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Abstract
A precise, general, non-invasive and automatic speed estimation method for MCSA

steady-state diagnosis and efficiency estimation of induction motors in the 4.0 Industry.

by Jorge Bonet Jara

There are two crucial aspects when operating induction motors in industry: efficiency es-
timation (to minimize energy consumption) and diagnosis (to avoid untimely outages and re-
duce maintenance costs). To estimate the motor’s efficiency, it is necessary to measure voltages
and currents. Hence, it is convenient and very useful using the same current to also diagnose
the motor (Motor Current Signature Analysis: MCSA). In this regard, the most suitable MCSA
technique is that based on locating fault harmonics in the spectrum of the stator line current
under steady-state, as this is the operating condition of most induction motors in industry.
Since the frequency of these harmonics depends on the speed, it becomes essential to be able to
know this magnitude with precision, as the accurate knowledge of the operating speed makes
it possible to correctly locate the fault harmonics, and therefore, reduce the chances of false pos-
itives/negatives. In turn, an accurate speed information also allows to calculate the mechanical
power with precision, which results in a more accurate estimation of the motor performance.
Finally, to adapt to the needs of 4.0 Industry, where large numbers of motors are continuously
monitored, the speed must not only be obtained very accurately, but also non-invasively, au-
tomatically (without the need for an expert) and for any induction motor. In this regard, since
precise speed measurement through a shaft sensor is invasive and expensive, Sensorless Speed
Estimation (SSE) techniques become the best option.

The first part of this thesis conducts a thorough analysis of all the families of SSE techniques
present in the technical literature. As demonstrated therein, those techniques based on Slotting
and Rotational Frequency Sideband Harmonics are the most promising, as they can potentially
meet all the aforementioned requirements. However, as also proved in this part, and up to this
thesis, there had always been a trade-off between accuracy and general applicability. On the
one hand, the use of Rotor Slot Harmonics (RSH) provides a much better precision to estimate
speed than the Rotational Frequency Sideband Harmonics (RFSH), whose imprecision usually
leads to wrong diagnosis. On the other hand, RSHs-based methods are difficult to implement in
industrial devices, since they require parameters that are usually unknown, such as the number
of rotor slots, unlike RFSHs-based methods, which only require the number of pole pairs.

The second part, and core of this thesis, presents a methodology that ends with this trade-off
between accuracy and general applicability, thus providing the first precise, general, noninva-
sive and automatic speed estimation method for MCSA steady-state diagnosis and efficiency
estimation of induction motors that operate in a 4.0 Industry context. This is achieved by devel-
oping a novel RSH-based technique that, for the first time in technical literature, eliminates the
need to know/estimate the number of rotor slots, which had so far prevented these techniques
to be generally applicable. This technique also provides a reliable and automatic procedure
to, from among the high number of significant harmonics present in the spectrum of the line
current of an induction motor, locate the RSHs family. Also automatically and without the
help of an expert, the technique is able to determine the parameters needed to estimate speed
from RSHs, using only measurements taken during the motor normal operation at steady-state.
The methodology is validated using motors with different characteristics, designs and working
conditions (directly fed, frequency converter fed, different loads, etc.), by simulations, lab tests
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and with 105 industrial motors. Furthermore, a real industrial case of application is shown as
well, where the speed estimation algorithm is implemented in a continuous motor condition
monitoring system via MCSA, which eventually leads to the discovery of a new fault in deep-
well submersible motors: the wear of end-rings. Finally, a second direct application derived
from the reliable and automatic procedure to detect RSHs is presented: the use of these har-
monics to diagnose early-stage inter-turn faults in induction motors of deep-well submersible
pumps.
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Resumen
A precise, general, non-invasive and automatic speed estimation method for MCSA

steady-state diagnosis and efficiency estimation of induction motors in the 4.0 Industry.

by Jorge Bonet Jara

Hay dos aspectos cruciales a la hora de operar motores de inducción en la industria: la esti-
mación de su eficiencia (para minimizar el consumo de energía) y su diagnóstico (para evitar
paradas intempestivas y reducir los costes de mantenimiento). Para estimar la eficiencia del
motor es necesario medir tensiones y corrientes. Por ello, resulta conveniente y muy útil uti-
lizar la misma corriente para diagnosticar también el motor (Motor Current Signature Analysis:
MCSA). En este sentido, la técnica MCSA más adecuada es aquella basada en la localización de
armónicos de fallo en el espectro de la corriente de línea del estator en régimen permanente,
puesto que esta es la condición de funcionamiento de la mayoría de los motores de inducción de
la industria. Por otro lado, dado que la frecuencia de estos armónicos depende de la velocidad,
resulta imprescindible conocer esta magnitud con precisión, ya que el conocimiento preciso de
la velocidad de funcionamiento permite localizar correctamente los armónicos de fallo, y, por
tanto, reducir las posibilidades de falsos positivos/negativos. A su vez, una medida precisa de
la velocidad también permite calcular con precisión la potencia mecánica, lo que se traduce en
una estimación más exacta del rendimiento del motor. Por último, para adaptarse a las necesi-
dades de la Industria 4.0, en la que se monitoriza continuamente un gran número de motores,
la velocidad no solo debe ser obtenida con gran precisión, sino también de manera no invasiva,
automática (sin necesidad de un experto) y para cualquier motor de inducción. A este respecto,
dado que la medición precisa de la velocidad a través de un sensor de eje (encóder) es invasiva
y costosa, las técnicas de estimación de velocidad sin sensores (SSE en inglés) se convierten en
la mejor opción.

En la primera parte de esta tesis se realiza un análisis exhaustivo de todas las familias de
técnicas SSE presentes en la literatura técnica. Como se demuestra en ella, aquellos métodos
basados en armónicos de ranura y armónicos laterales de frecuencia rotacional son los más
prometedores, pues potencialmente pueden satisfacer todos los requisitos mencionados ante-
riormente. Sin embargo, como también se demuestra en esta parte, y hasta esta tesis, siempre
había existido un compromiso entre la precisión y la aplicabilidad general del método. Por
un lado, el uso de armónicos de ranura de rotor (RSH en inglés) proporciona una precisión
mucho mayor para estimar la velocidad que los armónicos de banda lateral de frecuencia de
rotación (RFSH en inglés), cuya imprecisión suele conducir a diagnósticos erróneos. Por otro
lado, los métodos basados en RSHs son difíciles de implementar en dispositivos industriales,
ya que requieren parámetros que suelen ser desconocidos, como el número de ranuras del ro-
tor, a diferencia de los métodos basados en RFSHs, que sólo requieren el número de pares de
polos.

En la segunda parte, y núcleo de esta tesis, se presenta una metodología que acaba con este
compromiso entre precisión y aplicabilidad general, proporcionando así el primer método de
estimación de velocidad preciso, general, no invasivo y automático para el diagnóstico en es-
tado estacionario MCSA y la estimación de eficiencia de motores de inducción que operan en
un contexto de Industria 4.0. Esto se consigue desarrollando una novedosa técnica basada en
RSHs que, por primera vez en la literatura técnica, elimina la necesidad de conocer/estimar
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el número de ranuras del rotor, lo que, como se ha mencionado anteriormente, había impe-
dido hasta la fecha que estos métodos fueran de aplicación general. Esta técnica proporciona
además un procedimiento fiable y automático para, de entre el elevado número de armónicos
significativos presentes en el espectro de la corriente de línea de un motor de inducción, lo-
calizar la familia de RSHs. También de manera automática y sin la ayuda de un experto, la
técnica es capaz de determinar los parámetros necesarios para estimar la velocidad a partir
de los RSHs, utilizando únicamente medidas tomadas durante el funcionamiento normal del
motor en régimen estacionario. La metodología es validada utilizando motores con diferentes
características, diseños y condiciones de trabajo (alimentados directamente, alimentados por
convertidor de frecuencia, diferentes niveles de carga, etc.), empleando para ello simulaciones,
pruebas de laboratorio y 105 motores industriales. Además, se muestra un caso real de apli-
cación industrial en el que el algoritmo de estimación de velocidad es implementado en un
sistema de monitorización continua del estado del motor mediante MCSA, lo que acaba con-
duciendo al descubrimiento de un nuevo fallo en motores sumergibles de pozo profundo: el
desgaste de los anillos de cortocircuito. Por último, se presenta una segunda aplicación directa
derivada del procedimiento fiable y automático de detección de RSHs: el uso de estos armóni-
cos para diagnosticar, en fase temprana, cortocircuitos entre espiras en motores de inducción
de bombas sumergibles de pozo profundo.
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Resum
A precise, general, non-invasive and automatic speed estimation method for MCSA

steady-state diagnosis and efficiency estimation of induction motors in the 4.0 Industry.

by Jorge Bonet Jara

Hi ha dos aspectes crucials a l’hora d’operar motors d’inducció en la indústria: l’estimació
de la seua eficiència (per a minimitzar el consum d’energia) i el seu diagnòstic (per a evi-
tar parades intempestives i reduir els costos de manteniment). Per a estimar l’eficiència del
motor és necessari mesurar tensions i corrents. Per això, resulta convenient i molt útil util-
itzar el mateix corrent per a diagnosticar també el motor (Motor Current Signature Analysis:
MCSA). En aquest sentit, la tècnica MCSA més adequada és aquella basada en la localització
d’harmònics de fallada en l’espectre del corrent de línia de l’estator en règim permanent, ja que
aquesta és la condició de funcionament de la majoria dels motors d’inducció de la indústria.
D’altra banda, atés que la freqüència d’aquests harmònics depén de la velocitat, resulta impre-
scindible conéixer aquesta magnitud amb precisió, puix el coneixement precís de la velocitat
de funcionament permet localitzar correctament els harmònics de fallada i, per tant, reduir les
possibilitats de falsos positius/negatius. Al seu torn, una mesura precisa de la velocitat també
permet calcular amb precisió la potència mecànica, la qual cosa es tradueix en una estimació
més exacta del rendiment del motor. Finalment, per a adaptar-se a les necessitats de la Indústria
4.0, en la qual es monitora contínuament un gran nombre de motors, la velocitat no sols ha de
ser obtinguda amb gran precisió, sinó també de manera no invasiva, automàtica (sense neces-
sitat d’un expert) i per a qualsevol motor d’inducció. En aquest sentit, atès que el mesurament
precís de la velocitat a través d’un sensor d’eix (encóder) és invasiva i costosa, les tècniques
d’estimació de velocitat sense sensors (SSE en anglés) es converteixen en la millor opció.

En la primera part d’aquesta tesi es realitza una anàlisi exhaustiva de totes les famílies de
tècniques SSE presents en la literatura tècnica. Com es demostra en ella, aquells mètodes basats
en harmònics de ranura i harmònics laterals de freqüència rotacional són els més prometedors,
ja que potencialment poden satisfer tots els requisits esmentats anteriorment. No obstant això,
com també es demostra en aquesta part, i fins a aquesta tesi, sempre havia existit un com-
promís entre la precisió i l’aplicabilitat general del mètode. D’una banda, l’ús d’harmònics de
ranura de rotor (RSH en anglès) proporciona una precisió molt major per a estimar la velocitat
que els harmònics de banda lateral de freqüència de rotació (RFSH en anglès), la imprecisió
dels quals sol conduir a diagnòstics erronis. D’altra banda, els mètodes basats en RSHs són
difícils d’implementar en dispositius industrials, ja que requereixen paràmetres que solen ser
desconeguts, com el nombre de ranures del rotor, a diferència dels mètodes basats en RFSHs,
que només requereixen el nombre de parells de pols.

En la segona part, i nucli d’aquesta tesi, es presenta una metodologia que acaba amb aquest
compromís entre precisió i aplicabilitat general, proporcionant així el primer mètode d’estimació
de velocitat precís, general, no invasiu i automàtic per al diagnòstic en estat estacionari MCSA
i l’estimació d’eficiència de motors d’inducció que operen en un context d’Indústria 4.0. Això
s’aconsegueix desenvolupant una nova tècnica basada en RSHs que, per primera vegada en la
literatura tècnica, elimina la necessitat de conéixer/estimar el nombre de ranures del rotor, la
qual cosa, com s’ha esmentat anteriorment, havia impedit fins avui que aquests mètodes foren
d’aplicació general. Aquesta tècnica proporciona a més un procediment fiable i automàtic per a,
d’entre l’elevat nombre d’harmònics significatius presents en l’espectre del corrent de línia d’un
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motor d’inducció, localitzar la família de RSHs. També de manera automàtica i sense l’ajuda
d’un expert, la tècnica és capaç de determinar els paràmetres necessaris per a estimar la veloci-
tat a partir dels RSHs, utilitzant únicament mesures preses durant el funcionament normal del
motor en règim estacionari. La metodologia és validada utilitzant motors amb diferents carac-
terístiques, dissenys i condicions de treball (alimentats directament, alimentats per convertidor
de freqüència, diferents nivells de càrrega, etc.), emprant per a això simulacions, proves de lab-
oratori i 105 motors industrials. A més, es mostra un cas real d’aplicació industrial en el qual
l’algoritme d’estimació de velocitat és implementat en un sistema de monitoratge continu de
l’estat del motor mitjançant MCSA, la qual cosa acaba conduint al descobriment d’una nova
fallada en motors submergibles de pou profund: el desgast dels anells de curtcircuit. Final-
ment, es presenta una segona aplicació directa derivada del procediment fiable i automàtic de
detecció de RSHs: l’ús d’aquests harmònics per a diagnosticar, en fase primerenca, curtcircuits
entre espires en motors d’inducció de bombes submergibles de pou profund.
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Chapter 1

General introduction

In this first chapter, the background of the present doctoral thesis is introduced, its main and
partial objectives are defined, and its structure is described, which is in the form of Thesis as a
Collection of Articles. As the articles share some references that do not necessarily appear in the
same order in each of them, it has been arranged that all chapters where other works are cited
have their own bibliography section, in order to facilitate reading. Furthermore, keeping the
objective of facilitate reading, in the PDF version of this document, each time a chapter, section,
subsection, equation, figure, table or citation is mentioned, a hyperlink to that chapter, section,
subsection, equation, figure, table or reference is provided. In the bibliography, a hyperlink has
also been added to the DOI, if available, that leads directly to the web page hosting the work (in
case the work does not have a DOI but is available in a repository or bookstore on the Internet,
a link to that website has also been added). Finally, like this chapter, each of the following ones
has a brief introduction below its title.



2 Chapter 1. General introduction

1.1 Background

The current industrial trend is to develop a set of intelligent sensors that determine the state of
a given industry and help make decisions in order to optimize its operation. In this sense, the
development of devices that, by capturing different signals from electric motors, are capable
of diagnosing them and determining their efficiency, is of paramount importance. This makes
it possible to make decisions regarding optimal maintenance and to minimize the energy con-
sumption of the industry. The diagnosis through Motor Current Signature Analysis (MCSA) in
induction machines (IM) needs accurate speed information in order to correctly locate the fault
harmonics1 (as further explained below). In the same way, when determining the efficiency
of an IM, either by estimating the equivalent circuit parameters or the mechanical torque, it is
necessary to know the speed with precision. In industry, motors are usually not equipped with
speed sensors, so it is necessary to estimate this magnitude. Nevertheless, the methods present
in the technical literature have a number of shortcomings that prevent their application to real
industrial contexts.

Thus, the present thesis is located within the field of Sensorless Speed Estimation (SSE)
in IMs. Its objective is to develop a new speed estimation method that solves the problems of
current SSE techniques when applied in real industrial environments. In particular, the method
has been designed to serve as the basis of a smart sensor to meet the needs of 4.0 Industry.
To this end, the algorithm must not require any motor data beyond its nameplate (thereby
enabling its application to any motor), it must solve the problem automatically (without the
need of an expert) and in a non-invasive way (without the need of using tests/procedures
other than measurements under normal motor operation), achieve high precision (avoiding
inaccurate efficiency estimation, and eliminating the appearance of false positives and false
negatives when used for diagnosis purposes), be integrated into smart devices installed in-situ
(enabling continuous monitoring) and work with both grid supply and any type of frequency
converter. Since for both MCSA steady-state diagnosis and efficiency estimation, SSE is a first
key step, these characteristics will allow the algorithm to be the basis of a device for such
applications, and constitute the necessary tool to develop such functions in the context of a 4.0
Industry.

Although SSE has been studied for decades in the field of electric motor control [1], less
attention has been paid to its application to efficiency estimation, and diagnosis via steady-
state MCSA. It must be noted that, although the idea underlying a SSE technique is the same
regardless the field of application (estimate speed without the need of a physical sensor), the
restrictions and requirements imposed by each particular application affect the characteristics
and suitability of the different SSE methods.

In advanced electric motor control (e.g., Field Oriented Control), the real-time estimation
of certain machine magnitudes, such as speed, is a paramount requirement. This real-time
response implies using short current/voltage captures. In terms of SSE, this means having
to resort to methods based on the machine model, which, although their accuracy does not
depend on the capture length, it depends on parameters very sensitive to the operating condi-
tions, or having to resort to other SSE techniques, which, although insensitive to the variation
of motor parameters, their accuracy depends proportionally on the capture length, hindering
real-time response. Therefore, advance electric motor control impose the condition of having
to find a compromise solution between response time and accuracy.

1The term "fault harmonics" is used in this thesis to refer to all speed-dependent harmonics that appear in the
stator current as a consequence of mechanical or electrical asymmetries.
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The control of IMs is useful to achieve smooth starts and stops, as well as to bring the mo-
tor and load to the desired operating point. However, in most industrial applications, once the
IM is started and the desired operating speed is reached, this operating point usually does not
vary. There are very few applications where the load varies (wood shredders, mixing of ma-
terial for recycled paper, etc.). In most applications, the load is constant, as well as the speed:
hydraulic pumps, fans, compressors, etc. At most, they have different load levels where the
operator can decide to make them work, but the load does not change by itself. It is precisely
under these conditions where efficiency estimation and MCSA steady-state diagnosis is per-
formed. In terms of SSE, the fact of being performed under fixed steady-state conditions makes
a very big difference with respect to the field of advanced electric motor control, as there is no
longer that trade-off between accuracy and real-time response. In this case, since the operat-
ing conditions do not change, only a single speed value needs to be estimated for the whole
capture interval, instead of a speed value for each instant of time. Moreover, since, on the one
hand, it is not necessary to estimate efficiency every few seconds and, on the other hand, many
of the faults (such as bar breakage or eccentricity problems) evolve slowly, the measurement of
voltages and currents can last tens of seconds or even minutes. As mentioned before, the latter
allows to greatly exploit the accuracy of those SSE methods whose precision increases with the
capture length. Thus, since the SSE technique here presented has been developed for efficiency
estimation and diagnosis, it is in steady-state with long capture times where the research of
the present thesis is focused: this enables a high precision in certain type of SSE techniques,
which, in turn, becomes decisive in order to have reliable efficiency estimation, and MCSA
steady-state diagnosis applications.

In accurate efficiency estimation methods, it is necessary to know the speed, whether it is
used to obtain the mechanical power once the torque has been estimated, or whether it is used
to determine the slip and solve the equivalent electrical circuit to subsequently perform the
power balance [2]. Therefore, the accuracy with which the efficiency is estimated is not only
linked to the method itself, but also to the accuracy with which the speed is estimated.

In MCSA steady-state diagnosis, the fault harmonics present in the stator line currents are
used to diagnose the motor [3]. The frequencies of these harmonics depend on the slip or,
in other words, on the speed [4]. Although some authors propose locating the fault harmon-
ics without knowing the operating speed by calculating the maximum of the spectrum in the
harmonic operating frequency band (determined by the slip varying from 0 to its rated load)
[5]–[7], it has been shown that constructional characteristics, supply, load oscillations, etc., can
generate significant harmonics in these search bands, and produce false positives [8]. More-
over, the fault harmonic can also be outside the defined search band due to error tolerance in
the name-plate rated slip [9], [10], thus generating a false negative [11]. In this way, accurate
speed estimation becomes essential to avoid false positives/negatives [4], [8].

Finally, in recent years, new requirements have started to emerge among those industries
that are adopting a 4.0 Industry philosophy: collect considerable amounts of data related to
different systems, process them with specific algorithms to obtain information and act through
this set of interconnected systems to achieve optimal autonomous production. In terms of
diagnosis and efficiency estimation this means:

• Continuous monitoring: the performance and condition of the motor must be continu-
ously assessed to achieve an optimal operation without requiring to interrupt the pro-
duction process.

• Automated process without human intervention with efficient and fast assessment of big
and varied amounts of motors.
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• Intelligent operation of the facility: take the proper actions based on reliable motor con-
dition and performance assessment.

• Interoperability via the Internet of Things: information related to the state of the machines
must be shared with the rest of the systems and take decisions collectively.

Hence, the selected SSE technique not only has to be accurate, but also of general appli-
cation, automatic and non-invasive, being able to work with the measurements taken during
normal operation of the motor, which, as explained, may consist of long steady-states.

Next, a state-of-the-art review is performed2, with the aim of identifying those families of
SSE techniques that best fit the needs of steady-state MCSA diagnosis and efficiency estimation
for IMs in a 4.0 Industry context. Moreover, the following subsections also determine the im-
portant drawbacks that prevent current SSE from meeting all the aforementioned requirements,
namely: accuracy, general applicability, non-invasiveness and automaticity.

For the revision, SSE methods are classified into two major families of techniques: Funda-
mental Model Based (FMB) and Magnetic Anisotropy Based (MAB). The latter are subdivided
into: Signal Injection Based (SIB) and Slotting and Rotational Frequency Sideband Harmonics
Based (SRFSHB).

1.1.1 Fundamental Model Based methods

These techniques describe the machine model assuming a sinusoidal distribution of the air-
gap flux (spatial harmonics of a higher order than the fundamental are neglected) and mainly
using the d-q axes as the reference system. The parameters of the model usually needs to
be determined before hand with especial tests. Furthermore, they are normally presented in
the form of closed-loop schemes where error signals between measured and estimated magni-
tudes are used to correct the response and/or the parameters of the model. Despite the variety
of closed-loop schemes that exist, they can be subdivided into: Model Reference Adaptive Sys-
tems (MRASs), observer schemes and schemes that incorporate Artificial Intelligence (AI).

MRASs [12]–[19] are schemes that consist of a reference model, an adaptive model and
an adjustment mechanism. Reference and adaptive models estimate the same intermediate
output but from different inputs. The desired magnitude to be estimated, in this case speed, is
an input of the adaptive model, but not of the reference model. Finally, speed is estimated by
minimizing the error between the intermediate outputs of both models through a controller.

An observer scheme is a dynamic structure that uses a model of the system (e.g., IM) to
estimate internal/no-measurable variables (e.g., flux) from measurable inputs/outputs (e.g.,
stator currents and voltages). For example, observers based on the Extended Kalman Filter
(EKF) [20]–[27] model the machine as a non-linear 5th-order system, where the mechanical
speed is regarded as an additional state variable. Using this system, the EKF applies a two-
stage recursive algorithm: first stage predicts the state variables, while the second (filtering
stage) corrects these predicted variables.

2Here is presented a summarized version of the state-of-the-art review of SSE methods. For a more detailed
version of the same, the reader is referred to the publication presented in Chapter 2, which is devoted to this
purpose, as well as to the introduction of the publication presented in Chapter 3.
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AI techniques can be used as complementary tools for MRAS and EKF closed-loop schemes
aimed to overcome three of their major problems: complexity of non-linear mathematical mod-
els, instability and parameter compensation [28]. Among them, the most used for these pur-
poses are: Artificial Neural Networks [29]–[32] (ANNs), Fuzzy Logic [33]–[35] (FL) and Genetic
Algorithms [36], [37] (GAs).

In FMB methods, the degree of accuracy depends on the degree of robustness against vari-
ations in the model parameters (e.g., the variation of stator resistance with the temperature).
In this regard, there has been a considerably improvement in recent years. Some methods,
such as [19], [26], can obtain maximum errors of only a few rpm when there are changes in
the model parameters. However, while this degree of accuracy may be enough for sensorless
control (the field for which these methods are designed for), this might not hold true for steady-
state MCSA, especially at low slips and in an industrial environment. As shown in [11], only
an error of 3 rpm is enough to issue a false positive.

With respect to the invasiveness of the technique, FMB methods need voltage sensing which
requires the motor to be stopped in order to couple the probes without electrical hazard. While
this does not increase the invasiveness of an efficiency estimation technique, as it also requires
voltage sensing, it does in a MCSA technique (especially when is implemented in a portable
device), since this only requires current sensing, which can be done without interrupting the
process using current clamps. Moreover, another inconvenient from this point of view is that,
in order to conduct the first stage of model parameter identification that these methods require,
it is usually necessary to perform especial tests that require to purposely stop the motor or wait
for a scheduled stop.

Finally, regarding the ability to automate the technique and to achieve general applicability,
it could be achieved it only if a reliable method is provided to automatically estimate the model
parameters of any IM.

1.1.2 Magnetic Anisotropy Based methods

These techniques exploit the effects of magnetic saturation and rotor slotting in IMs. Among
their advantages are their total independence to machine parameter variations (stator resis-
tance, rotor time constant, etc.), the fact that they do not require the construction of a model
of the machine, and that with some of them a high degree of accuracy can be achieved. This
makes them really robust and often preferable to FMB methods. However, the existence or
lack of certain anisotropies, as well as the intensity with which the effects due to slotting are
manifested, depend on the machine design, which may reduce the applicability. Therefore, in
many cases, a preliminary study of the motor (number of rotor bars/slots, rotor type, depth of
slots, etc.) is required.

Signal Injection Based methods

SIB methods were born in the late 1990s as a response to the unstable performance of FMB
methods at low or zero stator frequency. At these frequencies, the voltage induced in stator
by rotor currents is practically zero, which makes the model unobservable: it is not possible to
obtain information on rotor dynamics from stator terminals. However, it is possible to obtain
accurate information about rotor position and rotor speed if the machine magnetic anisotropies
are exploited [38].
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In this regard, the technique consists of adding a high frequency and low amplitude voltage
to the fundamental excitation in order to exploit these anisotropies. As explained by Holtz
in [39]: “The resulting high-frequency currents generate flux linkages that close through the
leakage paths in the stator and the rotor, leaving the mutual flux linkage with the fundamental
wave almost unaffected”. This signal, called carrier, is modulated periodically by the spatial
orientation of the magnetic anisotropies present in the IM. Thus, by extracting and processing
the modulated signal, it is possible to obtain information about the rotor angle and the rotor
speed [39].

The carrier can be of two types: a revolving signal [40] or an alternating signal [41]. On
the one hand, revolving carriers provide a general view of all machine positions in order to
locate the spatial orientation of a particular machine anisotropy. On the other hand, alternating
carriers provide a high-sensitive view in a specific spatial direction, which is chosen based
on previous knowledge [39]. As an alternative to revolving or alternating carriers, transient
signals injected by PWM switches can be exploited. Finally, it is also possible to use AI methods
in order to improve some of the drawbacks of the technique, such as the need of having to
determine with the help of an expert the magnetic fingerprint of each machine [42].

SIB methods do not depend on time varying parameters, and therefore, they can provide
more accurate speed estimations than FMB techniques. However, these methods were born to
meet a very specific need for sensorless control: good performance at zero or very low speed.
Outside this low-speed range, which is precisely where steady-state MCSA and efficiency esti-
mation techniques are usually applied, the accuracy gained does not compensate the excessive
complexity of implementation.

With respect to the invasiveness of the technique, SIB methods need the machine to be
excited with a source other than its normal power supply to inject the carriers. Although it
is not necessary to use an additional power supply if the motor is powered by a frequency
converter, it is necessary if it is a grid-powered motor, which increases the invasiveness in case
of being implemented in a MCSA steady-state diagnostic or efficiency estimation application.

Finally, regarding the ability to automate the technique and to achieve general applicability
for any motor, the main problem with this type of techniques is that they usually need a prelim-
inary study of the motor to determine which is the best machine anisotropy to be exploited, as
well as its location, especially, if an alternating carrier is used for a better sensitivity. This makes
it unfeasible to deploy the technique on a massive scale in a MCSA steady-state diagnostic or
efficiency estimation system.

