signals represent the amplitude information derived from the 
STFT of the frst stage and express how their fuctuations are correlated with the oscillations 
analysed on the previous spectrogram examples. The waveforms admit signals that can be 
characterised as stationary and mono-component, as fxing them over a frequency frame will 
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Fig. 5.7 Representation of the S(t, f5,1) trajectories for Cases #1, #2 & #3 

Fig. 5.8 Representation of the S(t, f5,2) trajectories for Cases #1, #2 & #3 
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represent how they evolve in time, therefore the FFT is reliable to reveal their frequency 
content over the whole duration of the steady-state. 

5-th Harmonic 

Regarding the area of the 5− th harmonic, the results provided by the frequency extraction 
method are shown in Figures 5.9 & 5.10 and the amplitudes of the extracted frequency 
components in each harmonic are given in Table 5.5. In all FFT representations of these 
trajectories, even multiples of the s fs are present, as data acquired from 2-D FEM regard 
a theoretically ideal model where the fault and its propagation will be tangible throughout 
the signals responses and transferred throughout the frequencies of stator current or stray 
fux during continuous induction. However, it has been shown in various works like the 
ones discussed in Chapter 3, and will be evident in the results of the next chapter, that in 
real life experimental measurements the 3-D nature of the stray magnetic felds, the inherent 
manufacturing imbalances, the cancellation of harmonics due to absolute symmetry and 
other similar factors will not reveal all of these harmonics. What is worth examining in all 
models at any case is the speed ripple component at 2s fs and then, as each trajectory acts as 
a carrier, the corresponding sidebands tones. A characterisation of all these amplitudes is 
given at this point discussing analysing them in the S(t, f5,1) and S(t, f5,2) trajectories, while 
a comparative table for the 2s fs components is discussed at the end of each analysis section 
for all cases in all extracted trajectories. 

Considering the values presented in Table 5.5, it can be seen from Figure 5.9 that a 
healthy motor’s extracted trajectory is of a totally different morphology than a faulty motor’s, 
meaning that no spikes arise in any speed ripple related subcomponents and the value of 
the spectrum can be considered as almost a constant line. At the point where the line is 
drawn over a frequency bin’s length, the healthy motor’s (Case #1) spectrum at the 4s fs and 
6s fs locations yields amplitudes at −75.67 dB and −78.31 dB respectively for the S(t, f5,1) 
trajectory. During the single breakage (Fig. 5.9a), the same components spike at −26.63 dB 

and −35.11 dB respectively for Case #2. Expectedly, at the double breakage (Case #3), 
the discussed amplitudes are tangibly present at the level of −22.92 dB and −30.71 dB 

respectively (Fig. 5.9b). Interestingly, the analysed frequencies spike at a close level for 
the brekage at the half-pitch scenario (Case #4), thus being at −23.76 dB and −29.28 dB 

(Fig. 5.9c). From Fig. 5.9d, Case #5 reveals the 4s fs subcomponent at −27.67 dB and the 
6s fs at −38.36 dB. These initial results provide an indication that the method helps to track 
subcomponents in the post-extracted spectra, even for the challenging case of non-adjacent 
breakages located at half-pitch and full-pitch distance. The 2s fs component presents the 



5.1 Model #1 101 

values of −70.58 dB, −44.74 dB, −36.02 dB, −40.17 dB and −34.52 dB from Case#1 -
Case #5 respectively (Table 5.7). 

Fig. 5.9 Comparative spectra of extracted trajectories in the stator phase current for the S(t, f5,1) spectral 
component: a) Case #1 vs Case #2 b) Case #1 vs Case #3 c) Case #1 vs Case #4 d) Case #1 vs Case #5 

Regarding the S(t, f5,2) trajectory, Case #1 holds an amplitude of −76.72 dB and 
−78.17 dB at the points of 4s fs and 6s fs respectively, while the same observations ap-
ply for its spectrum morphology and distribution (Fig. 5.10). These components hold the 
amplitude values of −25.91 and −34.62 respectively for the one broken bar of Case #2 (Fig. 
5.10a). The two adjacent broken bars fault of Case #3 (Fig. 5.10b) elevates the discussed 
components at −23.09 and −31.38 respectively, as expected to be due to the larger asym-
metry caused in the rotating magnetic feld by the extended broken bar area. For the half 
pitch scenario of Case #4 (Fig. 5.10c), the subcomponent at 4s fs elevates at −23.74 dB and 
the 6s fs one at −28.95 dB. Finally, from Fig. 5.10d, the examined components spike at 
−27.74 dB and −38.26 dB respectively for Case #5. Again, the latter two FEM cases are 
identifed as rotor faults, both by the lower and upper sidebands’s subcomponents at 4s fs and 
6s fs and by the presence of the fault-related speed-ripple effect subcomponent at 2s fs. The 
latter one presents from Case #1 - Case #5 the values of −70.59 dB, −44.48 dB, −34.38 dB, 
−43.23 dB, −32.93 dB respectively (Table 5.7). 
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Fig. 5.10 Comparative spectra of extracted trajectories in the stator phase current for the S(t, f5,2) spectral 
component: a) Case #1 vs Case #2 b) Case #1 vs Case #3 c) Case #1 vs Case #4 d) Case #1 vs Case #5 

Table 5.5 FFT Amplitudes (dB) of S(t, f5,i) for all cases of Model #1 (Stator Current) 

Case 5 fs − 4s fs 

4s fs 6s fs 

5 fs − 6s fs 

4s fs 6s fs 

Case #1 -75.67 -78.31 -76.62 -78.17 
Case #2 -26.23 -35.11 -25.91 -34.62 
Case #3 -22.92 -30.71 -23.09 -31.38 
Case #4 -23.76 -29.28 -23.74 -28.95 
Case #5 -27.67 -38.36 -27.74 -38.26 
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7-th Harmonic 

In the area of the 7− th harmonic, the results provided by the frequency extraction method 
are shown in Figures 5.11 & 5.12 and the investigated components’ amplitudes are given 
in Tbale 5.6. The subcomponents examined in the S(t, f7,i) carrier are the 6s fs and 8s fs, 
along with the 2s fs subcomponent. For the S(t, f7,1), the healthy motor (Case #1) performs 
values of −63.38 dB at 6s fs and −69.67 dB at 8s f ss. Comparing this as a baseline with 
Case #2, the 6s fs signature rises with a difference of 27.88 dB at −41.79 dB, while the 8s fs 

one performs an increase of 37 dB reaching at −32.67 dB. In a very similar manner with 
the 5− th harmonic, in the signatures of Case #3 the amplitudes spike at −33.47 dB and 

Fig. 5.11 Comparative spectra of extracted trajectories in the stator phase current for the S(t, f7,1) spectral 
component: a) Case #1 vs Case #2 b) Case #1 vs Case #3 c) Case #1 vs Case #4 d) Case #1 vs Case #5 

−41.89 dB for the 6s fs and 8s fs respectively, showing a corresponding increase of 29.91 dB 

and 27.87 dB with respect to the healthy motor (Fig. 5.11b). Compelling amplitude values to 
detect the fault are yielded for the challenging half-pitch breakage of Case #4, which present 
an increase of 36.36 dB with respect to healthy motor at 6s fs, while the 8s fS signature 
spikes −31.91 dB performing an increase of 37.76 dB (Fig. 5.11c). In the full-pitch located 
breakages case (Case #5) the subcomponent of the 6s fs and 8s fs are not competent enough in 
terms of increase, however still present and tangible enough to indicate a rotor fault condition; 
the frst one rises 11.65 dB at −51.73 dB, while the latter one rises 13.08 dB at −56.59 dB 
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with respect to Case #1 (Fig. 5.11d). The speed-ripple subcomponent signature at 2s fs holds 
for thus specifc trajectory the values of −64.18 dB, −23.95 dB, −35.58 dB, −31.15 dB 

and −22.51 dB for Case #1 - Case #5 respectively (Table 5.7). 

Table 5.6 FFT Amplitudes (dB) of S(t, f7,i) for all cases of Model #1 (Stator Current) 

Case 7 fs − 6s fs 

6s fs 8s fs 

7 fs − 8s fs 

6s fs 8s fs 

Case #1 -68.38 -69.67 -65.65 -69.02 
Case #2 -41.79 -32.67 -41.28 -30.65 
Case #3 -33.47 -41.89 -32.37 -41.56 
Case #4 -27.02 -31.91 -27.23 -31.58 
Case #5 -51.73 -56.59 -54.75 -56.03 

Moving on to the S(t, f7,2) extraction, the amplitude levels of Case #1 are at −65.65 dB 

and −69.02 dB for the 6s fs and 8s fs signature respectively (Fig. 5.12). For Case #2 in Fig. 
5.12a these signatures are erected at the height of −41.28 dB and −30.65 dB respectively, 
thus rising 24.37 dB and 38.37 dB compared to Case #1. Compared to Case #1, the double 
breakage at adjacency fault (Case #3) shown in Fig. 5.12b makes the signature of 6s fs rise 
33.28 dB (spike at −32.32 dB) and the 8s fs signature rise 27.53 dB (spike at −41.56 dB). In 
addition, the same subcomponents for Case #4 mark themselves at −27.23 dB and −31.58 dB 

respectively, which indicates a rise of 38.42 dB and 37.44 dB respectively, when compared 
to Case #1 (Fig. 5.12c). The last breakage scenario depicted in Fig. 5.12d (Case #5) shows 
an amplitude of −54.75 dB for the 6s fs signature (increase of 10.9 dB over healthy) and 
an amplitude of −56.03 dB for the 8s fs (increase 12.99 dB over healthy). Considering the 
latter signatures’ behaviour along with their amplitudes in the extracted S(t, f7,1) trajectory 
above for Case #5, leads to the observation that the 6s fs and 8s fs subcomponents -although 
present and duly observable- do not show a very signifcant amplitude change compared 
to the potential they show in all the other cases and harmonics. Nonetheless, the method 
tracks for Case #5 a strong modulating frequency at the 2s fs component carried in the 
S(t, f7,1) and S(t, f7,2) trajectories. This component is seen for Case #1- Case #5 in the 
latter trajectory at the amplitudes of: −66.21 dB, −23.47 dB, −35.14 dB, −31.18 dB and 
−23.01 dB respectively (Table 5.7). 
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Fig. 5.12 Comparative spectra of extracted trajectories in the stator phase current for the S(t, f7,2) spectral 
component: a) Case #1 vs Case #2 b) Case #1 vs Case #3 c) Case #1 vs Case #4 d) Case #1 vs Case #5 

Table 5.7 Model # 1: Comparative table of the FFT amplitudes (dB) for the 2s fs fault-related component in all 
examined harmonics for all cases - Extracted trajectories from the stator phase current spectral content 

Case (5− 4s) fs (5− 6s) fs (7− 6s) fs (7− 8s) fs 

Case #1 -70.58 -70.59 -64.18 -66.21 
Case #2 -44.74 -44.48 -23.95 -23.47 
Case #3 -36.02 -34.38 -35.58 -35.1 
Case #4 -40.17 -43.23 -31.15 -31.18 
Case #5 -34.52 -32.93 -22.51 -23.01 
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5.1.2 Stray Flux Analysis 

Long-Term vs Short-Term Windows Analysis 

Similarly with the stator current, the stray fux analysis starts with the discussed two-
stage STFT spectrogram analysis before extraction. To aid a reader, in the all spectrograms 
regarding faulty cases, the bins created by the rolling windows are shown upon the area 
of interest as in previous section. As it was the case in the phase current signals, the stray 
fux signals of the healthy motor (Fig. 5.13) both stages of analysis show the non-existence 
of sidebands, as well as the non-existence of ripples over the whole steady-state regime. 
The spectral energy density is again characterised for enhancing only central frequencies 
of straight and fat morphology, which is evident in all the spectrograms of Fig. 5.13 and 
confrms a healthy rotor. Once again, these spectrograms are to be used as a baseline for 
the faulty ones. More importantly though, what one can derive from them is the fact that 
assumptions of stationarity or quasi-steady-state concepts are conveniently applicable only 
when a motor is healthy. In that case, the induction motor can be approached as a non-
linear multiple input-multiple output system, which is approached linearly around points 
of operation - a concept demonstrated the past two decades and is combined with system 
modelling and application of control concepts. 

Fig. 5.13 Stages of analysis: localisation in frequency (a & b) & localisation in time (c & d) for Case #1 

What is of interest in the research community however is the global monitoring and char-
acterisation of electrical machine signals during fault conditions with a valuable perspective, 

http:beforeextraction.To
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accounting for inherent system parameters like the slip and considering the non-linear distor-
tions that are forced into the system like a fault’s periodicity or the magnetic feld distortions 
and asymmetry propagations. Such an approach for signal characterisation is attempted with 
the presented method. It is considered to have a major signifcance and contribution, as two 
aspects are covered, aiming for reliable and defnitive diagnosis of rotor electrical faults: 
initially, with the two-stage approach the global characterisation is achieved and qualitatively 
analysed before proceeding to the post-processing; secondly, using only the stabilised part of 
the monitored system (steady-state regime) extraction of the frequency carrying components 
and evaluation of their own spectral content over time allows to track signatures forced into 
the varying amplitude signals during faults by fundamental mechanisms like the speed-ripple 
effect and the continuous (1− s) fs modulation during high-speed rotation and induction. 

The single and double breakage scenarios (Case #2 and Case #3 respectively) are shown 
in Figures 5.14 and 5.15 respectively. Evidently, sidebands are detected by the long-term 
windows (Fig. 5.14a, b & Fig. 5.15a, b). In contrast with the stator current signals, the 
spectral density trajectories of the stray fux signals reveals more intense ripples in these 
cases. More specifcally, oscillations of the period 1/2s fs and 1/4s fs are easily tracked in 
Figures 5.14c, d and 5.15c, d throughout the whole steady-state. Similar multicomponent 
signal profles with tangible non-stationary characteristics are seen from the stray fux signals 
in the double breakage non-adjacent scenarios. More specifcally, non-stationary multi-tone 
FM signals with carriers in the central frequencies of each graph and modulating sideband 
tones in their vicinity are admitted by the short-term windows. The modulating frequencies 
are dominant over the amplitude fuctuations as well, with a weakness of spectral components 
in the S(t, f7,i) trajectory of Case #3 and the S(t, f5,i) trajectory of Case #5. 

The differences observed in the modulation patterns between stator current signals and 
stray fux signals relates with the differences observed also in the extracted components 
potency, as also explained in previous section. As stated in works of the latest years -and as 
also seen from the analysis here- it is sometimes essential to have diagnostic techniques like 
the stator current analysis and the stray fux analysis working complementary in a diagnostic 
process. Except for the prophylactic reasons, analysis provided on a machine through two 
measurements cross-validates the harmonic analysis for frequency tracking of fault-related 
components and subcomponents. At the same time, privileges of the one method cover 
drawbacks of the other and frequencies not detected or found at lower elevating amplitudes 
are tracked in the mutual cover of one to the other. 
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Fig. 5.14 Stages of analysis: localisation in frequency (a & b) & localisation in time (c & d) for Case #2 

Fig. 5.15 Stages of analysis: localisation in frequency (a & b) & localisation in time (c & d) for Case #3 
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Fig. 5.16 Stages of analysis: localisation in frequency (a & b) & localisation in time (c & d) for Case #4 

Fig. 5.17 Stages of analysis: localisation in frequency (a & b) & localisation in time (c & d) for Case #5 
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Frequency Extraction 

5-th Harmonic 

As done for the stator current measurements, after resolving the examined signals with 
the discussed two-stage analysis, the spectral content S(t, f ) is extracted. An example of 
stray fux extracted trajectories is shown in Fig. 5.18 & Fig. 5.19 for the upper and lower 
sideband components of the 5− th harmonic respectively. Some of the modulations equal to 
2s fs and 4s fs in both fgures, that can be easily located visually, are labelled on the depicted 
waveforms. The extracted trajectory is in turn handled as a periodical time-signal and their 
FFT’s are computed. The waveforms admit signals that can be characterised as stationary 
and mono-component, as fxing them over a frequency frame will represent how they evolve 
in time, therefore the FFT is reliable to reveal their frequency content over the whole duration 
of the steady-state. The discussed signals represent the amplitude information changes and 
the information is extracted from the STFT ridges. 