Slotting and Rotational Frequency Sideband Harmonics Based methods

Unlike SIB methods, SRFSHB algorithms exploit magnetic anisotropies using the machine re-
sponse to the fundamental excitation and its low-order harmonics (3rd, 5th, 7th,. . . ). Partic-
ularly, these techniques track those anisotropies that are due to slotting and constructional/-
coupling imbalances such as static and dynamic eccentricity. In a simplified and brief way, the
discrete nature of the squirrel cage bars causes the rotor system to generate magneto-motive
force spatial harmonics, as well as a periodic variation of the air-gap permeance. By interact-
ing, they produce air-gap flux components that induce a set of harmonics in the stator windings
called Rotor Slot Harmonics (RSHs). When there are also misalignments between rotor and sta-
tor (eccentricity), the air-gap permeance is further modified, giving rise to additional air-gap
flux components. If static and dynamic eccentricity coexist, these additional flux components
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induce the so-called Rotational Frequency Sideband Harmonics (RFSHs). The relationship be-
tween the frequencies of these harmonics in the stator current spectrum and the machine char-
acteristics has been extensively studied in [43] and can be given in a compact form by:

fRSH =

[︃
k

R
p
(1 − s)± ν

]︃
f0 (1.1)

fRFSH =

[︃
1 ± k

(1 − s)
p

]︃
f0 (1.2)

where k is a natural number 1, 2, 3 . . . , p the number of fundamental pole pairs, s the slip, ν the
order of the time harmonic present in the stator current 1, 3, 5 . . . , f0 the fundamental supply
frequency and R the number of rotor bars.

As can be seen, both equations contain information on motor speed through the slip. There-
fore, what these techniques do is to process the line current in order to determine the frequency
of one or more of these harmonics and then, using (1.1) or (1.2), calculate the slip and with it,
the mechanical speed. The precision with which the speed is determined is intrinsically linked
to the precision with which the frequency of the harmonic is determined, which in turn, is re-
lated to the frequency resolution (the inverse of the capturing time): the longer the capturing
time, the better the frequency resolution.

RFSHs-based methods are used in both, online condition monitoring [44] and in-situ effi-
ciency estimation [45]–[47]. Moreover, since they only require the number of pole pairs (avail-
able on the nameplate), RFSHs-based methods are preferred by industry and used in commer-
cial diagnostic devices (MCEMAX [48], EXP4000 [49]). However, their frequencies only vary a
few fractions of hertz from no to full load [50]. Therefore, a small error in their frequencies esti-
mation implies a large error in the speed estimation. On the other hand, RSHs-based methods
[51]–[64] are much more accurate due to their wider operating bandwidth [11], [65]. Neverthe-
less, they depend on the number of rotor bars, which is a parameter that manufacturers do not
normally provide. Therefore, the most common target of these techniques are specific motors
where the number of rotor bars are known.

SRFSHB methods do not depend on time varying parameters, and therefore, can provide
reliable and robust speed estimations. If the harmonics used are the RSHs, the accuracy can
reach values lower than 1 rpm [56], [59], [61].

With respect to the invasiveness of the technique, SRFSHB methods only require sensing
line currents, which do not increase the invasiveness of the target MCSA steady-state diagnostic
or efficiency estimation application, as both techniques already do so.

Finally, regarding the ability to automate the technique and to achieve general applicability,
the main problem with this type of techniques is that in order to use the most accurate one
(RSH-based), the number of rotor bars needs to be known (other problems related with this
technique are discussed below), which dramatically reduce its implementation on a massive
scale in a MCSA steady-state diagnostic or efficiency estimation system, since the number of
rotor bars is a parameter rarely know by motor owners. On the contrary, with RFSHS-based
methods is more feasible to achieve general applicability, as they only depend on a nameplate
parameter (the number of poles), which enables an immediate definition of the operational
bandwidth of these harmonics for any motor. However, they are less accurate and can en-
counter dectectability problems, especially in 2-pole machines [11].



8 Chapter 1. General introduction

1.1.3 Discussion

As determined above, the most suitable family of SSE techniques to be applied in steady-state
MCSA diagnosis and efficiency estimation of IMs in an 4.0 Industry context is one that meets
the following requirements: accuracy, general applicability, non-invasiveness and automaticity.

FMB methods are less robust at providing accurate speed estimations as they depend on
time varying parameters (e.g., stator resistance changing with temperature). In addition, in-
vasive procedures (special tests) are usually needed to make a preliminary estimation of the
motor parameters so that the model can start running, which greatly increases the invasive-
ness of the technique. SIB methods introduce complexity and invasiveness as they need the
machine to be excited with a source other than its normal power supply (in grid-powered mo-
tors) and, in addition, they are more difficult to be automated as they usually need a previous
study of the machine to determine which is the existing anisotropy more suited to be exploited.
Finally, a study of the frequency converter is also necessary, if their feeding voltages are used
instead of injecting a carrier. Unlike them, SRFSHB methods are able to provide accurate es-
timations in a non-invasive way and can be generalized and automated. Therefore, among
the three families, the last one is the best option to be used in a steady-state MCSA diagnostic
or efficiency estimation application within a 4.0 Industry context. However, while the non-
invasiveness characteristic is shared by both types of SRFSHB methods, high accuracy is only
characteristic of RSH-based methods and general applicability only of RFSH-based methods
(putting aside detectability problems in two poles machines). In this regard, the ideal scenario
would be to develop a SSE technique based on RSHs (to guarantee accuracy) that did not re-
quire to know the number of rotor bars (to try reaching general applicability). However, even
if this was achieved, using these harmonics would not be trivial. The first problem would be
to identify which harmonics in the spectrum constitute a RSHs family (a difficult task, since
the RSHs, submerged inside a very populated spectrum, have a position that changes with the
motor design). Then, even assuming that they had been correctly identified, each RSH should
be assigned ν index; there is an erroneous trend to assign +1 or −1 to the RSH with the highest
amplitude.

In this regard, most of the papers assume R, the position of the RSHs in the spectrum and
their ν values as known information [51]–[57]. To solve this lack of data, others propose non-
automatic/invasive methods that require visual inspection and/or subject the motor to differ-
ent operating conditions [58]–[61]. Finally, only three papers propose self-commission methods
to ascertain this set [62]–[64]:

The method presented in [62], which relies on a preliminary slip estimation from RFSHs,
has three disadvantages. First, R is constrained from 30 to 54, which leaves quite a few ma-
chines out below 30 (2-pole and small-medium 4-pole machines) and above 54 (medium-large
4-pole and 6-pole machines). Second, RFSHs are an unreliable source of information since small
errors in frequency estimation mean big errors in speed. Finally, RFSHs do not often manifest
themselves with sufficient intensity to be distinguished from the noise level (especially in 2-
pole machines). When this happens, the paper proposes to perform a no-load test to determine
the main RSH and asks the user to introduce R (increasing invasiveness and decreasing auto-
maticity).

In [63], the method searches a RFSH and the RSH with ν = 1 (not specifying how the
search bands are defined). Then, using these two harmonics and the value of the fundamental
frequency, R is calculated. If the decimal of R is lower than 0.1 or higher than 0.9, the number
is rounded and the process ends; otherwise, the process is repeated (it is not specified how the



1.2. Objectives 9

band for the RSH is re-defined). The drawbacks of this method are the same as in [62] with
respect to RFSHs, with the added disadvantage of assuming that RSH(ν = 1) may always be
identified automatically .

In [64], the method, which relies on a preliminary speed estimation based on nameplate
data, has three disadvantages. First, as stated before, constraining the number of R to consider
may leave some motors out of the algorithm’s scope; although in this case the range is wider
than in [62], large motors could still be left out. Another problem with this methodology is that
it uses a fixed band to localize RSHs (8.609 Hz), which, to work properly, should depend on the
specific motor and its load. Finally, the main problem is that the convergence criteria is based
on a preliminary speed estimation from nameplate: this estimation can be quite unreliable
because nameplate data, apart from being subjected to wide tolerances (especially rated slip
where a maximum tolerance of ±20 % is allowed [9], [10]), can change through time due to
degradation.

Therefore, no method has yet solved the problems of RSHs-based techniques in a robust,
reliable and non-invasive way.

1.1.4 Conclusion

The best suited SSE technique for steady-state MCSA diagnosis and efficiency estimation in the
4.0 Industry context would be one based on RSHs, complemented with a method to eliminate
the need to know the number of rotor bars, to localize the RSHs in a reliable way and to proper
assign their ν indexes. Since the state-of-the-art review (here summarized, but deeply analyzed
in Chapter 2) confirms that, up to date, an RSHs-based technique with such characteristics does
not exist, it will be the main object of this thesis to develop it.

1.2 Objectives

The objective of this thesis is the development of an algorithm to estimate the operating speed
of an IM in a precise, general, non-invasive and automatic way. In order to guarantee accuracy,
the algorithm will make use of RSHs, while in order to guarantee non-invasiveness and general
applicability, the algorithm will make use of a novel method to eliminate the need to know the
number of rotor bars, so it only will use as starting point the stator line current and the number
of pole pairs. In this way, the aim is to overcome the problems of existing techniques, which are
either not accurate enough or cannot be generalized in a non-invasive way, since they require
parameters that are difficult to know, which, in turn, distances them from an automatic opera-
tion and, even more, from an online operation, so necessary today in companies working with
a 4.0 Industry philosophy. The effectiveness and usefulness of this new algorithm will be tested
particularly in the fields of IM fault diagnosis via steady-state MCSA and efficiency estimation,
in order to have a tool to reliably analyze motors in industry on a massive scale, thanks to
said characteristics of accuracy, general applicability, non-invasiveness and automaticity. The
industrial approach will be essential to assess the conditioning factors and features needed to
implement this algorithm in continuous condition monitoring systems of IMs operating in 4.0
Industries.
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The specific objectives are:

• To conduct an exhaustive state-of-the-art review of the families of SSE techniques, also
including commercial devices that make use of them in their efficiency estimation and
diagnosis algorithms, with the aim of identifying: which of the families is the best suited
to be implemented in steady-state MCSA diagnosis and efficiency estimation algorithms
for IMs, which are the main drawbacks of said family, and how these weaknesses might
be overcome.

• To develop a theoretical formula to obtain the frequency of the RSHs without knowing the
number of rotor bars, thus overcoming the non-applicability of these type of techniques
in IMs of unknown parameters.

• To build an algorithm to locate the RSHs, among the numerous harmonics of the current
spectrum, as well as to determine their parameters (e.g., ν index), all in an automatic and
reliable way, thus allowing to determine the speed with accuracy, as well as the position
of the fault harmonics.

• To test the algorithm with a set of motors covering different designs, driving different
loads and fed with different power supplies, achieving this by using signals from simu-
lation, lab tests and 105 industrial motors.

• To implement the algorithm in a plug and play device that conducts the continuous con-
dition monitoring of an IM in an automatic and online way, so that it can detect those
faults present in IMs that generate speed-dependent harmonics in the stator current spec-
trum.

• To study the RSHs as potential indicators for early detection of inter-turn short-circuits
(especially in deep-well motors).

1.3 Thesis structure

As previously mentioned, this work is provided in the form of a Thesis as a Collection of Arti-
cles, being each of the four publications presented therein self-sufficient, that is, they can be
read independently from the other chapters of the thesis, since they contain all the information
necessary for their comprehension: abstract, introduction, technical/theoretical development,
analysis of results (obtained by simulation, in the laboratory and in the field), discussion of said
results and conclusions. In spite of their self-sufficiency, the four papers are in turn related to
each other, with a logical order of progression, forming a coherent and clearly defined line of
research, the culmination of which is the present thesis.

Apart from this chapter and the four chapters corresponding to each of the publications,
the thesis is completed with three more chapters where, respectively, the results as a whole are
discussed, the final conclusions are drawn and the future lines of research are described.

Chapter 2: Sensorless speed estimation for the diagnosis of induction motors via MCSA. Re-
view and commercial devices analysis

In this publication, a thorough state-of-the-art review is presented on SSE techniques to see
which of them is the most suitable to be used in steady-state MCSA algorithms for the diagno-
sis of IMs. Moreover, the study is complemented with a detailed analysis of the SSE methods
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used by two of the leading commercial diagnostic devices in their steady-state MCSA algo-
rithms, highlighting which are their main drawbacks. Therefore, the overall contribution of
this paper is to determine the lacks and weaknesses of the industry application of these meth-
ods, which helps to highlight the open problems, challenges and research prospects, showing
the direction in which research efforts have to be made to have a precise, general, non-invasive
and automatic SSE method to be used in IM diagnosis via steady-state MCSA.

The paper, authored by Jorge Bonet-Jara, Alfredo Quijano-Lopez, Daniel Moriñigo-Sotelo
and Joan Pons-Llinares, was published in 2021 in the journal Sensors from the publisher house
MDPI. According to 2021 data, the journal has the following metrics:

TABLE 1.1: Journal metrics for Sensors

Producer Index Quartile/Decile

Clarivate 3.847 JIF Q2 (95/276) in Electrical and Electronic Engineering
Scopus 6.4 CiteScore Q1 (134/708) in Electrical and Electronic Engineering
Scimago 0.803 SJR Q1 (25/141) in Instrumentation

Chapter 3: A precise, general, non-invasive and automatic speed estimation method for MCSA
diagnosis and efficiency estimation of induction motors

In this paper, a precise, general, non-invasive and automatic speed estimation method is
proposed for its application to steady-state MCSA diagnosis and efficiency estimation of IMs.
The presented method belongs to the family of SSE techniques based on stator current har-
monics, which according to the study conducted in the present chapter, in Chapter 2 and in
[65], is the best suited for these two applications. This new methodology ends with the main
weakness identified in the present chapter and Chapter 2 for SSE methods in their industrial
application: the trade-off between accuracy (characteristic of techniques based on RSHs) and
applicability (characteristic of techniques based on Rotational Frequency Sideband harmon-
ics). This is achieved thanks to the use of a novel RSHs-based technique, that, for the first
time in technical literature, eliminates the need to know/estimate the number of rotor slots,
and provides a reliable and automatic procedure to locate the RSHs family in the stator cur-
rent spectrum and determine their characteristic parameters. The method is validated under
all types of conditions and for different motor designs, by simulations, lab tests and with 105
industrial motors, highlighting its high accuracy (errors below 0.05 rpm), and applicability. In
this way, this publication is the natural continuation of the one presented in Chapter 2: once
the state-of-the-art related to the technique to be developed has been analyzed and its problems
have been studied, a method to solve them is proposed (the precise, general, non-invasive and
automatic speed estimation method).

The paper, authored by Jorge Bonet-Jara and Joan Pons-Llinares, was published in 2022 in
the journal IEEE Transactions on Energy Conversion from the publisher house IEEE. According to
2021 data (last available), the journal has the following metrics:

TABLE 1.2: Journal metrics for IEEE Transactions on Energy Conversion

Producer Index Quartile/Decile

Clarivate 4.877 JIF Q1 (65/276) in Electrical and Electronic Engineering
Scopus 9.0 CiteScore Q1 (81/708) in Electrical and Electronic Engineering
Scimago 2.087 SJR D1 (55/730) in Electrical and Electronic Engineering
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Chapter 4: End-ring wear in deep-well submersible motor pumps

In this publication, a previously unreported failure that takes place in deep-well sub-
mersible motors is described: the wear of the rotor end-rings. The first part of the paper
comprises an analysis of the peculiarities of these IMs, and especially of their unusual rotor
manufacturing process, explaining how they intervene in the failure mechanism of the end-
ring. In the second part, the difficulties of diagnosing this fault through conventional rotor
asymmetry indicators are investigated, coming up with a new paradigm to perform condition
monitoring: the ratio of change in the Lower Sideband Harmonic (LSH) amplitude must be
used as an indicator of end-ring wear, even if classic LSH alarm thresholds are not reached.
Conclusions are supported by simulations, laboratory tests, and the continuous monitoring of
two field motors working in deep boreholes. It is precisely in this last part where the method
presented in Chapter 3 plays a key role. The algorithm was implemented in a diagnostic mon-
itoring equipment, providing a precise estimation of the speed which allowed to accurately
track (during nearly a year) the rotor asymmetry harmonics, discovering new fault patterns
that later were reproduced in simulation and lab tests. The non-invasiveness of the method
was essential in this application, as these motors are submerged at depths of up to 500 m, and
also the automation of the process, since in this way it was possible to analyze four signals
per day. Thus, this publication is the natural continuation of the ones presented in Chapter
2 and Chapter 33: once a method has been developed to solve the weaknesses identified in
the state-of-the-art revision, it is applied to one of its target industrial problem: accurate speed
estimation for IM diagnosis via steady-state MCSA.

The paper, authored by Jorge Bonet-Jara, Daniel Morinigo-Sotelo, Oscar Duque-Perez, Luis
Serrano-Iribarnegaray and Joan Pons-Llinares, was published in 2022 in the journal IEEE Trans-
actions on Industry Applications from the publisher house IEEE. According to 2021 data (last
available), the journal has the following metrics:

TABLE 1.3: Journal metrics for IEEE Transactions on Industry Applications

Producer Index Quartile/Decile

Clarivate 4.079 JIF Q1 (23/92) in Multidisciplinary Engineering
Scopus 9.7 CiteScore D1 (64/708) in Electrical and Electronic Engineering
Scimago 1.983 SJR D1 (61/730) in Electrical and Electronic Engineering

Chapter 5: Comprehensive Analysis of Principal Slot Harmonics as Reliable Indicators for Early
Detection of Inter-turn Faults in Induction Motors of Deep-Well Submersible Pumps

In this publication, a comprehensive analysis of Principal Slot Harmonics (PSHs) (a partic-
ular case of RSHs) is presented in order to asses their potential as reliable indicators for early
detection of inter-turn faults in IMs, one of the most challenging faults to be detected in elec-
trical machines. In particular, the study focuses on deep-well submersible motors since, as
shown in the paper, they present a series of constructional and operating characteristics that
act as game changers in terms of inter-turn fault detection through PSHs. The analysis com-
prises up to 65 different finite element simulations that are used to asses the sensitivity and
reliability of these harmonics in detecting inter-turn faults in four different fault states, both
alone and coexisting with different levels of voltage unbalance, rotor asymmetry and eccentric-
ity. The findings from this analysis are used to develop a reliable diagnostic scheme based on

3The article associated with Chapter 3 was published after the one associated with Chapter 4. This is because
the content of the article associated with Chapter 3 is linked to a patent, which was not filed until May 2022. This is
the reason why there is no mention in the article of Chapter 4 about the novel method presented in Chapter 3.
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the monitoring of the most fault-sensitive PSHs along with the voltage and current unbalance
indexes (VUI and CUI). The diagnostic scheme is then applied, for the first time, in the context
of a continuous monitoring of a 230 HP IM, showing its efficacy. In this way, this provides a
second direct application of the developed method to reliably and automatically detect RSHs
within the field of IM diagnosis. Therefore, this publication is the natural continuation of the
ones presented in Chapter 2, Chapter 3 and Chapter 4: once a method has been developed to
solve the weaknesses identified in the state-of-the-art revision and applied to one of its target
industrial problem (accurate speed estimation for IMs diagnosis via steady-state MCSA), its ca-
pabilities are extended in order to address new industrial problems: to diagnose short-circuits
with the same harmonics that are used to estimate speed.

The paper, authored by Jorge Bonet-Jara, Joan Pons-Llinares and Konstantinos N. Gyftakis,
was published in 2022 in the journal IEEE Transactions on Industrial Electronics from the pub-
lisher house IEEE. According to 2021 data (last available), the journal has the following metrics:

TABLE 1.4: Journal metrics for IEEE Transactions on Industrial Electronics

Producer Index Quartile/Decile

Clarivate 8.162 JIF D1 (28/276) in Electrical and Electronic Engineering
Scopus 17.1 CiteScore D1 (20/708) in Electrical and Electronic Engineering
Scimago 3.519 SJR D1 (21/730) in Electrical and Electronic Engineering

Chapter 6: General discussion

This chapter discusses the results obtained through the different publications, linking them
within the general framework of this thesis.

Chapter 7: Contributions and conclusions

This chapter presents the main contributions of this thesis and the conclusions derived from
the entire research.

Chapter 8: Future works

This chapter presents the lines of future research that are the the next natural step to be
taken after the work shown in this thesis.
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Abstract

Sensorless speed estimation has been extensively studied for its use in control schemes. Nev-
ertheless, it is also a key step when applying Motor Current Signature Analysis to induction
motor diagnosis: accurate speed estimation is vital to locate fault harmonics, and prevent false
positives and false negatives, as shown at the beginning of the paper through a real indus-
trial case. Unfortunately, existing sensorless speed estimation techniques either do not provide
enough precision for this purpose or have limited applicability. Currently, this is preventing In-
dustry 4.0 from having a precise and automatic system to monitor the motor condition. Despite
its importance, there is no research published reviewing this topic. To fill this gap, this paper
investigates, from both theoretical background and an industrial application perspective, the
reasons behind these problems. Therefore, the families of sensorless speed estimation tech-
niques, mainly conceived for sensorless control, are here reviewed and thoroughly analyzed
from the perspective of their use for diagnosis. Moreover, the algorithms implemented in the
two leading commercial diagnostic devices are analyzed using real examples from a database
of industrial measurements belonging to 79 induction motors. The analysis and discussion
through the paper are synthesized to summarize the lacks and weaknesses of the industry
application of these methods, which helps to highlight the open problems, challenges and re-
search prospects, showing the direction in which research efforts have to be made to solve this
important problem.

Key words: fault diagnosis; induction motors; MCSA; sensorless speed estimation; Indus-
try 4.0.

2.1 Introduction

Over the last three decades, Sensorless Speed Estimation (SSE) for rotating machines has un-
dergone a great advance. From the very first moment, SSE techniques were mainly applied in
the field of electric motor control (e.g., Field Oriented Control) [1]. Therefore, their develop-
ment has always been linked to the improvement of control methods and frequency converters.
However, despite their natural link to sensorless control, SSE algorithms also play a key role
in fault detection methods for Induction Machines (IMs), specifically in those that assess mo-
tor condition by localizing speed-dependent fault harmonics in the frequency spectrum of the
stator current [2]–[6]. First, because in order to extract and quantify these harmonics, a good
speed estimation is previously needed to accurately determine their position [7], [8]. Second,
because most industrial motors are neither coupled to physical speed sensors nor do they have
the shaft accessible to perform manual measurements. Yet, although the basis is the same,
the requirements that SSE methods have to meet depend on the field of application.

On the one hand, in order to carry out a good control, it is imperative to obtain a real-time
response of the estimated parameters, specifically, that of the speed. This necessary real-time
response generally involves a trade-off with accuracy, as it requires the SSE algorithm to use
short voltage and current records. Furthermore, speed estimation methods also have to meet
the requirement of a stable performance over a wide range to provide more versatility (e.g.,
low-speed operation). Regarding these two needs, in the last decade, an effort has been made
to increase accuracy and stability using modern techniques such as neural networks, genetic
algorithms, etc. [9]–[17]. Nevertheless, since the possibility of working with large data records
is restricted in the field of controlled AC drives, the maximum degree of accuracy is yet to be
fully exploited.
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On the other hand, there are procedures in the field of IM diagnosis in which SSE algo-
rithms can be implemented, where time response and data record length are less critical. As a
consequence, accuracy can be increased. One of these procedures is Motor Current Signature
Analysis (MCSA). This method is mainly applied to detect speed-dependent fault harmonics
in the frequency spectrum of stator current [18], although other magnitudes can also be used
(e.g., instantaneous power, reactive power or apparent power [19]–[21]). Many research pa-
pers, whose main purpose is not localizing the fault harmonic, since they test lab motors with
perfectly-known conditions, analyze the expected fault harmonic frequency band assuming
that the highest peak of the band will be the fault harmonic [22]–[30]. Some other authors use
filters as wavelet transform to extract sub-signals related to frequency bands where the har-
monic is supposed to be [31]–[33]. Nevertheless, these are dangerous strategies in real non
controlled industrial environments, since these harmonics can show frequencies very close to
those of healthy state caused by multiple factors (winding harmonics1, load oscillations, gear
boxes, etc.), and be confused with them. To avoid these false positives and negatives, some
authors directly measure the speed to localize the faulty harmonics perfectly [34], [35]. Never-
theless, speed sensors are rarely present in industrial environments. Therefore, a SSE algorithm
with high accuracy is vital to precisely track fault harmonics and reduce both false positives
and negatives. In this regard, SSE techniques based on extracting speed-dependent harmonics
(fault or healthy) using the Fast Fourier Transform (FFT) can increase the degree of precision
without using sophisticated signal processing methods. This might be done by recording long
periods of stator current (50 s, 100 s, even 200 s) in applications with little load oscillations and
connected to stable grids (as is the case for a large number of industrial applications), which in
turn would not be a problem for the diagnostic method, since rotor bar and eccentricity faults,
usually detected by MCSA evolve slowly. Moreover, as both the diagnostic method and the
SSE method would use the FFT to extract respectively fault and healthy/fault harmonics of the
same stator current, they could be put together in one single algorithm. Finally, other authors
have proposed to measure additional quantities as the external flux [36] to estimate the speed;
nevertheless, this leads to a less robust method, as the flux sensor must be placed near the
motor housing, which in some applications is not possible (e.g., submersible motor-pumps).

SSE techniques, regardless of whether they are used for diagnostic or sensorless control,
can be classified into two large groups of methods: Fundamental Model-Based (FMB) [1], [9]–
[17], [37]–[58] and Magnetic Anisotropy-Based (MAB). The latter can be subdivided into two
more groups of methods: Signal Injection-Based (SIB) [59]–[64] and Slotting and Eccentricity
Harmonics Based (SaEHB)2 [4], [65]–[79]:

- FMB methods require to estimate or to know in advance a wide range of parameters
(stator resistance, inductance, rotor time constant, number of slots, etc.). As many of
them are time-varying (e.g., stator resistance can have variations in a range of 1:2 [60]),
there are two possible scenarios: if they are assumed to be constant, an error is added to
the speed estimation; on the other hand, if they are estimated over time, the algorithm
can get more complicated and unstable.

1The term "winding harmonics" is used in this thesis to refer to those harmonics that appear in the stator current
at frequencies that are multiple of the fundamental frequency and that are caused by the discrete distribution of the
stator winding, the non-linearity of the iron and/or the presence of time harmonics in the supply.

2Rotational Frequency Sideband Harmonics are also known in literature as Mixed Eccentricity Harmonics. The
first nomenclature is used throughout the thesis except in this chapter, Chapter 4, and Chapter 5, where the second
one is used instead. This is because a reviewer of the publication of Chapter 3 suggested this change of nomencla-
ture, and as a result, the entire thesis was adapted to it, with the exception of these three chapters, since they must
reflect their associated publications as they appear in the accepted version of the manuscripts. Therefore, in this
thesis, RFSH is equivalent to MEH, LRFSH to LMEH, URFSH to UMEH, and SRFSHB to SaEHB.
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- SIB methods do no depend on any time-varying parameter. However, they require a
much more complicated implementation, and besides, not all drives are compatible with
their requirements [61], [80]. All this makes them hardly applicable on an industrial scale.

- SaEHB techniques do not depend on any time-varying parameter either. Yet, when based
on Rotor Slot Harmonics, they depend on a machine characteristic that is rarely known by
the motor owner: the number of rotor slots. Conversely, if they are based on Mixed Eccen-
tricity Harmonics, which only depend on an easy to know parameter (number of poles),
precision and detectability problems may arise due to their narrow bandwidth [72].

The previous knowledge of specific parameters or the need to estimate them is a classic
problem in SSE techniques no matter if they are used in diagnostic or control applications. This
means a big drawback when it comes to obtaining a general method that can be applied to any
motor in industry. That is because, in most cases, operators and technicians do not know data
beyond those indicated on the nameplate.

Therefore, online condition assessment methods based on frequency spectrum information
need a precise SSE algorithm that allows to automatically localize speed-dependent fault har-
monics and reduce both false positives and negatives. Moreover, the set formed by the SSE
algorithm and the diagnostic method should also be able to be easily integrated into Industry
4.0 systems in order to provide a complete monitoring of motor condition over time. Tradi-
tional SSE control-oriented methods are not a good option for these purposes as they provide
a real-time response at the expense of a lower accuracy. Yet, if integrated into diagnostic proce-
dures, and thus relieved of a need for real-time response, some of the traditional SSE techniques
might be able to provide a much more precise fault harmonic positioning, which in turn would
translate into a much more reliable diagnostic.

The paper analyses for the first time the SSE methods present in the technical literature from
the perspective of its application to induction motors diagnosis via MCSA. This work aims to
reveal which are the open problems, challenges and research prospects that the scientific com-
munity has yet to work on to finally bring a precise, general and automatic algorithm able to
work in the context of a 4.0 industry. To that end, the limitations of each technique are ana-
lyzed, from both theoretical and industry applications perspective. First, taking as a starting
point the work presented at [81], this paper shows, through an industrial case (Section 2.2), how
important an accurate and automatic SSE is for fault diagnostic methods based on localizing,
extracting and quantifying speed-dependent harmonics. Then, the paper thoroughly reviews
and analyzes the two main groups of SSE techniques, pointing out their limitations when ap-
plied with diagnostic procedures (Sections 2.3 and 2.4). Moreover, using again industrial cases
thanks to a database of industrial measurements belonging to 79 IM, it is shown how the two
leading commercial devices for diagnosis work, which are the principles of the algorithms they
implement and what are their weakness and sources of errors (Section 2.5). Concluding, SSE
in diagnostic procedures is not a solved issue; thus, the analysis and discussion performed in
this paper, related to the industry application of these techniques, enables to finally synthe-
size and highlight the lines of research in which academia should focus its efforts in order to
provide a truly effective SSE industrial method that could help obtain automatic and reliable
diagnostic results.
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2.2 Importance of SSE in diagnosis

Speed estimation is a key factor in steady-state fault diagnosis via MCSA. Certain faults, such
as rotor bars breakage and eccentricities, induce speed-dependent harmonics in the stator cur-
rent. For example, the frequencies of the main harmonics related to rotor bars breakage in the
spectrum of the stator current are given by:

fBBH = (1 ± 2ks) f0 (2.1)

When k is equal to one, those harmonics are commonly known as the Upper Sideband Har-
monic (USH), positive sign, and the Lower Sideband Harmonic (LSH), negative sign. The fun-
damental frequency ( f0) can be easily identified as it is the highest peak in the spectrum. Then,
if the speed is also known or estimated, the slip (s) can be determined and with it the position
of these harmonics. Finally, they can be quantified in order to issue a diagnosis.

Regarding the diagnosis, from now on, the following criterion will be used to determine
the condition of the rotor bars in an IM: if the amplitude is below −48 dB the IM is considered
to be healthy, between −48 and −36 dB there might be one or several broken/cracked bars,
and above −36, there are multiple broken bars. This criterion is well established in the field
of diagnosis [7], proved valid for different sizes of motors [18], [82] and shared by commercial
devices (with slight variations in the thresholds, as shown in Section 2.5). It is also worth
mentioning that, as these are empirically obtained limits, two different motors with the same
amplitude of broken bar harmonics may have different numbers of broken or cracked bars.
Yet, it should not be forgotten that the aim of the examples that will be used in this paper is
to show that: given a failure criterion, a small error in speed estimation can lead to a wrong
diagnosis. Therefore, the important point here analyzed is if the speed estimation method
allows to precisely determine the frequency of the fault harmonic, while the exact value of the
fault thresholds is secondary.

Next, to illustrate how important it is to know the speed accurately, the current of a two-
pole 90 kW IM driving a submerged pump has been analyzed by the FFT. Figure 2.1a shows
the spectrum of the stator current (blue line) with the fault thresholds (red lines), in which a
deviation of only 3 rpm means to identify two healthy state harmonics (marked with green
diamonds) as two broken bar harmonics (marked with red circles). The harmonics marked
with green diamonds belong to the healthy state since they do not satisfy any of the formulas
related to rotor electrical asymmetries, rotor-stator misalignments and stator electrical asym-
metries. They could be caused by the operating conditions of the load, since after zooming
out the spectrum (Fig. 2.1b), it can be observed a smearing effect around the fundamental fre-
quency, as well as several sets of sideband harmonics not predicted by (2.1), but separated from
the fundamental a multiple of a certain bandwidth: as stated in [18], these effects are usually
related to the operation with gear boxes and/or load oscillations. Therefore, the error leads to
diagnose the motor as faulty (green diamonds within the red lines) when, actually, the broken
bars harmonics are in the healthy zone (red circles below red lines).
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(a)

(b)

FIGURE 2.1: (a) Stator current spectrum of a two-pole 90 kW IM with healthy
state harmonics (diamonds) close to the broken bar harmonics (circles) and (b)
zoomed out spectrum showing the smearing effect around the fundamental and

other harmonics caused by load oscillations.

From the above example, it is clear the need for accurate speed information in order to
make a reliable diagnosis given a certain fault threshold. This information can come from a
physical speed sensor or be estimated using an SSE technique. The cost of a physical sensor in-
creases proportionally to the level of accuracy required, being sometimes a significant amount
of the total price of the IM, especially when a custom design is required for its correct coupling.
Moreover, they are very sensitive to the conditions of operation and location. Variations in
temperature or large lengths of data transmission cable can lead to erroneous measurements.
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In addition, a precise and careful assembly on the shaft is required. Conversely, sensorless tech-
niques are able to overcome these drawbacks since they are: lower-cost options for the same
accuracy (easy integration in existing control and measuring devices), more robust (measure-
ments far from motor location implies better isolation; it also prevents motor disassembling
in case of problems in measurement systems), and the only reliable option in certain industrial
applications where physical sensors are very difficult to install (e.g., pumps submerged at great
depths).

Alternatively, some authors propose to avoid the speed estimation problem by diagnosing
the IM based on the following principle: since the fault-related harmonics have a certain op-
erating bandwidth, determined for instance by (2.1) varying the slip from 0 to its rated value,
it is possible to locate the fault harmonics in the spectrum by calculating the maximum in that
bandwidth after a pre-treatment process [31], [83]. This diagnostic procedure relies on the fact
that no other significant harmonic will be present in the search band. Nevertheless, as seen
through the example presented in this section, that does not always hold true, and therefore,
it can be a source of false positives. Thus, an algorithm that can accurately estimate speed,
and consequently, the position of fault harmonics, is essential in the predictive maintenance of
IM via MCSA.

Furthermore, in recent years, new requirements have started to emerge among those in-
dustries that are adopting an Industry 4.0 philosophy: collect considerable amounts of data re-
lated to different systems, process them with specific algorithms to obtain information and act
through this set of interconnected systems to achieve optimal autonomous production. In terms
of diagnosis, this means:

- Real-time condition monitoring: motors must be continuously diagnosed to achieve per-
fect operation.

- Noninvasive methods: production must not be altered (just when maintenance is
needed).

- High reliability: avoid actions based on a false diagnosis.

- Automated process without human intervention: efficient and fast diagnosis of big
amounts of motors.

- Intelligent operation of the facility: take the proper actions based on a correct diagnosis.

- Interoperability via the Internet of Things: information related to the state of the machines
must be shared with the rest of the systems and take decisions collectively.

Then, there is not only the need for reliable and accurate diagnostic algorithms, but also for
them to operate continuously, fully autonomously without requiring an expert intervention,
and without altering the production process. Nevertheless, as it will be demonstrated later,
current SSE algorithms implemented in commercial diagnostic devices do not meet these re-
quirements, as they need human intervention to double-check the diagnostic due to the lack
of reliability. The reliability is further reduced when the motor works in the presence of load
oscillations and is fed by a frequency converter, the latter condition becoming more and more
common in certain industries (e.g., water supply facilities). Moreover, it will also be shown that
even those techniques that are able to provide a very accurate speed estimation and to be com-
patible with MCSA, also need the intervention of an expert to determine some of their initial
parameters. Therefore, academia has yet to provide the modern industry with high-precision
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and automatic SSE techniques that can serve as the cornerstone for the development of more
reliable continuous condition monitoring systems based on MCSA.

2.3 Methods Based on the Fundamental Model

In this section, FMB methods are described, reviewing both the two most common techniques
(Sections 2.3.1 and 2.3.2), and their respective improvements through the use of Artificial In-
telligence (AI) (Section 2.3.3). Nevertheless, the key point, once the methods are reviewed, is
to analyze their suitability for their use in IM diagnosis via MCSA (Section 2.3.4).

FMB methods describe the machine assuming a sinusoidal distribution of the air-gap flux
(spatial harmonics of a higher order than the fundamental are neglected) and mainly using the
d-q axes as the reference system. An open-loop scheme, depicted in Fig. 2.2a, is their simple
way of implementation: the model outputs the speed (among other variables) using as inputs
voltages and currents. However, this open loop model does not take into account the varia-
tions in parameters that occur during normal machine operation, such as the change in stator
resistance with temperature [84]. Hence, as the model parameters remain constant but not
the machine ones, there are deviations between the estimated speed and the actual one. This
problem can be mitigated using closed-loop schemes (Fig. 2.2b) where error signals between
measured and estimated magnitudes are used to adapt the response and/or the parameters
of the model. Despite the variety of closed-loop schemes that exist, they can be subdivided
into: Model Reference Adaptive Systems (MRASs), observer schemes and schemes that incor-
porate AI.

(a)

(b)

FIGURE 2.2: (a) Open-loop model and (b) a traditional scheme for a closed-loop
MRAS.

Within the second group, there are different types of observers such as Sliding Mode Ob-
server [48], Luenberger Observer [49], or observers based on the Extended Kalman Filter (EKF)
[50]–[57]. Although with different characteristics from the control point of view (SMO and
LO have better parameter robustness, dynamic performance and low-speed operation, while
EKF has the best noise immunity [58]), their advantages and disadvantages regarding their
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implementation in online diagnosis via MCSA are very similar (pros and cons later analyzed).
Moreover, in high-speed steady-state operation, which is the range where MCSA is applied,
the three observers exhibit very similar accuracy (relative error of 0.2% at 1500 rpm: perform
similarly in the MCSA operation zone). Therefore, since the aim of this paper is not to review
in detail each of the observer schemes, but to present their general characteristics and then
analyze their compatibility with MCSA, only the EKF will be used as an example. The rea-
sons behind this selection is that this type of scheme is one of the most used in the problem of
speed estimation in the induction motor, thanks to its ability to deal with model uncertainties,
measurement noise and its nonlinearity.

2.3.1 Model Reference Adaptive Systems

MRASs are schemes that consist of a reference model, an adaptive model and an adjustment
mechanism (Fig. 2.2b). Reference and adaptive models estimate the same intermediate output
but from different inputs. The desired magnitude to be estimated, in this case speed, is an
input of the adaptive model, but not of the reference model. Finally, speed is estimated by
minimizing the error between the intermediate outputs through a controller.

The first MRAS for SSE used the rotor flux as the error function and was presented by
Tamai et al. [37] in 1985. However, it was complex, highly sensitive to machine parameter
variations and unstable under certain conditions. On the one hand, complexity was mainly ad-
dressed in [38] (1992, Schauder) through a simplified and modified version of Tamai’s work that
rapidly became popular for its ease of implementation. On the other hand, sensitivity to param-
eter variations and instability were addressed through the use of other error functions such as
back-EMF [39], reactive power [40], stator current [41] or fictional quantities [42]. Two excellent
and wider reviews on these different MRAS schemes were conducted in [1], [43]. From these
works, it can be concluded that classical reactive power-error-based MRAS schemes are the best
to provide insensitivity to stator resistance variations, while classical fictional quantities-error-
based MRAS schemes are a better option to provide stability in all zones of operation. In this
regard, providing MRAS schemes that combine both qualities has been an aim of academia
in recent years [44]–[46]. Finally, other authors have focused their research in reducing the
computational time by replacing the PI controller with other structures [47].

2.3.2 Extended Kalman Filter Observer

An observer scheme is a dynamic structure that uses a model of the real system (e.g., IM) to
estimate internal/no-measurable variables (e.g., flux, speed, position, etc.) from measurable in-
puts/outputs (e.g., stator currents and voltages). In the case of the EKF, the machine is modeled
as a non-linear 5th-order system, where the mechanical speed is regarded as an additional state
variable. Using this system, the EKF applies a two-stage recursive algorithm with a stochastic
approach that accounts for the noise in the system, regarded as a Gaussian white noise envi-
ronment. Then, in the first stage of the algorithm, the state variables are predicted, while in the
second stage (filtering stage), the predicted variables are corrected.

One of the first successful applications of the EKF observer for SSE in IM was presented
by Kim et al. in 1994 [50]. Since then, different approaches have been presented to increase
speed accuracy. In [51], the problem was addressed from the perspective of improving the
correct choice of noise covariance and weight matrices, while in [52] from the perspective of
simultaneous estimation of speed and rotor resistance variations. Finally, in [53], the approach
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was based on using an observer that does not use any linearization: the UKF. Using this ob-
server, the authors stated that it was possible to obtain better results than using the EKF, espe-
cially in low-cost applications. However, this claim has been recently disputed in [54]. In this
study, a comprehensive comparison of both methods is done under challenging conditions. It
is shown that while equal in terms of performance, EKF is superior in terms of computational
burdens and therefore a better choice for IM estimation problems. Yet, it is still debated which
may be the best observer for the IM speed estimation problem. In this regard, works continue
to be published where modified versions of the EKF are proposed to deal with the classical
problems of choosing the noise covariance matrices and increasing the robustness against pa-
rameter variations [55]–[57].

2.3.3 Artificial Intelligence

In the early 2000s, AI techniques emerged as complementary tools for MRAS and EKF closed-
loop schemes aimed to overcome three of their major problems: complexity of non-linear math-
ematical models, instability and parameter compensation [80]. Among them, the most used for
these purposes are: Artificial Neural Networks [9]–[12] (ANNs), Fuzzy Logic [13]–[15] (FL) and
Genetic Algorithms [16], [17] (GAs).

Having the role of complementary tools, these techniques are used to replace parts of closed
loop schemes in order to obtain a better performance in the estimation process. For example,
in [9], an ANN system replaced the adjustment mechanism of a classic MRAS scheme for a
more robust behavior against machine parameter variations, while in [10], another ANN sys-
tem replaced the adaptive mathematical model to improve stability in the four quadrants of
operation. In [11], the approach was to use two kinds of ANN simultaneously: one for rotor
speed estimation and the other for rotor resistance. In [12], different training algorithms for
an ANN that replaces the flux estimator of a MRAS scheme were compared. In [13], a FL sys-
tem replaced the adjustment mechanism of an MRAS scheme in order to obtain a synchronous
speed estimator unaffected by variations in temperature. In [14], an adaptive supervisory slid-
ing fuzzy cerebellar model is used as a speed controller in order to maintain the speed error
within predefined boundaries. In [15], an FL control mechanism was used for stator resistance
adaptation in order to improve speed estimation. In [16], [17], GAs were used to optimize the
right choice of covariance filters matrices so as to enhance dynamic performance of EKF speed
estimators. However, although these techniques have been proved to be a good tool to min-
imize the effects of parameter variations, their larger computational time and their need for
training (ANN) can be a drawback in industrial applications.

2.3.4 Methods Based on the Fundamental Model in Online Diagnosis

Since the early nineties, all efforts have been put into developing FMB speed estimation tech-
niques for sensorless control. No specific research has been done on developing these methods
for diagnostic procedures. This may be due to the fact that the requirements of MCSA and
FMB techniques do not fit together easily in an industrial environment, especially when imple-
mented in portable devices, as explained below.

On the one hand, an MCSA-based commercial portable device needs to be as less invasive
as possible: the diagnostic must be performed online and without interfering with the produc-
tion process. MCSA only needs to sense stator currents (sometimes just one), whereas FMB
methods need to sense both stator currents and voltages (inputs of the reference or adaptive
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models). In this regard, although current sensing can be done in a non-invasive way using
current clamps, voltage sensing requires the motor to be stopped in order to couple the probes
without electrical hazard. Furthermore, another inconvenient from an industrial point of view
is that in order to carry out the first stage of parameter identification that these methods re-
quire (parameters of the model), it is necessary to purposely stop the motor or wait for a sched-
uled stop.

On the other hand, a MCSA diagnostic procedure also needs to be as reliable as possible.
Reliability is greatly improved if an accurate speed estimation algorithm is used. In FMB meth-
ods, the degree of accuracy depends on the degree of robustness against parameter variations.
Over the last few years, there has been a considerably improvement in this regard. Current
methods, such as [46], [57], can now obtain maximum errors of only a few rpm when there are
changes in the parameters. However, while this degree of accuracy may be enough for sen-
sorless control, this might not hold true for MCSA, especially at low slips and in an industrial
environment. As shown in Section 2.2, only an error of 3 rpm is enough to issue a false posi-
tive. Moreover, if the motor is also working with load oscillations, the error needed to commit
a mistake is even lower. Therefore, it is always preferable to use an SSE technique that does
not depend on any changing parameter.

All the aforementioned drawbacks make FMB methods seemingly unsuitable for provid-
ing the speed information required by MCSA-based portable devices. However, MCSA-based
continuous monitoring systems can open the door to use FMB techniques. If implemented in
the driver, the set formed by the MCSA diagnostic procedure and the FMB method could use
the same voltage and current measurements as the control system. Moreover, the system could
also take advantage of the natural stops to perform the parameter identification. If designed
as a separate device, it could be installed in the distribution board, and the same would apply.
Yet, it is still necessary to study whether the accuracy provided by a method like this is enough
for its use in high-reliability diagnostic procedures via MCSA in comparison with other SSE
techniques. Furthermore, if complemented with AI, it would also be necessary to address in
future comparative research, their feasibility in diagnostic devices, as these techniques require
previous training and are computationally intensive.

2.4 Methods Based on Magnetic Anisotropy

These techniques exploit the effects of magnetic saturation and rotor slotting in IM. Their main
advantage is their total independence to machine parameter variations (stator resistance, ro-
tor time constant, etc.). This makes them really robust and often preferable to FMB methods.
However, the existence or lack of certain anisotropies, as well as the intensity with which the
effects due to slotting are manifested, depend on the machine design, which may reduce the
applicability. Therefore, in many cases, a preliminary study of the motor (number of bars, rotor
type, depth of slots, etc.) is required.

MAB methods can be classified into two groups: Signal Injection Based methods and Slot-
ting and Eccentricity Harmonics Based methods. In Section 2.4.1, only a general description
of SIB methods is given (without going into reviewing its evolution through time), since these
techniques were developed to meet a specific need for control systems that is not found in di-
agnosis via MCSA. For this purpose, three excellent papers published by Holtz [59]–[61] are
used. Conversely, in Section 2.4.2, the description and review of SaEHB methods are more
in-depth and extensive, given that these techniques are more suitable to be used in diagnostic
procedures in an Industry 4.0 environment, as analyzed in Section 2.4.3.
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2.4.1 Methods Based on Signal Injection

SIB methods were born in the late 1990s as a response to the unstable performance of FMB
at low or zero stator frequency. At these frequencies, the voltage induced in stator by rotor
currents is practically zero, which makes the model unobservable: it is not possible to obtain
information on rotor dynamics from stator terminals. However, it is possible to obtain accu-
rate information about rotor position and rotor speed if the machine magnetic anisotropies are
exploited [59].

Magnetic anisotropies can be caused in an IM mainly by: magnetic saturation of the funda-
mental field and the discrete structure of the squirrel cage. However, as Holtz states in [60], “a
rotor may be custom designed so as to exhibit periodic variations within a fundamental pole
pitch of local magnetic or electrical characteristics”. An example of this could be the periodic
variation of the widths of rotor slot openings, the resistance of the outer conductors or the
depths of the rotors bars [60].

The technique consists of adding a high frequency and low amplitude voltage to the fun-
damental excitation in order to exploit these anisotropies. As explained by Holtz in [61]: “The
resulting high-frequency currents generate flux linkages that close through the leakage paths in
the stator and the rotor, leaving the mutual flux linkage with the fundamental wave almost un-
affected”. This signal, called carrier, is modulated periodically by the spatial orientation of the
magnetic anisotropies present in the IM. Finally, by extracting and processing the modulated
carrier it is possible to obtain information about the rotor angle and the rotor speed [61].

The injected signal can be of two types: a revolving signal [62] or an alternating signal [63].
On the one hand, revolving carriers provide a general view of all machine positions in order to
locate the spatial orientation of a particular machine anisotropy. On the other hand, alternating
carriers provide a high-sensitive view in a specific spatial direction, which is chosen based on
previous knowledge [61]. As an alternative to revolving or alternating carriers, transient sig-
nals injected by PWM switches can be exploited. In words of Holtz in [61]: “the transient flux
components, owing to their high-frequency content, do not penetrate sufficiently fast through
rotor surface to establish mutual flux linkages. These fluxes, instead, create only separate link-
ages with the respective stator and rotor windings, thus contributing to the total leakage flux”.
Therefore, as the mutual flux also remains unaffected, the same principles apply as when ex-
ternal signals are used. Finally, it is also possible to use AI methods in order to improve some
of the drawbacks of the technique, such as the need of having to determine with the help of an
expert the magnetic fingerprint of each machine [64].

2.4.2 Methods Based on Slotting and Eccentricity Harmonics

Unlike SIB methods, SaEHB algorithms exploit magnetic anisotropies using the machine re-
sponse to the fundamental excitation signal and its low-order harmonics (3rd, 5th, 7th . . . ).
Particularly, these techniques track those anisotropies that are due to slotting and construction-
al/coupling imbalances such as static or dynamic eccentricity. In a simplified and brief way,
the discrete nature of the squirrel cage bars causes the rotor system to generate MMF spatial
harmonics as well as a periodic variation of the air-gap permeance. By interacting, they pro-
duce air-gap flux components that are responsible for inducing a set of harmonics in the stator
windings called Rotor Slot Harmonics (RSH). When there are also misalignments between the
rotor and the stator, the air-gap permeance is further modified, giving rise to additional air-gap
flux components that can induce, depending on the characteristic of the misalignment, Static
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Eccentricity Harmonics (SEH), Dynamic Eccentricity Harmonics (DEH) or Mixed Eccentricity
Harmonics (MEH). The relationship between the frequencies of these harmonics in the current
stator spectrum and the machine characteristics has been extensively studied in [85], [86] and
can be given in a compact form by:

fh =

[︃
(kR ± nd)

p
(1 − s)± ν

]︃
f0 (2.2)

fMEH =

[︃
1 ± k

(1 − s)
p

]︃
f0 (2.3)

where k is a natural number 1, 2, 3 . . . , p the number of fundamental pole pairs, s the slip, ν the
order of the time harmonic present in the stator current 1, 3, 5 . . . , f0 the fundamental supply
frequency, R the number of rotor bars, nd = 0 for both SEH and RSH and nd = 1, 2, 3 . . . for
DEH. Finally, when k is equal to one in (2.3), those harmonics are known as the Upper Mixed
Eccentricity Harmonic (UMEH), positive sign, and the Lower Mixed Eccentricity Harmonic
(LMEH), negative sign.

As can be seen, both equations contain information on motor speed through the slip. There-
fore, what these techniques do is to process the line current in order to determine the frequency
of one or more of these harmonics and then, using (2.2) or (2.3), calculate the slip and with it,
the mechanical speed. Finally, among the four sets of harmonics, RSH and MEH are usually
the targets of these algorithms, since they are present in most IM.

The first works where RSH and MEH were used can be traced back to the middle of the
1980s and the beginning of the 1990s. In 1984, Ishida et al. [65] presented a work where, know-
ing the number of rotor bars and using analogue filters and zero cross detection, they were
able to extract the RSH. This method achieved an accuracy of 0.1 Hz and a minimum operating
frequency of 10 Hz. In a later work (Williams et al., 1990, [66]), MEH together with switched-
capacitor filters and phase lock loops were used to estimate the rotor speed. In this case, no
information about precision was provided. These methods laid down the foundations for the
use of RSH and MEH in SSE.

During the 1990s, the accuracy and operating range of these SSE techniques was improved
thanks to the use of digital methods such as FFT. Regarding this, RSH were first extracted
using FFT in steady-state operation and over a wide range of load levels by A. Ferrah et al.,
in 1992 [67]. Results showed errors between −10 and 10 rpm when compared to an opto-
electrical speed transducer. Furthermore, the speed detector performed satisfactorily down to
2 Hz and had a time response of 3 s. On the other hand, since the harmonics being tracked
were RSH, the number of rotor slots needed to be known. Trying to address the problem, they
presented a method to determine this parameter from a set of stator current records at rated
frequency and under decreasing load levels. In 1996, a new improved method with a maximum
error of 5 rpm, a time response of 1 s and an operating range down to 1 Hz was introduced by
Hurst and Habetler [68]. In order to locate and extract the RSH, MEH and a recursive algorithm
were used to ascertain the parameters R/p and ν.

In FFT techniques, the frequency resolution has a direct relation to signal capture time: the
longer the capture time is, the better the resolution. Nevertheless, in the field of electric motor
control, the length of data records is limited in order to obtain an appropriate time response.
So, since the bases of SSE using FFT were set in [67], the effort was put in both reducing time
response without losing accuracy and extending the method to transient conditions.

Considering this, in 1996, a study addressing these problems was presented by Blasco et
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al [69]. It was stated that even with small data records, it is possible to achieve good accuracy
through interpolation, windowing methods and choosing the appropriate RSH from the spec-
trum. The accuracy was less than 0.1 rpm, and the time response less than 1 s and in occasions
much less than 1 s. A transient-state study was also presented. The results showed that the
speed predictor followed the real speed after a delay which could be determined. Furthermore,
two algorithms to detect RSH, where the number of rotor slots per pole and the parameter ν
had to be known in advance, were described. In both methods, the problem about RSH cross-
ing PWM harmonics was addressed. The first one, based on the detection of one RSH, showed
reliability from 50 Hz to 5 Hz. The second one, based on the detection of two RSH, improved
reliability until 2 Hz. Finally, a discussion about how to generalize the RSH detection for any
squirrel cage IM was also presented. It was stated that the main problem was to know R and
ν as they were parameters that were neither available in the nameplate nor in the motor data-
sheet. To work around this issue, they proposed that the motor/drive manufacturer, who can
ascertain these parameters, sold each particular motor with its particular RSH detector em-
bedded in the drive or, alternatively, that human operator derived their values through visual
inspection of the frequency spectrum.

Since then, many studies have been published aimed at studying and improving different
aspects of the technique such as: accuracy, real-time response, applicability, new signal pro-
cessing methods, computational time and its use in unconventional machines. For example,
in 1998 [70], a speed identifier was proposed with an error of less than 0.6 rpm and a real-
time speed update of less than a sample period. This was achieved by extracting the RSH via
adaptive digital filtering. Years later, in [71], [72], the relationship between the number of rotor
slots, the number of pole pairs, the stator winding characteristics and the presence of RSH and
other harmonics under healthy and eccentricity machine conditions was studied. This led the
authors to establish a norm in selecting motors for SSE. In 2006 [4], an optimal slip estimation
algorithm embedded in a diagnostic system using MCSA was proposed. This algorithm, as-
suming that the number of rotor slots was known, used broken bar harmonics, RSH and the
Bayesian method of estimation to compute mechanical speed. The accuracy, in terms of slip
frequency average error, was 2.97%. In 2013 [73], in order to reduce computation time, a novel
approach that did not require spectral analysis was presented. It was based on extracting high
order RSH (with previous knowledge of the number of rotor slots) through demodulating the
information captured by an external search coil. By this method, a maximum speed error of
0.4% was achieved (≈11 rpm). In 2015 [74], a new RSH-based method to estimate speed in non-
stationary conditions was introduced. The proposed algorithm, assuming that the number of
rotor slots was known, used short time Chirp-Z transform to search the supply frequency and
the RSH. In this case, the maximum deviation found between the estimated and the measured
speed using an optical tachometer was: 0.044% (≈0.7 rpm) for the lab test and 0.163% (≈2.4
rpm) for the industrial test. In 2016 [75], in order to improve the dynamics of speed estimation,
a new algorithm that combines RSH detection, phase lock loop and AI was presented. In this
work, the number of rotor slots was determined by comparing two current sequences at differ-
ent load conditions with a fixed supply frequency. The maximum speed error in steady-state
was found to be 0.083% (≈0.7 rpm). In 2017 [76], MEH was used to estimate the slip in an
online and real-time system for detecting partial broken rotor bars. The harmonics were found
using a spectral estimator based on Rayleigh quotient theory, achieving a mean square error
of 1.91 × 10−7 when compared to a physical sensor. Finally, in recent years, an effort has been
made to extend SaEHB techniques to multi-phase IMs [77], [78].
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2.4.3 Methods Based on Magnetic Anisotropy in Online Diagnosis

SIB methods were born to meet a very specific need for sensorless control: good performance
at zero or very low speed. Nevertheless, the most common diagnostic procedures such as
MCSA require the motor to be operating with relatively high speed and load. Therefore, these
SSE techniques are not suitable to be integrated into this type of automatic fault diagnosis
devices, since, outside the low-speed range, the robustness gained does not compensate for
their excessive complexity of implementation.