Fig. 5.18 Representation of the S(t, f5,1) trajectories for Cases #1, #2 & #3 

Regarding the area of the 5−th harmonic, the results provided by the frequency extraction 
are shown in Figures 5.20 & 5.21 and the amplitudes of the extracted frequency components 
in each harmonic are given in Table 5.8. In all FFT representations of these trajectories, 
even multiples of the s fs are present. The same explanation as in the stator current applies, 
as data acquired from 2-D FEM regard a theoretically ideal model where the fault and its 
propagation will be tangible throughout the signals responses and transferred throughout the 
frequencies of stator current or stray fux during continuous induction. 
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Fig. 5.19 Representation of the S(t, f5,2) trajectories for Cases #1, #2 & #3 

Considering the values presented in Table 5.8, it can be seen from Figure 5.20 that the 
same conclusion can be drawn about a healthy motor’s extracted trajectory, thus being of a 
unique its own morphology than a faulty motor’s, meaning that no spikes arise in any speed 
ripple related subcomponents and the value of the spectrum can be considered as almost a 
constant line. Localised within a frequency bin’s length, Case #1 has a spectrum value at the 
4s fs and 6s fs locations spiking at −73.97 dB and −79.21 dB respectively for the S(t, f5,1) 
trajectory. During the single breakage (Fig. 5.20a), the same components spike at −38.07 dB 

and −36.26 dB respectively for Case #2. For Case #3 the discussed amplitudes are at the 
level of −38.49 dB and −31.87 dB respectively (Fig. 5.20b). For the two breakages at the 
half-pitch scenario (Case #4) the same components elevate at −31.79 dB and −31.95 dB 

(Fig. 5.20c). From Fig. 5.20d, Case #5 reveals the 4s fs subcomponent at −28.19 dB and 
the 6s fs at −27.18 dB. The results provide validation of the method by FEM proving it as a 
reliable solution for the detection of non-adjacent broken bars. The 2s fs component presents 
the values of −67.63 dB, −34.37 dB, −25.95 dB, −31.27 dB and −17.17 dB from Case#1 
- Case #5 respectively (Table 5.10). 

Regarding the S(t, f5,2) trajectory, Case #1 holds an amplitude of −74.7 dB and −72.12 dB 

at the points of 4s fs and 6s fs respectively, while the same observations apply for its spectrum 
morphology and distribution (Fig. 5.21). These components hold the amplitude values of 
−37.1 and −32.88 respectively for the one broken bar of Case #2 (Fig. 5.21a). The two 
adjacent broken bars fault of Case #3 (Fig. 5.21b) elevates the discussed components at 
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Fig. 5.20 Comparative spectra of extracted trajectories in the stray fux for the S(t, f5,1) spectral component: a) 
Case #1 vs Case #2 b) Case #1 vs Case #3 c) Case #1 vs Case #4 d) Case #1 vs Case #5 

−36.07 and −31.38 respectively, as expected to be due to the larger local asymmetry induced 
from the breakage part. For the half pitch scenario of Case #4 (Fig. 5.21c), the subcomponent 
at 4s fs elevates at −31.11 dB and the 6s fs one at −29.94 dB. Finally, from Fig. 5.21d, 
the examined components spike at −26.67 dB and −25.62 dB respectively for Case #5. 
Again, the latter two FEM cases are reliably diagnosed as rotor faults, both by the lower and 
upper sidebands’s subcomponents at 4s fs and 6s fs and by the presence of the fault-related 
speed-ripple effect subcomponent at 2s fs. The latter one presents from Case #1 - Case #5 
the values of −67.9 dB, −33.79 dB, −26.76 dB, −31.99 dB, −19.4 dB respectively (Table 
5.10). 

Table 5.8 FFT Amplitudes (dB) of S(t, f5,i) for all cases of Model #1 (Stray Flux) 

Case 5 fs − 4s fs 

4s fs 6s fs 

5 fs − 6s fs 

4s fs 6s fs 

Case #1 -73.97 -79.21 -74.7 -72.12 
Case #2 -38.07 -36.26 -37.1 -32.88 
Case #3 -38.49 -31.87 -36.07 -31.38 
Case #4 -31.79 -31.95 -31.11 -29.94 
Case #5 -28.19 -27.18 -26.67 -25.62 
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Fig. 5.21 Comparative spectra of extracted trajectories in the stray fux for the S(t, f5,2) spectral component: a) 
Case #1 vs Case #2 b) Case #1 vs Case #3 c) Case #1 vs Case #4 d) Case #1 vs Case #5 

7-th Harmonic 

In the area of the 7− th harmonic, the results provided by the frequency extraction method 
are shown in Figures 5.22 & 5.23 and the investigated components’ amplitudes are given 
in Tbale 5.9. The subcomponents examined in the S(t, f7,i) carrier are the 6s fs and 8s fs, 
along with the 2s fs subcomponent. For the S(t, f7,1), the healthy motor (Case #1) performs 
values of −81.37 dB at 6s fs and −80.77 dB at 8s f ss. Comparing this as a baseline with Case 
#2, the 6s fs signature rises with a difference of 45.68 dB at −35.69 dB, while the 8s fs one 
performs an increase of 49.43 dB reaching at −31.38 dB (5.22a). In a very similar manner 
with the 5− th harmonic, in the signatures of Case #3 the amplitudes spike at −34.23 dB and 
−29.31 dB for the 6s fs and 8s fs respectively, showing a corresponding increase of 47.14 dB 

and 51.46 dB with respect to the healthy motor (Fig. 5.22b). Compelling amplitude values 
to detect the fault are yielded for the challenging half-pitch breakage of Case #4, which 
present an increase of 49.87 dB with respect to healthy motor at 6s fs (−31.5 dB), while 
the 8s fS signature spikes −46.45 dB performing an increase of 34.32 dB (Fig. 5.22c). In 
the full-pitch located breakages case (Case #5) the subcomponent of the 6s fs and 8s fs are 
quite competent compared to the same harmonic examined in the stator current; the frst one 
(6s fs) rises 57.7 dB at −23.67 dB, while the latter one rises 54.45 dB at −26.32 dB with 
respect to Case #1 (Fig. 5.22d). The speed-ripple subcomponent signature at 2s fs holds for 
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Fig. 5.22 Comparative spectra of extracted trajectories in the stray fux for the S(t, f7,1) spectral component: a) 
Case #1 vs Case #2 b) Case #1 vs Case #3 c) Case #1 vs Case #4 d) Case #1 vs Case #5 

thus specifc trajectory the values of −82.53 dB, −29.34 dB, −22.24 dB, −25.89 dB and 
−21.91 dB for Case #1 - Case #5 respectively (Table 5.10). 

Moving on to the S(t, f7,2) extraction, the amplitude levels of Case #1 are at −81.79 dB 

and −83.34 dB for the 6s fs and 8s fs signature respectively (Fig. 5.23). For Case #2 in Fig. 
5.23a these signatures are erected at the height of −33.24 dB and −37.25 dB respectively, 
thus rising 48.55 dB and 46.09 dB compared to Case #1. Compared to Case #1, the double 
breakage at adjacency fault (Case #3) shown in Fig. 5.23b makes the signature of 6s fs rise 
49.93 dB (spike at −31.86 dB) and the 8s fs signature rise 53.71 dB (spike at −29.63 dB). In 
addition, the same subcomponents for Case #4 mark themselves at −28.41 dB and −35.34 dB 

respectively, which indicates a rise of 53.38 dB and 48 dB respectively, when compared to 
Case #1 (Fig. 5.23c). The last breakage scenario depicted in Fig. 5.23d (Case #5) shows an 
amplitude of −24.11 dB for the 6s fs signature (increase of 57.68 dB over healthy) and an 
amplitude of −27.24 dB for the 8s fs (increase 56.1 dB over healthy). Considering the latter 
signatures’ behaviour along with their amplitudes in the extracted S(t, f7,1) trajectory above 
for Case #5, leads to the observation that the 6s fs and 8s fs subcomponents perform a much 
greater diagnostic potential than the corresponding harmonics in the stator current, something 
that marks again the conclusion that stray fux and stator current measurement should be 
working complementary. The tracking of the 2s fs frequencies for Case #5 reveals a strong 
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Fig. 5.23 Comparative spectra of extracted trajectories in the stray fux for the S(t, f7,2) spectral component: a) 
Case #1 vs Case #2 b) Case #1 vs Case #3 c) Case #1 vs Case #4 d) Case #1 vs Case #5 

modulating frequency at the 2s fs component carried in the S(t, f7,1) and S(t, f7,2) trajectories. 
This component is seen for Case #1- Case #5 in the latter trajectory at the amplitudes of: 
−66.21 dB, −23.47 dB, −35.14 dB, −31.18 dB and −23.01 dB respectively (Table 5.10). 

Table 5.9 FFT Amplitudes (dB) of S(t, f7,i) for all cases of Model #1 (Stray Flux) 

Case 7 fs − 6s fs 

6s fs 8s fs 

7 fs − 8s fs 

6s fs 8s fs 

Case #1 -81.37 -80.77 -81.79 -83.34 
Case #2 -35.69 -31.38 -33.24 -37.25 
Case #3 -34.23 -29.31 -31.86 -29.63 
Case #4 -31.5 -46.45 -28.41 -35.34 
Case #5 -23.67 -26.32 -24.11 -27.24 
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Table 5.10 Model # 1: Comparative table of the FFT amplitudes (dB) for the 2s fs fault-related component in all 
examined harmonics for all cases - Extracted trajectories from the radial stray fux spectral content 

Case (5− 4s) fs (5− 6s) fs (7− 6s) fs (7− 8s) fs 

Case #1 -67.63 -67.9 -82.53 -82.82 
Case #2 -34.47 -33.79 -29.43 -32.34 
Case #3 -25.95 -26.76 -22.24 -22.33 
Case #4 -31.27 -31.99 -25.89 -25.85 
Case #5 -17.17 -19.4 -21.91 -22.4 

5.2 Model #2 

Reliable Limit for Extraction 

All components at twice the slip frequency (≃ 2ks fs components) are calculated for each 
model’s case and are given with the values of slip in Table 5.11. As it was for Model #1 
(Table 5.3), the presented value expresses the distance of an examined component from 
the central harmonic and is accounted for when deriving the lower bound of the window 
sequence length. The FEM model for this motor is shown in Fig. 5.24. 

Fig. 5.24 FEM model of Model #2 
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Table 5.11 Slip values & distances of the 2ks fs components in Hz for all cases of Model #2 

Case #1 Case #2 Case #3 Case #4 Case #5 Component 
s1 ≃ 0.0195 s2 ≃ 0.0204 s3 ≃ 0.0215 s4 ≃ 0.0213 s5 ≃ 0.0212 

2s fs 1.952 2.039 2.15 2.132 2.125 
4s fs 3.904 4.079 4.301 4.265 4.249 
6s fs 5.856 6.118 6.451 6.397 6.374 
8s fs 7.809 8.157 8.602 8.529 8.499 

The minimum required window sequence lengths, calculated as described in Chapter4, 
are presented in Table 5.12 with the value used for the parameter ξ derived from exhaustive 
search. Each value in the table provides a window length capable to separate and capture the 
the sideband given in the frst column. As done for Model #1, the largest of each column 
is chosen to assure seperability of frequencies distanced at least 2s fs from each other and 
localisation in the next frequency chunk. 

Table 5.12 Window sequence lower bounds for Model #2 

ξ = −0.14 Case #1 Case #2 Case #3 Case #4 Case #5 
2s fs 4716 4515 4281 4317 4333 
4s fs 2358 2257 2141 2159 2166 
6s fs 1572 1504 1427 1439 1444 
8s fs 1179 1129 1071 1079 1083 

5.2.1 Stator Phase Current Analysis 

Frequency Extraction 

5-th Harmonic 

Regarding the area of the 5− th harmonic, the results provided by the frequency extraction 
are shown in Figures 5.25 & 5.26 and the amplitudes of the extracted frequency components 
in each harmonic are given in Table 5.13. In all FFT representations of these trajectories, 
even multiples of the s fs are present. Considering the values presented in Table 5.13, it can 
be seen from Figure 5.25 that the same conclusion can be drawn about a healthy motor’s 
extracted trajectory, thus being of a unique its own morphology than a faulty motor’s, with 
no spikes arising in any speed ripple related subcomponents and the value of the spectrum 
can be considered as almost a constant line. Localised within a frequency bin’s length, Case 
#1 has a spectrum value at the 4s fs and 6s fs locations spiking at −76.19 dB and −70.23 dB 

respectively for the S(t, f5,1) trajectory. During the single breakage (Fig. 5.25a), the same 
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components spike at −25.09 dB and −34.83 dB respectively for Case #2. For Case #3 
the discussed amplitudes are at the level of −21.39 dB and −31.56 dB respectively (Fig. 
5.25b). For the two breakages at the half-pitch scenario (Case #4) the same components 
elevate at −21.17 dB and −32.49 dB (Fig. 5.25c). From Fig. 5.25d, Case #5 reveals the 
4s fs subcomponent at −30.08 dB and the 6s fs at −30.51 dB. The results provide validation 
of the method by FEM proving it as a reliable solution for the detection of non-adjacent 
broken bars. The 2s fs component presents the values of −67.39 dB, −52.07 dB, −33.56 dB, 
−33.35 dB and −47.67 dB from Case#1 - Case #5 respectively (Table 5.15). 

Fig. 5.25 Comparative spectra of extracted trajectories in the stator phase current for the S(t, f5,1) spectral 
component: a) Case #1 vs Case #2 b) Case #1 vs Case #3 c) Case #1 vs Case #4 d) Case #1 vs Case #5 

Regarding the S(t, f5,2) trajectory, Case #1 holds an amplitude of −75.63 dB and 
−70.1 dB at the points of 4s fs and 6s fs respectively, while the same observations apply for 
its spectrum morphology and distribution (Fig. 5.26). These components hold the amplitude 
values of −24.841 and −34.49 respectively for the one broken bar of Case #2 (Fig. 5.26a). 
The two adjacent broken bars fault of Case #3 (Fig. 5.26b) elevates the discussed components 
at −21.39 and −31.74 respectively, as expected to be due to the larger local asymmetry 
induced from the breakage part. For the half pitch scenario of Case #4 (Fig. 5.26c), the 
subcomponent at 4s fs elevates at −21.52 dB and the 6s fs one at −32.63 dB. Finally, from 
Fig. 5.26d, the examined components spike at −29.84 dB and −30.16 dB respectively for 
Case #5. Again, the latter two FEM cases are reliably diagnosed as rotor faults, both by 



5.2 Model #2 119 

Fig. 5.26 Comparative spectra of extracted trajectories in the stator phase current for the S(t, f5,2) spectral 
component: a) Case #1 vs Case #2 b) Case #1 vs Case #3 c) Case #1 vs Case #4 d) Case #1 vs Case #5 

the lower and upper sidebands’s subcomponents at 4s fs and 6s fs and by the presence of the 
fault-related speed-ripple effect subcomponent at 2s fs. The latter one presents from Case 
#1 - Case #5 the values of −66.54 dB, −51.36 dB, −32.23 dB, −33.39 dB, −47.61 dB 

respectively. It is observed that the 2s fs subcomponent is not tangibly present in the single 
breakage case (Case #2) and the full-pitch breakage case (Case #5) (Table 5.15). 

Table 5.13 FFT Amplitudes (dB) of S(t, f5,i) for all cases of Model #2 (Stator Current) 

Case 5 fs − 4s fs 

4s fs 6s fs 

5 fs − 6s fs 

4s fs 6s fs 

Case #1 -76.19 -70.23 -75.63 -70.1 
Case #2 -25.09 -34.83 -24.84 -34.49 
Case #3 -21.39 -31.56 -21.39 -31.74 
Case #4 -21.17 -32.49 -21.52 -32.63 
Case #5 -30.08 -30.51 -29.84 -30.16 

7-th Harmonic 

In the area of the 7− th harmonic, the results provided by the frequency extraction method 
are shown in Figures 5.27 & 5.28 and the investigated components’ amplitudes are given 
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in Tbale 5.14. The subcomponents examined in the S(t, f7,i) carrier are the 6s fs and 8s fs, 
along with the 2s fs subcomponent. For the S(t, f7,1), the healthy motor (Case #1) performs 
values of −59.83 dB at 6s fs and −53.03 dB at 8s f ss. Comparing this as a baseline with Case 
#2, the 6s fs signature rises with a difference of 28.47 dB at −31.36 dB, while the 8s fs one 
performs an increase of 9.54 dB reaching at −43.49 dB (5.27a). In a very similar manner 
with the 5− th harmonic, in the signatures of Case #3 the amplitudes spike at −29.33 dB and 
−45.93 dB for the 6s fs and 8s fs respectively, showing a corresponding increase of 30.55 dB 

and 7.1 dB with respect to the healthy motor (Fig. 5.27b). Compelling amplitude values 
to detect the fault are yielded for the challenging half-pitch breakage of Case #4, which 
present an increase of 23.41 dB with respect to healthy motor at 6s fs (−36.42 dB), while 
the 8s fS signature spikes −40.17 dB performing an increase of 12.86 dB (Fig. 5.27c). In 
the full-pitch located breakages case (Case #5) the subcomponent of the 6s fs and 8s fs rise 
12.07 dB at −47.76 dB and 9.95 dB at −43.08 dB respectively compared to Case #1 (Fig. 
5.27d). The speed-ripple subcomponent signature at 2s fs holds for thus specifc trajectory 
the values of −64.59 dB, −22.29 dB, −27.12 dB, −36.96 dB and −26.57 dB for Case #1 -
Case #5 respectively (Table 5.15). 