Conversely, SaEHB methods are a great option for diagnostic algorithms via MCSA, since
they are:

- Accurate: when based on RSH, errors can be less than 0.1 rpm.

- Robust: they do not depend on any time-varying parameter.

- Easy to implement: no need to subject the motor to a signal other than the one provided
by its normal power supply.

- Compatible with MCSA: similar signal processing techniques and speed range.

Despite this, there are some drawbacks that have not been solved yet. On the one hand,
in MEH-based methods, only the number of poles need to be known, which is a parameter
available on the nameplate. This makes them the preferred methods for commercial diagnostic
devices. However, they have a very narrow bandwidth. This means that they only vary a few
fractions of hertz over its normal operating range. Therefore, a small error in the estimation of
their frequencies implies a large error in the estimation of the speed (see Section 2.5). On the
other hand, RSH-based methods can achieve very accurate estimates due to their wider op-
erating bandwidth. That is the reason why they are so popular in academia, as shown in the
literature review of previous subsection. However, these methods need to know the number
of rotor slots to work, which is a problem for industry applications, as motor owners are rarely
aware of this parameter. Therefore, the applicability of the method is dramatically reduced
outside the laboratory.

The estimation of the [R/p, ν] is the main limitation to bring this type of algorithms to in-
dustrial scale. However, there is very little research addressing the problem. In fact, most
of the papers about RSH-based algorithms either do not provide any information on how
to obtain those parameters [4], [65], [66], [73], [74], [78], or propose non-automatic/invasive
methods requiring human visual inspection, which limits their applicability in industrial en-
vironments [67], [69], [70], [75]. Only a few papers have proposed self-commission methods
to ascertain this set [68], [79]. For example, in [68], the method relies on a preliminary speed
estimation using the MEH, which, as already stated, is an unreliable source since small errors
in frequency estimation mean big errors in speed. Moreover, there is also the disadvantage that
MEH often do not manifest themselves with sufficient intensity to be distinguished from the
noise level (see Section 2.5.1), being necessary in this case, as the authors comment, a no-load
test to determine the number of rotor slots and the index ν associated with each RSH (increas-
ing invasiveness). Something similar happens with the method proposed in [79], where in this
case the unreliable source is the preliminary speed estimation based on nameplate data (see
Section 2.5.2).

The unreliability of R/p and ν estimation can lead to misdiagnosing the IM due to the
reasons exposed in Section 2.2. For example, Table 2.1 shows the speed and LSH frequency
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errors caused by assigning ν = 1 and R/p = 26 to the actual RSH (−1) for different motors
with R/p = 28 working at two different slips. As can be seen, the speed error decreases as the
number of pole pairs increases or the slip decreases. Yet, looking at the error committed in LSH
frequency due to the wrong speed estimation, we find that it is independent of the number of
pole pairs and that the error committed. Moreover, this error is of the same magnitude that
the one necessary to issue a false positive in Fig. 2.1. Therefore, it is not only necessary for the
method to be non-invasive, but also absolutely accurate to avoid false negatives and positives
during diagnosis in any type of IM.

Finally, Table 2.2 summarizes the compatibility analysis between MCSA and the major fam-
ilies of SSE methods. From this analysis, it can be concluded that RSH-based methods are the
best option for accurate diagnosis. Nevertheless, there is not yet a method to obtain R/p and
v in a reliable, automatic and non-invasive way. That is precisely what makes RSH methods
currently unsuitable for its use in high-reliability and high-applicability automatic diagnostic
procedures via MCSA, and therefore, an aspect where academia should put its efforts.
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2.5 Commercial Devices

In this section, the two industry-leading commercial devices for IM diagnosis are analyzed.
The analysis focuses on the speed-dependent online tests performed by these devices to de-
tect motor faults. In this regard, Sections 2.5.1 and 2.5.2 first describe both the principles of
the SSE algorithm and the diagnostic method (MCSA-based) of each device, and then analyze
their weaknesses relying on the use of theoretical examples and real industrial cases from a
database of measurements belonging to 79 different IM (Appendix A. Industrial motors data),
which were taken using a high-resolution DAQ system (Appendix B. DAQ system) in order
to reduce the measurement errors as much as possible, and thus to be able to focus only on
the characteristics of each SSE algorithm. Finally, in Section 2.5.3 the results are discussed to
highlight possible lines of improvement.

As explained in the following subsections, both commercial devices estimate the speed to
approximately calculate the position in the spectrum of the faulty harmonic frequency, set a
search frequency band around it, and finally calculate the maximum amplitude harmonic in-
side. Therefore, one of the key factors for a correct diagnosis is the search window. Window
quality depends directly on the accuracy of the speed estimation. If the estimation is very accu-
rate, the center of any search window will be very close to the fault harmonic frequency, which
in turn will allow narrowing the band enough to prevent other significant healthy harmon-
ics from entering it (reducing false positives), while still ensuring that it will contain the fault
harmonic frequency (reducing false negatives). Therefore, as analyzed below, since both de-
vices may suffer from wrong speed estimations, their capability to accurately assess the motor
condition is affected.

2.5.1 EXPLORER 4000

EXP4000 from Megger is a device whose main purpose is to estimate power quality and effi-
ciency in electrical machines. Yet, as it also allows to evaluate the rotor bars condition through
MCSA, it has become a very popular tool when it comes to diagnosing this particular fault in
induction motors.

The EXP4000 estimates the rotor speed using an algorithm based on detecting the LMEH
in a series of instantaneous signals such as: phase current, current vector, sum of imaginary
powers, angle of impedance, etc. [87], [88]. It should be noted that Equation (2.3) predicts the
frequency of the LMEH (k = 1, − sign) only for the spectrum of the stator current. According
to [88], for the rest of the magnitudes analyzed by EXP4000, the frequency of the LMEH is given
by f ∗LMEH = f0 (1 − s) /p. Taking this into account, the bases of the algorithm are:

In the stator current spectrum, the LMEH is located in a position slightly higher than
(1 − 1/p) f0 Hz, which is known if p is also known. Therefore, the algorithm sets a window
whose lower limit is (1 − 1/p) f0 Hz, which is the result of making s = 0 in (2.3), and whose
upper limit is (1 − (1 − smax) /p) f0 Hz, being smax the slip correspondent to the maximum ex-
pected load (in [88] it is assumed to be smax = 180/nsync). Then, the maximum peak in the band
is recorded assuming it is the LMEH. A similar process is repeated for each signal considered,
but taking into account that, in their spectra, the formula that predicts the LMEH frequency is
f ∗LMEH = f0 (1 − s) /p. Finally, the low amplitude peaks are discarded and the speed is esti-
mated as the average of the largest group of estimations whose predictions coincide within a
margin of 2 rpm.
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As for the evaluation of rotor bars condition, the EXP4000 relies on localizing and quanti-
fying the LSH. To do so, using the estimated speed and applying (2.1), the device calculates
an estimated position for the LSH. Then, it sets a frequency window around this position and
quantifies the maximum peak assuming it is the LSH. Finally, the EXP4000 applies the follow-
ing default criterion to output a diagnosis: no damage to rotor bars if its amplitude is below
−45 dB, possible damage to one or several bars if it is between −45 dB and −36 dB, and several
broken bars if it is above −36 dB.

Mixed Eccentricity Harmonics: Detectability Problems in Two-Pole Machines

Mixed eccentricity is a problem inherent to any IM. It is caused by inaccuracies in the manufac-
turing process and misalignments during the motor-load coupling. Therefore, MEH are found
in almost any IM, which does not mean that they always have a high amplitude. For exam-
ple, in new and carefully coupled motors, they are normally only a few dB (if any) above the
noise level. Moreover, the presence of nearby harmonics (not associated with motor faults) can
complicate the detection process, especially, in two-pole motors (as analyzed below). This par-
ticular problem has been studied through the spectral analysis of 79 industrial motors (motor
data can be found in Table 2.7 of Appendix A). The results of the analysis are summarized in
Fig. 2.3 (UMEH) and Fig. 2.3b (LMEH), where blue bars represent their amplitudes, and red
bars the amplitude of the highest harmonic found in the band determined by (2.3) when s is
varied from zero to its rated value. A blue bar completely overlapping the red bar means that
the highest harmonic corresponds to the MEH.

The analysis shows that in 48.10% of the cases, there is a higher harmonic than the UMEH in
the search band, which for all these cases is the harmonic at f0 + f0/p Hz (speed independent
and placed at the upper limit of the search band). In two-pole machines, this frequency is
2 f0 Hz (an even multiple of the fundamental), while in four and six-pole machines it coincides
with a non-integer multiple of f0. Theoretically, there should not be even multiples in the stator
line current; however, as no real motor is perfectly symmetric, the existence of this harmonic
is very common. Therefore, this explains why MEH detection can be especially difficult in
two-pole machines. Figure 2.3c (right) shows one of these speed-independent harmonics (SIH)
belonging to a two-pole 45 kW IM.

Regarding the LMEH, the same detectability problem has been observed with the same
proportion of cases (48.10%) where the LMEH is not the highest harmonic in the search band.
As with the UMEH, the majority of these motors corresponds to two-pole machines. In this
case, the SIH harmonic that is causing problems is placed at 0 Hz (which is the lower limit
of the search band), that is, the DC harmonic. Moreover, it has also been observed that, even
when this component is filtered, for example, subtracting the mean value of the signal, it is
still not possible to locate the LMEH in the line current spectrum, since it is submerged by the
noise floor (see Fig. 2.3c (left)). Yet, if other electrical quantities are analyzed, as the EXP4000
does, the LMEH may become visible. For instance, Fig. 2.3d shows the spectrum of the instan-
taneous power signal of the same two-pole 45 kW IM. In this signal, the LMEH is expected
to be at f ∗LMEH = f0 (1 − s) /p Hz. As can be seen, the LMEH is now visible. Nevertheless,
the detectability problem does not disappear since there is still an SIH in the upper limit of
the band.
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(a) (b)

(c) (d)

FIGURE 2.3: (a) UMEH and (b) LMEH detectability analysis for 79 IM covering a
search band from zero to rated slip in the spectrum of the line current. Example
of a two-pole 45 kW IM where: (c) the SIH is the highest harmonic in the search
band defined for the UMEH and LMEH in the line current spectrum and (d) in

the search band defined for the LMEH in the instantaneous power signal.

Mixed Eccentricity Harmonics: Narrow Bandwidth Implications in Rotor Diagnosis

As mentioned in Section 2.4.3, MEH cover a narrow frequency bandwidth (from no to full
load), which means that small errors in estimating their frequencies (given by (2.3)), lead to
significant errors in the estimated slip. Therefore, as this slip is used to set the search window
where to find the fault harmonics, the diagnosis reliability is also affected by errors made in
MEH frequency estimation. Next, in order to show more in depth the implications of harmonic
bandwidth, we proceed to analyze the error committed in calculating the LSH frequency when
slip is estimated from a narrow bandwidth harmonic (MEH) and a wide bandwidth harmonic
(RSH).

Combining (2.1) and (2.3) with k = 1, LSH frequency can be expressed as a function of the
MEH and fundamental harmonic frequencies:

fLSH = − (1 ± 2p) f0 ± 2p fMEH (2.4)

An error in the LSH frequency calculation can come either from a wrong frequency estimation
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of the fundamental harmonic or the MEH. Therefore, if the previous equation is differentiated
with respect to these two components and then discretized, we can express the error commit-
ted in the LSH frequency as a function of the errors committed in the MEH and fundamental
harmonic frequencies:{︄ d fLSH

d f0
= −(1 ± 2p)

d fLSH
d fMEH

= ±2p
→ ∆ fLSH = − [1 ± 2p]∆ f0 ± [2p]∆ fMEH (2.5)

Finally, following the same reasoning, but in this case combining (2.1) and (2.2) with k = 1
and nd = 0, we obtain the error committed in LSH frequency as a function of the RSH and
fundamental harmonic frequency errors:⎧⎨⎩

d fLSH
d f0

= −
(︂

1 ± 2ν
R/p

)︂
d fLSH
d fRSH

= 2
R/p

→ ∆ fLSH = −
[︃

1 ± 2ν

R/p

]︃
∆ f0 +

[︃
2

R/p

]︃
∆ fRSH (2.6)

As the number of rotor bars per poles pairs is normally higher than R/p = 14 for the ma-
jority of IM, the maximum coefficient multiplying ∆ fRSH is 2/14 = 0.14, while the coefficient
multiplying ∆ fMEH is much higher and increases with the pole pairs: 2p = 2, 4, 6 . . . Assuming
ν = +1, which is the most common case, the maximum absolute value of the coefficient multi-
plying ∆ f0 for the RSH is: 1+ 2/14 = 1.14, while for the MEH increases as 1+ 2p = 3, 5, 7 . . . or
1 − 2p = 1, 3, 5 . . . Therefore, for the same frequency error ∆ f0, and the same error estimating
the RSH and MEH ∆ fRSH = ∆ fMEH, the RSH provides a much more accurate estimation of the
LSH frequency. The errors ∆ f0, ∆ fRSH and ∆ fMEH can mainly come from three sources:

1. Harmonic misidentification: the harmonic is confused with another close to it.

2. Harmonic in movement during capture time: the harmonic energy spreads over a range
of frequencies instead of being concentrated in a single peak.

3. Frequency resolution error: the real harmonic frequency is between two FFT consecutive
bins.

Sources 1 and 2 can be neglected for the fundamental harmonic, given that it is the highest
harmonic in the spectrum and that its frequency is unlikely to significantly change in a short
time capture (5 to 20 s). As for the MEH, source 1 has already been addressed in the previous
subsection, while source 2 can be neglected if it is also assumed that speed will not change in a
short time period. Therefore, if there is no harmonic misidentification and the regime is stable,
the frequency resolution can be considered as the only source of error.

The FFT is a discrete transform calculated at a set of frequencies starting at 0 Hz, increasing
by 1/Tcap Hz (being Tcap the capture time), and ending at half the sampling frequency. Each
of these frequencies analyzed is called a bin. Thus, a harmonic whose real frequency is be-
tween two consecutive bins is assigned to the closest bin, while spreading part of its energy
in the other. This generates the so-called frequency resolution error. In this regard, the max-
imum frequency resolution error occurs when the actual harmonic frequency is found just in
the middle of two bins, which corresponds to 1/(2Tcap) Hz. Figure 2.4 represents the devi-
ation in LSH frequency (calculated using the absolute value of each term of (2.5) and (2.6),
so that both errors add up) when the fundamental harmonic, the UMEH, the LMEH and the
RSH(±1) frequencies are estimated with an error equal to the maximum frequency resolution
error: ∆ f0 = ∆ fRSH = ∆ fMEH = 1/(2Tcap). This LSH error is quantified for 2p = 2, 2p = 4,



40
Chapter 2. Sensorless speed estimation for the diagnosis of induction motors via MCSA.

Review and commercial devices analysis

2p = 6 and R/p = 28 (typical number for IM). For instance, for an industry-standard capture
time of 25 s, which corresponds to a maximum frequency resolution error of 0.02 Hz, the error
committed in LSH frequency is, with respect to 0.02 Hz: of the same order for the RSH(±1); 3,
7, or 11 times bigger for the LMEH and 5, 9 or 13 times bigger for the UMEH. It should be noted
how inaccurate the estimation of the LSH frequency through MEH could be when compared
to a RSH method.

FIGURE 2.4: LSH absolute deviation due to the maximum frequency resolution
error in RSH, MEH and f0 .

To show how this error might lead to an erroneous diagnosis, two industrial motors were
analyzed using the EXP4000 (based on the LMEH) and a RSH-based algorithm. The first is a
four-pole 1500 kW IM, while the second a six-pole 800 kW IM. Table 2.3 summarizes the re-
sults for each machine, while Figs. 2.5 and 2.6 show the RSH-based algorithm result on the
left (applied to the original current captured by the EXP4000) and the figure generated by the
EXP4000 on the right (in both cases horizontal lines show the default limits for healthy and
faulty state used by the EXP4000, while the vertical line shows the frequency at which each
algorithm placed the LSH). The differences between the spectra were due to very small dif-
ferences in signal processing: the way EXP4000 applied the FFT was not perfectly reproduced
when analyzing the current extracted from the device, since this information ws not provided
by the manufacturer. Nevertheless, since both were practically identical in frequency and am-
plitude (see the first two rows of Table 2.3), the differences in diagnosis could be considered to
be caused exclusively by the differences between the SSE algorithms.
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(a) (b)

FIGURE 2.5: Rotor condition analysis of a four-pole 1500 kW IM using (a) a RSH-
based algorithm and (b) the EXP4000.

(a) (b)

FIGURE 2.6: Rotor condition analysis of a six-pole 800 kW IM using (a) a RSH-
based algorithm and (b) the EXP4000.

Regarding the difference in diagnosis, the RSH-based algorithm was able to estimate the
LSH frequency very accurately in both motors (Figs. 2.5a and 2.6a), being the error commit-
ted ( fLSH,dev = 0.005 Hz and fLSH,dev = 0.003 Hz), 7 and 11 times smaller than the frequency
resolution ( fres = 0.039 Hz and fres = 0.036 Hz), thereby issuing a correct diagnosis. Con-
versely, the EXP4000 was able to diagnose satisfactorily only the first motor (Fig. 2.5b): the
error fLSH,dev = 0.039 Hz was of the same magnitude as the frequency resolution fres = 0.039
Hz. As for the second motor, it delivered a false negative (Fig. 2.6b): in this case, the deviation
with respect to the LSH frequency was fLSH,dev = 0.566 Hz (16 times bigger than the frequency
resolution fres = 0.036 Hz). This error was larger than the one predicted in (2.5), which meant
that there might be an additional source of error. In this case, it could be a harmonic misidentifi-
cation, given that the LMEH had an amplitude above the noise level of less than 6 dB in the line
current spectrum. Moreover, it should be noted that the 0.566 Hz deviation only corresponded
to an error of 0.09 Hz in the MEH frequency estimation, which showed how unreliable a MEH
method could be.
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Finally, in the signals where the LMEH had a frequency of f ∗LMEH = f0 (1 − s) /p (as the
instantaneous power signal), the error in LSH frequency was expressed as:

∆ fLSH = − [1]∆ f0 + [2p]∆ f ∗LMEH (2.7)

As seen, when compared to (2.5) and for the same frequency resolution error, the deviation
caused by the fundamental frequency was always equal or inferior, while the deviation caused
by the LMEH frequency was the same. This improved LSH frequency estimation a bit, since,
according to [88], EXP4000 uses several signals where LMEH has a frequency of f0 (1 − s) /p
Hz. However, the coefficients of (2.7) were still further from those given by (2.6).

2.5.2 MCEMAX

MCEMAX is a device from PdMA that conducts three online speed-dependent tests to diagnose
rotor asymmetries and eccentricities in an IM: Demodulation Test (DT), Rotor Evaluation Test
(RET), and Eccentricity Test (ET). The first is used to estimate the speed, while the others are
used to identify, respectively, rotor electrical asymmetries (such as bars breakage) and rotor-
stator misalignments.

During the DT, the rotor speed information is extracted from two slip dependent harmon-
ics related to bars breakage and mixed eccentricity [89]. In the spectrum of the demodulated
current, they appear respectively, at f Demod

BBH = 2s f0 Hz and f Demod
MEH = f0 (1 − s) /p Hz. In order

to extract their frequencies, a track and find algorithm is performed. Finally, slips and speeds
are calculated using the above formulas. The bases of the track and find algorithm are:

A preliminary speed estimation is carried out using nameplate data and current level. Then,
with this estimation, f Demod

BBH and f Demod
MEH are calculated in order to set around each one a fre-

quency band of ±0.3 and ±0.12 Hz, respectively (the rationale for using these fixed limits and
not others is not disclosed by the company). Finally, the highest peak within each frequency
band is identified. If one peak is below the noise level or speeds do not match, MCEMAX asks
the user to estimate speed manually. If both peaks are above noise level and both speeds match,
the MCEMAX considers this speed as valid.

Once the speed is estimated, either by the DT or the preliminary estimation, the MCEMAX
can assess motor condition via MCSA. Using the RET, it tries to find the LSH in the line current
spectrum to assess rotor health. Once this harmonic is identified, if its amplitude exceeds the
limit bands set by the manufacturer (first alarm band from −48 dB to −42 dB, second from
−42 dB to −36 dB), the device warns the user about a possible damage to rotor bars. Finally,
through the ET, the MCEMAX tries to track and find the SEH. In particular, it focuses on the
amplitude of those associated with ν = ±1 and ν = ±3 in (2.2). In this case, the criterion
used is to consider that an eccentricity problem exists if their amplitudes are 20 dB above the
noise level.

Implications of Nameplate-Based Approximations

In nameplate-based methods, speed is estimated through linearization of the current-speed
curve using two sets of points: [IN , nN ]− [I0, nsync]. As the no-load current cannot be neglected
in IM (0.9IN > I0 > 0.20IN), it has to be estimated, thus being the first source of error. More-
over, for motors with rated power >1 kW, a maximum tolerance of ±20% is allowed on the
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nameplate rated slip [90], [91]. If this is added to the effects of degradation due to use, we have
that the rated operation point can be quite far from the one stated on the nameplate. Therefore,
making a speed estimation from nameplate values may lead to set frequency bands not con-
taining the harmonics sought, which for the MCEMAX are: the Broken Bars Harmonic (BBH)
and the MEH. To study this problem in the 79 industrial motors, the MCEMAX algorithm has
been replicated.

Preliminary slip estimation is carried out using the following formula:

spre =
IL

IN
· sN · kexp (2.8)

where IL and IN are, respectively, the operating and rated current, sN the rated slip and kexp an
experimental factor that allows to obtain very similar results to those of the MCEMAX. Then,
using this slip, f Demod

BBH and f Demod
MEH are calculated according to Section 2.5.2. Finally, a frequency

band of ±0.3 Hz for the BBH and ±0.12 Hz for the MEH is set, just as MCEMAX does.

Using this algorithm, the actual frequency of the BBH remained outside the search window
in 36.71 % of the cases, while the actual frequency of the MEH did so in 32.91% of the cases. Fig-
ure 2.7 shows one of the cases where the BBH remained outside the search band in a four-pole
37 kW IM, with 0.02 rated slip and operating at 87% of the rated current, while Fig. 2.7 shows
one of the cases where the MEH is the one that remained outside the search band in a two-pole
45 kW IM, with 0.01 rated slip and operating at 75% of the rated current. Therefore, for the mo-
tors analyzed, the device would ask the user for a manual estimation in a considerable number
of times, thereby losing its automatic characteristic and leaving the speed estimation quality up
to the user’s ability. Finally, if the user tries to visually identify the MEH and BBH, they might
not appear as prominent peaks like the ones depicted in Fig. 2.7, and besides, a prominent peak
in that area might be caused by another harmonic (as discussed below).
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(a)

(b)

FIGURE 2.7: Spectrum of the demodulated current of: (a) a four-pole 37 kW IM
and (b) a two-pole 45 kW IM, with the search windows established by the MCE-
MAX for the broken bars harmonic (left) and mixed-eccentricity harmonic (right).

Broken Bars Harmonic: Detectability Problems

The amplitude of the BBH that appears in the spectrum of the demodulated current (used
by MCEMAX, together with MEH, to estimate the speed) is related to the amplitude of the
harmonics predicted by Equation (2.1) (with k = 1) in the line current spectrum (sideband
harmonics). However, this relationship is complex, as it depends on both the constructional
parameters of the machine and the characteristics of the load [92].
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In motors that operate with relative high slips, it should be possible to see (if exist) the side-
band harmonics in the line current spectrum with a high enough capture time (10 to 40 s). Yet,
in motors that operate with very low slip indexes, it may become impossible to detect these
harmonics for the same capture time, since they can be masked by the spectral leakage of the
fundamental component. Therefore, it is precisely in these cases where the spectrum of the de-
modulated current offers a great advantage in comparison to the line current spectrum thanks
to the removal of this component [93]. In this regard, Fig. 2.8a shows the line current spec-
trum of a two-pole 90 kW IM operating at 34% of its rated slip, where the sideband harmonics
are masked by the spectral leakage of the fundamental component, while Fig. 2.8b shows the
spectrum of the demodulated current where the BBH is clearly visible.

(a)

(b)

FIGURE 2.8: Broken bars harmonics in the spectrum of a two-pole 90 kW induc-
tion motor operating at 33.6% of its rated slip: (a) stator current and (b) demodu-

lated stator current.
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Despite the advantage of removing the fundamental component, the detectability of the
BBH in the spectrum of the demodulated current can still be problematic, for instance, due to
the presence of other nearby harmonics related to load variations or because its amplitude is
below the noise floor. In this regard, the effectiveness of estimating speed through this har-
monic was tested by analyzing the spectrum of the demodulated current of the 79 industrial
motors using two methods. Both of them computed the FFT of the demodulated current, which
was calculated as the absolute value of the analytic signal i⃗h(t) = i(t) + j · H (i(t)), where i(t)
is the stator current and H the Hilbert transform. Method 1 employed a track and find algo-
rithm consisting of detecting the maximum peak in a frequency band that was calculated as
described in the previous subsection, while Method 2 used the same technique but establish-
ing the frequency band around the exact frequency of the harmonic. The aim of Method 2 was
to check if, under the most favorable conditions (perfect preliminary speed estimation), there
were still problems in detecting the broken bars harmonic.

Table 2.4 shows the number of motors (as a percentage of the total analyzed) whose errors
with respect to the actual speed were greater than 0.5, 1.5, 2.5, 3.5 and 4.5 rpm. As can be seen,
Method 1 (the one similar to MCEMAX) presented more detectability problems than Method 2.
These problems were mostly due to the nameplate-based approximations, as discussed previ-
ously. Yet, in the most favorable case (Method 2), where the frequency band covered the broken
bars harmonic position, there was also a considerable amount of motors (18.99%) with a speed
error greater than 0.5 rpm. In this regard, Fig. 2.9 shows examples of real industrial measures,
along with the search bands and absolute speed error, where both Method 1 and 2 failed to
provide a correct speed estimation, either for the presence of a higher harmonic in the search
band (Figs. 2.9a and 2.9b ) or an insufficient amplitude of the BBH (Figs. 2.9c and 2.9d).

TABLE 2.4: Number of motors, as a percentage of the total analyzed, whose errors
with respect to the actual speed are greater than 0.5, 1.5, 2.5, 3.5 and 4.5 rpm,

when BBH is used to estimate speed.

>0.5 rpm >1.5 rpm >2.5 rpm >3.5 rpm >4.5 rpm

Method 1 45.57% 43.04% 37.97% 35.44% 27.85%
Method 2 18.99% 12.66% 7.59% 6.33% 2.53%
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(a) (b)

(c) (d)

FIGURE 2.9: Examples where Method 1 and 2 failed to provide a correct speed
estimation in the spectrum of the demodulated current of a: (a) two-pole 248 kW
IM at 67.7% of its rated slip, (b) four-pole 90 kW IM at 60.5% of its rated slip, (c)
four-pole 55 kW at 61.2% of its rated slip, and (d) a two-pole 139 kW IM at 96.1%

of its rated slip.

Mixed Eccentricity Harmonic: Detectability and Accuracy Problems

MCEMAX uses both the BBH and the MEH in the demodulated current spectrum to estimate
the speed (Section 2.5.2). As with the BBH, the MEH of the demodulated current spectrum
is related to the analogous harmonics in the line current given by Equation (2.3) with k = 1.
Unlike what happens with the BBH, the spectrum of the demodulated current does not provide
such a relevant advantage at low slips. That is because, in the normal spectrum, the MEH is
sufficiently separated from the fundamental component so as not to be masked by its spectral
leakage. Thus, the removal of this component does not make a big difference in MEH detection.
Yet, it seems logical that the MCEMAX algorithm uses the same spectrum for both MEH and
BBH in order to save computational effort.

Since the fundamental component does not influence MEH detectability, the problems may
be due to: a search window not covering the actual MEH frequency, the presence of other
nearby harmonic with higher amplitude or an MEH amplitude below the noise level. The first
problem has already been addressed in Section 2.5.2. As for the second, it was found in Sec-
tion 2.5.1 that the most problematic harmonics that can cause a misidentification are the ones
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placed at f0(1± 1/p) Hz in the line current spectrum, particularly, in two-pole machines. In the
spectrum of the demodulated current, these harmonics are shifted to f0/p, thereby being also
close to f Demod

MEH = f0 (1 − s) /p Hz. However, unlike the EXP4000 algorithm, the MCEMAX
uses a frequency band of ±0.12 Hz centered in a preliminary frequency estimation, instead of
a search band covering the range from zero to the expected full-load slip. Then, it is less likely
that the band will cover the harmonic at f0/p. In fact, using the replicated algorithm, it was
found that the search band covered this SIH in only 8.86% of the cases and that all belonged to
four- and six-pole machines, where the SIH has a very low amplitude. Therefore, detectability
problems will be mostly related to an insufficient amplitude of MEH and/or the presence of
load oscillations/imbalances harmonics.

Table 2.5 shows the number of motors (as a percentage of the total analyzed) whose errors
with respect to the actual speed were greater than 0.5, 1.5, 2.5, 3.5 and 4.5 rpm. As can be seen,
the number of wrong speed estimations increased when compared to BBH (Table 2.4).

TABLE 2.5: Number of motors, as a percentage of the total analyzed, whose errors
with respect to the actual speed are greater than 0.5, 1.5, 2.5, 3.5 and 4.5 rpm,

when MEH is used to estimate speed.

>0.5 rpm >1.5 rpm >2.5 rpm >3.5 rpm >4.5 rpm

Method 1 50.63% 44.30% 41.77% 40.51% 39.24%
Method 2 29.11% 25.32% 24.05% 22.78% 17.72%

The increase was due to both a higher number of motors with an insufficient amplitude of
MEH and the fact that this harmonic had a narrower bandwidth. Following a similar reasoning
as in Section 2.5.1, the speed errors as a function of the errors committed in estimating MEH or
BBH frequencies in the spectrum of the demodulated current were:{︄

∆n =
[︂

60
p

]︂
∆ f0 −

[︂
30
p

]︂
∆ f Demod

BBH

∆n = [0]∆ f0 − [60]∆ f Demod
MEH

(2.9)

Unlike what happens with MEH, the speed estimation through BBH was not independent of
f0 error. Yet, as the fundamental frequency tended to be very stable and it was easy to detect,
the error committed in estimating it is normally very low when compared to the ones com-
mitted with the BBH and the MEH. Therefore, neglecting ∆ f0, assuming the same frequency
error and for a six-pole machine, the error committed in speed could be six times larger when
using the MEH, thereby leading to a mismatch in speed estimations, and therefore, to user
intervention, even when both peaks were detected.

Diagnosing with Static Eccentricity Harmonics

Regarding motor eccentricity, the problem relies on using SEH to diagnose (frequencies given
by (2.2) making nd = 0). These harmonics depend on the number of rotor bars (R). Therefore,
three scenarios are possible. If R and speed are known, which is not usual, MCEMAX automat-
ically locates the SEH and performs the diagnosis as explained in Section 2.5.2. If R is known
but not speed, MCEMAX asks the user to manually choose the highest peak in the spectrum
to the left of (R/p − 1) f0 Hz as the SEH(−1). Then, MCEMAX automatically locates the rest
of SEH and estimates the speed from this set. Finally, if R is not known, the MCEMAX has a
feature to estimate this parameter as long as the speed has been previously estimated either by
DT or other means. This feature consists of a manual assistant where the user has to choose
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a candidate to be the SEH(−1). Next, alleged peaks SEH(+1) and SEH(±3) are automatically
detected. Then, the user has to check if the amplitudes and layout of the set is similar to the
typical adopted by SEH to finally estimate the number of rotor bars.

This approach has several problems: it is not automatic, requires an advanced knowledge
of SEH distribution, and it may easily lead to wrong estimations of R. To illustrate the latter,
Fig. 2.10 shows the spectrum of a six-pole 132 kW IM. In it, instead of a set of ±1 and ±3 har-
monics where the −1 is the one of highest amplitude (which is a common but not always true
assumption when identifying RSH or SEH), what we have is a set of −1, +3 and +5 where +3
is the one of highest amplitude. Hence, the user could identify the +3 as the −1, and there-
fore, estimate the number of bars as 54 instead of the actual 42 bars. That is the reason why
the manufacturer asks the owner to verify this number through the motor provider or motor
workshop. Yet, as this is not always possible, the applicability of the test is reduced.

FIGURE 2.10: RSH layout in the stator current spectrum of a six-pole 132 kW IM.

2.5.3 Discussion and Lines of Improvement

Regarding MCEMAX, two main drawbacks has been identified in their SSE algorithm. The
first, found in the initial stage of its SSE algorithm, is the error made in estimating the center
of the band in which the MEH and BBH are sought. This error is mainly due to the no-load
current and the fact of assuming as valid the nameplate rated speed (where the norm allows a
tolerance in slip up to 20%). This, along with the bands used for each harmonic, causes that, for
the 79 industrial motors analyzed, the BBH is outside the search window in 36.71% of the cases,
while the MEH in 32.91%. The second drawback, related to detectability and accuracy, is found
in the last stage of the algorithm. On the one hand, it has been proved that, even in the case
of the band covering the BBH or MEH frequency, their detection can still be problematic, since
they can be submerged by the noise floor or be confused with other healthy state harmonics
caused, for example, by load oscillations. In particular, the speed error has been higher than
0.5 rpm in 18.99% of the cases for the BBH, and in 29.11% of the cases for the MEH. On the
other hand, it has also been analyzed theoretically the disparity between the errors in speed
estimation when using the BBH and the MEH of the demodulated current. The analysis has
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shown that the MEH speed error can be from two times (two-pole machine) to eight times
(eight-pole machine) larger than the BBH for the same resolution error, which means that, even
if both peaks are detected, the MCEMAX could ask for user intervention.

The first problem can be mitigated without changing the basis of the algorithm by making
the search bands of each harmonic proportional to their bandwidths. MEH and BBH band-
width are, respectively, s f0/p and 2s f0, that is, the BBH bandwidth is 2p times bigger than the
MEH one. Then, if we assumed a fixed search band for the MEH of ±0.12 Hz, the BBH window
should have an amplitude of ±0.12 · p Hz. Applying this change to the replicated MCEMAX al-
gorithm, the percentage of cases where the BBH remains outside the search window is reduced
from 36.71% to 32.91%, therefore, being equal to that of the MEH.

As for the EXP4000, two main drawbacks has also been identified. The first is related to
LMEH detectability in the search band covering from zero to the full-load expected slip. It
has been shown in Section 2.5.1 that there is a high-amplitude SIH in two-pole machine placed
at 0 Hz (line current) or f0 Hz (current vector, instantaneous power. . . ) that reduces LMEH
detection. Two possible solutions can be applied to avoid this harmonic: to displace the band
or to filter the SIH. The first solution requires a good enough frequency resolution so as not to
lose too much detectability range. For example, a two-pole high-power IM, where rated slip
can be as low as 0.5%, fed at 40 Hz gives us a MEH frequency bandwidth of 0.2 Hz. This means
that a search band displacement of only 0.1 Hz (the frequency resolution of a 10 s record)
would translate into losing 50% of the detectability range. The second solution, requires the
filter to be as sharp as possible for the same reasons, thereby complicating the algorithm. Yet,
even in the case of this SIH being filtered or not included in the search band, there might
still be detection problems caused by an insufficient amplitude of the LMEH or the presence
of nearby harmonics as in the case of MCEMAX. The second drawback is related to LMEH
accuracy. As discussed in Section 2.5.1, small errors in estimating LMEH lead to large errors in
LSH frequency, and therefore, to the possibility of issuing wrong diagnosis.

As discussed along the section, both devices suffer from detectability and accuracy issues
due to the harmonics they use. This might be improved if RSH were used instead, since they
appear at higher frequencies (far from other high-amplitude harmonics) and since they have
a wider bandwidth (better accuracy). In this regard, three RSH-based algorithms has been
tested with the data of the 79 industrial motors so as to compare their performance with the
MCEMAX and EXP4000 alike algorithms. These algorithms are:

1- RSH-based algorithm using a search band covering from s = 0 to s = sN .

2- RSH-based algorithm equal to 1 but displacing the band 0.5 Hz so as not to cover the
harmonic at (n · f0).

3- RSH-based algorithm using a search band centered in a preliminary frequency estimation
using nameplate data. The band amplitude is proportional to that of the MCEMAX for
the MEH (±0.12 Hz).

4- The replicated MCEMAX algorithm. A speed match is considered if the difference be-
tween BBH and MEH speeds are less than 0.5 rpm.

5- LMEH-based algorithm using a search band covering from s = 0 to s = sN . Speed is
obtained as the weighted average of the ones extracted from the spectrum of the line
current and the absolute value of the current vector (similar to EXP4000).
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Table 2.6 summarizes the results of this analysis. As can be seen, the RSH-based algorithms
(Alg. 1, Alg. 2 and Alg.3), where the number of rotor bars is already known, outperforms
the MCEMAX-like (Alg. 4) and EXP4000-like (Alg. 5). Despite the clear advantage of using
RSH algorithms for SSE, the current lack of a method to obtain the number of rotor bars in an
automatic, online, and reliable way prevents its use in industrial devices such as MCEMAX
or EXP4000.

TABLE 2.6: Number of motors, as a percentage of the total analyzed, whose er-
rors with respect to the actual speed are greater than 0.5 rpm for 5 different algo-

rithms.

Alg. 1 Alg. 2 Alg. 3 Alg. 4 Alg. 5

Error > 0.5 rpm 21.52% 5.06% 36.71% 65.82% 51.90%

Finally, it is fair to mention that, despite the weaknesses highlighted in this section, MCE-
MAX and EXP4000 are still powerful and user-friendly tools that can be useful in certain con-
ditions to assess rotor bars or eccentricity, as demonstrated by their wide use in industry.

2.6 Conclusions

In the field of induction motor diagnosis via MCSA, even if some papers have mentioned the
necessity of accurate SSE, this is the first to highlight and analyze its importance, especially for
the modern industry. The analysis presented in this paper is meant to achieve a large consen-
sus on how important it is to have accurate speed information in order to reduce both false
positives and negatives. Moreover, to date, there is no research that has gone into an in-depth
assessment of the problems and challenges behind obtaining a method to achieve an accurate
and automatic speed estimation that is valid for any motor. This is a key step towards In-
dustry 4.0. In this regard, the paper fills this gap for the first time by investigating the major
families of SSE techniques, which were mainly conceived for sensorless control, from the per-
spective of its application in the diagnosis of the induction motor, showing the lacks that yet
remain unsolved. In addition, the investigation is enhanced with the analysis, supported by a
database of measurements belonging to 79 different induction motors, of the SSE algorithms of
the two leading commercial devices highlighting their weaknesses and lines of improvements.
From those analyses, it is concluded that:

- FMB methods are apparently not the most suitable for portable devices, since they are
invasive due to the need of voltage sensing and a first stage of parameter identification.
However, they can be a good option for a continuous monitoring system, since, if imple-
mented in the driver, the set formed by the MCSA diagnostic procedure and FMB method
could use the same voltages and current measurements than the control system, as well
as take advantage of the natural stops for the parameter identification. Nevertheless,
further research is still necessary in order to study whether the accuracy provided by a
method like this is enough for its use in high-reliability diagnostic procedures via MCSA.

- SIB methods introduce excessive complexity either for a portable device or for a contin-
uous monitoring system. The complexity is only compensated by their performance at
low or zero speed, which is not the range where MCSA is used. Thus, it can be discarded
as a promising candidate for SSE in online diagnosis via MCSA.
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- SaEHB are the best option for continuous or occasional monitoring due to its compat-
ibility with MCSA in terms of accuracy, robustness, ease of implementation and inde-
pendence to parameter variations. Among them, MEH-based methods are preferred in
industry since they only depend on the number of pole pairs, which is a parameter avail-
able on the nameplate. As a counterpart, they provide low accuracy due to the nar-
row bandwidth of these harmonics. Conversely, RSH-based methods are preferred in
academy since they provide higher accuracy, being the drawback in this case its reduced
applicability due to the need of knowing the number of rotor slots, which is a parameter
rarely known by motor owners.

- Current SaEHB techniques used in commercial devices do not provide reliability in a
considerable amount of cases. On the one hand, EXP4000 has the main problem of using
MEH, which do not provide enough accuracy due to its narrow bandwidth and the diffi-
culty of being detected, particularly in two-pole machines. On the other hand, MCEMAX
uses the BBH and MEH of the demodulated current. In this case, the major drawback is
that to locate these harmonics, it uses an algorithm that depends on a preliminary speed
estimation whose accuracy is subjected to the magnitude of the no-load current and the
consistency between nameplate data and actual values. Nevertheless, detection difficul-
ties also arise in these two harmonics, and besides, their different speed estimation errors
may generate inconsistencies, leading the device to ask for a human check.

Thus, commercial diagnostic systems still need a reliable SSE algorithm. According to sci-
entific literature, RSH-based methods are the ones that can provide the highest accuracy and
reliability due to its wider bandwidth and ease of detection. Nevertheless, they lack of a general
and non-invasive method to automatically determine the number of rotor slots (R) and the or-
der of the time harmonic associated to each RSH (ν). This prevents them from being efficiently
integrated into Industry 4.0 smart diagnostic systems. Therefore, the authors conclude that,
despite SSE techniques have been investigated for a long time in the field of controlled AC
drives, the scientific community has yet to provide a precise, automatic and general method
that helps to achieve a highly reliable MCSA-based online condition monitoring system for the
modern industry.
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Appendix A. Industrial Motors Data

This database is the result of several years of consulting work with different types of industry.
As a consequence, there are signals of motors driving vertical/horizontal pumps, conveyors,
compressors, worm gears, shredders, etc. This fact, together with the wide range of powers
and slips, makes the database a robust statistical sample to evaluate the bases of the algorithms
described in this paper.

TABLE 2.7: Industrial motors data.

2-poles 4-poles 6-poles

PN(kW) sN s/sN(%) Fig. PN(kW) sN s/sN(%) Fig. PN(kW) sN s/sN(%) Fig.

1.50 0.047 32.27% 0.75 0.070 3.23% 132.00 0.011 52.45% 2.10
30.00 0.017 71.34% 0.75 0.070 9.39% 132.00 0.011 49.51%
30.00 0.017 69.81% 0.80 0.040 74.05% 132.00 0.011 52.95%
30.00 0.033 141.56% 0.80 0.040 96.82% 200.00 0.010 47.23%
45.00 0.010 43.23% 2.3, 2.7b 1.10 0.057 100.44% 250.00 0.030 16.41%
55.00 0.013 62.78% 1.10 0.057 10.21% 250.00 0.010 39.05%
63.00 0.033 50.22% 2.20 0.053 79.05% 253.00 0.010 65.79%
90.00 0.010 33.63% 2.1, 2.8 2.98 0.070 24.83% 253.00 0.010 93.75%
90.00 0.033 66.56% 37.00 0.020 53.90% 2.7a 253.00 0.010 65.96%
110.00 0.007 56.17% 37.00 0.020 44.62% 253.00 0.010 59.46%
112.00 0.033 75.18% 45.00 0.014 36.01% 375.00 0.014 65.72%
112.00 0.033 69.43% 55.00 0.012 61.22% 2.9c 375.00 0.014 37.98%
112.00 0.033 88.00% 75.00 0.010 62.68% 375.00 0.014 33.60%
112.00 0.033 98.72% 90.00 0.013 24.93% 800.00 0.017 48.82% 2.6
112.00 0.033 81.50% 90.00 0.015 60.51% 2.9b
117.00 0.033 69.97% 110.00 0.013 30.25%
132.00 0.007 76.98% 110.00 0.008 73.78%
132.00 0.007 99.54% 110.00 0.008 83.85%
134.00 0.033 62.57% 110.00 0.008 72.16%
134.00 0.033 81.81% 110.00 0.008 100.47%
139.00 0.040 96.08% 2.9d 160.00 0.013 36.90%
150.00 0.033 79.94% 160.00 0.007 84.36%
171.00 0.017 90.23% 160.00 0.007 91.88%
223.00 0.033 74.69% 160.00 0.007 61.25%
230.00 0.040 86.26% 160.00 0.007 68.10%
231.00 0.033 68.59% 160.00 0.007 39.65%
232.00 0.033 74.96% 300.00 0.010 58.53%
234.00 0.033 88.36% 580.00 0.008 71.90%
239.00 0.028 81.77% 1500.00 0.007 58.57% 2.5
248.00 0.033 67.73% 2.9a
248.00 0.033 61.55%
248.00 0.033 65.63%
270.00 0.033 96.27%
270.00 0.033 61.85%
372.00 0.033 44.23%
2200.00 0.012 36.01%
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Appendix B. DAQ System

The measurements of the 79 industrial motors were performed with the following DAQ system:

• High-resolution oscilloscopes:

– PicoScope 4262:

* Channels: 2.

* Vertical resolution: 16-bit.

* Sampling frequency: 10 MS/s.

– PicoScope 4824:

* Channels: 8.

* Vertical resolution: 12-bit.

* Sampling frequency: 80 MS/s.

• High-precision current probes:

– TA189:

* Measuring range: 30 A.

* Accuracy: 1% of reading ±2 mA.

* Frequency range: DC to 100 kHz.

– TA167:

* Measuring range: 200/2000 A.

* Accuracy (0–200/1500 A): 1% of reading ±100/± 500 mA.

* Accuracy (1500–2000 A): ±5 % of reading.

* Frequency range: DC to 20 kHz.

Regarding the characteristics of the signals, they were always recorded with a minimum
capture time of 100 s, at 10 kHz and adjusted scale. Finally, for the analyses performed on
the 79 induction motors in this paper, the signal duration was shorten to 81.9 s, as this is the
maximum recording time allowed by MCEMAX.
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Abstract

Efficiency estimation and diagnosis via MCSA require precise knowledge of speed. In an indus-
trial environment, speed must be obtained with a non-invasive, automatic and general method.
Recent studies have shown that Sensorless Speed Estimation techniques based on detecting
Rotational Frequency Sideband Harmonics (RFSHs) or Rotor Slot Harmonics (RSHs) are best
suited to these purposes. RFSHs-based methods are easier to apply as they only depend on
the number of poles. RSHs-based are much more accurate due to their wider bandwidth. Yet,
their use is not trivial as they require to identify the RSHs family, assign to each RSH its order
of the current harmonic (ν) and determine the number of rotor slots (R), a rarely known pa-
rameter. This paper ends with this trade-off between accuracy and applicability by proposing
a novel RSHs-based technique that, for the first time in technical literature, eliminates the need
to estimate the number of rotor slots and provides a reliable and automatic procedure to lo-
cate the RSHs family and determine their ν indices. Finally, the method is validated under all
types of conditions and motor designs, by simulations, lab tests and with 105 industrial motors,
highlighting its high accuracy (errors below 0.05 rpm), and applicability.

Keywords: diagnosis; induction motors; MCSA; sensorless speed estimation; efficiency
estimation.

3.1 Introduction

There are two key points when operating induction motors (IM) in industry: maintenance
(to avoid untimely outages) and efficiency estimation (to minimize energy consumption). In
order to estimate the efficiency it is necessary to measure voltages and currents [1]. Thus, a
natural step is to use the same current sensor to diagnose the motor via MCSA (Motor Current
Signature Analysis); compared with others, this technique is best suited to this industry context
due to its non-invasiveness and remote measurement capability [2]. Moreover, both processes
need very accurate speed information [3], [4]. To facilitate the industrial use, the speed must
be obtained with a non-invasive and automatic (no-human intervention) method, valid for any
IM.

Determining efficiency with good accuracy requires precise operating speed information
(e.g., AGT or ORMEL96 [5]). In turn, speed is also vital to localize fault harmonics in the cur-
rent spectrum, since they are speed-dependent [6]. In fact, speed estimation is the bottleneck
of the diagnostic process: a reliable diagnosis requires a previous correct fault harmonic po-
sitioning. Some authors propose locating the fault harmonics without knowing the operating
speed by calculating the maximum of the spectrum in the harmonic operating bandwidth (de-
termined by the slip varying from 0 to its rated value) [7], [8] . Nevertheless, constructional
characteristics, supply, load-oscillations, etc. might generate significant harmonics in these
search bands, and produce false positives [9]. Moreover, the fault harmonic might be outside
the search band due to an error in the name-plate rated slip, generating a false negative. Con-
cluding, accurate speed knowledge is essential to avoid both false positives and negatives, and
therefore, to conduct a reliable diagnosis via MCSA [6], [9].

A physical speed sensor (e.g., encoder) requires a precise and careful assembly and has a
cost proportional to its accuracy. In addition, it is sensitive to the operation and location condi-
tions (temperature, cable length, etc.). Finally, manual measurements with hand-held sensors
(e.g. tachometers), apart from not being sufficiently accurate, require the shaft to be accessible,
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which is not always the case. Therefore, giving these limitations, a Sensorless Speed Estima-
tion (SSE) becomes a better option. These techniques (traditionally developed for electric motor
control [10]), can be classified into two major families: Fundamental Model Based [11]–[13] and
Magnetic Anisotropy Based. The latter can be subdivided into: Signal Injection Based [14]–[16]
and Slotting and Rotational Frequency Sideband Harmonics Based (SRFSHB) [17]–[36].

SRFSHB methods are the most suitable for in-service IM efficiency estimation [3] and IM
diagnosis via MCSA [4], as they only need to measure one current, do not depend on time-
varying parameters (as fundamental model methods do) and do not need the machine to be
excited with a source other than its normal power supply (as signal injection methods do).
These methods consist of processing the line current in order to determine the frequency of
one or more speed-dependent harmonics, and then, using the formulas that predict their fre-
quencies, calculate slip [37]. Rotational Frequency Sideband Harmonics (RFSHs) and Rotor
Slot Harmonics (RSHs) are commonly used in these techniques, although sometimes Broken
Bar Harmonics (BBHs) may be a complement.

Since they only require the number of pole pairs (available on the nameplate), RFSHs-
based methods are preferred by industry, being frequently used in online condition monitoring
[20], in-situ efficiency estimation [17]–[19], and commercial diagnostic devices (MCEMAX [21],
EXP4000 [22]). However, their frequencies only vary a few fractions of hertz from no to full
load [38]. Therefore, a small error in their frequencies estimation implies a large error in the
speed estimation. Moreover, they usually encounter detectability problems, especially in 2-pole
machines [4].

RSHs-based methods are much more accurate due to their wider operating bandwidth [3],
[4]. Yet, using these harmonics is not trivial. The first problem is to identify which harmonics
in the spectrum constitute a RSHs family. Then, even assuming that they have been correctly
identified, they must be assigned a ν index; there is an erroneous trend to assign +1 or −1
to the RSH with the highest amplitude. Finally, to estimate speed, the number of rotor bars
(R) must be known. This is a problem, as motor owners are rarely aware of this parameter.
Therefore, the applicability of this technique as a non-invasive method is dramatically reduced
outside laboratory.

No method has yet solved the problems of this technique in a robust and reliable way. Most
of the papers assume R, the position of the RSH in the spectrum and their ν values as known
information [23]–[29]. To solve this lack of data, others propose non-automatic/invasive meth-
ods that require visual inspection and/or subject the motor to different operating conditions
[30]–[33]. Finally, only three papers propose self-commission methods to ascertain this set
[34]–[36]:

The method presented in [34], which relies on a preliminary slip estimation from RFSHs,
has three disadvantages. First, R is constrained from 30 to 54, which leaves quite a few ma-
chines out below 30 (2-pole and small-medium 4-pole machines) and above 54 (medium-large
4-pole and 6-pole machines). Second, RFSHs are an unreliable source of information since small
errors in frequency estimation mean big errors in speed. Finally, RFSHs do not often manifest
themselves with sufficient intensity to be distinguished from the noise level (especially in 2-
pole machines). When this happens, the paper proposes to perform a no-load test to determine
the main RSH and asks the user to introduce R (increasing invasiveness and decreasing auto-
maticity).

In [35], the method searches a RFSH and the RSH with ν = 1 (not specifying how the bands
are defined). Then, using these two harmonics and the value of the fundamental frequency, R
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is calculated. If the decimal of R is lower than 0.1 or higher than 0.9, the number is rounded
and the process ends; otherwise, the process is repeated (it is not specified how the band for
the RSH is re-defined). The drawbacks of this method are the same as in [34] with respect to
RFSHs, with the added disadvantage of assuming that RSH (ν = 1) may always be identified
automatically .

In [36], the method, which relies on a preliminary speed estimation based on nameplate
data, has three disadvantages. First, as stated before, constraining the number of R to test
may leave some motors out of the algorithm’s scope. Although in this case the range is wider
than in [34], large motors could still be left out. Another problem with this methodology, is
that it uses a fixed band to localize RSHs (8.609 Hz), which could left some of them out of the
window. Finally, the main problem is that the convergence criteria is based on a preliminary
speed estimation from nameplate. This estimation can be quite unreliable because nameplate
data, apart from being subjected to wide tolerances (especially rated slip), can change through
time due to degradation.

Summarizing, RSHs-based methods are preferable due to their high accuracy. Neverthe-
less, no existing method has solved their low applicability: number of rotor slots needed is
unknown, as well as the RSHs position in the spectrum, together with their ν indices. Trying to
solve this lack of information, previous methods have proposed problematic solutions. More-
over, reliability is low for existing methods, since among all the RSHs, they only use the so
called Principal Slot Harmonics (PSHs), which have low amplitudes for certain motor designs
[38]. Finally, SSE methods presented have a poor validation: few laboratory motors (one to
four with similar characteristics), and none industrial cases, not ensuring a high reliability.

Concluding, a new SSE method is needed, solving the RSHs-based methods drawbacks, to
profit their accuracy necessary in diagnosis and efficiency estimation applications. This is the
first SSE method which achieves to automatically localize the family of RSHs, properly assign-
ing their ν indices, without knowing the number of rotor slots, without introducing errors as
a preliminary estimate based on rated slip or use of RFSHs, without using invasive tests (e.g.,
no-load test), not restricting to PSHs, and not wrongly assuming that the highest amplitude
corresponds to ν = 1. To this end, a new formula for the RSHs frequencies is deducted, and
a smart RSH search method is presented, to localize and characterize the RSHs family (Sec-
tions 3.2, 3.3 and 3.4). The algorithm has been extensively tested, not only through simulations
(Section 3.5), lab tests under different load conditions and power supply (Section 3.6), but also
through 105 field cases (covering all ranges of rated magnitudes), highlighting the high ap-
plicability of the proposed methodology (Section 3.7). The algorithm provides a SSE easy to
be implemented in an industrial environment for IM steady state diagnosis via MCSA and in-
situ efficiency estimation, which ends with the trade-off between accuracy, applicability and
reliability of previous techniques.

3.2 Determining RSHs parameters

The discrete nature of the squirrel cage bars causes the rotor to generate magnetomotive force
spatial harmonics as well as a periodic variation of the air-gap permeance. By interacting, they
produce air-gap flux components which induce in the stator currents a set of speed-dependent
harmonics called Rotor Slot Harmonics (RSHs). The relationship between the frequencies of
these harmonics and the machine characteristics has been extensively studied [37], [38] and
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can be given by:

fRSH =

[︃
k

R
p
(1 − s)± ν

]︃
f0 (3.1)

where k is a natural number 1, 2, 3 . . . , p the number of pole pairs, s the slip, ν the order of
the time harmonic present in the stator current 1, 3, 5 . . . , f0 the fundamental supply frequency
and R the number of rotor bars.