Table 5.14 FFT Amplitudes (dB) of S(t, f7,i) for all cases of Model #2 (Stator Current) 

Case 7 fs − 6s fs 

6s fs 8s fs 

7 fs − 8s fs 

6s fs 8s fs 

Case #1 -59.83 -53.03 -63.01 -56.72 
Case #2 -31.36 -43.49 -31.01 -43.01 
Case #3 -29.33 -45.93 -28.68 -47.88 
Case #4 -36.42 -40.17 -36.22 -39.95 
Case #5 -47.76 -43.08 -48.49 -44.1 

Moving on to the S(t, f7,2) extraction, the amplitude levels of Case #1 are at −63.01 dB 

and −56.72 dB for the 6s fs and 8s fs signature respectively (Fig. 5.28). For Case #2 in Fig. 
5.28a these signatures are erected at the height of −31.01 dB and −43.01 dB respectively, 
thus rising 32 dB and 13.71 dB compared to Case #1. Compared to Case #1, the double 
breakage at adjacency fault (Case #3) shown in Fig. 5.28b makes the signature of 6s fs rise 
34.33 dB (spike at −28.68 dB) and the 8s fs signature rise 8.84 dB (spike at −47.88 dB). In 
addition, the same subcomponents for Case #4 mark themselves at −36.22 dB and −39.95 dB 

respectively, which indicates a rise of 26.79 dB and 16.77 dB respectively, when compared 
to Case #1 (Fig. 5.28c). The last breakage scenario depicted in Fig. 5.28d (Case #5) shows 
an amplitude of −48.49 dB for the 6s fs signature (increase of 14.52 dB over healthy) and 
an amplitude of −44.1 dB for the 8s fs (increase 12.62 dB over healthy). Considering the 
latter signatures’ behaviour along with their amplitudes in the extracted S(t, f7,1) trajectory 
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Fig. 5.27 Comparative spectra of extracted trajectories in the stator phase current for the S(t, f7,1) spectral 
component: a) Case #1 vs Case #2 b) Case #1 vs Case #3 c) Case #1 vs Case #4 d) Case #1 vs Case #5 

above for Case #5, leads to the observation that the 6s fs and 8s fs subcomponents -as it was 
with stator current measurement of Model #1- do not perform very well in the full-pitch 
breakage regarding increases, however still present and tangible enough to indicate a rotor 
fault condition; the same is observable for the 8s fs extracted subcomponent in the single 
breakage and two adjacent broken bar cases (Case #2 & Case #3). The tracking of the 2s fs 

frequencies for Case #5 reveals a strong modulating frequency at the 2s fs component carried 
in the S(t, f7,1) and S(t, f7,2) trajectories. This component is seen for Case #1- Case #5 in the 
latter trajectory at the amplitudes of: −68.36 dB, −22.19 dB, −27.31 dB, −37.94 dB and 
−26.88 dB respectively (Table 5.15). 
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Fig. 5.28 Comparative spectra of extracted trajectories in the stator phase current for the S(t, f7,2) spectral 
component: a) Case #1 vs Case #2 b) Case #1 vs Case #3 c) Case #1 vs Case #4 d) Case #1 vs Case #5 

Table 5.15 Model # 2: Comparative table of the FFT amplitudes (dB) for the 2s fs fault-related component in all 
examined harmonics for all cases - Extracted trajectories from the stator phase current spectral content 

Case (5− 4s) fs (5− 6s) fs (7− 6s) fs (7− 8s) fs 

Case #1 -67.39 -66.54 -64.59 -68.36 
Case #2 -52.07 -51.36 -22.29 -22.19 
Case #3 -33.56 -35.23 -27.12 -27.31 
Case #4 -33.35 -33.39 -36.96 -37.94 
Case #5 -47.67 -47.61 -26.57 -26.88 

5.2.2 Stray Flux Analysis 

Frequency Extraction 

5-th Harmonic 

Regarding the area of the 5− th harmonic, the results provided by the frequency extraction 
method are shown in Figures 5.29 & 5.30 and the amplitudes of the extracted frequency 
components in each harmonic are given in Table 5.16. The even multiples of the s fs are 
present and tangible throughout the signals responses and being transferred throughout the 
frequencies of stator current or stray fux during continuous induction. Considering the 
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values presented in Table 5.16, it can be seen from Figure 5.29 that the extracted trajectory 
for Case #1 is as in all models so far free of fault related subcomponents in the FFT spectra. 
The healthy motor’s (Case #1) spectrum at the 4s fs and 6s fs locations yields amplitudes 
at −91.23 dB and −80.53 dB respectively for the S(t, f5,1) trajectory. During the single 
breakage (Fig. 5.29a), the same components spike at −45.47 dB and −38.55 dB respectively 
for Case #2. At the double breakage (Case #3), the discussed amplitudes are tangibly present 
at the level of −37.82 dB and −31.74 dB respectively (Fig. 5.29b). Interestingly, the 
analysed frequencies spike at a close level for the brekage at the half-pitch scenario (Case #4), 
thus being at −36.58 dB and −30.09 dB (Fig. 5.29c). From Fig. 5.29d, Case #5 reveals the 
4s fs subcomponent at −37.82 dB and the 6s fs at −29.44 dB. The 2s fs component presents 

Fig. 5.29 Comparative spectra of extracted trajectories in the stray fux for the S(t, f5,1) spectral component: a) 
Case #1 vs Case #2 b) Case #1 vs Case #3 c) Case #1 vs Case #4 d) Case #1 vs Case #5 

the values of −75.92 dB, −29.19 dB, −20.63 dB, −28.34 dB and −27.95 dB from Case#1 
- Case #5 respectively (Table 5.18). 

Regarding the S(t, f5,2) trajectory, Case #1 holds an amplitude of −91.22 dB and 
−76.11 dB at the points of 4s fs and 6s fs respectively, while the same observations ap-
ply for its spectrum morphology and distribution (Fig. 5.30). These components hold the 
amplitude values of −41.97 and −37.75 respectively for the one broken bar of Case #2 (Fig. 
5.30a). The two adjacent broken bars fault of Case #3 (Fig. 5.30b) elevates the discussed 
components at −37.57 and 28.93 respectively, as expected to be due to the larger asymmetry 
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Fig. 5.30 Comparative spectra of extracted trajectories in the stray fux for the S(t, f5,2) spectral component: a) 
Case #1 vs Case #2 b) Case #1 vs Case #3 c) Case #1 vs Case #4 d) Case #1 vs Case #5 

caused in the rotating magnetic feld by the extended broken bar area. For the half pitch 
scenario of Case #4 (Fig. 5.30c), the subcomponent at 4s fs elevates at −35.86 dB and 
the 6s fs one at −27.48 dB. Finally, from Fig. 5.30d, the examined components spike at 
−47.53 dB and −29.48 dB respectively for Case #5. Again, the latter two FEM cases are 
identifed as rotor faults, both by the lower and upper sidebands’s subcomponents at 4s fs and 
6s fs and by the presence of the fault-related speed-ripple effect subcomponent at 2s fs. The 
latter one presents from Case #1 - Case #5 the values of −75.92 dB, −29.19 dB, −20.63 dB, 
−28.34 dB, −27.95 dB respectively (Table 5.18). 

Table 5.16 FFT Amplitudes (dB) of S(t, f5,i) for all cases of Model #2 (Stray Flux) 

Case 5 fs − 4s fs 

4s fs 6s fs 

5 fs − 6s fs 

4s fs 6s fs 

Case #1 -91.23 -80.53 -91.22 -76.11 
Case #2 -45.47 -38.55 -41.97 -37.75 
Case #3 -37.82 -31.74 -37.57 -28.93 
Case #4 -36.58 -30.09 -35.86 -27.48 
Case #5 -47.82 -29.44 -47.53 -29.48 
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7-th Harmonic 

In the area of the 7− th harmonic, the results provided by the frequency extraction method 
are shown in Figures 5.31 & 5.32 and the investigated components’ amplitudes are given in 
Tbale 5.17. The subcomponents examined in the S(t, f7,i) carrier are the 6s fs and 8s fs, along 
with the 2s fs subcomponent. For the S(t, f7,1), the healthy motor (Case #1) performs values 
of −70.4 dB at 6s fs and −65.39 dB at 8s f ss. Comparing this as a baseline with Case #2, the 
6s fs signature rises with a difference of 42.65 dB at −27.75 dB, while the 8s fs one performs 
an increase of 32.56 dB reaching at −32.83 dB. In a very similar manner with the 5− th 

harmonic, in the signatures of Case #3 the amplitudes spike at −31.54 dB and −34.33 dB for 
the 6s fs and 8s fs respectively, showing a corresponding increase of 38.86 dB and 31.06 dB 

with respect to the healthy motor (Fig. 5.31b). Compelling amplitude values to detect the 
fault are yielded for the challenging half-pitch breakage of Case #4, which present an increase 
of 46.34 dB with respect to healthy motor at 6s fs (−24.06 dB), while the 8s fS signature 
spikes −28.04 dB performing an increase of 37.35 dB (Fig. 5.31c). In the full-pitch located 
breakages case (Case #5) the subcomponent of the 6s fs and 8s fs are competent in terms of 
increase,the frst one rising 47.72 dB at −22.68 dB, while the latter one rises 35.33 dB at 
−30.06 dB with respect to Case #1 (Fig. 5.31d). The speed-ripple subcomponent signature 
at 2s fs holds for the specifc trajectory the values of −70.19 dB, −30.34 dB, −22.97 dB, 
−28.02 dB and −31.32 dB for Case #1 - Case #5 respectively (Table 5.18). 

Moving on to the S(t, f7,2) extraction, the amplitude levels of Case #1 are at −76.88 dB 

and −65.15 dB for the 6s fs and 8s fs signature respectively (Fig. 5.32). For Case #2 in Fig. 
5.32a these signatures are erected at the height of −26.7 dB and −31.58 dB respectively, 
thus rising 50.18 dB and 33.35 dB compared to Case #1. Compared to Case #1, the double 
breakage at adjacency fault (Case #3) shown in Fig. 5.32b makes the signature of 6s fs rise 
47.42 dB (spike at −29.46 dB) and the 8s fs signature rise 31.87 dB (spike at −33.28 dB). In 
addition, the same subcomponents for Case #4 mark themselves at −24.41 dB and −28.59 dB 

respectively, which indicates a rise of 52.47 dB and 36.56 dB respectively, when compared 
to Case #1 (Fig. 5.32c). The last breakage scenario depicted in Fig. 5.32d (Case #5) shows 
an amplitude of −22.0 dB for the 6s fs signature (increase of 54.85 dB over healthy) and an 
amplitude of −28.26 dB for the 8s fs (increase 36.89 dB over healthy). Again the stray fux 
analysis with the proposed method makes the fault related subcomponents duly observable 
and proves the stray fux analysis valuable in cases like the nbroken bar non-adjacency. 
This component is seen for Case #1- Case #5 in the latter trajectory at the amplitudes of: 
−75.22 dB, −29.14 dB, −20.68 dB, −28.41 dB and −27.92 dB respectively (Table 5.18). 
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Fig. 5.31 Comparative spectra of extracted trajectories in the stray fux for the S(t, f7,1) spectral component: a) 
Case #1 vs Case #2 b) Case #1 vs Case #3 c) Case #1 vs Case #4 d) Case #1 vs Case #5 

Table 5.17 FFT Amplitudes (dB) of S(t, f7,i) for all cases of Model #2 (Stray Flux) 

Case 7 fs − 6s fs 

6s fs 8s fs 

7 fs − 8s fs 

6s fs 8s fs 

Case #1 -70.4 -65.39 -76.88 -65.15 
Case #2 -27.75 -32.83 -26.7 -31.58 
Case #3 -31.54 -34.33 -29.46 -33.28 
Case #4 -24.06 -28.04 -24.41 -28.59 
Case #5 -22.68 -30.06 -22.03 -28.26 
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Fig. 5.32 Comparative spectra of extracted trajectories in the stray fux for the S(t, f7,2) spectral component: a) 
Case #1 vs Case #2 b) Case #1 vs Case #3 c) Case #1 vs Case #4 d) Case #1 vs Case #5 

Table 5.18 Model # 2: Comparative table of the FFT amplitudes (dB) for the 2s fs fault-related component in all 
examined harmonics for all cases - Extracted trajectories from the radial stray fux spectral content 

Case (5− 4s) fs (5− 6s) fs (7− 6s) fs (7− 8s) fs 

Case #1 -75.92 -75.22 -70.19 -69.62 
Case #2 -29.19 -29.14 -30.34 -33.37 
Case #3 -20.63 -20.68 -22.97 -23.19 
Case #4 -28.34 -28.41 -28.02 -26.11 
Case #5 -27.95 -27.92 -31.32 -30.37 
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5.3 Model #3 

Reliable Limit for Extraction 

All components at twice the slip frequency (≃ 2ks fs components) are calculated for each 
model’s case and are given with the values of slip in Table 5.19. As it was for Models #1 & 
#2 (Table 5.3 & 5.11), the presented value expresses the distance of an examined component 
from the central harmonic and is accounted for when deriving the lower bound of the window 
sequence length. The FEM model for this motor is shown in Fig. 5.33. 

Fig. 5.33 FEM model of Model #3 

Table 5.19 Slip values & distances of the 2ks fs components in Hz for all cases of Model # 3 

Case #1 Case #2 Case #3 Case #4 Case #5 Component 
s1 ≃ 0.009 s2 ≃ 0.0091 s3 ≃ 0.0.0095 s4 ≃ 0.0.0095 s5 ≃ 0.0094 

2s fs 0.902 0.91 0.953 0.948 0.936 
4s fs 1.804 1.82 1.906 1.896 1.872 
6s fs 2.706 2.73 2.859 2.844 2.807 
8s fs 3.608 3.64 3.813 3.792 3.743 



5.3 Model #3 129 

The minimum required window sequence lengths, calculated as described in Chapter4, 
are presented in Table 5.12 with the value used for the parameter ξ derived from exhaustive 
search. Each value in the table provides a window length capable to separate and capture 
the the sideband given in the frst column. As done for Models #1 & #2, the largest of each 
column is chosen to assure seperability of frequencies distanced at least 2s fs from each other 
and localisation in the next frequency chunk. 

Table 5.20 Window sequence lower bounds for Model # 3 

ξ = −0.54 Case #1 Case #2 Case #3 Case #4 Case #5 
2s fs 5459 5411 5166 5194 5261 
4s fs 2729 2705 2583 2597 2630 
6s fs 1819 1803 1722 1731 1753 
8s fs 1364 1352 1291 1298 1315 

5.3.1 Stator Phase Current Analysis 

Frequency Extraction 

5-th Harmonic 

With regards to the area of the 5− th harmonic, the results provided by the frequency 
extraction are shown in Figures 5.34 & 5.35 and the amplitudes of the extracted frequency 
components in each harmonic are given in Table 5.21. In all FFT representations of the 
trajectories, even multiples of the s fs are present. Considering the values presented in Table 
5.21, it can be seen from Figure 5.34 that the same conclusion can be drawn about a healthy 
motor’s extracted trajectory, thus being of a unique its own morphology than a faulty motor’s, 
meaning that no spikes arise in any speed ripple related subcomponents and the value of the 
spectrum can be considered as almost a constant line. Localised within a frequency bin’s 
length, Case #1 has a spectrum value at the 4s fs and 6s fs locations spiking at −74.91 dB and 
−80.83 dB respectively for the S(t, f5,1) trajectory. During the single breakage (Fig. 5.34a), 
the same components spike at −35.23 dB and −54.39 dB respectively for Case #2. For Case 
#3 the discussed amplitudes are at the level of −45.64 dB and −61.55 dB respectively (Fig. 
5.34b). For the two breakages at the half-pitch scenario (Case #4) the same components 
elevate at −42.8 dB and −54.79 dB (Fig. 5.34c). From Fig. 5.34d, Case #5 reveals the 
4s fs subcomponent at −40.22 dB and the 6s fs at −57.98 dB. The results provide validation 
of the method by FEM proving it as a reliable solution for the detection of non-adjacent 
broken bars. The 2s fs component presents the values of −69.24 dB, −34.16 dB, −43.77 dB, 
−34.01 dB and −47.8 dB from Case#1 - Case #5 respectively (Table 5.23). 
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Table 5.21 FFT Amplitudes (dB) of S(t, f5,i) for all cases of Model #3 (Stator Current) 

Case 5 fs − 4s fs 

4s fs 6s fs 

5 fs − 6s fs 

4s fs 6s fs 

Case #1 -74.91 -80.83 -75.65 -82.32 
Case #2 -35.23 -54.39 -35.31 -53.98 
Case #3 -45.64 -61.55 -43.48 -62.74 
Case #4 -42.8 -54.79 -43.01 -54.53 
Case #5 -40.22 -57.98 -39.92 -54.66 

Fig. 5.34 Comparative spectra of extracted trajectories in the stator phase current for the S(t, f5,1) spectral 
component: a) Case #1 vs Case #2 b) Case #1 vs Case #3 c) Case #1 vs Case #4 d) Case #1 vs Case #5 
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Fig. 5.35 Comparative spectra of extracted trajectories in the stator phase current for the S(t, f5,2) spectral 
component: a) Case #1 vs Case #2 b) Case #1 vs Case #3 c) Case #1 vs Case #4 d) Case #1 vs Case #5 

Referring to the S(t, f5,2) trajectory, Case #1 holds an amplitude of −75.65 dB and 
−82.32 dB at the points of 4s fs and 6s fs respectively, while the same observations apply for 
its spectrum morphology and distribution (Fig. 5.35). These components hold the amplitude 
values of −35.31 and −53.98 respectively for the one broken bar of Case #2 (Fig. 5.35a). 
The two adjacent broken bars fault of Case #3 (Fig. 5.35b) elevates the discussed components 
at −43.48 and −62.74 respectively, as expected to be due to the larger local asymmetry 
induced from the breakage part. For the half pitch scenario of Case #4 (Fig. 5.35c), the 
subcomponent at 4s fs elevates at −43.01 dB and the 6s fs one at −54.53 dB. Finally, from 
Fig. 5.35d, the examined components spike at −39.92 dB and −54.66 dB respectively for 
Case #5. Again, the latter two FEM cases are reliably diagnosed as rotor faults, both by 
the lower and upper sidebands’s subcomponents at 4s fs and 6s fs and by the presence of the 
fault-related speed-ripple effect subcomponent at 2s fs. The latter one presents from Case #1 -
Case #5 the values of −69.31 dB, −34 dB, −42.98 dB, −33.91 dB, −47.39 dB respectively 
(Table 5.23). The application of the method in the large induction motor (1.1 MW ) provides 
satisfactory results for the 5− th harmonic area. Such a case provides a more challenging 
problem: frstly, the problem of broken bars non-adjacency; secondly, as apart from the low 
value of slip and weak speed-ripple effect, the relative fault severity (2/70 bars) is lower than 
in Model #1 (2/32 bars) and Model #2 (2/28 bars) . 
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7-th Harmonic 

In the area of the 7− th harmonic, the results provided by the frequency extraction method 
are shown in Figures 5.36 & 5.37 and the investigated components’ amplitudes are given 
in Tbale 5.22. The subcomponents examined in the S(t, f7,i) carrier are the 6s fs and 8s fs, 
along with the 2s fs subcomponent. For the S(t, f7,1), the healthy motor (Case #1) performs 
values of −68.66 dB at 6s fs and −67.21 dB at 8s f ss. Comparing this as a baseline with 
Case #2, the 6s fs signature rises with a difference of 25.66 dB at −43 dB, while the 8s fs one 
performs an increase of 19.39 dB reaching at −47.82 dB (5.36a). In a very similar manner 
with the 5− th harmonic, in the signatures of Case #3 the amplitudes spike at −36.03 dB and 
−36.33 dB for the 6s fs and 8s fs respectively, showing a corresponding increase of 32.63 dB 

and 30.88 dB with respect to the healthy motor (Fig. 5.36b). Compelling amplitude values 
to detect the fault are yielded for the challenging half-pitch breakage of Case #4, which 
present an increase of 24.06 dB with respect to healthy motor at 6s fs (−44.6 dB), while 
the 8s fS signature spikes −37.84 dB performing an increase of 29.38 dB (Fig. 5.36c). In 
the full-pitch located breakages case (Case #5) the subcomponent of the 6s fs and 8s fs are 
quite competent compared to the same harmonic examined in the stator current; the frst 
one (6s fs) rises 30 dB at −38.66 dB, while the latter one rises 30.74 dB at −36.47 dB with 
respect to Case #1 (Fig. 5.36d). The speed-ripple subcomponent signature at 2s fs holds 
for thus specifc trajectory the values of −56.65 dB, −24.68 dB, −21.3 dB, −34.65 dB and 
−43.37 dB for Case #1 - Case #5 respectively (Table 5.23). 

Analysing the S(t, f7,2) extraction, the amplitude levels of Case #1 are at −68.62 dB 

and −67.29 dB for the 6s fs and 8s fs signature respectively (Fig. 5.37). For Case #2 in Fig. 
5.37a these signatures are erected at the height of −43.76 dB and −47.25 dB respectively, 
thus rising 24.68 dB and 20.04 dB compared to Case #1. Compared to Case #1, the double 
breakage at adjacency fault (Case #3) shown in Fig. 5.37b makes the signature of 6s fs rise 
32.93 dB (spike at −35.69 dB) and the 8s fs signature rise 31.26 dB (spike at −31.26 dB). In 
addition, the same subcomponents for Case #4 mark themselves at −45.41 dB and −38.27 dB 

respectively, which indicates a rise of 23.21 dB and 29.02 dB respectively, when compared 
to Case #1 (Fig. 5.37c). The last breakage scenario depicted in Fig. 5.37d (Case #5) shows 
an amplitude of −39.72 dB for the 6s fs signature (increase of 28.9 dB over healthy) and an 
amplitude of −36.4 dB for the 8s fs (increase 30.89 dB over healthy). The tracking of the 
2s fs frequencies for Case #5 reveals a strong modulating frequency at the 2s fs component 
carried in the S(t, f7,2) trajectories at the amplitudes of: −56.64 dB, −24.72 dB, −21.25 dB, 
−35.11 dB and −43.48 dB for Case #1- Case #5 respectively (Table 5.23). 
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Fig. 5.36 Comparative spectra of extracted trajectories in the stator phase current for the S(t, f7,1) spectral 
component: a) Case #1 vs Case #2 b) Case #1 vs Case #3 c) Case #1 vs Case #4 d) Case #1 vs Case #5 

Fig. 5.37 Comparative spectra of extracted trajectories in the stator phase current for the S(t, f7,2) spectral 
component: a) Case #1 vs Case #2 b) Case #1 vs Case #3 c) Case #1 vs Case #4 d) Case #1 vs Case #5 
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Table 5.22 FFT Amplitudes (dB) of S(t, f7,i) for all cases of Model #3 (Stator Current) 

Case 7 fs − 6s fs 

6s fs 8s fs 

7 fs − 8s fs 

6s fs 8s fs 

Case #1 -68.66 -67.21 -68.62 -67.29 
Case #2 -43 -47.82 -43.76 -47.25 
Case #3 -36.03 -36.33 -35.69 -36.03 
Case #4 -44.6 -37.83 -45.41 -38.27 
Case #5 -38.66 -36.47 -39.72 -36.4 

Table 5.23 Model # 3: Comparative table of the FFT amplitudes (dB) for the 2s fs fault-related component in all 
examined harmonics for all cases - Extracted trajectories from the stator phase current spectral content 

Case (5− 4s) fs (5− 6s) fs (7− 6s) fs (7− 8s) fs 

Case #1 -69.24 -69.31 -56.65 -56.64 
Case #2 -34.16 -34 -24.68 -24.72 
Case #3 -43.77 -42.98 -21.3 -21.25 
Case #4 -34.01 -33.91 -34.65 -35 
Case #5 -47.8 -47.39 -43.37 -43.48 

5.3.2 Stray Flux Analysis 

Frequency Extraction 

5-th Harmonic 

In the area of the 5− th harmonic, the results provided by the frequency extraction are 
shown in Figures 5.38 & 5.39 and the amplitudes of the extracted frequency components in 
each harmonic are given in Table 5.24. In all FFT representations of these trajectories, even 
multiples of the s fs are present. Considering the values presented in Table 5.24, it can be seen 
from Figure 5.38 that the same conclusion can be drawn about a healthy motor’s extracted 
trajectory, thus being of a unique its own morphology than a faulty motor’s, meaning that no 
spikes arise in any speed ripple related subcomponents and the value of the spectrum can 
be considered as almost a constant line. Localised within a frequency bin’s length, Case 
#1 has a spectrum value at the 4s fs and 6s fs locations spiking at −53.4 dB and −51.37 dB 

respectively for the S(t, f5,1) trajectory. During the single breakage (Fig. 5.38a), the same 
components spike at −24.72 dB and −28.75 dB respectively for Case #2. This is a change 
of 28.68 dB and 22.62 dB with respect to Case #1. For Case #3 the discussed amplitudes are 
at the level of −24.01 dB and −31.02 dB respectively (Fig. 5.38b)s, which is respectively 
a change of 29.39 dB and 22.62 dB respectively compared to healthy motor. For the two 
breakages at the half-pitch scenario (Case #4) the same components elevate at −21.69 dB 
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and −31.35 dB, change in of 31.71 dB and 20.02 dB compared to the healthy points (Fig. 
5.38c). From Fig. 5.38d, Case #5 reveals the 4s fs subcomponent at −26.86 dB and the 6s fs 

at −34.03 dB, which is an elevation of 26.54 dB and 17.34 dB respectively versus Case #1. 
The theoretical 2s fs component presents the values of −51.22 dB, −32.61 dB, −19.57 dB, 
−41.79 dB and −28.99 dB from Case#1 - Case #5 respectively (Table 5.26). 

Fig. 5.38 Comparative spectra of extracted trajectories in the stray fux for the S(t, f5,1) spectral component: a) 
Case #1 vs Case #2 b) Case #1 vs Case #3 c) Case #1 vs Case #4 d) Case #1 vs Case #5 

Regarding the S(t, f5,2) trajectory, Case #1 holds an amplitude of −50.59 dB and 
−54.81 dB at the points of 4s fs and 6s fs respectively, while the same observations ap-
ply for its spectrum morphology and distribution (Fig. 5.39). These components hold the 
amplitude values of −24.58 (26.01 dB increase) and −29.27 (25.54 dB increase) respec-
tively for the one broken bar of Case #2 (Fig. 5.39a). The two adjacent broken bars fault of 
Case #3 (Fig. 5.39b) elevates the discussed components at −24.04 and −31.19 respectively, 
as expected to be due to the larger local asymmetry induced from the breakage part (increases 
of 26.55 dB and 23.62 dB respectively). For the half pitch scenario of Case #4 (Fig. 5.39c), 
the subcomponent at 4s fs elevates at −21.7 dB and the 6s fs one at −32.47 dB, reporting 
increases of 28.89 dB and 22.34 dB respectively compared to the healthy Case #1. Finally, 
from Fig. 5.39d, the examined components spike at −26.87 dB and −33.75 dB respectively 
for Case #5, increasing from the healthy motor of Case #1 by 23.72 dB and 21.06 dB respec-
tively. Regarding the 2s fs subcomponent, the S(t, f5,2) trajectory presents from Case #1 -
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Fig. 5.39 Comparative spectra of extracted trajectories in the stray fux for the S(t, f5,2) spectral component: a) 
Case #1 vs Case #2 b) Case #1 vs Case #3 c) Case #1 vs Case #4 d) Case #1 vs Case #5 

Case #5 the values of −51.99 dB, −32.24 dB, −19.48 dB, −40.79 dB, 29.1 dB respectively 
(Table 5.26). 

Table 5.24 FFT Amplitudes (dB) of S(t, f5,i) for all cases of Model #3 (Stray Flux) 

Case 5 fs − 4s fs 

4s fs 6s fs 

5 fs − 6s fs 

4s fs 6s fs 

Case #1 -53.4 -51.37 -50.59 -54.81 
Case #2 -24.72 -28.75 -24.58 -29.27 
Case #3 -24.01 -31.02 -24.04 -31.19 
Case #4 -21.69 -31.35 -21.7 -32.47 
Case #5 -26.86 -34.03 -26.87 -33.75 

7-th Harmonic 

In the area of the 7− th harmonic, the results provided by the frequency extraction are 
shown in Figures 5.40 & 5.41 and the amplitudes of the extracted frequency components in 
each harmonic are given in Table 5.25. In all FFT representations of these trajectories, even 
multiples of the s fs are present. Considering the values presented in Table 5.25, it can be seen 
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from Figure 5.40 that the same conclusion can be drawn about a healthy motor’s extracted 
trajectory, thus being of a unique its own morphology than a faulty motor’s, meaning that no 
spikes arise in any speed ripple related subcomponents and the value of the spectrum can 
be considered as almost a constant line. Localised within a frequency bin’s length, Case #1 
has a spectrum value at the 4s fs and 6s fs locations spiking at −56.52 dB and −60.61 dB 

respectively for the S(t, f7,1) trajectory. During the single breakage (Fig. 5.40a), the same 
components spike at −31.4 dB and −30.92 dB respectively for Case #2. This is a change of 
25.12 dB and 29.69 dB with respect to Case #1. For Case #3 the discussed amplitudes are 
at the level of −26.53 dB and −33.06 dB respectively (Fig. 5.40b)s, which is respectively 
a change of 29.99 dB and 27.55 dB respectively compared to healthy motor. For the two 

Fig. 5.40 Comparative spectra of extracted trajectories in the stray fux for the S(t, f7,1) spectral component: a) 
Case #1 vs Case #2 b) Case #1 vs Case #3 c) Case #1 vs Case #4 d) Case #1 vs Case #5 

breakages at the half-pitch scenario (Case #4) the same components elevate at −35.15 dB and 
−36.95 dB, change in amplitude of 21.37 dB and 23.66 dB compared to the healthy points 
(Fig. 5.40c). From Fig. 5.40d, Case #5 reveals the 4s fs subcomponent at −33.43 dB and 
the 6s fs at −35.54 dB, which is an elevation of 23.09 dB and 26.07 dB respectively versus 
Case #1. The theoretical 2s fs component presents the values of −48.01 dB, −25.95 dB, 
−17.52 dB, −23.72 dB and −26.11 dB from Case#1 - Case #5 respectively (Table 5.26). 

Regarding the S(t, f7,2) trajectory, Case #1 holds an amplitude of −55.84 dB and 
−51.35 dB at the points of 4s fs and 6s fs respectively, while the same observations ap-
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Fig. 5.41 Comparative spectra of extracted trajectories in the stray fux for the S(t, f7,2) spectral component: a) 
Case #1 vs Case #2 b) Case #1 vs Case #3 c) Case #1 vs Case #4 d) Case #1 vs Case #5 

Table 5.25 FFT Amplitudes (dB) of S(t, f7,i) for all cases of Model #3 (Stray Flux) 

Case 7 fs − 6s fs 

6s fs 8s fs 

7 fs − 8s fs 

6s fs 8s fs 

Case #1 -56.52 -60.61 -55.84 -51.35 
Case #2 -31.4 -30.92 -31.47 -31.08 
Case #3 -26.53 -33.06 -26.33 -35.46 
Case #4 -35.15 -36.95 -33.89 -35.93 
Case #5 -33.43 -34.54 -32.87 -35.54 
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ply for its spectrum morphology and distribution (Fig. 5.41). These components hold the 
amplitude values of −31.47 (24.37 dB increase) and −31.08 (20.27 dB increase) respec-
tively for the one broken bar of Case #2 (Fig. 5.41a). The two adjacent broken bars fault of 
Case #3 (Fig. 5.41b) elevates the discussed components at −26.33 and −35.46 respectively, 
as expected to be due to the larger local asymmetry induced from the breakage part (increases 
of 29.51 dB and 15.89 dB respectively over healthy). For the half pitch scenario of Case #4 
(Fig. 5.41c), the subcomponent at 4s fs elevates at −33.89 dB and the 6s fs one at −35.93 dB, 
reporting increases of 21.95 dB and 15.42 dB respectively compared to the healthy Case 
#1. Finally, from Fig. 5.41d, the examined components spike at −32.87 dB and −35.54 dB 

respectively for Case #5, increasing from the healthy motor of Case #1 by 22.97 dB and 
15.81 dB respectively. The S(t, f7,2) trajectory presents the 2s fs signature from Case #1 -
Case #5 the values of −46.99 dB, −25.8 dB, −17.73 dB, −23.82 dB, 26.28 dB respectively 
(Table 5.26). 