Formula (3.1) depends on the slip, which is directly related with rotor speed. Therefore,
once a RSH is localized, if the other parameters in (3.1) are known, speed can be calculated.
The number of pole pairs p and the fundamental frequency f0 are obtained respectively from
the nameplate and a FFT analysis (as f0 is the highest peak in the spectrum). On the contrary,
the number of rotor bars is an a priori unknown parameter: it is not listed on the nameplate
or in the data sheet, nor can it be easily obtained from the manufacturer. Thus, to obtain an
automatic, non-invasive, general and precise speed estimation algorithm, it is necessary to
eliminate this parameter from the equation. To this end, let us first eliminate ± sign in (3.1), so
now ν = . . . ,−3,−1, 1, 3, . . . , and rewrite it as follows:

fRSH =

[︃
k

R
p
+ ν

]︃
f0 − k

R
p

s f0 (3.2)

Next, consider the case of ideal no-load (s = 0):

fRSH |s=0 =

[︃
k

R
p
+ ν

]︃
f0 (3.3)

Then, let us define Oν, (where the subscript refers to the value of ν taken), as the quotient be-
tween the frequency of the RSH at zero slip and the frequency of the fundamental component:

Oν =
fRSH |s=0

f0
=

[︃
k

R
p
+ ν

]︃
(3.4)

Combining (3.2) and (3.4) we obtain:

fRSH = Oν f0 − [Oν − ν] s f0 (3.5)

Therefore, we can finally calculate the slip as:

s =
Oν f0 − fRSH

[Oν − ν] f0
(3.6)

RSHs only exhibit high amplitude in the stator current spectrum when the product kR/p is
even [38]. If an odd number (ν) is added to or subtracted from this product, the result (Oν =
kR/p + ν) is always an odd number. Therefore, according to (3.5), the following rule can be
established: in ideal no-load (s = 0) the most detectable RSHs are placed over an odd multiple
of the fundamental frequency (Oν f0), while in load, to its left (motor mode, s > 0), or to its
right (generator mode, s < 0).

Taking into account the above rule, once a RSH has been localized in the spectrum, the odd
multiple of the fundamental frequency closest to its right (motor mode) is Oν f0: knowing f0,
Oν can be calculated. Therefore, as the number of rotor bars has been eliminated in (3.6), it only
remains to obtain ν for each RSH localized. Next, a novel method based on the steady-state
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current is proposed to localize the RSHs and determine their related ν.

3.2.1 Localizing the RSHs

According to (3.2) and (3.5), the distance of a RSH with respect to Oν f0 is ks f0R/p. R/p is
constant and s f0 (slip frequency) is the same for all RSHs. Therefore, if a set of RSHs are linked
to the same k, all remain at the same distance (in Hz) from their respective Oν f0. Let us define
such set as a family of RSHs. Figure 3.1 shows three fragments of the stator current spectrum
from a 248 kW IM where three RSHs are shown at the same distance (31.10 Hz) from the first
odd multiple of f0 at their right, thereby belonging to the same RSHs family. Considering this
rule, the following Track & Find algorithm has been developed to localize a RSHs family (small
clarifications in the next paragraph):

FIGURE 3.1: Distance between the RSHs of a same family (red circles) and their
nearest odd multiple of f0 (green circles) in the steady-state current of a 248 kW

IM. From left to right: RSH(-3), RSH(-1) and RSH(+1).

• Step 1: The FFT spectrum of the line current is subdivided in windows of width
[ f0 · (2n − 1), f0 · (2n + 1)] Hz (starting at n = 4, until it is entirely covered).

• Step 2: The widths of the windows are slightly reduced by subtracting 1.3 Hz to the upper
limit and by adding 0.26 · f0 to the lower.

• Step 3: The frequency of the highest peak within each window is recorded as a RSH
candidate.

• Step 4: The RSH candidates are classified by families. Two candidates belong to the same
family if they are at the same distance (with a tolerance of 0.5 Hz) from the upper limit
(lower if generator mode) of their search window (the correspondent Oν f0).

• Step 5: The family with the highest number of candidates is selected as a possible RSHs
family. In case of a tie, all the tied families are selected.
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In Step 1, n starts at 4 since RSHs are not expected to be found in windows with n < 4, given
that a motor is normally made with R/p > 10. In Step 2, windows are reduced in order to avoid
capturing odd multiples of f0, as well as other harmonics that appear near them (e.g, Dynamic
Eccentricity Harmonics (DEH)). The reduction parameters are determined experimentally and
verified through a motor database of 105 IMs of different rated powers (see Section 3.7). Finally,
in Step 4, the tolerance is also established empirically and accounts for slight speed variations
during the signal capture.

3.2.2 Determining the parameter ν

Once the candidates RSHs families have been detected, it is necessary to determine the pa-
rameter ν of each RSH candidate. Here, an iterative method is proposed, whose convergence
criteria is based on the information provided by 16 different speed-dependent harmonics (fre-
quency formulas in Appendix A): BBHs first (k = 1 and k = 2) and second family (k/p = 5
and k/p = 7), RFSHs (k = 1 and k = 2) and DEHs (nD = 1). To improve the effectiveness
in low-slip motors, the BBHs (k = 1 and k = 2) present in the spectrum of the current Hilbert
modulus are also included [39].

Next, the method for determining ν is described. This process is repeated for each RSH
candidate of each family:

• Step 1: Oν is calculated as explained in Section 3.2.

• Step 2: A value for ν is selected, beginning in −27 and ending in Oν − 10, and the follow-
ing process is applied for each of these values:

– Step 2.1: s is obtained from (3.6), using the calculated Oν, the selected ν and the RSH
candidate frequency.

- Step 2.2: A frequency window is calculated for each harmonic considered in Ap-
pendix A using [0.75s, 1.25s].

- Step 2.3: The frequency of the highest peak within each window is recorded.
- Step 2.4: If the distance between the highest peak and the centre of the window is less

than 7% of the window amplitude, the tested value for ν is considered to correctly
locate the correspondent fault harmonic.

• Step 3: The ν finally assigned to a given RSH candidate is the one that has correctly located
(according to Step 2.4 criteria) the largest number of fault harmonics (in case of a tie, the
lowest ν is chosen).

Up to this point, each RSH candidate of each family has been assigned a pair [Oν, ν]. Two
RSH candidates are consistent if when applying kR/p = Oν − ν they give the same result. The
most repeated kR/p in a candidate RSHs family is obtained, and the percentage of RSH leading
to that value is called the consistency ratio of that family. This concept is used in the following
validation process to discard the candidate families that are unlikely to be the RSHs family:

• Step 4: If one of the RSHs in a family fails to predict the position of all the fault harmonics
for all ν, the whole family is discarded.

• Step 5: Consistency ratio is calculated as previously defined: if it is less than 50%, the
whole family is discarded.
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• Step 6: Finally, the family with the highest consistency ratio is selected as the definitive
RSHs family; its inconsistent RSHs are discarded and the consistent stored.

In Step 2, the set of values for ν is empirically determined using the 105 IM database (see
Section 3.7): it has never been found a ν index lower than −27 or greater than Oν − 10 (this
would mean a motor with less than 10 R/p). In Step 2.4, the 7% margin accounts for speed
variations during recording as well as for the frequency resolution error. In Hz, this margin is
very small: e.g., between 0.01 and 0.05 Hz for the LSH of a motor with R/p = 28).

Among other important advantages, summarized in the conclusions section, at this point it
can already be seen how the algorithm manages to perform a SSE without knowing the rotor
slots, automatically localizing the RSHs family in the spectrum, and assigning their related Oν

and ν indices. It works without any restriction (general solution), even for motors not Principal
Slot Harmonics (PSH) producers (RSHs with k = 1, [38]), since it also accounts for k > 1 in (3.1),
and without using invasive procedures (just a steady state current). The algorithm result as-
sures a perfect match between the slip information of the speed-dependent harmonics present
in the current spectrum (RSHs and fault harmonics, which also appear in healthy conditions,
as all motors have a certain level of electrical and constructive asymmetry). In other words,
thanks to the novel criterion introduced, it is verified that the slip predicted by the RSHs agrees
with the position of the remaining speed-dependent harmonics.

3.3 On the order k of the RSHs

The order k of the RSHs present in the spectrum depends on the number of rotor slots R and
pole pairs p: kR/p must be even for a RSH of order k to appear. This condition leads to Table
3.1, which shows the orders k that appear for each combination of R and p (where R/a ∈ N

means R can be divided by a, giving as a result an integer).

TABLE 3.1: Orders k of RSHs for each combination of R and p

p = 1 p = 2 p = 3

R even ∀k ∈ N
∀k ∈ N if R/4 ∈ N ∀k ∈ N if R/6 ∈ N

k even if R/4 /∈ N k/3 ∈ N if R/6 /∈ N

R odd k even k/4 ∈ N
k even if R/3 ∈ N

k/6 ∈ N if R/3 /∈ N

The most critical cases for the algorithm are those combinations which produce RSHs fam-
ilies whose minimum order k is a high number, since these harmonics tend to have a lower
amplitude. Looking at the table, those cases are motors with p = 2 and R odd (kmin = 4) and
motors with p = 3 and R odd number non-multiple of 3 (kmin = 6). Yet, manufacturers usually
avoid odd numbers for R (especially if kR/p /∈ N as in these cases), due to the appearance
of unbalanced magnetic pull [40]. In fact, when analyzing the database contained in [41] with
data about R and p of 3474 motors with p = 1, 2 and 3, these two cases account only for the
5.33% and 3.2% respectively.

Nevertheless, even if analyzing a motor without RSHs of orders k = 1, 2, and 3 is an un-
common case, in Section 3.5 it can be seen how the algorithm successfully detects the RSHs in a
motor whose first appearing order is k = 4. As previously stated, every RSH operates at the left
of some odd multiple of the fundamental component. According to (3.3), the frequency of this
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multiple increases with the order k of the RSH. However, this makes no difference for the algo-
rithm, since it searches in a bandwidth to the left of every odd multiple of f0, no matter if they
are at low or high frequencies. Therefore, if the minimum RSH order k present in the motor
is for instance 4, it means that the first RSHs will be found at higher frequencies than those of
k = 1 if they were also present, but the behavior of the algorithm is exactly the same. Although
for higher k the amplitudes are lower, it is also true that they appear at higher frequencies,
where there are less components with which they can be confused. Hence, the algorithm can
also work well in these conditions.

Finally, it is also interesting to analyze what would happen if the frequency operation band-
width of two RSHs of different order k overlap. To this end, let us consider two RSHs defined
by [k1, ν1] and [k2, ν2], both operating at the left of: [kR/p + ν] f0. Therefore, the overlapping
condition is k1R/p+ ν1 = k2R/p+ ν2. If k1 = 1 and k2 = 2, then ν1 − ν2 = R/p. In the database
of [41], it is found that the minimum R/p is 9, that only 3.2% of the motors have R/p < 14, and
that 68% of them have R/p > 20 (for powers greater than 100 HP, all R/p > 15). Therefore, the
absolute value of ν1 and ν2 will unlikely be simultaneously small, since their difference (R/p)
is usually high (most of the cases higher than 14). Since high RSHs amplitudes are usually re-
lated to low absolute values of ν, it is unlikely that two RSHs whose bandwidths overlap have
simultaneously high amplitudes (one of them will probably be negligible).

Nevertheless, if both RSHs are not negligible, the algorithm will choose the one with the
highest amplitude, determine its distance to the nearest odd multiple of f0 and put it into the
family associated to that distance. The second RSH will be discarded, and its family will lose a
member, decreasing its chances to be chosen to determine the speed. Concluding, if two valid
families of RSHs coexist in the spectrum, both can be used to determine the speed (algorithm
picks the one with the highest number of RSHs), and makes no difference if the algorithm
discards one RSH in a bandwidth in which two RSHs of different families can be found.

3.4 Algorithm

Figure 3.2 depicts the flux diagram of the proposed technique. As can be seen, the methodology
is characterized by three different blocks: Filtering and pre-treatment (Block A), Determination
of RSHs parameters (Block B) and Slip/Speed Estimation (Block C). For the sake of simplicity,
Block B has been represented for the case in which only one RSHs family is proposed as a
candidate at the end of Section 3.2.1. The SSE algorithm has been implemented using MATLAB
in a PC with an Intel Core i7-8700 processor. The processing time is 2 s (A+B+C, new motor)
or 1.8 s (A+C, already analyzed motor) for a 200 s signal at 10 kHz. Next, the three blocks are
described.

FIGURE 3.2: Flux diagram of the proposed algorithm.
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3.4.1 Block A: Filtering and pre-treatment process

First, the algorithm requires the user to enter whether the motor is powered with a frequency
converter or not. Then, the FFT is applied to the current, and to its Hilbert modulus, previously
applying Hann window and zero-padding (x10). Next, a pre-treatment and filtering process is
applied to the resultant current spectrum (later used to localize the RSHs):

• Estimate the noise level: mean value of the current spectral density multiplied by an
experimental factor.

• Suppress harmonics below the estimated noise level.

• Suppress even harmonics of the fundamental frequency.

• If the motor is fed with a frequency converter, suppress the PWM harmonics.

3.4.2 Block B: Determination of RSHs parameters

If it is the first time that the motor is analyzed, family of RSHs must be localized, and its
pairs [Oν, ν] must be ascertained. For this purpose, it is required to capture a signal of 50 to
200 s (frequency resolution between 0.02 Hz and 0.005 Hz to increase precision) at 200 f0 Hz
(maximum frequency 100 f0 Hz to ensure RSHs detection). The number of pole pairs and the
rated slip must be entered as input data. Then, the pairs [Oν, ν] are determined as described in
Section 3.2, and finally stored in a database, together with the rated slip and number of pole
pairs of the motor.

3.4.3 Block C: Slip/Speed estimation

If the motor has already been analyzed (minutes, days or months before), Block B has already
been applied with a different current, determining the RSHs family, and their pairs [Oν, ν].
In a new measurement, exact position of the RSHs might have changed, since the operating
conditions might be different, but their pairs [Oν, ν] are the same. Therefore, using the Block B
output contained in the database, a search window is defined for each RSH (see (3.5)):

fRSH,min = Oν f0 − (Oν − ν) k1sN f0
fRSH,max = Oν f0 − k2

(3.7)

where k1 and k2 are experimental factors to compensate the tolerance in the rated slip (min)
and to avoid detecting an odd multiple of the fundamental (max).

Then, using the frequency of the highest peak in each of these windows and applying (3.6),
slip and speed are estimated. Some of these peaks might not be RSHs, as the feeding and
loading conditions might be different from the time when the pairs [Oν, ν] were determined,
and therefore, it might happen that some of the RSHs are no longer the highest peak in its search
band. Peaks not being RSHs must be detected and discarded. To this end, the algorithm uses
a classic criterion for outlier detection: peaks whose slip/speed estimation are more than three
scaled median absolute deviations away from the median of all the slip/speed estimated. Once
the outliers are discarded, the slip/speed output is computed using the RSH of the lowest ν, as
it provides the lowest error. Furthermore, this Block only requires a current captured at 200 f0
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(to ensure RSHs detection), while duration depends on the precision needed. Finally, it must be
remarked that, up to date, the algorithm has been tested for steady state applications; further
research will be conducted to prove its use under load oscillations, where a high frequency
speed estimation is needed.

3.5 Simulation

This section proves through simulations the capability of the algorithm to precisely estimate
the speed for an arbitrary number of R/p, load level or skewing angle. As stated in Section 3.2,
the algorithm is designed to track any RSH predicted by (3.1). Therefore, even in an IM with
an odd or non-integer number of R/p, where RSHs associated to k = 1 in (3.1) are not expected
to appear, the algorithm could track those of higher order (k = 2, 3, 4 . . . ). Nevertheless, the
amplitude of these harmonics, and therefore their detectability, decreases with k, apart from
being also affected by the load level and the skewing angle of the rotor bars. Therefore, it is
important to test the ability of the algorithm to correctly determine the parameters associated
with each RSH taking into account all these factors. To do so, the algorithm is input with
simulated signals (100 s, 10 kHz) from a model of a 4-pole 4 kW IM (model information can be
found in [42]). The rotor of the simulated motor is configured under three different number of
bars: 26 (odd R/p), 27 (non-integer R/p) and 28 (even R/p). Then, each configuration is tested
under 85% and 55% of the rated load (industrial motors are usually oversized, working usually
around 85%, and rarely under 55%). Four typical skewing angles are used: 0◦ (straight bars),
180◦/R (half rotor slot pitch), 360◦/Nest (one stator slot pitch; Nest: stator slots) and 360◦/R
(one rotor slot pitch).

In order to get the simulations as realistic as possible, the model is fed with a real three-
phase voltage system measured in an industry. In addition, a white Gaussian noise is added to
the resulting simulated currents to have a noise floor similar to reality. Finally, a slight electrical
asymmetry is introduced in the rotor (common in industry, as seen in the results of the 105 IM
analyzed in Section 3.7), through increasing the impedance of one of the bars by 10% (this motor
needs a 900% increment to obtain a Lower Sideband Harmonic (LSH) with a -37 dB amplitude,
which is considered as a broken bar).

The algorithm results are shown in Fig. 3.3, plotting the number of RSHs detected, for 85%
(Fig. 3.3a) and 55% (Fig. 3.3a) of the rated load, for different number of bars (26, 27 and 28) and
different skewing angles. The algorithm succeeds in 23 out of 24 cases. As explained further
below, it fails (no RSH detected) in the case with low load, 26 bars and one rotor slot pitch
skewed. In the successful cases (all the rest), the algorithm detects from 2 to 9 RSHs, even
under nearly no load situation. The number of RSHs detected decreases when the bars are
skewed, being the most severe cases when the bars are skewed one rotor slot pitch.
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(a)

(b)

FIGURE 3.3: Number of RSHs detected by the algorithm for different number of
rotor bars and skewing angles at two loads: 85% (a) and 55% (b).

With 27 and 28 bars, the algorithm detects the RSHs associated with k = 4 and k = 1
respectively. This is in accordance with theory as k = 4 and k = 1 are the lowest k for which
kR/p is even, for 27 and 28 bars respectively (see Section 3.2).

Similar results are obtained for 26 bars (where the RSHs detected are the ones for k = 2),
except under 55% of the load, with the bars skewed one rotor slot pitch. This is the only case
in which the algorithm fails to detect the RSHs family. Error appears since only one RSH is
the highest in its search window, and there are two speed-independent grid harmonics in the
spectrum that also satisfy the rule set in Section 3.2.1 to be considered a RSHs family. This is
caused by the skewing of the bars, which significantly reduces the RSHs amplitude: Fig. 3.4a
(unskewed bars, 4 RSHs detected), Fig. 3.4b (one rotor slot pitch skewed bars, only 1 RSH
detectable). Nevertheless, although skewing of the bars is a common practice in small motors,
it is not in large ones, due to the difficulty in the manufacturing process and the increase in the
iron losses, which are the most significant in this type of motors [43]. Moreover, in the only
case in which the algorithm has failed, the motor works at an extremely low load level, nearly
never found in an industrial environment.
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(a)

(b)

FIGURE 3.4: Number of RSHs detected by the algorithm for different number of
rotor bars and skewing angles at two loads: 85% (a) and 55% (b).

Finally, it should be noted that, due to the ideal characteristic of the model, the number of
detectable RSHs is inferior to real motors: the inherent asymmetries, as well as the non-linearity
of the iron core, intensify some of the RSHs that are below noise level in the spectrum obtained
through the model. In Section 3.7, it will be shown how the number of detectable RSHs in a
database of 105 industrial IM is even superior to the results shown here.

3.6 Lab Test

In this section, the algorithm performance is evaluated, using signals from a 2.2 kW IM (28 bars
skewed 1/2 rotor slot pitch, 1420 rpm, 230V ∆), which can be supplied from the grid or from
a frequency converter. An identical IM is coupled to its shaft and fed with a second frequency
converter, to act as a load. Speed is measured using a 1000-line incremental encoder installed
on the shaft end, while current is measured using a current probe (PicoTech TA189). Both
signals are simultaneously recorded using an oscilloscope (PicoTech 4262). In order to assess
the capabilities of the algorithm in localizing the RSHs, determining their pairs [Oν, ν] (Block B)
and obtaining the speed/slip (Block C), three different supply frequencies are used (20 Hz, 35
Hz and 50 Hz-line-fed), with three different slips at each of these frequencies (0.046, 0.02 and
0.0067). For testing Block B, signals of 200 s are used, while for testing Block C, 50 signals of 50
s per case are taken to obtain the average errors in speed and slip. A duration of 50 s is used
because it provides the sufficient frequency resolution for a MCSA diagnostic application.

Figure 3.5a shows, for each of the cases analyzed (20, 35 and 50 Hz-Line-Fed, and three slips
at each frequency), the number of RSHs detected: it varies from 5 to 6, which is in accordance
with the results shown in the previous section for a motor with bars skewed 1/2 rotor slot pitch.
In this IM, R/p = 14 and the pairs [Oν, ν] assigned by the algorithm to the RSHs detected give
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kR/p = Oν − ν = 14. Therefore, the algorithm perfectly detects the RSHs (using those associ-
ated to k = 1), and their related parameters [Oν, ν]. Moreover, the RSHs help to detect from 5 up
to 8 fault harmonics (Fig. 3.5b: number of fault harmonics localized). It is logic to expect a vari-
ation in this value depending on the supply frequency and the slip, as fault harmonics can be
affected by them. Nevertheless, the value is still high in all cases, showing a good consistency
between the slip estimation through RSHs, and the slip-dependent information contained in
the spectrum through fault harmonics.

(a) (b)

FIGURE 3.5: Number of RSHs (a) and fault harmonics detected (b) for three dif-
ferent supply frequencies (20 Hz, 35 Hz and 50 Hz-Line-Fed) and slips (0.046,

0.02 and 0.0067).

Concluding, the algorithm precisely identifies the RSHs family, and determines its param-
eters [Oν, ν], even under the most unfavorable conditions, which are a low supply frequency
and a low slip. In this situation, some of the harmonics used in the algorithm can appear very
near to other relevant harmonics and be masked by them (e.g., BBH near the fundamental fre-
quency or RSHs near winding harmonics). Nevertheless, the fact of using an analysis based on
the consistency of the speed information between the RSHs detected and up to 16 different fault
harmonics makes it possible for the algorithm to identify the RSHs and resolve the correct val-
ues for the pairs [Oν, ν], which perfectly match with the exact number of kR/p = Oν − ν = 14
present in the IM.

Figure 3.6 shows the absolute speed error (Fig. 3.6a and the relative slip error (Fig. 3.6b)
between the 1000-line encoder and the algorithm. Errors are obtained for the three supply
frequencies, and for the three slips at each supply frequency. Errors are extremely low in all
cases: below 0.05 rpm and 0.5% (if the slip is 1% and the slip relative error is 0.5%, the measured
slip is either 1.005% or 0.995%). It should be noted that, as the frequency converter is able to
maintain a more stable supply frequency than the grid, the errors are much smaller (espeed <
0.01 rpm and eslip < 0.2%) . Finally, errors are especially low under high load, since the load
level is influencing the speed stability in this motor, causing the error to increase as the load
decreases. The error shown in each case is the average error of 50 signals captured under the
same operating conditions. Therefore, the algorithm is highly reliable.
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(a)

(b)

FIGURE 3.6: Absolute speed error (a) and relative slip error (b) for three different
supply frequencies (20 Hz, 35Hz and 50 Hz-Line-Fed) and slips (0.046, 0.02 and

0.0067).

3.7 Field Test

In this section, the algorithm is validated using real measurements of 105 industrial IM. All
signals have been obtained using an oscilloscope (PicoTech 4824) and a current probe (PicoTech
TA167), except for ten motors that were measured using a device with a limited sampling
frequency of 2.6 kHz. Most of the 105 motors have been monitored two or three times, while
some of them have been diagnosed every six hours during nearly a year, using this algorithm
in the process (results of failure cases presented in [42]).

Figure 3.7 shows the number of motors in the database for each of the ranges of rated
power, slip, voltage and number of pole pairs. As can be seen, the database covers a wide
range of different types of motors: from a few kW to 2 MW, 0.67% to 8% slip, 400 V to 6.6 kV
and from 1 to 5 pole pairs. Figure 3.8 shows the rated slip (y-axis) and the supply frequency
(x-axis) for all the motors supplied by the grid (blue circles) and by frequency converters (red
circles). In this regard, it should be noted that the algorithm has been tested with a considerable
amount of motors with low rated-slips (21 motors with slip lower than 1%), and converter-
fed at low frequencies, which are the most challenging conditions for algorithms based on
harmonic detection. Therefore, this database is a great tool to validate and demonstrate the
high applicability of the proposed method.
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FIGURE 3.7: Summary of the rated characteristics of the motor database.

FIGURE 3.8: Rated slip and supply frequency of each motor of the database.

As for the validation methodology, whenever possible, the speed has been measured and a
direct comparison with the speed estimated by the algorithm has been made. Otherwise (e.g,
shaft not accessible), a visual inspection of the spectrum has been performed through three
steps. First, the RSHs family localized by the algorithm has been identified in the spectrum.
Second, it has been checked if there is another significant harmonic family, not detected by the
algorithm, that satisfies the rules of Section 3.2 for being a RSHs family: harmonics at the same
distance of their respective multiple of f0. Third, a manual determination of parameters Oν and
ν has been conducted for all families accomplishing that rule, verifying that the family and its
respective indices Oν and ν selected by the algorithm are the ones that perfectly match with the
rest of speed-dependent harmonics present in the spectrum.



3.7. Field Test 79

In this regard, after applying the algorithm to the 105 IMs, there are only five of them where
it has not been possible to assess whether the results are correct or not. This has been due to
the fact that these measures were taken in conditions for which the algorithm is not designed
for: high noise-floor (two IMs with -67 dB, while in the rest of motors the value is around -90
to -100 dB), very low load (one IM running at 37% of the rated current) and transient operation
(two IMs with significant load variations).

3.7.1 Results: three critical examples

The three figures depicted in this subsection show the RSHs and fault harmonics localized by
the algorithm for three different IMs. Subfigures (a) represent the spectrum with the number of
RSHs detected (red circles) and the RSH used to estimate speed (black circle), while the rest of
subfigures show the estimated position of the most relevant speed-dependent harmonics: the
LRFSH (b), the URFSH (c), the first family of BBHs (d) and the second family of BBHs (e), (f).

Figure 3.9 shows the results for a four-pole, 90 kW IM running with a slip of 0.3% and a sup-
ply frequency of 20 Hz. This is one of the most challenging conditions for the algorithm since
the spectrum is highly polluted (affecting the RSHs localization) and the speed-dependent har-
monics appear very close to multiples of the fundamental frequency (affecting the estimation
of ν). However, the algorithm precisely detects 6 RSHs and 5 fault harmonics localized through
them (2 of them shown in Figs. 3.9b and 3.9c, 2 in 3.9d and 1 in 3.9e).

FIGURE 3.9: Algorithm performance in a four-pole 90 kW IM fed at 20 Hz: de-
tected RSHs (a) and location of LRFSH (b), URFSH (c), first family of BBHs (D)

and second family of BBHs (e) and (f).

Figure 3.10 shows the results for a two-pole, 112 kW, line-fed IM running with a slip of 2.9%.
In this case, the algorithm has detected 17 RSHs, which enable to localize 11 fault harmonics (9
of them shown in Figs. 3.10c, 3.10d, 3.10e and 3.10f). It is worth to remark that, an algorithm
based on detecting RFSHs would have failed, since there are two harmonics with a higher
amplitude next to them, as shown in Figs. 3.10b and 3.10c.
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FIGURE 3.10: Algorithm performance in a two-pole 112 kW IM line-fed: detected
RSHs (a) and location of LRFSH (b), URFSH (c), first family of BBHs (D) and

second family of BBHs (e) and (f).

Figure 3.11 shows the results for a two-pole, 172 kW IM running with a slip of 1.5% and
a supply frequency of 43.97 Hz. In this case, the spectrum is less polluted than in Fig. 3.9, so
the number of detected RSHs increases to 10, and the number of fault harmonics localized is 8
(all of them shown in Figs. 3.11d, 3.11e and 3.11f). As before, an algorithm based on detecting
RFSHs would have failed1, since they are below noise level, as shown in Figs. 3.11b and 3.11c.

FIGURE 3.11: Algorithm performance in a two-pole 172 kW IM fed at 43.97 Hz:
detected RSHs (a) and location of LRFSH (b), URFSH (c), first family of BBHs (D)

and second family of BBHs (e) and (f).

1As shown in this field case and in the previous one, RFSHS are not very reliable for speed estimation, not only
because of their greater margin of error, but also because of their low detectability, especially, in two-pole machines.
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3.7.2 Statistical analysis

Figure 3.12a represents the number of RSHs detected by the algorithm in each of the motors
analyzed along with the final mean and boxplot. According to it, the mean value of detections
is 7.3, while the median is 6. It is also worth to remark that in 75% of the cases the number
of RSHs detected is more than 4, and that in some cases it can reach values up to 24. Finally,
there are 14 cases where the number of detected RSHs is equal to 2. However, 10 of them were
measured with a 2.6 kHz sampling frequency. Therefore, it is highly likely that more harmonics
would have been detected if the sampling frequency had been 200 f0, as in the rest of signals.