Table 5.26 Model # 3: Comparative table of the FFT amplitudes (dB) for the 2s fs fault-related component in all 
examined harmonics for all cases - Extracted trajectories from the radial stray fux spectral content 

Case (5− 4s) fs (5− 6s) fs (7− 6s) fs (7− 8s) fs 

Case #1 -51.82 -51.99 -48.01 -46.99 
Case #2 -32.61 -32.24 -25.95 -25.8 
Case #3 -19.57 -19.48 -17.52 -17.73 
Case #4 -41.79 -40.79 -23.72 -23.82 
Case #5 -28.99 -29.1 -26.11 -26.28 

5.4 Discussion & Conclusive Remarks 

From the analysis of the FEM datasets, the proposed method’s application in stator current 
signals provided a reliable tool for identifcation whether a rotor is healthy or faulty. Initially 
the signals are evaluated on the time-frequency plane using the STFT spectrograms. This 
allows the monitoring of the spectral information from a time-varying prospect, as well 
as an initial frequency tracking around areas of interest (5− th and 7− th harmonics) to 
examine if additional components are comprised in those areas. Further on, using the 
frequency extraction method, a set of harmonic signatures referred to as subcomponents are 
detected. A compelling evidence to proceed, is the major difference between the spectrum of 
trajectories from healthy motors (Case #1 in each model) and the spectrum of faulty cases. 
The subcomponents regard modulated carriers and sidebands in the examined harmonic 
zone and under faulty condition they will appear, regardless the fault severity or location. 

http:�31.08(20.27
http:�31.47(24.37


140 Results from FEM simulations 

These components make their presence only during a rotor fault, as they are enclosed in the 
carrier of the central harmonic, so their spectral information is withheld in the FFT of an 
extracted trajectory that will itself be present only during a fault. On the other hand, if a rotor 
is healthy the extracted spectrum does not provide the aforementioned signatures and a user 
can determine that the motor is healthy. 

Regarding the data of Model #1, the stator current analysis provided satisfying results 
with the proposed method in all extracted sideband frequencies. An exception was detected in 
the 6s fs and 8s fs subcomponent signatures of the S(t, f7,1) & S(t, f7,2) trajectories for Case 
#5, which did not provide very satisfying alarm levels of amplitude change. Nevertheless, the 
result was enhanced by the analysis of the stray fux, which backed up the current analysis, 
as the discussed signatures were risen in detectable levels of amplitude. Furthermore, in all 
FEM cases a subcomponent signature at 2s fs was revealed with the proposed method. This 
is a theoretical component and is existent due to the fault-modulated speed ripple effect by 
the (1− 2s) fs fundamental feld during breakage. Although this specifc signature seems 
promising by the FEM datasets, it will be evident in next chapter that is more wise to rely in 
the other analysed subcomponents (4s fs, 6s fs, 8s fs); this is because the 2s fs one might be 
inherently present in real life machine problems and be risen due to manufacturing defects or 
environmental factors in a very similar level with the healthy one (if the latter one is present). 

The stator current analysis of Model #2 provides compelling results as well, as the inves-
tigated set of frequencies reveal signifcant amplitude change in all cases. An exception is 
again spotted with regards to Case #5 (full-pitch breakage distance), where a weakness of the 
6s fs subcomponent to detect the fault was seen in the S(t, f7,1) and the S(t, f7,2) trajectories 
extraction. This weakness however is overcome with the complementary analysis of the 
stray fux, where no such defciency was evident. On the contrary, the 6s fs subcomponent 
signature in the stray fux performs strong increases in all extracted trajectories. In both 
stator phase current and stray fux, a diminishing effect of the 6s fs and 8s fs subcomponents 
is observed in Case #4 and Case #5. Nevertheless, all the other subcomponents examined 
with the method in the 5− th and 7− th harmonics perform a signifcant success in alarming 
for a rotor fault. This demonstrates not the signifcance of the two-stage analysis before 
the actual application of the frequency extraction method, but also the importance in the 
complementary analysis of stator current and stray fux measurements for defnite diagnostic 
reliability. 

The same observations regarding the extraction results apply for Model #3. In a very 
similar manner with the low voltage motors, the industrial motor model’s signatures perform 
very well to indicate the rotor fault existence. The only exception is the 6s fs component of 
the 5−th harmonic in the stator current, which behaves the same for the single breakage 
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case and the adjacent breakages. This is expected since such a motor embeds a rotor with 
70 bars, which is considered a quite large number of bars compared to the low voltage 
motors. In this case, when 1/70 or 2/70 bars break, the impact on subcomponents might 
be less tangible when examining a single or double adjacent breakage, compared to small 
motors. In other words, the spatial geometry of the motor and the larger number of bars make 
the asymmetry visible -and sometimes weak- to a very similar extent concerning the two 
discussed cases. Nevertheless, the fault is still detectable despite the lower asymmetry impact 
in the spatial feld characteristics (and consequently in the harmonic content). This is a very 
important fnding, as it is essential to map the harmonic behaviour in such industrial motors 
and compare them with laboratory level cases. As explained in the literature of Chapter 3, 
investigation of such cases is always vital as only a few historical case-studies from industry 
are available for machines of such sizes. Another signifcant observation for this model, like 
in Models #1 & #2, is that the 2s fs component does not raise a very alarming amplitude for 
Case #4 (half pole pitch) compared to all other cases. However, this increase in amplitude is 
more than 11 dB, which is still promising. Nonetheless, the 2s fS component is used for a 
cross-check and validation during this applications and is not chosen for the actual diagnosis 
part of the proposed method since all other extracted subcomponents prove more competent 
and promising. 





Chapter 6 

Results from Experiments 

This chapter presents the results from the two induction motors used for experimental 
purposes, that were described in Chapter 4. Initially the frequency extraction method is 
applied on stator current signals of Motor #1, then on radial stray fux signals; the analysis 
in held under two different load profles: the rated load condition and the half-rated load 
condition. The same spectral components of the 5− th and 7− th harmonics are examined 
with the proposed method. Regarding Motor #2, only stray fux measurements at the rated 
load condition will be analysed; however, for Motor #2, more rotors were tested than those 
of Motor #1, so more broken bar cases were available to examine. 

6.1 Motor #1 

As described in Chapter 4, Motor #1 is a 4− pole IM and embeds an aluminium die-cast 
rotor of 32 bars. As only two rotors were available, except for the healthy case which is 
referred to as Case #1, the rotor used to emulate the breakage fault was chosen to account for 
two breakage scenarios: one broken bar fault (Case #2) and two non-adjacent broken bars at 
half pole pitch distance (Case #3). The cases are summarised in Table 6.1 and will be used in 
the validation of the method during the rated and the half-rated load conditions. 

Table 6.1 
Summary of cases for Motor #1 

Case Breakage Location 
Case #1 healthy 
Case #2 single breakage 
Case #3 2 bars at half pitch 
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6.1.1 Rated Load: Stator Phase Current Analysis 

Reliable Limit for Extraction 

All components at twice the slip frequency (≃ 2ks fs components) are calculated for each 
model’s case and are given with the values of slip in Table 6.2 for the rated load condition. 
Similarly with the Tables presented in the FEM models, the presented value expresses the 
distance of an examined component from the central harmonic and is accounted for when 
deriving the lower bound of the window sequence length. 

Table 6.2 Slip values & 2ks fs distances for all cases of Motor #1 - Rated Load Condition 

Case #1 Case #2 Case #3 Component 
s1 ≃ 0.0268 s2 ≃ 0.0252 s3 ≃ 0.261 

2s fs 2.68 2.52 2.61 
4s fs 5.36 5.04 5.22 
6s fs 8.04 7.56 7.83 
8s fs 10.72 10.08 10.44 

The minimum required window sequence lengths, calculated as described in Chapter4, 
are presented in Table 6.3 with the value used for the parameter ξ derived from exhaustive 
search. Each value in the table provides a window length capable to separate and capture the 
the sideband given in the frst column. As done for all motors in the FEM models, the largest 
of each column is chosen to assure seperability of frequencies distanced at least 2s fs from 
each other and localisation in the next frequency chunk. 

Table 6.3 Window sequence lower bounds for Motor #1 - Rated Load Condition 

ξ = −0.04 Case #1 Case #2 Case #3 
2s fs 2455 2610 2520 
4s fs 1227 1305 1261 
6s fs 818 870 840 
8s fs 614 653 631 
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Frequency Extraction 

5-th Harmonic 

In the area of the 5− th harmonic, the results provided by the frequency extraction are 
shown in Figures 6.1 a-d and the amplitudes of the extracted frequency components in each 
harmonic are given in Table 6.4. As it was for data analysed from FEM simulations, the 
FFT spectra of these trajectories comprise even multiples of the s fs for the faulty rotor cases. 
Localised within the 5− th harmonic area, Case #1 has a spectrum value at the 4s fs and 
6s fs locations spiking at −72.48 dB and −77.29 dB respectively for the S(t, f5,1) trajectory. 
During the single breakage (Fig. 6.1a), the same subcomponents spike at −36.05 dB and 
−49.66 dB respectively for Case #2, which is an increase o 36.43 dB and 27.63 dB with 
respect to Case #1. For the two breakages at the half-pitch scenario (Case #3) the same 
components elevate at −39.27 dB and −44.11 dB, a difference in of 31.71 dB and 20.02 dB 

compared to the healthy points (Fig. 6.1b). Interestingly, the 2s fs subcomponent is evidently 
present in the FFT of the S(t, f5,1) extracted trajectory with an amplitude of −60.03 dB for 
Case #2, increased compared to the healthy Case #1 by 18.82 dB; the same signature rises 
more tangible in the case of the double breakage fault located at half-pitch distance (Case 
#3), showing an amplitude increase of 29.13 dB with its spike at −49.72 dB compared to 
Case #1. The 2s fs signature’s amplitudes are summarised for all cases in Table 6.6. 

Table 6.4 FFT Amplitudes (dB) of S(t, f5,i) for the cases of Motor #1 at Rated Load (Stator Current) 

Case 5 fs − 4s fs 

4s fs 6s fs 

5 fs − 6s fs 

4s fs 6s fs 

Case #1 -72.48 -77.29 -66.77 -75.2 
Case #2 -36.05 -49.66 -36.1 -47.41 
Case #3 -39.27 -44.11 -38.42 -42.57 

Similar is the behaviour of the 2s fs signature in the spectra of the S(t, f5,2) trajectory. 
The signature is insignifcant for Case #1, where it holds an amplitude of −75.03 dB; it 
rises by 14.48 dB compared to healthy for Case #2 (−60.55 dB) and by 25.28 dB for Case 
#3 (−49.75 dB). The values are presented in Table 6.6. Furthermore, the 4s fs subcompo-
nent’s signature lies for Case #1 at −66.77 dB and the 6s fs one’s at −75.2 dB, while the 
motor’s spectra are relatively uniform and free from any modulations. The 4s fs and 6s fs 

subcomponents hold the amplitude values of −36.1 dB (30.67 dB increase from Case #1) 
and −47.41 dB (29.79 dB increase from Case #1) respectively for the one broken bar of Case 
#2 (Fig. 6.1c). For the half pitch scenario of Case #3 (Fig. 6.1d), the subcomponent at 4s fs 

elevates at −38.42 dB and the 6s fs one at −42.57 dB, reporting increases of 28.35 dB and 
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Fig. 6.1 Comparative spectra of extracted trajectories in the stator phase current for the spectral components 
of Motor #1 at the rated load condition: a) S(t, f5,1) (Case #1 vs Case #2) b) S(t, f5,1) (Case #1 vs Case #3) 
c)S(t, f5,2) (Case #1 vs Case #2) and d) S(t, f5,2) (Case #1 vs Case #3) spectral components of Motor #1 

32.63 dB respectively compared to the healthy motor. In contrast with the FEM simulations, 
the theoretical speed-ripple component at 2s fs is evidently weak in the experimental cases 
of the single breakage for the 5− th harmonic. As will be evident, this is the case for the 
other extracted trajectories as well. This comes in agreement with many works of the past 
handling rotor breakages; multiple reasons however of known and unknown origin might be 
the cause of this phenomenon. The frst possible reasons are magnetic anisotropy, potential 
porosity (air-bubbles), lamination defects and other general manufacturing asymmetries 
which can never be known in a commercially available motor; these inherent asymmetries in 
the rotor will cause a 2s fs oscillation at the fundamental frequency area, that will propagate 
further to the other higher harmonics like the ones examined in the proposed method. The 
direction of the vector representing this asymmetric oscillation is defnitely random and 
unknown; so is the direction of the single breakage, running at the same time the possibility 
that these two might cancel out each other. Therefore, the speed-ripple effect will not be 
directly evident; however at the double breakage scenario (adjacent or non-adjacent), the 
secondly introduced broken bar will reinforce the damped speed-ripple of the initial single 
breakage. Furthermore, it is worth mentioning that when sensing signals with a static sensor 
-like the stator winding with regards to current or the stationary fux sensing coil in the case of 
stray fux- practically the speed-ripple manifests itself to the coil twice within a mechanical 
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rotation of the rotor (double breakage) instead of once per rotation (single breakage). Finally, 
a physical reason that plays an important role in every diagnostic method must be considered: 
the 2s fs signatures in any type of analysis depend on the speed ripple effect; therefore, they 
also directly relate with the total inertia of the whole apparatus (rotor inertia and load inertia). 
Consequently, it is highly likely that the asymmetry caused by a single breakage will be 
creating a fault-related speed-ripple effect that is being subjected to a damping effect due to 
the total inertia of the rotor-load apparatus. 

7-th Harmonic 

The results of frequency extraction in the band of the 7− th harmonic are shown in Figures 
6.2 a-d; the amplitudes of the extracted frequency components in each harmonic are given 
in Table 6.5. In all FFT representations of these trajectories, the even multiples of the s fs 

ripple are present to examine their diagnostic potential. Considering the values presented in 
Table 6.5, it can be seen from Figure 6.2 that the same conclusion with the FEM motors can 
be drawn about a healthy motor’s extracted trajectory, thus being of a unique morphology 
of its own and free from fault-related oscillations. Localised within the 7− th harmonic’s 
frame, Case #1 has a spectrum value at the 6s fs and 8s fs locations spiking at −51.58 dB 

and −50.58 dB respectively for the S(t, f7,1) trajectory. During the single breakage fault 
at Fig. 6.2a, the same subcomponents spike at −39.39 dB and −38.66 dB respectively for 
Case #2. This is a change of 12.19 dB and 11.92 dB respectively when compared with 
Case #1. For the two breakages at the half-pitch scenario (Case #3) the discussed signatures 
elevate at −31.17 dB and −49.68 dB, which is an increase in amplitude of 20.41 dB and 
0.9 dB respectively compared to the healthy points (Fig. 6.2b). The specifc signature at 
8s fs, seems to be rather incompetent in the extraction of stator current for detecting a faulty 
rotor regarding Case #3; this was also observed in the same case regarding the FEM models, 
however it was afterwards reliably extracted and used in the diagnostic decision with the 
stray fux measurements. The signature of the subcomponent at 2s fs for Case #1 is stable at 
−62.97 dB, while it rise by 11.8 dB for Case #2 (−51.17 dB) and by 14.32 dB for Case #3 
(−48.65 dB). The latter signature’s amplitudes are summarised in Table 6.6. 

Regarding the S(t, f7,2) trajectory, Case #1 holds an amplitude of −64.09 dB and 
−57.23 dB at the points of 6s fs and 8s fs respectively, while the same observations ap-
ply for its spectrum morphology and distribution (Fig. 6.2). These subcomponents reveal 
for Case #2 the amplitude values of −38.05 dB (26.04 dB increase versus healthy) and 
−36.58 dB (20.65 dB increase) respectively (Fig. 6.2a). For the half pitch scenario of 
Case #3 (Fig. 6.2b), the subcomponent at 6s fs elevates at −38.42 dB and the 8s fs one at 
−42.57 dB, reporting increases of 28.35 dB and 32.63 dB respectively compared to the 
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Fig. 6.2 Comparative spectra of extracted trajectories in the stator phase current for the spectral components 
of Motor #1 at the rated load condition: a) S(t, f7,1) (Case #1 vs Case #2) b) S(t, f7,1) (Case #1 vs Case #3) 
c)S(t, f7,2) (Case #1 vs Case #2) and d) S(t, f7,2) (Case #1 vs Case #3) spectral components of Motor #1 

healthy Case #1. The fault-related speed-ripple subcomponent at 2s fs (Table 6.6) lies at 
−61.57 dB, while it spikes at −50.35 dB for Case #2 (increase 11.22 dB over healthy) and 
at −48.21 dB for Case #3 (increase 13.36 dB). 