Figure 3.12b represents, for each of the motors analyzed, the number of fault harmonics
properly localized through the detected RSHs family. According to it, the mean value for the
database is 7.6, the median 8 and the first quartile 6. This gives us a measure on how robust
the determination of Oν and ν has been for all RSHs of the family, since it depicts the degree of
coherency between the slip estimated through each RSH using the pair Oν and ν obtained, and
the rest of speed-dependent harmonics considered (fault harmonics).

(a)

(b)

FIGURE 3.12: For each motor of the database: number of RSHs detected (a) and
number of fault harmonics properly localized through the RSHs (b).

Concluding, the algorithm has been tested with an extensive and varied database giving
a mean value of: 7.3 RSHs detected per motor, and 7.6 average number of fault harmonics
localized. These results demonstrate the robustness of the method, since the slips estimated
through the RSHs localized and their assigned pairs [Oν, ν] allow locating a high number of
speed-dependent fault harmonics, thus verifying the coherence between the estimated Oν and
ν and the information available in the spectrum. Finally, it is also shown that the method is
more robust in two-pole machines than those based on detecting RFSHs, as it was confirmed
in more detail in [4].
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3.8 Conclusions

A new SSE algorithm based on RSHs detection has been proposed, overcoming the main draw-
back of these techniques, i.e., need of knowing: the number of rotor slots R, the position of the
RSHs in the spectrum, and their assigned ν index. The algorithm does not use as starting point
the RFSHs (avoiding their low accuracy and low detectability for p = 1), neither assumes a
certain interval for R or erroneously assigns ν = 1 to the highest amplitude RSH, nor uses
invasive solutions as no-load test, or inaccurate information, as the rated slip in the nameplate
(as previous methods do).

This is the first SSE algorithm that automatically localizes the RSHs family, tracking several
RSHs at the same time with one steady state current. It is completely general: works with
different skewing angles, and with odd, even or not integer R/p (since it also detects RSHs with
k > 1, even if for higher k, the RSHs amplitudes are lower). It precisely estimates the speed with
high or low load, grid or frequency converter-fed (high or low fundamental frequency), and
high or low slip (specifically tested under the most challenging conditions: low fundamental
frequency and low slip).

This is achieved through a new RSHs frequency formula, used by a novel smart search
method, which enables to automatically localize and characterize the RSHs (fixing its param-
eters Oν and ν), converging when the slip information of the speed-dependent harmonics
present in the spectrum (RSHs and up to 16 fault harmonics) matches, thus assuring the ac-
curacy and reliability of the SSE.

The extensive experimental test demonstrates that the SSE algorithm can replace a 1000-line
encoder, thanks to its high accuracy: absolute speed error is always below 0.05 rpm and the rel-
ative slip error is below 0.5% (0.01 rpm and 0.2% with a frequency converter; error obtained as
the average error of 50 tests for each case analyzed). Finally, the field tests show the robustness
of the method, since it is proved to work in 100 industrial motors covering all types of rated
powers, voltages, speeds, poles pairs, and different operating conditions (21 motors with slips
lower than 1%).

Concluding, it is an automatic, non-invasive, accurate, generally applicable and robust
speed estimation method for induction motors, which, in addition, can be easily implemented
in field monitoring systems due to its low computational burden and simple signal processing.
This makes the algorithm a great candidate for use in continuous monitoring systems of motor
health and efficiency in industrial environments.

Appendix A

Harmonics considered in Section 3.2.2:

fBBH1 = (1 ± k2s) f0 fBBH2 =
[︂

k
p (1 − s)± s

]︂
f0

fBBHHilb = k2s f0 fRFSH =
[︂
1 ± k (1−s)

p

]︂
f0

fDEH =
[︂

p(Oν−ν)±nD
p (1 − s) + ν

]︂
f0
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Abstract

Wear of end-ring is to date an unreported and uninvestigated failure that very frequently takes
place in deep well submersible motor pumps. The present paper first analyzes the particular-
ities of these induction motors, especially their unusual rotor manufacturing process. Failure
mechanism related to the end-ring wear is described, showing several examples of damaged
rotors in a motor repair shop. Then, the difficulties of its diagnosis through conventional ro-
tor asymmetry indicators are described, caused by the subtlety of this fault and the very easy
appearance of false negatives. The end-ring wear detection through a multicomponent ap-
proach is researched through simulation, laboratory results and the diagnosis of two field mo-
tors showing that new fault alarm levels need to be defined. To perform this last step and for
the first time in the technical literature, two induction motors working in a deep borehole have
been continuously monitored (one measure every six operating hours) for almost one year.

Keywords: diagnosis; induction motor; pump; false negative; end-ring.

4.1 Introduction

The type of rotor faults in induction motors highly depends on the rotor manufacturing process
[1]. In the case of copper or aluminium fabricated rotors, the failure mainly consists in the
breakage of the bar (typically at the joint with the end-ring), and its detachment from it [2].
Once the rotor core is assembled in these motors, putting together a set of thin ferromagnetic
laminations, previously copper or aluminium fabricated bars are inserted in the lamination
holes and swaged. The bars slightly exceed the rotor core and are shortcircuited by brazing or
welding them to an end-ring (a previously fabricated solid circumferential piece of copper or
aluminium). A certain space is left between the end-ring and the rotor core, where the bars can
be clearly seen. In that space is where the bar breaks and detaches from the end-ring [3]. In
the case of die-cast aluminium, bars and end-ring are moulded altogether with the rotor core,
being its main failure porosity or melting [4], since when end-rings and bars form a unique
piece, crack and detachment problems disappear.

Rotor cage failure accounts for 5-15 % of induction motor failures [5]. Nevertheless, none
or very few are related to the breakage of the end-ring itself. As analyzed in the present paper,
the type of failure in deep well submersible motor pumps is very different. These motors use
previously fabricated copper bars, but instead of being a solid piece, the end-ring is made of
several copper sheets with the same shape as the ferromagnetic laminations. These sheets are
stacked until they cover the bar endings that remain out of the rotor core. Then, the gaps
between the end-ring sheets and the bars are filled with liquid copper soldering, and a coat of
paint is applied to the rotor. This assembly process is shown in Fig. 4.1.
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(a) (b) (c) (d)

FIGURE 4.1: Rotor assembly of a deep well submersible motor: copper bars with
ferromagnetic laminations (a); some (b) and all (c) of the copper sheets of the end-

ring and its final copper liquid soldering plus the paint coating (d).

As will be demonstrated with several real field cases throughout the article, the end ring
wears very often due to internal cooling water and high-speed rotation. The liquid copper
solder, which unites the bars and end-ring sheets, gradually losses material until the copper
sheets appear. Then, pieces of the copper sheets themselves might detach, exposing the bars
which are initially covered. At the beginning of the failure mechanism, wear appears on some
end-ring segments, being too subtle to be detected. Then, the unequal wear uniformly extends
to the whole end-ring, cancelling the initial asymmetry, which might cause the appearance of a
false negative. Concluding, the detection of this type of failure is a challenging problem.

No papers have investigated end-ring wear and very few address end-ring breakage. It has
been stated that broken end-ring segments cause a periodic fluctuation in the line current and
rotor speed [6] (basis of rotor asymmetries detection via current spectrum). More precisely,
end-ring faults produce the same harmonic components in the stator line current as rotor bar
faults [7]. This has been confirmed by simulation using models of induction motors based on
inductances calculation [8] and Finite Element Methods [9]; it has also been proven through
simulation the appearance of harmonics in torque and speed [10].

Since in conventional motors, end-ring breakage is much less frequent than bar breakage,
most studies focus on the latter failure. On the other hand, as stated through the paper, end-ring
wear (typical of deep well motors) always causes false negatives. Therefore, to find similari-
ties, it is important to survey the false negative caused by non-adjacent broken bars (which
might also cancel rotor asymmetry) when only the Lower Sideband Harmonic (LSH) is moni-
tored [11]–[13]. To solve the problem of false negatives, some authors propose to monitor fault
harmonics different than LSH [14], [15]. Instead of using a single current, other authors have
proposed to obtain the phase currents to calculate the zero-sequence current [16] and Park’s
vector [17], or analyze the spectrum of other magnitudes as the flux [18]–[21]. Nevertheless,
phase currents are not always available for motors submerged at least 50 m, while it is im-
possible to measure the flux. Finally, only one paper shows the possible appearance of false
negatives under several broken end-rings [22].

This paper, which is an extended version of the contribution presented at the IEEE 13th
international SDEMPED conference [23], is the first in which end-ring wear in deep well sub-
mersible pump motors is investigated, which is a challenging problem due to the subtle ap-
pearance of the failure at its beginning, and the possible occurrence of false negatives when
severity increases. Its detection is crucial in deep well motors predictive maintenance since
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end-ring wear highly contaminates the water that internally cools the motor, increasing the
chances to cause secondary damage in bearings and stator insulation.

4.2 Deep well submersible motor pumps: special features and fail-
ure mechanism.

The rotor manufacturing process for this type of motor, and particularly its end-ring, has been
explained in the introduction. The widespread end-ring wear problem has also been presented.
In this section, the end-ring wear failure mechanism is described using real field cases of dam-
aged rotors (pictures from the motor repair shop are presented). Previously, the unique features
of this type of motor are synthesized:

4.2.1 Special features of induction motors in deep well submersible pumps.

Submersible pumps are mainly used for water supply extracted from aquifers at depths from 50
to 500 m (Fig. 4.2) where the motor-pump set elevates the water to a tank through a pipeline.
The motor-pump set works submerged in the aquifer, with the motor-pump shafts directly
coupled and in vertical position (the motor underneath the pump and the water inlet between
them). Sometimes, to externally cool the motor, a metal cover is placed embracing the motor
to force water to flow between the cover and the motor surface before entering the inlet (Fig.
4.3). The motor frame, which is smooth and without heat sinks, is internally cooled by pre-
filling with a mixture of water and glycol1. Carbon or stainless steel thrust bearings are used to
support the weight of the entire assembly.

FIGURE 4.2: Motor-pump set submerged in an aquifer with a 50 to 500 m piping
elevating the water to a tank.

1This cooling mechanism, followed by several big manufacturers as Pleuger, Aturia or Caprari, consists of pre-
filling the motor (before entering operation) with a fluid (normally a mixture of water and glycol), through a valve
place on the casing of the motor. The fluid then acts as an internal cooler as it flows between the rotor outer surface
and the stator inner surface, being moved by the rotational force generated by the rotor. In order to balance the
pressure between the outside and the inside when the cooling fluid heats up due to operation, compensation valves
are installed in the motor casing.
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(a) (b)

FIGURE 4.3: Motor-pump set without (a) and with (b) metal cover to force water
flowing through the motor surface before entering the water inlet.

The borehole drilled to reach the aquifer has a small diameter to reduce excavation costs.
This determines the motor design with a small diameter, together with the insulation needed
for underwater operation. Rotor cage with skewed bars induction motors are used, with a
length proportionally high compared with its small diameter. One-pole pairs design is used
to achieve high power with a reduced motor size, as its high rotating speed increases output
hydraulic power, but also components wear. Motors are fed at least with a soft-starter to pre-
vent startup peak currents and preferably with a frequency converter, which also permits to
adjust the pump speed. Nowadays, all new motors are converter-fed. Motors are operated at a
fixed speed, without significant load or grid oscillations; therefore, FFT signal analysis can be
applied for monitoring purposes.

4.2.2 Failure mechanism of deep well submersible motor rotor.

As stated in the introduction, once manufactured, the copper rotor structure is very similar to
an Al die cast rotor (without porosity problems). Therefore, rotor bars cannot break as they do
in standard copper rotors. The only rotor asymmetry that might take place is caused by the
degradation of the end-ring liquid soldering, which glues the copper laminations and the bars
together, constituting the end-ring. The internally cooling water flows in contact with the rotor
and stator windings. The copper liquid soldering is especially delicate and very often starts
to lose material. Water is propelled by the rotor, which rotates at a high-speed (due to the use
of one-pole pairs), boosting the liquid soldering erosion: its degradation causes wear in the
end-ring segments between the bars, together with loss of contact between the bars inserted in
the lamination end-rings. Figure 4.4 shows photos of several rotor end-rings in a motor repair
shop: new (a) and with different degrees of wear in (b), (c) and (d). Water suspended particles,
detached from the rotor, are shoot to the inner part of the stator by the centrifuge force. Some
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of these particles might impact the winding, breaking the insulation, which is what usually
happens when parts of a rotor bar are detached in standard copper rotor induction motors.

(a) (b)

(c) (d)

FIGURE 4.4: Rotor end-rings of deep well submersible motor pumps, in a motor
repair shop: new (a) and different wear conditions (b), (c) and (d).

End-ring wear is not easy to be detected. Even if wear starts on some point of the end-ring
(for instance, in a segment between two bars), it will spread over the whole end-ring; then, the
process starts again, increasing the wear in another segment gradually spreading to the rest of
the end-ring. Initially, the wear may be too subtle to cause fault harmonics to appear in the line
current, making detection impossible. Once the failure has expanded to other segments, the
effects may be cancelled out, leading to the appearance of false negatives.

Concluding, end-ring wear is a widespread failure in induction motors of submersible
pumps (unlike end-ring breakage in standard induction motors), which might cause severe
secondary damage in other components. It is difficult to detect since it might be too subtle at
the beginning, and once it becomes widespread, it can lead to false negatives.

4.3 Rotor end-ring wear: false negatives.

In this section, the problem of issuing false negatives when diagnosing the wear of end-ring
segments in deep well motors through the LSH monitoring is addressed for the first time (LSH
is the main rotor asymmetry harmonic, with frequency at (1 − 2s) f Hz, being f the fundamen-
tal supply frequency). To serve this purpose, a model of an induction motor (whose parameters
are in Appendix A), has been used to study the harmonics present in the current under end-ring
wear.
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4.3.1 Squirrel cage induction model

The dynamic model used in this paper has been implemented in MATLAB and solved using a
4th order Runge-Kutta method with a simulation step size of 10−4 s and the following general
characteristics: constant air-gap, infinite iron permeability, no saturation and arbitrary number
of spatial harmonics considered in inductance and torque calculations.

As for the particular characteristic of the rotor, the electrical equation for the Nth rotor loop
can be described as:

0 = il(n)

(︂
Rb(n) + Rb(n+1) + Ruers(n) + Rlers(n)

)︂
− il(n−1)Rb(n)−

−il(n+1)Rb(n+1) − ierRlers(n) +
dΨl(n)

dt

(4.1)

And for the lower end-ring:

0 =
Nr

∑
n=1

⎛⎝(︂
il(n) − ier

)︂
Rlers(n) +

d
(︂

il(n) − ier

)︂
dt

Lσlers(n)

⎞⎠ (4.2)

Where il(n) is the current of the Nth rotor loop, ier the end-ring current, Ψl(n) the total flux
linkages of the Nth rotor loop, Rb(n) the resistance of bar Nth, Ruers(n) and Rlers(n) the resistances
of the Nth upper end-ring segment and the lower end-ring segment, and Lσlers the leakage
inductance of the Nth lower end-ring segment.

The wear of an end-ring is modelled as an increase in the impedance of any of its segments.
The model input is a three-phase, 400 V, 50 Hz, perfect sinusoidal voltage, sampled at 20 kHz.
Finally, one of the resultant currents is processed to analyze the rotor asymmetry harmonics
amplitude.

4.3.2 False negatives due to low severity of end-ring wear.

As stated in the introduction, end-ring faults cause the appearance of the same fault-related
harmonics as bar breakages. To simulate the wear of an end-ring segment, the resistance of
one of them has been multiplied by 1.25; Fig. 4.5 shows the spectral density of the simulated
line current (in dB with respect to the fundamental component). End-ring wear affects both the
resistance and the inductance of the end-ring. In this paper only the resistance is increased to
simulate the rotor asymmetry. Nevertheless, the amplitude of the current in the bar progres-
sively decreases, similarly as if the inductance is also increased. Therefore, there is no difference
in the rotor asymmetry created in terms of amplitude of the LSH generated, which is the final
objective of the analysis.
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(a) (b)

FIGURE 4.5: First (a) and second (b) family of the main harmonics produced
by end-ring segment fault (resistance increased by 25%) in the spectrum of the
simulated line current of a 4 kW IM operating at 0.038 slip (amplitude in dB with

respect to the fundamental component).

As can be seen, the main rotor fault harmonics are present (first family Fig. 4.5a, second
family Fig. 4.5b), but with low amplitudes. Classic rotor fault alarm thresholds use the LSH
amplitude: between -45 and -36 dB, incipient failure with even one or two broken bars; above
-36 dB, multiple broken bars. As stated through several simulations with this motor, segment
resistance must be multiplied by 6.5 and 80 to achieve LSH amplitudes of -45 and -36 dB re-
spectively. On the other hand, a complete segment breakage is more severe than a complete
bar breakage: -34 and -38 dB respectively. Concluding, classic LSH thresholds cannot be used
if end-ring wear is to be detected before it may be too late to avoid water contamination, as the
failure might be too subtle for these limits, thus issuing a false negative.

4.3.3 False negatives in double segments wear.

The motor has been simulated for all possible combinations of double end-ring segment faults
(segments: 1-2, 1-3,. . . ,1-28) in one of the end-rings. The fault is modelled as an increase of 25%
in the segment resistance. Since the pattern is repetitive, results are only depicted for one pole
pitch (90 mechanical degrees, 7 combinations). Figures 4.6a and 4.6b show the amplitude of
the LSH and the second family of fault harmonics under double fault, normalized with respect
to the amplitude under single fault (A1−2/A1, A1−3/A1, . . . , A1−7/A1) and as a function of the
second fault position (360/28, 2 · 360/28, . . . , 7 · 360/28), as well as the theoretical pattern for
double bar faults (solid lines) [14]. As can be seen, under double end-ring segments faults,
the normalized amplitude of the fault harmonics describes the same pattern as in the case of
broken bars. Therefore, both cases, end-ring and bar faults, face the same diagnostic problem.
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(a)

(b)

FIGURE 4.6: Theoretical (line) and simulated (circles) amplitude of the main fault
harmonics under double faults, normalized with respect to the amplitude under
single fault, for each combination of double end-ring segment faults (resistance
increased by 25) in one pole pitch; (a): (1-2s)f, (5-6s)f, (5-4s)f ; (b): (1-2s)f, (7-8s)f,

(7-6s)f.

It should be noticed that this problem is of significant importance in the rotor of the sub-
mersible motor pumps described in Subsection 4.2, since the degradation of the end-ring weld
takes place in different segments, thereby leading to the false negative issues just discussed.

4.3.4 False negatives in multiple segments wear.

Amplitude patterns for double worn end-ring segments of the previous subsection give an
excellent insight into dealing with non-adjacent faults. Nevertheless, as confirmed by visual
inspection at the motor repair shop, the friction between the end-rings and the inner cooling-
water and the particles that there might be in it wears the weld in almost every segment but
with different severity. Therefore, at least in a first approximation, the wear process can be
regarded as a randomly increasing wear of the end-ring segments.

To get an insight on harmonic amplitude patterns in this situation, four fault severity con-
ditions have been defined for each segment of the rotor upper end-ring: resistance increased
by 5, 10, 17 and 25%. Then, each segment has randomly gone through the different increasing
fault states (e.g., Sim(#1): seg(#17) at fault state 1; Sim.(#2): seg(#17) at fault state 1 and seg(#10)
at fault state 1; etc.). Moreover, the process has been designed so that between some consec-
utive simulations, the rotor fault condition may remain the same (e.g., Sim(#32) and Sim(#33)
with the same segments worn and the same severity), as it could happen between consecutive
measures in a real case.

Figure 4.7a shows the amplitude evolution (in dB with respect to the fundamental compo-
nent) of the main fault harmonics from the first simulation to the simulation #200, in which 75%
of the segments have reached their final fault state; Fig. 4.7b shows the fault evolution of each
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segment of the upper end-ring for the same range of simulations. As can be seen, the (5 − 6s) f
component has the same pattern as the component at (7 − 6s) f , while both are different from
the (5 − 4s) f pattern. It should be noticed as well that, for this particular number of rotor bars,
the harmonic at (7 − 8s) f describes the same evolution as the ones at (5 − 6s) f and (7 − 6s) f .
These results are in agreement with those shown in Fig. 4.6 for double faults.

It can be concluded from Fig. 4.7a, that a long period condition monitoring (e.g., biannual
measurements) based exclusively on the LSH followup can be especially unreliable for this
wear process since its amplitude is always under classic rotor damage thresholds, being even
nearly as low as in a healthy state when 75 % of the segments are damaged. Although the
same problem might also be encountered with multiple non-adjacent broken bars (principally
in HV machines with frequent transient stresses [13], [21]), the number of broken elements is
small when compared to the number of segments that deteriorate in the rotors described in this
paper. Therefore, given the extra difficulties with respect to non-adjacent broken bars, it is of
particular interest for these machines to develop a reliable indicator to monitor the end-ring
condition.

(a) (b)

FIGURE 4.7: Amplitude evolution (in dB with respect to the fundamental compo-
nent) of the main fault harmonics (A) and fault state evolution of each segment
of the upper end-ring (B) from the first simulation to simulation #200, in which

75% of the segments have reached their final fault state.

4.4 Experimental results

The purpose of this section, which can be achieved by performing the test with a standard in-
duction motors, is: first, an understanding of the behaviour of the rotor asymmetry harmonics
under multiple and progressive segment degradation, and second, a procedure to identify that
a fault is in progress in a real motor. Testing a submersible motor would require a well, a pump
coupled to the motor, a crane to put the motor inside the well and a system of pipelines and
valves to regulate the load. The critical aspect that prevents to test this type of motor outside
a well is the surrounding water going inside the pump inlet to create convection heat transfer
which cools the motor and avoids over-heating. Since these means cannot be found in an aca-
demic lab, a standard squirrel cage induction motor (2.2 kW, 2-p, 28-bars, 230 V, 8.5 A, 1420
rpm, ∆ connection, line-fed) is tested instead, under several fault states. More precisely, two
identical induction motors are coupled by their shafts, one fed by the grid, and the other by
a frequency converter. By decreasing the feeding frequency of the second machine, the tested
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motor is driven to its rated load. Then, the line current is measured to perform MCSA. Finally,
the conclusions about motors behaviour under the end-ring degradation acquired with stan-
dard motors are verified with submersible pump motors in the real field cases shown in the
next section.

Why not using vibrational analysis? It is hard to be performed in deep-well submersible
motors, as it requires to place the sensors in the body of the machine, which in this case is
located inside an aquifer up to 500 m depth. The long data transmission cable hinders the
measurements, since it introduces capacitances into the sensor circuit distorting the vibration
signal. Moreover, it is difficult to find a sensor robust enough to deal with such a harsh environ-
ment: underwater operation with dirt, mud, etc. Therefore, only Pt-100 temperature sensors,
with motors especially designed to place the sensor inside the sealed motor, are used at these
depths by water distribution system operators.

After testing the motor in a healthy state, holes have been drilled in different end-ring seg-
ments between the bars (as seen in Fig. 4.8). Segment 1 has been drilled to 11 mm depth out
of 18.5 mm. Then, to compensate for the rotor asymmetry, segments 4 and 5 have been worn
(exact compensation would be between these two segments) by producing holes of smaller
amplitudes but similar depths (11 mm). Finally, segments 2 and 3 have also been worn with 14
mm deep holes. Figure 4.9 shows the final rotor state.

(a) (b)

(c) (d)

FIGURE 4.8: Transversal section of the end-ring, showing the segments between
the bars, and the progressive fault tested: healthy (a), segment 1 drilled 11 mm
(b), segments 1, 4 and 5 drilled 11 mm (c) and finally drilling 14 mm in segments

2 and 3 (d).
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FIGURE 4.9: Rotor after wearing end-ring segments 1, 4 and 5 (11 mm deep hole),
and segments 2 and 3 (14 mm deep hole).

Figure 4.10 shows the LSH amplitude(in dB with respect to the fundamental component) in
the line current spectrum for these four states with the motor operating at 100 % of rated load.
It can be seen how after the wear of segments 1, 4 and 5, the LSH amplitude is even smaller
than when the motor was healthy. Moreover, when comparing fault state 1 (only segment 1
worn) with fault state 3 (segments 1, 2, 3, 4 and 5 worn), it is observed that the amplitude of
the LSH is approximately the same. In none of the faulty states, the LSH reaches an amplitude
usually considered as the starting of a rotor fault (-45 dB), even if the rotor has been seriously
damaged, as seen in Fig. 4.9. Therefore, a single measurement of the LSH amplitude would
not raise the alarm on the rotor condition in any of these four states. Moreover, even for severe
faulty conditions, the indicator might be the same as in the healthy state due to asymmetry
cancellation. Concluding, a single measurement of the LSH in a faulty rotor will cause a false
negative.

FIGURE 4.10: LSH amplitude in the line current spectrum for the four fault states
tested (in dB with respect to the fundamental component).

Figure 4.11a shows the evolution of the LSH amplitude, from the healthy state to the wear-
ing of the segments 1 to 5, passing through the two intermediate faulty states (only segment 1
worn and segments 1, 4, 5 worn). For each state, five measurements at full load are shown. Fig.
4.11b shows that same result related to four other rotor fault harmonics, selected, as explained
in Section 4.3, for having significantly different amplitude patterns against double faults. These
laboratory results emulate the periodic monitoring of a field motor.
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(a)

(b)

FIGURE 4.11: Lab emulation of a field periodic monitoring of the LSH amplitude
(a) and four significant rotor fault harmonics (b): five measurements per fault

state, separated with vertical dotted lines.

The analysis of the LSH amplitude from time to time measurements would not provide
enough valuable information. The rotor would be categorized healthy, considering that, for ev-
ery case analyzed, the LSH amplitude is significantly lower than the early stage alarm threshold
(-45 dB) commonly used in industry. Nevertheless, the time evolution of the LSH amplitude
clearly shows that a rotor failure is developing: changes of 7 to 10 dB are observed, while, as
analyzed in the lab, load oscillations generate changes of only 0.5 dB approximately. If the mea-
surements are from a deep-well motor, where end-ring wear is likely to occur, these changes
are sufficient to alert maintenance personnel that a failure is occurring. Therefore, it is not im-
portant in these motors how large the LSH is, especially knowing that a severe fault might not
show up as a large LSH since the rotor asymmetry might cancel out. Concluding, new alarm
thresholds should be defined related to the rate of change in the LSH amplitude for this type
of motors.

Concerning the evolution of the harmonics shown in Fig. 4.11b, the (5 − 4s) f (red) is espe-
cially important: at the healthy state, the amplitude oscillates between -85 to -81 dB, increasing
to -79 dB in the first faulty state, increasing again to -75 dB in the second faulty state (when
LSH decreases to healthy state values) and finally decreasing to -78 dB in the last state (when
LSH increases back to -52.5 dB). Therefore, it is a good complement for the LSH monitoring to
detect the end-ring wear. On the other hand, the evolutions of the harmonics depicted in blue
and black also show different complementary patterns, not decreasing that much as the LSH
in the third state but also maintaining their amplitudes at the final state. Finally, the pattern of
the harmonic plotted in green does not seem to give significant information.

Finally, it is worth noting that the operation of the motor in the harsh environment of a
deep well does not affect the proposed indicator. The motor is sealed to prevent from contami-
nation, and it is designed with pressure stabilizer; therefore, only changing temperature might
affect the inside. The aquifer in which the motor is submerged at a high depth tends to stabilize
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the temperature. Changes might appear as the year seasons take place, load increases, or mal-
functioning appears (that is why Pt-100 temperature sensors are installed inside high power
motors). Nevertheless, a temperature change would affect the whole rotor, without increasing
its asymmetry. Therefore, changes in the LSH amplitude will only be related to an increase in
end-ring wear.

4.5 Field cases

Two deep well motors from two different pumping stations are continuously monitored, mea-
suring all their startups and a steady-state every six operating hours (500 s each). FFT is used to
calculate the current spectrum, and faulty harmonics are localized and their amplitudes quan-
tified.