Table 6.5 FFT Amplitudes (dB) of S(t, f7,i) for the cases of Motor #1 at Rated Load (Stator Current) 

Case 7 fs − 6s fs 

6s fs 8s fs 

7 fs − 8s fs 

6s fs 8s fs 

Case #1 -51.58 -50.58 -64.09 -57.23 
Case #2 -39.39 -38.66 -38.05 -36.58 
Case #3 -31.17 -49.68 -29.68 -47.37 

Table 6.6 Motor # 1: Comparative table of the FFT amplitudes (dB) for the 2s fs fault-related component in all 
examined harmonics for all cases - Extracted trajectories from the stator phase current spectral content at rated 
load 

Case (5− 4s) fs (5− 6s) fs (7− 6s) fs (7− 8s) fs 

Case #1 -78.85 -75.03 -62.97 -61.57 
Case #2 -60.03 -60.55 -51.17 -50.35 
Case #3 -49.72 -49.75 -48.65 -48.21 
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6.1.2 Rated Load: Stray Flux Analysis 

Frequency Extraction 

5-th Harmonic 

In the area of the 5− th harmonic, the results provided by the frequency extraction are 
shown in Figures 6.3 a-d and the amplitudes of the extracted frequency components in each 
harmonic are given in Table 6.7. As it was for data analysed from FEM simulations and the 
extracted spectra from the stator phase current, the FFT spectra of these trajectories comprise 
even multiples of the s fs for the faulty rotor cases. Localised within the 5− th harmonic 
area, Case #1 has a spectrum value at the 4s fs and 6s fs locations spiking at −67.22 dB and 
−59.52 dB respectively for the S(t, f5,1) trajectory. During the single breakage (Fig. 6.3a), 
the same subcomponents spike at −32.98 dB and −50.09 dB respectively for Case #2, which 
is a compelling increase of 34.24 dB and 9.43 dB with respect to Case #1. For the two 
breakages at the half-pitch scenario (Case #3) the same components elevate at −34.65 dB 

and −41.78 dB, a difference in of 32.57 dB and 17.74 dB compared to the healthy points 
(Fig. 6.3b). Interestingly, the 2s fs subcomponent is evidently present in the FFT of the 
S(t, f5,1) extracted trajectory with an amplitude of −47.48 dB for Case #2, having increased 
by 16.02 dB compared to the healthy Case #1 (−63.5 dB); the same signature rises more 
tangible in the case of the double breakage fault located at half-pitch distance (Case #3), 
showing an amplitude increase of 21.31 dB with its spike at −42.19 dB compared to Case 
#1. The 2s fs signature’s amplitudes are summarised for all cases in Table 6.9. 

Regarding the S(t, f5,2) trajectory, Case #1 holds an amplitude of −66.15 dB and 
−61.06 dB at the points of 4s fs and 6s fs respectively, while the same observations ap-
ply for its spectrum morphology and distribution (Fig. 6.3). These subcomponents reveal 
for Case #2 the amplitude values of −32.36 dB (33.79 dB increase versus healthy) and 
−49.47 dB (11.59 dB increase) respectively (Fig. 6.3c). For the half pitch scenario of 
Case #3 (Fig. 6.3d), the subcomponent at 4s fs elevates at −34.14 dB and the 6s fs one at 
−40.43 dB, reporting increases of 32.01 dB and 20.63 dB respectively compared to the 
healthy Case #1. The fault-related speed-ripple subcomponent at 2s fs (Table 6.9) lies at 
−61.34 dB, while it spikes at −48.53 dB for Case #2 (increase 12.81 dB over healthy) and 
at −41.41 dB for Case #3 (increase 19.93 dB). 
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Fig. 6.3 Comparative spectra of extracted trajectories in the stray fux for the spectral components of Motor 
#1 at the rated load condition: a) S(t, f5,1) (Case #1 vs Case #2) b) S(t, f5,1) (Case #1 vs Case #3) c)S(t, f5,2) 
(Case #1 vs Case #2) and d) S(t, f5,2) (Case #1 vs Case #3) spectral components of Motor #1 

Table 6.7 FFT Amplitudes (dB) of S(t, f5,i) for the cases of Motor #1 at Rated Load (Stray Flux) 

Case 5 fs − 4s fs 

4s fs 6s fs 

5 fs − 6s fs 

4s fs 6s fs 

Case #1 -67.22 -59.52 -66.15 -61.06 
Case #2 -32.98 -50.09 -32.36 -49.47 
Case #3 -34.65 -41.78 -34.14 -40.43 
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7-th Harmonic 

In the area of the 7− th harmonic, the results provided by the frequency extraction are 
shown in Figures 6.4 a-d and the amplitudes of the extracted frequency components in each 
harmonic are given in Table 6.8. As it was for data analysed from FEM simulations and the 
extracted spectra from the stator phase current, the FFT spectra of these trajectories comprise 
even multiples of the s fs for the faulty rotor cases. Localised within the 7− th harmonic 
area, Case #1 has a spectrum value at the 6s fs and 8s fs locations spiking at −49.61 dB and 
−49.41 dB respectively for the S(t, f7,1) trajectory. During the single breakage (Fig. 6.4a), 
the same subcomponents spike at −28.77 dB and −31.63 dB respectively for Case #2, which 
is a compelling increase of 20.84 dB and 17.78 dB with respect to Case #1. For the two 
breakages at the half-pitch scenario (Case #3) the same components elevate at −25.36 dB 

and −43.8 dB, a difference in of 24.25 dB and 5.61 dB compared to the healthy points 
(Fig. 6.4b). Interestingly, the 2s fs subcomponent is evidently present in the FFT of the 
S(t, f7,1) extracted trajectory with an amplitude of −43.71 dB for Case #2, having increased 
by 10.35 dB compared to the healthy Case #1 (−54.06 dB); the same signature rises by a 
similar volume in the case of the double breakage fault located at half-pitch distance (Case 
#3), showing an amplitude increase of 10.49 dB with its spike at −43.57 dB compared to 
Case #1. The 2s fs signature’s amplitudes are summarised for all cases in Table 6.9. 

Table 6.8 FFT Amplitudes (dB) of S(t, f7,i) for the cases of Motor #1 at Rated Load (Stray Flux) 

Case 7 fs − 6s fs 

6s fs 8s fs 

7 fs − 8s fs 

6s fs 8s fs 

Case #1 -49.61 -49.41 -48 -44.8 
Case #2 -28.77 -31.63 -27.82 -27.42 
Case #3 -25.36 -43.8 -24.63 -39.88 

Regarding the S(t, f7,2) trajectory, Case #1 holds an amplitude of −48 dB and −44.8 dB 

at the points of 6s fs and 8s fs respectively, while the same observations apply for its spectrum 
morphology and distribution (Fig. 6.4). These subcomponents reveal for Case #2 the 
amplitude values of −27.82 dB (20.18 dB increase versus healthy) and −27.42 dB (17.38 dB 

increase) respectively (Fig. 6.4c). For the half pitch scenario of Case #3 (Fig. 6.4d), the 
subcomponent at 6s fs elevates at −24.63 dB and the 8s fs one at −39.88 dB, reporting 
increases of 23.37 dB and 4.92 dB respectively compared to the healthy Case #1. The 
fault-related speed-ripple subcomponent at 2s fs (Table 6.9) lies at −44.32 dB for Case #1, 
while it spikes at −42.57 dB for Case #2 (increase 1.75 dB over healthy) and at −41.29 dB 

for Case #3 (increase 3.03 dB). The latter result confrms that the 2s fs component is highly 
likely to be present in a considerable level even in healthy motors when it comes to real life 
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Fig. 6.4 Comparative spectra of extracted trajectories in the stray fux for the spectral components of Motor 
#1 at the rated load condition: a) S(t, f7,1) (Case #1 vs Case #2) b) S(t, f7,1) (Case #1 vs Case #3) c)S(t, f7,2) 
(Case #1 vs Case #2) and d) S(t, f7,2) (Case #1 vs Case #3) spectral components of Motor #1 

applications; therefore, this subcomponent should be always evaluated but is not to be relied 
on for a defnite diagnostic decision. 

Table 6.9 Motor # 1: Comparative table of the FFT amplitudes (dB) for the 2s fs fault-related component in all 
examined harmonics for all cases - Extracted trajectories from the stray fux spectral content at the rated load 
condition 

Case (5− 4s) fs (5− 6s) fs (7− 6s) fs (7− 8s) fs 

Case #1 -63.5 -61.34 -54.06 -44.32 
Case #2 -47.48 -48.53 -43.71 -42.57 
Case #3 -42.19 -41.41 -43.57 -41.29 
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6.1.3 Half-Rated Load: Stator Phase Current Analysis 

Reliable Limit for Extraction 

All components at twice the slip frequency (≃ 2ks fs components) are calculated for each 
model’s case and are given with the values of slip in Table 6.10 for the half-rated load 
condition. As before, the presented value expresses the distance of an examined component 
from the central harmonic and is accounted for when deriving the lower bound of the window 
sequence length. As expected, the half-rated load condition yields higher values for the 
lower bounds of the windowing sequence due to the slightly lower value of slip during this 
condition. 

Table 6.10 Slip values & 2ks fs distances for all cases of Motor #1 - Half Rated Load Condition 

Case #1 Case #2 Case #3 Component 
s1 ≃ 0.0195 s2 ≃ 0.0204 s3 ≃ 0.0215 

2s fs 1.8 1.81 1.68 
4s fs 3.6 3.62 3.36 
6s fs 5.4 5.43 5.04 
8s fs 7.2 7.24 6.72 

The minimum required window sequence lengths, calculated as described in Chapter4, 
are presented in Table 6.11 with the value used for the parameter ξ derived from exhaustive 
search. Each value in the table provides a window length capable to separate and capture the 
the sideband given in the frst column. As done for all FEM models and experimental cases, 
the largest of each column is chosen to assure seperability of frequencies distanced at least 
2s fs from each other and localisation in the next frequency chunk. 

Table 6.11 Window sequence lower bounds for Motor #1 - Half Rated Load Condition 

ξ = −0.18 Case #1 Case #2 Case #3 
2s fs 3121 3104 3344 
4s fs 1561 1552 1672 
6s fs 1040 1035 1115 
8s fs 780 776 836 
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Frequency Extraction 

5-th Harmonic 

The results of frequency extraction in the band of the 5− th harmonic are shown in Figures 
6.5 a-d; the amplitudes of the extracted frequency components in each harmonic are given 
in Table 6.12. In all FFT representations of these trajectories, the even multiples of the s fs 

ripple are present to examine their diagnostic potential. Considering the values presented 
in Table 6.12, it can be seen from Figure 6.5 that, as in all cases so far, the healthy motor’s 
spectrum is free from any fault-related oscillations. Localised within the 5− th harmonic’s 
frame, Case #1 has a spectrum value at the 4s fs and 6s fs locations spiking at −68.02 dB and 
−65.01 dB respectively for the S(t, f5,1) trajectory. During the single breakage fault at Fig. 
6.5a, the same subcomponents spike at −40.14 dB and −53.7 dB respectively for Case #2. 
This is a change of 27.88 dB and 11.31 dB respectively when compared with Case #1. For 
the two breakages at the half-pitch scenario (Case #3) the discussed signatures are erected 
at −40.18 dB and −39.57 dB, which is an increase in amplitude of 27.84 dB and 11.31 dB 

respectively compared to the healthy points (Fig. 6.5b). The signature of the subcomponent 
at 2s fs for Case #1 is at −74.3 dB, while it rise by 11.58 dB for Case #2 (−62.72 dB) and 
by 26.35 dB for Case #3 (−47.95 dB). The latter signature’s amplitudes are summarised in 
Table 6.14. 

Table 6.12 FFT Amplitudes (dB) of S(t, f5,i) for all cases of Motor #1 at Half-Rated Load (Stator Current) 

Case 5 fs − 4s fs 

4s fs 6s fs 

5 fs − 6s fs 

4s fs 6s fs 

Case #1 -68.02 -65.01 -67.66 -67.4 
Case #2 -40.14 -53.7 -39.72 -53.1 
Case #3 -40.18 -39.27 -43.03 -44.73 

Regarding the S(t, f5,2) trajectory, Case #1 holds an amplitude of −67.66 dB and 
−67.4 dB at the points of 4s fs and 6s fs respectively, while the same observations apply for 
its spectrum morphology and distribution (Fig. 6.5). These subcomponents reveal for Case 
#2 the amplitude values of −39.72 dB (27.94 dB increase versus healthy) and −53.1 dB 

(14.3 dB increase) respectively (Fig. 6.5a). For the half pitch scenario of Case #3 (Fig. 
6.5b), the subcomponent at 4s fs elevates at −43.03 dB and the 6s fs one at −44.73 dB, 
reporting increases of 24.63 dB and 22.67 dB respectively compared to the healthy Case #1. 
The fault-related speed-ripple subcomponent at 2s fs (Table 6.14) lies at −67.3 dB, while 
it spikes at −63.03 dB for Case #2 (increase 4.27 dB over healthy) and at −53.29 dB for 
Case #3 (increase 14.01 dB). The latter observation validates the inapplicability of the 2s fs 
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Fig. 6.5 Comparative spectra of extracted trajectories in the stator phase current for the spectral components of 
Motor #1 at the half-rated load condition: a) S(t, f5,1) (Case #1 vs Case #2) b) S(t, f5,1) (Case #1 vs Case #3) 
c)S(t, f5,2) (Case #1 vs Case #2) and d) S(t, f5,2) (Case #1 vs Case #3) spectral components of Motor #1 

component to provide a diagnostic signature as it might be at same or similar level in healthy 
and faulty motors, while the other subcomponents in the investigated set of signatures prove 
more useful. 

7-th Harmonic 

In the area of the 7− th harmonic, the results provided by the frequency extraction are 
shown in Figures 6.6 a-d and the amplitudes of the extracted frequency components in 
each harmonic are given in Table 6.13. As it was for data analysed from FEM simulations 
and the extracted spectra from the stator phase current at rated load, the FFT spectra of 
these trajectories comprise even multiples of the s fs for the faulty rotor cases. Localised 
within the 7− th harmonic area, Case #1 has a spectrum value at the 6s fs and 8s fs locations 
spiking at −63.24 dB and −62.06 dB respectively for the S(t, f7,1) trajectory. During the 
single breakage (Fig. 6.6a), the same subcomponents spike at −39.06 dB and −41.06 dB 

respectively for Case #2, which is a compelling increase of 24.18 dB and 21 dB with respect 
to Case #1. For the two breakages at the half-pitch scenario (Case #3) the same components 
elevate at −33.73 dB and −54.61 dB, which is a compelling difference in amplitude of 
29.51 dB and 7.45 dB compared to the healthy points (Fig. 6.6b). Interestingly, the 2s fs 
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subcomponent is evidently present in the FFT of the S(t, f7,1) extracted trajectory with an 
amplitude of −51.43 dB for Case #2, having increased by 15.72 dB compared to the healthy 
Case #1 (−67.15 dB); the same signature rises by a similar volume in the case of the double 
breakage fault located at half-pitch distance (Case #3), showing an amplitude increase of 
17.55 dB with its spike at −49.6 dB compared to Case #1. The 2s fs signature’s amplitudes 
are summarised for all cases in Table 6.14. 

Fig. 6.6 Comparative spectra of extracted trajectories in the stator phase current for the spectral components of 
Motor #1 at the half-rated load condition: a) S(t, f7,1) (Case #1 vs Case #2) b) S(t, f7,1) (Case #1 vs Case #3) 
c)S(t, f7,2) (Case #1 vs Case #2) and d) S(t, f7,2) (Case #1 vs Case #3) spectral components of Motor #1 

Regarding the S(t, f7,2) trajectory, Case #1 holds an amplitude of −65.69 dB and 
−66.82 dB at the points of 6s fs and 8s fs respectively, while the same observations ap-
ply for its spectrum morphology and distribution (Fig. 6.6). These subcomponents reveal 
for Case #2 the amplitude values of −38.43 dB (27.26 dB increase versus healthy) and 
−40 dB (26.82 dB increase) respectively (Fig. 6.6c). For the half pitch scenario of Case #3 
(Fig. 6.6d), the subcomponent at 6s fs elevates at −32.69 dB and the 8s fs one at −53.78 dB, 
reporting increases of 33 dB and 13.04 dB respectively compared to the healthy Case #1. The 
fault-related speed-ripple subcomponent at 2s fs (Table 6.14) lies at −59.66 dB for Case #1, 
while it spikes at −51.43 dB for Case #2 (increase 8.23 dB over healthy) and at −49.53 dB 

for Case #3 (increase 10.13 dB over healthy). The latter result confrms that the 2s fs com-
ponent is highly likely to be present in a considerable level even in healthy motors when it 
comes to real life applications; therefore, this subcomponent should be always evaluated but 
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is not to be relied on for a defnite diagnostic decision. This observation is clear from most of 
the FEM cases as well, as it also was evident from the analysis at the rated load condition. 

Table 6.13 FFT Amplitudes (dB) of S(t, f7,i) for all cases of Motor #1 at Half-Rated Load (Stator Current) 

Case 7 fs − 6s fs 

6s fs 8s fs 

7 fs − 8s fs 

6s fs 8s fs 

Case #1 -63.24 -62.06 -65.69 -66.82 
Case #2 -39.06 -41.06 -38.43 -40 
Case #3 -33.73 -54.61 -32.69 -53.78 

Table 6.14 Motor # 1: Comparative table of the FFT amplitudes (dB) for the 2s fs fault-related component in all 
examined harmonics for all cases - Extracted trajectories from the stator phase current spectral content at the 
half rated load condition 

Case (5− 4s) fs (5− 6s) fs (7− 6s) fs (7− 8s) fs 

Case #1 -74.3 -67.3 -67.15 -59.66 
Case #2 -62.72 -63.03 -51.43 -51.43 
Case #3 -47.95 -53.29 -49.6 -49.53 
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6.1.4 Half-Rated Load: Stray Flux Analysis 

Frequency Extraction 

5-th Harmonic 

In the area of the 5− th harmonic, the results provided by the frequency extraction are 
shown in Figures 6.7 a-d and the amplitudes of the extracted frequency components in 
each harmonic are given in Table 6.15. As it was for data analysed from FEM simulations 
and the rated load experiment, the FFT spectra of these trajectories enclose components at 
the 2ks fs frequencies for the faulty rotor cases. Within the 5− th harmonic area, Case #1 
has a spectrum value at the 4s fs and 6s fs locations spiking at −44.83 dB and −50.39 dB 

respectively for the S(t, f5,1) trajectory. During the single breakage (Fig. 6.7a), the same 
subcomponents spike at −33.93 dB and −36.04 dB respectively for Case #2, which is an 
increase o 10.9 dB and 14.35 dB with respect to Case #1. For the two breakages at the 
half-pitch scenario (Case #3) the same components elevate at −38.56 dB and −43.59 dB, 
a difference in of 6.27 dB and 6.8 dB compared to the healthy points (Fig. 6.7b). The 
S(t, f5,1) trajectory presents in the 2s fs subcomponent from Case #1 - Case #3 the values of 
−56.91 dB, −47.1 dB and −45.16 dB respectively (Table 6.17). 

Fig. 6.7 Comparative spectra of extracted trajectories in the stray fux for the spectral components of Motor #1 
at the half-rated load condition: a) S(t, f5,1) (Case #1 vs Case #2) b) S(t, f5,1) (Case #1 vs Case #3) c)S(t, f5,2) 
(Case #1 vs Case #2) and d) S(t, f5,2) (Case #1 vs Case #3) spectral components of Motor #1 
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Table 6.15 FFT Amplitudes (dB) of S(t, f5,i) for all cases of Motor #1 at Half-Rated Load (Stray Flux) 

Case 5 fs − 4s fs 

4s fs 6s fs 

5 fs − 6s fs 

4s fs 6s fs 

Case #1 -44.83 -50.39 -48.63 -50.02 
Case #2 -33.93 -36.04 -33.71 -35.94 
Case #3 -38.56 -43.59 -38.08 -42.65 

Regarding the S(t, f5,2) trajectory, Case #1 holds an amplitude of −48.63 dB and 
−50.02 dB at the points of 4s fs and 6s fs respectively (Fig. 6.7). These components hold 
the amplitude values of −33.71 dB (14.92 dB increase) and −35.94 dB (14.08 dB increase) 
respectively for the one broken bar of Case #2 (Fig. 6.7c). For the half pitch scenario of 
Case #3 (Fig. 5.39d), the subcomponent at 4s fs elevates at −38.08 dB and the 6s fs one 
at −42.65 dB, reporting increases of 10.55 dB and 7.37 dB respectively compared to the 
healthy Case #1. The S(t, f5,2) trajectory presents in the 2s fs subcomponent from Case #1 -
Case #3 the values of −57.8 dB, −48.19 dB and −45.08 dB respectively (Table 6.17). 

7-th Harmonic 

The results of frequency extraction in the band of the 7− th harmonic are shown in Figures 
6.8 a-d; the amplitudes of the extracted frequency components in each harmonic are given 
in Table 6.16. In all FFT representations of these trajectories, components of fault related 
2ks fs signatures are present to examine their diagnostic potential. Considering the values 
presented in Table 6.16, it can be seen from Figure 6.8 that the healthy motor’s extracted 
trajectory is free from fault-related oscillations. Localised within the 7− th harmonic’s 
frame, Case #1 has a spectrum value at the 6s fs and 8s fs locations spiking at −59.51 dB 

and −48.37 dB respectively for the S(t, f7,1) trajectory. During the single breakage fault at 
Fig. 6.8a, the same subcomponents spike at −34.05 dB and −32.49 dB respectively for Case 
#2. This is a change of 25.46 dB and 15.88 dB respectively when compared with Case #1. 
For the two breakages at the half-pitch scenario (Case #3) the discussed signatures elevate 
at −29.11 dB and −40.17 dB, which is an increase in amplitude of 30.4 dB and 8.2 dB 

respectively compared to the healthy points (Fig. 6.8b). The small change in amplitude of 
this specifc signature at 8s fs was also observed in the same case regarding the FEM models, 
however it was afterwards reliably extracted and used in the diagnostic decision with the stray 
fux measurements. As seen here, this is not the case during the half-rated load condition 
since the component behaves the same way in stator current and stray fux extraction. The 
signature of the subcomponent at 2s fs for Case #1 is stable at −59.41 dB, while it rise by 
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10.88 dB for Case #2 (−48.53 dB) and by 16.76 dB for Case #3 (−42.65 dB). The latter 
signature’s amplitudes are summarised in Table 6.17. 

Fig. 6.8 Comparative spectra of extracted trajectories in the stray fux for the spectral components of Motor #1 
at the half-rated load condition: a) S(t, f7,1) (Case #1 vs Case #2) b) S(t, f7,1) (Case #1 vs Case #3) c)S(t, f7,2) 
(Case #1 vs Case #2) and d) S(t, f7,2) (Case #1 vs Case #3) spectral components of Motor #1 

Table 6.16 FFT Amplitudes (dB) of S(t, f7,i) for all cases of Motor #1 at Half-Rated Load (Stray Flux) 

Case 7 fs − 6s fs 

6s fs 8s fs 

7 fs − 8s fs 

6s fs 8s fs 

Case #1 -59.51 -48.37 -52.7 -57.77 
Case #2 -34.05 -32.49 -33.66 -31.77 
Case #3 -29.11 -40.17 -28.68 -42.38 

Regarding the S(t, f7,2) trajectory, Case #1 holds an amplitude of −52.7 dB and −57.77 dB 

at the points of 6s fs and 8s fs respectively, while the same observations apply for its spec-
trum morphology and distribution (Fig. 6.8). These subcomponents reveal for Case #2 the 
amplitude values of −33.66 dB (19.04 dB increase versus healthy) and −31.77 dB (26 dB 

increase) respectively (Fig. 6.8a). For the half pitch scenario of Case #3 (Fig. 6.8b), the 
subcomponent at 4s fs elevates at −28.68 dB and the 6s fs one at −42.38 dB, reporting 
increases of 24.02 dB and 15.39 dB respectively compared to the healthy Case #1. The 
fault-related speed-ripple subcomponent at 2s fs (Table 6.17) lies at −60.53 dB, while it 
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spikes at −48.24 dB for Case #2 (increase 12.29 dB over healthy) and at −42.2 dB for Case 
#3 (increase 18.33 dB). 

Table 6.17 Motor # 1: Comparative table of the FFT amplitudes (dB) for the 2s fs fault-related component in all 
examined harmonics for all cases - Extracted trajectories from the stray fux spectral content at the half rated 
load condition 

Case (5− 4s) fs (5− 6s) fs (7− 6s) fs (7− 8s) fs 

Case #1 -56.91 -57.8 -59.41 -60.53 
Case #2 -47.1 -48.19 -48.53 -48.24 
Case #3 -45.16 -45.08 -42.65 -42.2 
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6.2 Motor #2: Stray Flux Analysis at Rated Load 

The results presented in this section regard a 1.1 kW , 4-pole IM. The experimental 
measurements were performed in University of Valencia under the rated load condition. The 
experiment handled several broken bar cases, which are summarised in Table 6.18. 

Table 6.18 
Summary of cases for Motor #2 

Case Breakage Location 
Case #1 healthy 
Case #2 2 adjacent bars 
Case #3 2 bars at half pitch 
Case #4 2 bars at full pitch 

Reliable Limit for Extraction 

All components at twice the slip frequency (≃ 2ks fs components) are calculated for each 
case and are given with the values of slip in Table 6.19. As done so far, the presented value 
expresses the distance of an examined component from the central harmonic and is accounted 
for when deriving the lower bound of the window sequence length. 

Table 6.19 Slip values & 2ks fs distances for all cases of Motor #2 - Rated Load Condition 

Case #1 Case #2 Case #3 Case #4 Component 
s1 ≃ 0.0132 s2 ≃ 0.0132 s3 ≃ 0.0088 s4≃ 0.0096 

2s fs 1.32 1.32 0.88 0.96 
4s fs 2.64 2.64 1.76 1.92 
6s fs 3.96 3.96 2.64 2.88 
8s fs 5.28 5.28 3.52 3.84 

The minimum required window sequence lengths, calculated as described in Chapter4, 
are presented in Table 6.20 with the value used for the parameter ξ derived from exhaustive 
search. As expected, the motors with equal value in slip (Case #1 & Case #2) yield equal 
lower bounds. 
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Table 6.20 Window sequence lower bounds for Motor #2 at Rated Load 

ξ = −0.36 Case #1 Case #2 Case #3 Case #4 
2s fs 5190 5190 7785 7137 
4s fs 2595 2595 3893 3568 
6s fs 1730 1730 2595 2379 
8s fs 1298 1298 1946 1784 

Frequency Extraction 

5-th Harmonic 

With regards to the 5− th harmonic, the results provided by the frequency extraction are 
shown in Figures 6.9 & 6.10 and the amplitudes of the extracted frequency components in 
each harmonic are given in Table 6.21. In all FFT representations of these trajectories, even 
multiples of the s fs signature are present, as in the FEM models and previous experiments. 
Within the 5− th harmonic’s frequency band, Case #1 (healthy) has a spectrum value at the 
4s fs and 6s fs locations spiking at −52.05 dB and −56.6 dB respectively for the S(t, f5,1) 
trajectory. During the two adjacent broken bar fault (Fig. 6.9b), the same components 
spike at −25.91 dB and −38.04 dB respectively for Case #2. This is a change of 26.14 dB 

and 18.56 dB with respect to Case #1. For Case #3 (breakages at half-pitch) the discussed 
amplitudes are at the level of −22.39 dB and −45.34 dB respectively (Fig. 6.9c)s, which 
is respectively a change of 29.66 dB and 11.26 dB respectively compared to the healthy 
motor. For the two breakages at the full-pitch distance (Case #4) the same components 
elevate at −22.55 dB and −32.52 dB, a change of 29.5 dB and 24.08 dB compared to the 
healthy points (Fig. 6.9d). The theoretical 2s fs component presents the values of −44 dB, 
−28.09 dB, −37.75 dB and −37.45 dB from Case#1 - Case #4 respectively (Table 6.23), 
showing again that inherent imbalances are highly likely to make this specifc component 
appear even in healthy motors. 

Regarding the S(t, f5,2) trajectory, Case #1 holds an amplitude of −50.91 dB and 
−55.62 dB at the points of 4s fs and 6s fs respectively, while the same observations ap-
ply for its spectrum morphology and distribution (Fig. 6.10). These components hold the 
amplitude values of −26.42 dB (24.49 dB increase) and −38.94 dB (16.68 dB increase) 
respectively for the two adjacent broken bars of Case #2 (Fig. 6.10b). The half pitch breakage 
distance scenario of Case #3 (Fig. 6.10c) elevates the discussed components at −22.77 dB 

and −45.43 dB respectively (increases of 28.14 dB and 10.19 dB respectively). For the full 
pitch scenario of Case #4 (Fig. 6.10d), the subcomponent at 4s fs elevates at −25.45 dB 

and the 6s fs one at −36.74 dB, reporting increases of 25.46 dB and 19.88 dB respectively 
compared to the healthy Case #1. The S(t, f5,2) trajectory presents in the 2s fs signature 
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Fig. 6.9 Comparative spectra of extracted trajectories in the stray fux for the S(t, f5,1) spectral component for 
Motor #2: a)Case #1 b)Case #2 c)Case #3 d)Case #4 

Fig. 6.10 Comparative spectra of extracted trajectories in the stray fux for the S(t, f5,2) spectral component for 
Motor #2: a)Case #1 b)Case #2 c)Case #3 d)Case #4 
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from Case #1 - Case #4 the values of −43.63 dB, −28.07 dB, −37.15 dB and −42.51 dB 

respectively (Table 6.23). 

Table 6.21 FFT Amplitudes (dB) of S(t, f5,i) for all cases of Motor #2 (Stray Flux) 

Case 5 fs − 4s fs 

4s fs 6s fs 

5 fs − 6s fs 

4s fs 6s fs 

Case #1 -52.05 -56.6 -50.91 -55.62 
Case #2 -25.91 -38.04 -26.42 -38.94 
Case #3 -22.39 -45.34 -22.77 -45.43 
Case #4 -22.55 -32.52 -25.45 -36.74 

7-th Harmonic 

With regards to the 7− th harmonic, the results provided by the frequency extraction are 
shown in Figures 6.11 & 6.12 and the amplitudes of the extracted frequency components 
in each harmonic are given in Table 6.22. At this frequency zone, Case #1 has a spectrum 
value at the 6s fs and 8s fs locations spiking at −57.36 dB and −70.15 dB respectively for 
the S(t, f7,1) trajectory. At two adjacent broken bars (Fig. 6.11b), the same components 
spike at −30.22 dB and −50.68 dB respectively for Case #2. This is a change of 27.14 dB 

and 19.47 dB with respect to Case #1. For Case #3 the discussed amplitudes are at the level 
of −37.33 dB and −50.65 dB respectively (Fig. 6.11c)s, which is respectively a change of 
20.03 dB and 19.5 dB respectively compared to the healthy motor. For Case #4 the same 
components elevate at −25.99 dB for both signatures, a change of 31.37 dB for the 6s fs 

and 44.16 dB for the 8s fs compared to the healthy points (Fig. 6.11d). The 2s fs signature 
presents the values of −68.31 dB, −47 dB, −40.21 dB and −47.8 dB from Case#1 - Case 
#4 respectively (Table 6.23). 

Table 6.22 FFT Amplitudes (dB) of S(t, f7,i) for all cases of Motor #2 (Stray Flux) 

Case 7 fs − 6s fs 

6s fs 8s fs 

7 fs − 8s fs 

6s fs 8s fs 

Case #1 -57.36 -70.15 -71.44 -69.06 
Case #2 -30.22 -50.68 -29.81 -50.05 
Case #3 -37.33 -50.65 -27.04 -35.17 
Case #4 -25.99 -25.99 -25.76 -30.45 

Regarding the S(t, f7,2) trajectory, Case #1 holds an amplitude of −71.44 dB and 
−69.06 dB at the points of 6s fs and 8s fs respectively (Fig. 6.12). These components 
hold the amplitude values of −29.81 dB (41.63 dB increase) and −50.05 dB (19.01 dB 
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Fig. 6.11 Comparative spectra of extracted trajectories in the stray fux for the S(t, f7,1) spectral component for 
Motor #2: a)Case #1 b)Case #2 c)Case #3 d)Case #4 

Fig. 6.12 Comparative spectra of extracted trajectories in the stray fux for the S(t, f7,2) spectral component for 
Motor #2: a)Case #1 b)Case #2 c)Case #3 d)Case #4 
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increase) respectively for Case #2 (Fig. 6.12b). The half pitch breakage distance scenario 
of Case #3 (Fig. 6.12c) erects the discussed components at −27.04 dB and −35.17 dB 

respectively (increases of 44.4 dB and 33.89 dB respectively). For the full pitch scenario of 
Case #4 (Fig. 6.12d), the subcomponent at 6s fs elevates at −25.76 dB and the 8s fs one at 
−30.45 dB, reporting increases of 45.68 dB and 38.61 dB respectively compared to Case #1. 
The S(t, f7,2) trajectory presents in the 2s fs signature from Case #1 - Case #4 the values of 
−28.4 dB, −40.08 dB, −46.96 dB and −34.42 dB respectively (Table 6.23). It is seen that 
the 2s fs component of the 7 − th harmonic appears stronger in the healthy motor than in all 
other cases, when extracted for the lower sideband; its behaviour is unpredicted regardless 
the motor condition, as it relates with the motor imperfections appearing randomly in un-
expected amplitude levels and is therefore confrmed as unreliable for diagnostic purposes. 
Nevertheless, the signatures of the subcomponents at 6s fS and 8s fs perform very well and 
their amplitude variations are of good potential for a diagnostic decision. 

Table 6.23 Motor # 2: Comparative table of the FFT amplitudes (dB) for the 2s fs fault-related component in all 
examined harmonics for all cases - Extracted trajectories from the stray fux spectral content at rated load 

Case (5− 4s) fs (5− 6s) fs (7− 6s) fs (7− 8s) fs 

Case #1 -44.02 -43.63 -68.31 -67.87 
Case #2 -28.09 -28.07 -47 -46.94 
Case #3 -37.75 -37.15 -40.21 -57.42 
Case #4 37.45 -41.51 -47.56 -47.52 

6.3 Discussion & Conclusive Remarks 

In the concluded chapter, the proposed method was applied on experimental measurements. 
The data originated from experiments on two induction motors with multiple faulty cases 
regarding the location of broken bars. The frst motor (Motor #1) was tested at the healthy 
condition, the single breakage fault and at the double breakage within half pole pitch distance, 
corresponding to three scenarios of the examined FEM models in Chapter 5; in addition to 
the FEM validation, the method was successfully validated experimentally on stator phase 
current and stray magnetic fux signals at two different load levels, the rated load and the 
half-rated load condition. The second motor (Motor #2) was tested at the healthy condition, 
two adjacent breakages, two breakages at half pitch distance and two breakages at pole pitch 
distance; the method was successfully validated only on stray magnetic fux measurements at 
the rated load condition, thus corresponding to all the FEM models examined in Chapter 5. 
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The results from experiments fully agree with the FEM validation, as the method ushered 
the set of investigated signatures, therefore providing in all cases a reliable representation 
of the fault related harmonic subcomponents. The evaluation of these signatures rendered 
advantageous results regarding changes in their amplitudes that can alarm for a rotor fault 
existence; frstly, the discussed subcomponent signatures are manifesting themselves only 
under faulty rotor condition; secondly -even if they are prompt to appear in healthy motor 
cases due to unexpected inherent asymmetries or manufacturing imbalances- their level of 
amplitude is relatively low, whereas for a faulty case they spike at levels which are suitable 
to indicate and detect a rotor fault. More importantly though, the examined signatures arise 
and duly allow their amplitudes to raise a fault alarm regardless the location of the breakages. 
This was evidently clear through the analysis at both levels of load using stator current and 
stray fux measurements. Moreover, the method reliably detected the rotor fault condition in 
the stray fux measurements of Motor #2, confronting reliably the problem of non-adjacent 
breakages. 

Finally, the concluded analysis performed an examination of the subcomponent frequency 
at 2s fs, as it has been and is still being used as a signature in many rotor fault detection 
methods. It was seen that this specifc subcomponent is not always and necessarily fault-
related, as it can be affected by manufacturing imperfections, inherent imbalances or rotor 
interchange during maintenance/replacement etc. Also, the mentioned signature might spike 
in a healthy motor at levels higher than a faulty one, hence running the risk of misleading a 
diagnostic process. This was evidently clear in Motor #2, where the component behaved in 
a very random pattern regardless of the motor’s health condition. A similar outcome was 
observed in some experimental cases for the trajectories extracted, something that agrees with 
some case of the FEM models presented in Chapter 5 (especially Model #3). Nonetheless, 
the rest of the signatures (4s fs, 6s fs, 8s fs) were able to determine a rotor fault condition and 
reliable enough in every set. The 5− th and 7− th harmonics are therefore chosen as the 
main suitable assets of the method to provide a reliable diagnostic tool for the detection of 
rotor faults. 



Chapter 7 

Conclusions & Future Research 

The concluded dissertation addressed a diagnostic method for the reliable detection of rotor 
electrical faults using advanced digital signal processing. By means of frequency extraction, 
spectral information of the stator phase current and the stray magnetic fux was extracted 
and represented using a novel two-stage approach. The method was validated via extended 
FEM simulations and experimental measurements. The following two sections summarise 
the conclusions and the potential future research respectively, highlighting the presented 
outcomes and the contribution of this PhD thesis to the research community. 

7.1 Conclusions & Novel Contribution 

The problem of rotor electrical faults in induction motors is an issue frequently encountered 
in industry. In particular, the problem of adjacent and non-adjacent breakages on a rotor 
is continuously reported by researches for induction motors embedded in various indus-
trial applications. The machine’s rotating magnetic felds, the inherent speed ripple effect, 
the complex machine construction, complicated electromagnetic and thermal phenomena, 
the dynamic and time-varying nature of rotor faults, the fault-related speed ripple effect 
generation and its reaction chain, inherent manufacturing imbalances, coupled loads, and 
environmental conditions are only a few factors that can contribute to the masking of a rotor 
fault and let it evolve undetected. At the presence of each of these mechanisms, as well as at 
any combination of them, diagnostic engineers run the danger of misdiagnosing induction 
machines. The case of false-negative diagnosis has been frequently reported by published 
industrial case studies. This means that, while prior periodical maintenance had diagnosed 
these motors as healthy, partially broken or even damaged rotors were detected when the 
motors where disassembled and inspected. On the other hand, conventional diagnostic 
methods have alarmed for rotor faults due to load variations, shaft vibrations, or even due 
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to inherent machine geometries and special rotor constructions; however, inspection of the 
rotors during maintenance revealed no harm anywhere of the rotor body. The latter scenario 
makes up the cases of false-positive diagnosis. 

The frequency extraction method proposed by this research presented reliable results 
to detect fault-related rotor frequencies in the measurements of stator phase current and 
stray magnetic fux. The frst novelty of the method is a system-oriented limitation from the 
DSP and system perspective according to the system parameters, defning the boundaries 
within which the method can be applied using a t − f spectral representation; thereupon, 
a t − f method is used to reliably visualise and investigate the time-varying nature of the 
discussed frequency components. More specifcally, utilising the STFT analysis for a t − f 
representation of the monitored signals, the spectral information of targeted frequency bands 
was extracted for the trajectories enclosed in those areas. The two-stage t − f analysis over the 
steady-state regime addresses whether a motor is free from sidebands or not, around the main 
frequencies of interest; at the indication of sidebands existence, the method proceeds with 
extraction of frequencies with the potential to carry fault-related information. Furthermore, 
the sidebands -which manifest themselves as trajectories- are handled as time-signals. Their 
examination in the time-domain is the initial evaluation, whereas their frequency-domain 
analysis detects specifc subcomponents in the low-frequencies range that are defnitive for 
diagnosing a rotor fault. 

The discussed analysis is applied over the whole duration of the acquired measurements; 
however, focus is given on the steady-state regime in order to take advantage of the quasi-
static nature of the fault. This allows for the frst time to reliably detect the fault-related speed 
ripple effect and securely diagnose rotor electrical faults over the steady-state, which is the 
second novelty of the method. Therefore, the proposed signal analysis and characterisation 
provides a novel solution to the problems of false-negative/false-positive diagnostics of rotor 
faults, which have been a vice at the presence of non-adjacent breakages. The proposed 
method detects such faults, regardless the fault location; hence, it confronts reliably breakages 
of rotor bars and broken rotor rings for the frst time in an abstract approach. The mentioned 
problem is well known in industry and academia, as proven by the amount of published works 
providing such cases; thus, the method proves its novelty and originality by the versatility in 
a variety of cases originating from theoretical cases (FEM simulations) as well as extended 
experiments. 

The proposed diagnostic method is the frst one that reliably tracks the rotationally 
propagated 2ks fs rotor fault related components and exploits their nature during extraction 
of their harmonic content. Although such components have been examined in the stator 
current and stray fux so far, their analysis is performed over the steady-state regime using 
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classical approaches or during the transient regime using advanced approaches. The frst 
approach assumes stationarity or a partial steady-state condition; therefore, it loses vital 
part of the signal’s spectral characteristics during the dynamic behaviour that a rotor fault’s 
implications have. The second approach is modern, advanced and promising; however, it 
requires fast and high resolution analysis for signals of a very short duration as the transient 
start-up is usually very quick. The proposed method uses the whole duration of a signal, 
the transient start-up and the steady-state. By using the advanced approach, the frequency 
tracking applied in the two-stage context allows the examination of the spectral content in a 
global and more appropriate way in terms of spectral analysis. Subsequently, the spectral 
analysis is handled within defned resolution (windowing) limits and optimal windowing 
selection for rotor faults. The above process yields a very important fnding, which is the 
time-dependent extraction of a spectral component S(t, fa) for a specifc frequency fa and its 
neighbouring sidebands S(t, fa,i). If sidebands are present in the examined frequency bands, 
their pattern over time will be evaluated during the steps of the method to apply in the fnal 
stage the classical approach of a frequency-domain analysis. 

In all cases, the examined frequency bands provide rigorous results that allow the detec-
tion of non-adjacent broken rotor bars with the proposed method. Both the 5− th and the 
7− th harmonics are versatile under the proposed analysis and the subcomponents carried in 
their spectral energy information are prompt candidates to reveal a faulty rotor. Therefore, 
due to the global approach and reliable spectral analysis of the method, the extracted compo-
nents for the S(t, f ) trajectories form a vital tool for the detection of rotor faults. As most of 
the recent works dealing with advanced approaches in the literature lack the apt parameter 
setting or the generality of assumptions, the two-stage approach proposed in the current 
method is of major signifcance. On the one hand, it suggests a proper signal representation 
for spectral components accounting for dynamic aspects by the behaviour of the fault-related 
2ks fs components over time; consequently, it tracks the orbit of such components and their 
surrounding (sideband) harmonics. On the other hand, it further evaluates these extracted 
time-signals over their frequency-domain representation; therefore, it practically constitutes 
a safe preliminary step for a proper diagnostic approach aiming to use Machine Learning or 
pattern recognition tools. 

Finally, the method was proven by the experimental results immune to manufacturing 
defects and general asymmetries (environmental or user-imposed). This also provides 
an added value in the area of induction motor diagnostics, since so far the issue of such 
defciencies and the coherent confusion they cause at the presence of rotor faults remained 
unsolved. In a nutshell, from the DSP and system perspective, the identifcation of the 
frequencies’ dynamic behaviour during fault detection proves that the symmetric nature 
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of the induction motor collapses during rotor fault conditions; however, the subsequent 
phenomena create a more advanced non-linear periodicity that has to be accounted for 
in system level. At the same time, inherent system parameters like the motor slip s or 
DSP setting parameters like the window sequence length and the local equivalent noise 
bandwidth are already of dynamic -or quasi dynamic- nature. Under the combination of 
these phenomena, the assumptions that a static frequency-domain representation like the 
FFT analysis will provide the necessary diagnostic information is no longer valid. Instead, 
the detection of fault related spectral signatures within the t − f domain is required by 
a dynamic analysis which enables to use the advanced t − f approach for the beneft of 
the apt post-processing by the classical approach. Such dynamic two-stage approaches can 
reliably extract the valuable diagnostic information that is usually encapsulated in the spectral 
characteristics, and that is usually lost during the application of approaches that have been 
utilised so far. 

7.2 Future Work 

There is a series of key points regarding the proposed method to form aspects of interest 
for future research in the academic community. One of them is the application of the method 
in different signals of more dynamic nature, like the electromagnetic torque or the motor 
speed. This will further validate the method and enhance its reliability by multi-variate 
measurements, as multiple measurements are already a state of the art in the feld of electrical 
machines. Essentially, all diagnostic techniques ought to be put in trial with all available 
measurements to investigate all diagnostic possibilities. Also, from the DSP point of view, 
another aspect that might be investigated is the optimisation of the signal processing method 
and its steps prior to the frequency extraction. This means further research regarding the 
pre-setting of the STFT analysis and the boundary conditions, as well as the optimisation of 
the parameter ξ with other algorithms rather than the exhaustive search one. This will provide 
further insight to the windowing functions and their effect in diagnostic applications for rotor 
faults, as well as other types of faults, e.g. eccentricity or short-circuits. The last DSP future 
aspect is for the method to be put under trial with other advanced DSP approaches; such 
may include the initial t − f representation by the use of transformations like the CWT & 
DWT, the Wigner-Ville distribution and any other transform that allows to expand a signal 
with improved time resolution within reliable extraction limits. Nevertheless, what should be 
targeted for is the apt monitoring by a t − f analysis without expense on the complexity and 
the computational time of the application and the used algorithms. 
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Furthermore, some weak points of the presented research concern software and simulation 
issues. Expectedly, transient FEM simulations including motion components are extremely 
time consuming and come with huge computational burden. Therefore, the process of 
collecting extended datasets for several healthy and faulty models of a motor can sometimes 
last up to several months. Consequently, the FEM simulations of this research focused on 
motors at the full-load condition as this is the condition most frequently encountered in 
industry applications. Future research to this extent may include simulations at other load 
profles, like the no-load, low-load and the medium-load conditions. Another possibility to 
expand this research is to run such models in 3D FEM simulations and compare the outcomes 
with 2D, especially if thermal aspects would be taken into account. Also, potential software 
developments of the near future could allow for FEM software like the one used in this 
research to connect via plug-ins with other useful software for modelling, signal analysis and 
monitoring. Such expansions could connect FEM software with environments like Matlab 
Simulink or LabView and allow the fast and accurate on-line monitoring. 

As the demands in the industry of electric motors continuously grow, both in industrial 
power plants and in mobility applications, on-line condition monitoring is an aspect that is 
always considered to implement by diagnostic engineers. On this basis, another future aspect 
of this research is to implement the proposed approach using FPGA and hardware-in-the-loop 
tools for on-line condition monitoring and to test the method in such an expansion in industry. 
This can be done in combination with the aforementioned software plug-ins to achieve 
increased diagnostic reliability and accuracy. Considering this, another future point that this 
research could be expanded to is the use of FPGA tools and hardware-in-the-loop systems to 
develop a complete diagnostic instrumentation set-up for the decision of electrical machines’ 
state while they operate. 

To the same direction, another improvement of the presented research in the future could 
be the optimisation of the magnetic fux sensor. Although the search coils developed in 
this research have shown competent diagnostic potential in laboratory level and industrial 
applications, further development is possible. For example, an idea for future work is 
to embed flters within the sensor for measurements in extremely noisy environments, or 
in applications with magnetic interference. Furthermore, there is space for improvement 
regarding the discussed fux sensors to make them more user-friendly and commercially 
attractive. This can include the packaging of the sensor and enhancement of its material 
properties to make it more robust and resilient. Also, a confguration of multiple sensors can 
be used to examine how the method will perform on multi-variable measurements of stray 
magnetic felds and their analysis. 
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Moreover, the following are some weak points regarding the concluded research that 
can be looked into in the future. The rotor breakage scenarios of single breakage, double 
adjacent breakages, and double non-adjacent breakages can be expanded to further scenarios 
like triple breakages and multiple breakages on the rotor cage. Although the process of 
damaging a rotor is expensive and such studies will come with more cost, it is valuable to 
evaluate such cases of extreme faulty states regarding their diagnosis to assess the diagnostic 
potential of new methods. Also, such cases can be put under the microscope in combination 
with rotor end-ring breakages, bearing faults and eccentricity conditions. This will help to 
assess the method on the pipeline for diagnostic decisions regarding discrimination of faults, 
something that can be valuable for applications in industrial environments and mobility 
applications. Finally, the proposed methodology is expected to face some diffculties in 
extremely noisy applications or where extreme magnetic interference is present, as the sensors 
have been manufactured and tested for experiments of laboratory level and for stationary 
motors in industry. Other possible obstacles are submersible applications, motors used in 
drilling, crashers, and compressors as such applications constitute cases in environments 
with excessive noise and vibrations. These aspects ought to be investigated in parallel with 
the sensor optimisation, a point mentioned in the very beginning of possible future work and 
weak points improvement. Optimal packaging and embedded flters in the sensor are possible 
strategies to follow, in order to overcome such issues in the future and ensure diagnostic 
reliability and accuracy in any type of application. 
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