4.5.1 Field case 1

The first motor is a Caprari M12230 (230 HP, 1-p, 30 bars, 380 V, 335 A, 2950 rpm), fed with
a frequency converter (model SD7058055 from Power Electronics), installed in a deep well at
118.87 m from the ground. Figure 4.12 shows the time evolution (a measure every six operating
hours) of the LSH amplitude (in dB with respect to the fundamental component) during nearly
a year (2020). Horizontal dotted red lines represent the thresholds used in the industry to
consider the appearance of bar breakages: between -45 and -36 dB, incipient failure with even
one or two broken bars; above -36 dB, multiple broken bars. The data gaps in the middle of
March, end of June, and end of August are periods in which problems with the remote control
of the measurement equipment could not be rapidly solved due to the Covid situation.

FIGURE 4.12: Time evolution (a measure every 6 operating hours) of the LSH am-
plitude (in dB with respect to the fundamental component) of the first pumping

station motor continuously monitored.
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As can be seen, the LSH amplitude starts to increase slowly very soon from the first mea-
surement and, in approximately two and a half months, surpasses the -45 dB threshold. Then,
in the middle of May (one month later), it increases very quickly to -40 dB, to suddenly drop to
-44 dB after a month. Then, the tendency is to slowly but continuously increase until reaching
-36 dB in October and approximately keep this level until descending again in November to -40
dB. This ratio of change in the LSH amplitude indicates the presence of severe end-ring wear.
In addition, during the last month, stator winding fault harmonics (n(1− s)/p ± k) f increased
dramatically as shown in Fig. 4.13. The pump replacement can be finally planned; the motor is
drawn from the well at 118.87 m and send to the motor repair shop.

FIGURE 4.13: Time evolution (a measure every 6 operating hours) of the stator
winding fault harmonics amplitude (in dB with respect to the fundamental com-

ponent) of the first pumping station motor continuously monitored.

Figures 4.14a and 4.14c show two different perspectives of the rotor upper end-ring (near
the coupling with the pump), while Figs. 4.14b and 4.14d show two different perspectives of
the lower end-ring (at the bottom part of the motor-pump set). It can be observed how both
end-rings have lost most of the copper liquid soldering: the copper sheets can be observed,
even distinguishing the position of the copper bars (opposite to the healthy rotor shown in Fig.
4.4a). The upper end-ring is particularly damaged, with parts of the copper sheets detached,
exposing some copper bars. In the lower end-ring, some material has been settled in the lower
part of the side shown in Fig. 4.14d (probably due to gravitation).
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(a) (b)

(c) (d)

FIGURE 4.14: Worn rotor end-rings (upper in (a) and (c) and lower in (b) and (d)),
of the first motor being monitored and repaired in the motor repair shop.

The unequal end-rings wear in their different perspectives explains the changes in the LSH
amplitude: when some material is detached from some part of the end-ring, its asymmetry
increases, while it balances when the rest is worn too. Not only the end-ring is worn, but also
its contact with the bars through the loss of the copper liquid soldering that glues end-ring
sheets and bars together, and the degradation of the end-ring sheets itself, particularly at the
contact position with the bars, even exposing the bars which are covered initially. The ratio of
change in the LSH enabled the fault detection and the motor replacement.

Unfortunately, the material detached from the end-ring polluted the water that internally
cools the motor. Since the water, propelled by the rotor, rotates at high speed, suspended
particles are naturally shoot to the inner part of the stator. Some of these particles might impact
the winding, breaking the insulation, which is what usually happens when parts of a rotor bar
are detached in standard copper rotor induction motors. Therefore, this is probably the cause
of the stator winding insulation degradation, also detected in Fig. 4.13: the stator insulation
resistance (measured in the motor repair shop) was below the company quality standards,
prompting the stator rewinding.

It is worth to conclude that, continuously monitoring changes in the LSH amplitude can
reveal early stage degradation of the rotor. Nevertheless, since the liquid soldering can be
easily replaced in the motor repair shop, the true objective is to prevent the appearance of
winding damages, caused by the detached rotor particles suspended in the internally cooling
water, which propelled by the rotor might impact the stator, causing damage expensive to be
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repaired.

4.5.2 Field case 2

The second motor is an Aturia N12-340 (340 HP, 1-p, 28 bars, 380 V, 475 A, 2900 rpm), fed with
a soft-starter (model V50900 from Power Electronics) and installed in a deep well at 170.3 m
from the ground. Figure 4.15 shows, from top to bottom, the time evolution of the LSH, the (5−
6s) f and the (7 − 6s) f amplitudes (in dB with respect to the fundamental component) during
nearly a year (2020). In this case, the LSH remains below the lower band of the classic LSH
thresholds (-45 dB) during the whole period. However, as can be seen, from June onwards, the
typical pattern of ups and downs begins to be observed. The LSH amplitude slowly decreases
from -58 to -63.5 dB in August. Then, it goes up to -61.5 dB, where it remains stable until the
end of September, when it reaches -59.7 dB. Finally, in the last month, several sharp changes
are reported with variations between -2 and -4 dB. This could mean that the end-ring wear is
developing. The pattern is even more evident with the (5 − 6s) f and the (7 − 6s) f harmonics,
particularly in the latter, as the change ratio goes from 5 to 20 dB. Finally, it should be noted
that the (5 − 6s) f and (7 − 6s) f patterns are very similar, which is in line with what has been
shown in the previous sections.

FIGURE 4.15: Time evolution (a measure every 6 operating hours) of the rotor
asymmetry harmonic amplitudes (in dB with respect to the fundamental compo-

nent) of the second pumping station motor continuously monitored.

The first intention was to continue monitoring this motor until the failure was more ad-
vanced. Unfortunately, the coupling between the motor and the pump broke down at the
end of October, and as a result, the motor had to be drawn. Nevertheless, thanks to the con-
tinuous monitoring, it was possible to warn the company that an eccentricity problem was
taking place, so they could make arrangements to avoid an unscheduled outage. The increase
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in eccentricity was detected by measuring the Upper Mixed Eccentricity Harmonic (UMEH)2:
(1 + (1 − s)/p) f ; lower harmonic is not usually detected in this type of motor (it might also
be removed when filtrating the DC component, due to its proximity). Figure 4.16a shows the
UMEH time evolution and how, in the middle of September, the amplitude began to increase.
Contrary to the LSH, eccentricity harmonics do not have a universally accepted threshold to
correlate the UMEH amplitude with a certain degree of eccentricity. Nevertheless, the sud-
den change in its amplitude explains well what was finally analyzed in the motor repair shop.
Figures 4.16b, 4.16c and 4.16d show the eventually broken down coupling between the motor
and the pump. When the coupling breaks down, the forces that create the eccentricity highly
decrease, and the rotor goes back to its natural position: that is why the UMEH amplitude de-
creases at the end of Fig. 4.16a. Since the motor is in the lower part of the system (Fig. 4.3), it
receives the weight of all the water and the pump. Therefore, friction between the two broken
shafts is high, and the pump stills rotating.

(a)

(b) (c) (d)

FIGURE 4.16: Time evolution (a measure every 6 operating hours) of the UMEH
(in dB with respect to the fundamental component) of the second pumping sta-
tion motor continuously monitored (a); photos of the broken coupling between
the motor and the pump: part attached to the motor from two different perspec-

tives (b) and (c) and part to be connected to the pump (d).

2Rotational Frequency Sideband Harmonics are also known in literature as Mixed Eccentricity Harmonics. The
first nomenclature is used throughout the thesis except in this chapter, Chapter 2, and Chapter 5 where the second
one is used instead. This is because a reviewer of the publication of Chapter 3 suggested this change of nomencla-
ture, and as a result, the entire thesis was adapted to it, with the exception of these three chapters, since they must
reflect their associated publications as they appear in the accepted version of the manuscripts. Therefore, in this
thesis, RFSH is equivalent to MEH, LRFSH to LMEH, URFSH to UMEH, and SRFSHB to SaEHB.
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4.6 Conclusions

Deep well submersible pump motors have a specific rotor end-ring manufacturing process:
copper laminations with punching holes to place the bars, are glued to the end of these ro-
tor bars with copper liquid soldering. Internally cooling water, which propelled by the rotor
moves at a high speed, erodes the liquid soldering. Therefore, a particular type of fault appears,
widespread in these motors: the end-ring wear, documented in this paper through several mo-
tor repair shop cases. The water suspended particles that end-ring wear generates, are impelled
by the centrifugal force, and might impact the stator winding, causing serious damage.

As has been shown through simulation, lab tests, and field cases, a LSH monitoring with
long periods between measurements (e.g., biannual) is insufficient for end-ring wear detection.
First, in a single amplitude measurement, the wear might not be enough to raise the LSH am-
plitude to a level considered as faulty according to traditional rotor fault indicators. Second,
once the wear spreads, rotor asymmetry might even be cancelled by multiple segments wear,
lowering the LSH amplitude.

Continuous monitoring is needed to solve the problem: two field motors have been daily
measured during nearly a year. Moreover, a new paradigm must be considered when monitor-
ing deep well induction motors: the ratio of change in the LSH amplitude must be used as an
indicator of end-ring wear, even if classic LSH thresholds are not reached (-45 dB). As shown
through the field cases results, a changing LSH amplitude in time reveals the degradation of
an end-ring. More precisely, ups and downs in the LSH amplitude reveal that the rotor asym-
metry first increases and then is compensated as all the segments in the end-ring are equally
worn. Therefore, instead of comparing the LSH amplitude with classic thresholds, changes in
its amplitude must be monitored.

Changes in the secondary fault harmonics properly chosen are very useful to complement
the LSH monitoring. Finally, stopping the motor at an early stage of end-ring wear might
prevent this fault from contaminating the water that internally cools this type of motor and
creates important secondary damage, as the winding failure that might appear if contaminating
particles impact its coils at a high speed.

Appendix A. Simulated motor data
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Abstract

Early detection of inter-turn faults is one of the most important issues in electrical machines, as
the fault severity evolves very fast to a catastrophic failure due to the high thermal stress. How-
ever, as this paper shows, in submersible induction motors for deep-well pumps, it evolves
slower. These motors are highly water-cooled, which significantly reduces the thermal stress
caused by the fault, increasing the possibility of an early detection. Among fault detection
methods, only those based on line current/voltage measurements can be used, as motors are
at great depths. This article investigates the Principal Slot Harmonics as reliable indicators for
early detection of inter-turn faults in this application. To this end, a comprehensive analysis is
conducted using finite element analysis where the behavior of these harmonics is studied under
different fault severities, both alone and coexisting with other asymmetries such as unbalanced
voltages, eccentricity or rotor faults. The findings are used to develop a reliable diagnostic
scheme based on the monitoring of the most fault-sensitive harmonics along with the voltage
and current unbalance indexes. Finally, the scheme is applied, for the first time, in the context
of a continuous monitoring of a 230 HP induction motor showing its efficacy.

Keywords: Condition monitoring; inter-turn faults; induction motors; fault diagnosis;
MCSA; finite-element analysis; pumps;

5.1 Introduction

Deep well water pumps are starting to play an essential role in human’s water supply, since
superficial aquifers are drying due to climate change [1]. These pumps are normally driven by
water-cooled squirrel cage submersible induction motors [2]. Therefore, monitoring the condi-
tion of this element is a key aspect to avoid catastrophic failures and unexpected shutdowns,
which is quite a sensitive issue in this industry, due to the cost of replacement (motors are in
wells of up to 500 m in depth) and the fact of leaving a part of the population without water
supply.

Data provided by a Spanish water company on 20 water pumping facilities over the last
three decades show that the main reason for pump replacement is found in stator faults (Fig.
5.1). A recent study has shown that end-rings of deep-well motors wear quite often [3]. This is
due to the particular characteristics of their rotor cage (copper liquid soldering glues together
bars and a set of die-cut thin end-ring sheets), the internal water cooling system and the high
rotational speed (due to one pole pairs design). The particles detached from the end-ring wear
is a possible trigger mechanism for the degradation of insulation in the stator coils.

FIGURE 5.1: Distribution of reasons for pump replacement in a Spanish water
company.
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Another particular characteristic of these machines is their cooling system which is done
both externally (by forcing the water to flow through the motor surface) and internally (by
pre-filling the motor with a mixture of water and glycol). Thus, stator windings are subjected
to a less thermal stress than in conventional surface motors, which delays the propagation of
an inter-turn fault to a phase-to-phase or phase-to-ground short-circuit. Therefore, there is a
higher probability of detecting the failure at an early stage.

In the field of online diagnostics, several methods have been proposed to detect inter-turn
faults. However, some of them are unfeasible in their application to deep-well pumps. Flux
[4]–[8] and vibration [9]–[11] methods require installing a sensor at or near the surface of the
motor. This is a big challenge in deep-well motors, since the sensor must be able to withstand
the impedance of an up to 500 m cable, be waterproof, be fixed in the smooth outer surface of
the motor and survive the descent to the aquifer through a narrow borehole. In turn, methods
that use the zero-sequence current or require access to the neutral point [12]–[14], cannot be
applied, as coil end-connections are done internally in these motors, and therefore, phase mag-
nitudes are not accessible. Thus, the only feasible solution in this application is to use methods
based on line current/voltage measurements, as they are available at the motor control cabi-
net. In this regard, different approaches have been followed over the last two decades. Motor
Current Signature Analysis (MCSA) has been proposed to monitor the amplitude of the third
harmonic or the Principal Slot Harmonics (PSHs) [15]–[19], as well as instantaneous active/re-
active power signature analysis to monitor the second harmonic [20]. The theory of symmetri-
cal components has also been used based on the relationship between the asymmetry created
by the stator fault and the negative sequence component [21], [22]. In recent years, advances
have been made regarding model-based and artificial intelligence techniques [23]–[26].

Concluding, existing methods for inter-turn fault detection based on flux and vibration
[4]–[11] are difficult to be applied in deep-well motors, since these motors are submerged at
great depths (up to 500 m), while methods that use the zero-sequence current or neutral point
cannot be applied, as phase magnitudes are not accessible [12]–[14]. Previous conclusions of
line magnitude methods [15]–[26] have been deduced for conventional induction motors, and
they are not necessarily valid in this specific context. Moreover, most of these line magnitude
based works do not analyze in great detail the sensitivity and reliability of the proposed indi-
cators in the presence of other asymmetries (in the most complete works the robustness of the
method is studied only under eccentricity and voltage unbalance [20] and under broken bars
and voltage unbalance [24]). In addition, these diagnostic schemes have not gone beyond lab-
oratory tests where low power motors are used (with the exception of [16], [17] and [20]). All
this calls into question the applicability of these methods to real and large industrial motors.

This is the first paper to investigate how the special characteristics of deep well induction
motors (e.g., double water cooling, low number of turns per slot, two poles and even num-
ber of rotor bars) together with their operating conditions (long steady state under constant
load) act as game changers in terms of inter-turn fault detection through PSHs, making them
much more reliable indicators than what is shown in other papers of conventional motors. The
paper proves that in deep-well motors there is always a set of PSHs that are nearly absent
in the healthy machine, and highly increase when the inter-turn short-circuit takes place, de-
ducing a formula to determine them (highly improved reliability with respect to using PSHs
present in healthy state, as previous methods). Moreover, it is proven that an incipient sta-
tor fault in deep-well motors does not cause a destructive current (it can be even lower than
rated current) and that the double water cooling system of these motors prevents from a fast
insulation degradation (fault detected at an early stage before becomes catastrophic). These
characteristics, together with a very sensitive indicator, enables an early short-circuit detection.
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Apart from these very sensitive PSHs, two more indexes are proposed in order to discriminate
inter-turn short-circuits from other asymmetries: Voltage Unbalance Index (VUI) and Current
Unbalance Index (CUI). Theoretical findings are validated using up to 65 different simulations
obtained through Finite Elements Analysis (FEA) on a 22 kW deep-well induction motor (high
precision thanks to complete manufacturer data), and a detailed analysis is presented on the
sensitivity and reliability of these harmonics under inter-turn faults, both alone and coexisting
with different levels of voltage unbalance, rotor asymmetry and eccentricity. Finally, an orig-
inal diagnostic scheme is presented to detect inter-turn faults through the use of PSHs, VUI
and CUI, obtained only with line magnitudes, generating extremely sensitive indicators, even
for early stages where other PSHs fail. Its efficacy is proven for the first time in the context
of a continuous monitoring of a deep-well induction motor (230 HP) operating in a pumping
station, where data has been collected every six hours for nearly a year.

5.2 Special features of induction motors in deep-well pumps

The motor and the pump work submerged in the aquifer, with shafts directly coupled and in
vertical position; from bottom to top: motor - water inlet - pump - pipe. The motor frame is
smooth and without heat sinks. Cooling is achieved in two ways: by pre-filling the motor with
a mixture of water and glycol (internal cooling1) and by placing a metal cover to force water
flow between the cover and the motor surface before entering the pump (external cooling) [3].
Figure 5.2 shows the schematic of the motor-pump assembly.

FIGURE 5.2: Schematic of the motor-pump assembly.

As for the motor design and operating characteristics, two poles are used to achieve high
power and speed with a small diameter (reducing excavation costs). Usually, an even number
of rotor bars is used to avoid the unbalanced magnetic pull. Motors are fed with frequency con-
verters or soft starters, sometimes working continuously for long periods of time and without
significant load or speed variations, as water is usually pumped to a tank.

1For more information on this mechanism go to Footnote 1 of Chapter 4.
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These characteristics make the motors particularly suitable for early detection of inter-turn
faults via PSHs through an FFT steady-state analysis. First, because stator windings are sub-
jected to less thermal stress than surface motors (they are doubly water-cooled, with a very con-
stant ambient temperature of around 15°C in the aquifer), which can retard the time between
the inter-turn fault occurs and the moment it propagates to a catastrophic failure. Secondly,
due to the small diameter of these motors, slots are smaller, and the number of conductors per
slot (and phase) is smaller too. Hence, the small number of turns of an early-stage short-circuit
represents a higher percentage (with respect to the total number of phase turns) than in con-
ventional motors, thereby becoming a more noticeable fault. Third, due to rotor characteristics
(two poles with an even number of rotor bars), motors are PSHs producers [27]. These har-
monics are known to be correlated with the stator inter-turn fault [16]. Fourth, because, there
are no false positives due to load variations, as this is practically constant, and therefore, PSHs
amplitudes do not significantly change under normal operation. Finally, because due to the
speed is also practically constant, together with the fact that these motors can run continuously
for long periods of time, ideal conditions exist to apply a steady-state analysis using the FFT,
and the best results can be obtained from it.

The PSHs frequencies are given by the Rotor Slot Harmonics formula [28] when k = 1:

fRSH =

[︃
k

R
p
(1 − s)± ν

]︃
f0 (5.1)

where k ∈ N, p is the number of pole pairs, s the slip, ν the order of the time harmonic present
in the stator current 1, 3, 5 . . . , f0 the fundamental supply frequency and R the number of rotor
bars.

A PSH appears in the line current if the relative order of its associated spatial flux harmonic
wave is an odd number non-multiple of three. In a perfectly symmetrical machine, this relative
order is given by hrot = R/p± hst, where hst is the relative order of the spatial harmonic through
which the time harmonic ν f0 interacts with the rotor system. Taking this into account, it can be
proven that the two PSHs with the lowest |ν| absent in the line current are (with n ∈ N):

• For R/p = 6n − 4: PSH(ν = −5, 1).

• For R/p = 6n − 2: PSH(ν = −1, 5).

• For R/p = 6n: PSH(ν = −3, 3).

In real machines, where inherent asymmetries exist, all these harmonics are present in the
line current, although with very small amplitudes. Thus, as their existence is directly related to
the level of asymmetry, and their amplitudes are practically zero in the healthy machine, they
will be the most sensitive PSHs to an inter-turn fault. Therefore, these harmonics are the key to
a real solution for the difficult task of detecting intern-turn short-circuits.

5.3 Finite-element analysis

The purpose of this section is to perform a comprehensive analysis on the sensitivity and relia-
bility of PSHs as indicators for inter-turn fault detection. To this end, a FEA approach is used,
since the idiosyncrasy of the motors under study does not allow to perform proper tests in
an academic laboratory. This is because in order to obtain valid and comparable conclusions, a
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deep-well motor should be used, as their special characteristics affect the behavior of the motor
under the short-circuit and its diagnosis through PSHs. To replicate industrial conditions, the
deep-well motor should be tested under load, for which it would require a well, a pump cou-
pled to the motor, a crane to put the motor inside the well and a system of pipelines and valves
to regulate the load: if it is tested surrounded by air, it would over-heat very easily. However,
these elements are difficult to be found in an academic laboratory. Therefore, as the laboratory
test is not an option with this type of motors, a finite element analysis approach is followed,
since it allows to perform very realistic and accurate short-circuit tests, with the motor in load,
without compromising the integrity of the motor, while allowing an easy combination of the
fault with different asymmetries of different severity.

In this regard, a submersible induction motor (22 kW, p = 1, 30 rotor bars, 230 V ∆, 65.6 A,
2900 rpm) has been modeled using a commercial FEA software. To ensure accuracy, complete
geometry and B-H characteristic are provided by the manufacturer. The inter-turn fault is cre-
ated in phase A, following the approach described in [29]. In this approach2, the coils inside
two adjacent stator slots are divided into groups. For example, Fig. 5.3 shows the cross section
of the motor for the last of the inter-turn faults considered, where the coils that are placed in
slots 1-16 and 2-15 have been divided into three groups (each of the groups is represented by
a color and has a certain number of conductors). The short-circuit is then created between the
middle groups of the adjacent slots, which consist of a single wire (a one-turn coil), through a
contact resistance of 0.1 Ω. The fault severity is handled by modifying the number of conduc-
tors in the rest of the groups. Using this approach, the severity of the first four fault states is
1.52 %, 3.03 %, 4.55 % and 6.06 % of shorted turns.

FIGURE 5.3: Cross section of the motor with the coils divided in groups (arrows)
to create the inter-turn fault with 6.06% of shorted turns.

Table 5.1 shows, for each fault state (column 1), the line A, phase A, short-circuit and contact
resistance currents (columns 2-5); being the last two the currents through the short-circuited
coils and the contact resistance respectively. The ratios of these magnitudes with respect to
the healthy current (65.57 or 37.87 A) are shown in columns 6-9. Finally, column 10 shows the
line Current Unbalance Index (CUI): maximum deviation in RMS value of any of the three line
currents with respect to the mean value of their RMS values divided by this mean value.

2Expanded information about the short-circuit modeling approach can be found in Appendix A, including the
definitions of all of the resulting currents: phase current, short-circuit current and contact-resistance current.
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It can be seen that in this machine the short-circuit currents are less severe than in previous
studies for other types of machines and same severity level, where Isc/IA,h ratio is up to two
times higher [8], [29]. In fact, the first two fault states originate a short-circuit current that is
even lower than the rated phase current (46.48% and 89.17%). This suggests that the fault can
be detected at an early stage before it becomes catastrophic. However, the current flowing
through the contact resistance is almost equal to the rated phase current in the first fault state
and 1.75 times higher in the second. This leads to the formation of a heat source in a very small
area that will eventually deteriorate the insulation and propagate the fault to the next stages.
Therefore, protective measures should be taken as soon as possible. In this regard, none of the
cases considered would activate the overcurrent protections, since the line current in the most
severe case only exceeds the rated line current by 8.41%.3.

Thanks to the theoretical analysis of the previous section, it can be deduced that, for this
motor combination of R and p, the PSHs(±3) are absent in the line current spectrum of the
healthy machine. When the asymmetry is introduced via the inter-turn fault, these harmonics
should become the most sensitive to it, as any change in the amplitudes of the state of the art
indicators (PSH(+1) or PSH(-1)) is masked due to their already high amplitude in the healthy
state. This is exactly what can be seen in Fig. 5.4, which shows, for each fault state, the am-
plitudes of the PSHs in the line A current spectrum (in dB with respect to the fundamental
component; noise floor around -110 dB; similar conclusions for lines B and C). From the simu-
lations results, it can be concluded that an extremely sensitive indicator for inter-turn faults has
been found, even for early stages where other PSHs fail: (PSHs(±3) show an extremely high
change of 40 dB from healthy to only 1.52% of shorted turns, and a very high 10 dB change
from 1.52% to 3.03%. Next, the reliability of using these PSHs as indicators for inter-turn faults
is analyzed under the presence of different asymmetries with different severity levels.

FIGURE 5.4: Amplitude of PSHs for each fault state considered.

5.3.1 Machine with unbalanced supply

Using NEMA MG 1-2016 definition, four levels of Voltage Unbalance Index (VUI) have been
considered: 0.25%, 0.5%, 1% and 2.5%. According to this norm, with the first three levels of
VUI a motor shall operate successfully, while with the last level it should be derated. Figure
5.5 shows the line voltages for a VUI of 2.5%. Figures 5.6a, 5.6b, 5.6c show, respectively, the
amplitudes of the PSH(-3) and PSH(+3) in the line A current spectrum, and the CUI, for each
inter-turn fault considered (x-axis), and each level of VUI (different colors).

3According to [15], the circuit resulting from the inter-turn fault can be split into two independent circuits: the
shorted-loop and the healthy part of the winding. As the number of shorted turns considered is low, the healthy
part has practically the same impedance than in the case of no-fault. This means that the main rotating magnetic
field would induce almost the same voltage in both cases. Hence, the small effect in the phase/line current.
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FIGURE 5.5: Line voltages for a voltage unbalance index of 2.5%.

(a)

(b)

(c)

FIGURE 5.6: Amplitude of PSH(-3) (a) and PSH(+3) (b) in line A spectrum, and
CUI (c), for each inter-turn fault and each level of VUI.
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PSH(+3) presents a strictly increasing behavior at all levels of VUI. Since the asymmetry
introduced by the voltage unbalance gives rise to the PSHs(±3) in the healthy machine (0% of
short-circuited turns), amplitude difference with first fault stage (1.52 %) is bigger in the case
without voltage unbalance (0 % VUI). Despite this, sensitivity to detect the fault is very high,
especially in those stages in which the short-circuit current is still not catastrophic (1.52% and
3.03% shorted turns): at VUI not considered dangerous for the motor (VUI from 0.25 to 1%),
from healthy to 1.52%, PSH(+3) amplitude increases between 1.5 dB and 5.3 dB, while from
1.52% to 3.03% increases between 4 dB and 8 dB.

On the other hand, PSH(-3) only presents a strictly increasing behavior for the first level
of VUI. In the next two levels of VUI, this behavior starts at the first stage of inter-turn fault,
while in the last level of VUI there is no clear trend. Yet, the sensitivity to the fault between
the two non-catastrophic inter-turn faults for the three first levels of VUI is higher than in the
PSH(+3) (changes going from 7 dB to 10 dB). Similar results are observed in line B. In line C, no
strictly increasing behavior is observed for PSH(+3) and only from the first stage onwards for
the PSH(-3).

Concluding, depicting the evolutions of the amplitudes of both PSHs(+3,-3) in the three
currents, there are two evolutions out of six that maintain a strictly increasing behavior with
the fault severity for all levels of VUI (PSH(+3) in lines A and B), enabling the fault detection
at an early and non-catastrophic stage. As for the CUI, it strictly increases at all levels of VUI
with practically the same change between fault stages.

However, it should be noted that the increase in the VUI for a same inter-turn fault creates
significant variations in the PSH(±3). For the healthy machine and the first two levels of intern-
turn fault, this increase has a monotonic behavior, and consequently, can lead to a false positive.
The same is observed for the CUI, but in this case, for all fault stages. Yet, if the VUI is also
monitored it can be easily determined if the changes in these three indicators are due to a
voltage unbalance or an inter-turn fault.

5.3.2 Machine with eccentricity

Combining static eccentricity (SE) with dynamic eccentricity (DE), four levels of eccentricity
have been considered: SE:5% + DE:5%, SE:10% + DE:10%, SE:20% + DE:20% and SE:30% +
DE:30%. According to [30], the first case is within the permissible levels for inherent eccen-
tricity, the second and third cases are considered unacceptable and the last case is a serious
problem requiring motor decommissioning. Figure 5.7 shows the amplitude of the Mixed Ec-
centricity Harmonics (MEH)4,5 due to each eccentricity level for the machine without inter-turn
fault. Figures 5.8a, 5.8b, 5.8c show, respectively, the amplitudes of the PSH(-3) and PSH(+3) in
the line A current spectrum, and the CUI, for each inter-turn fault considered (x-axis), and each
level of eccentricity (different colors).

4Rotational Frequency Sideband Harmonics are also known in literature as Mixed Eccentricity Harmonics. The
first nomenclature is used throughout the thesis except in this chapter, Chapter 2, and Chapter 4 where the second
one is used instead. This is because a reviewer of the publication of Chapter 3 suggested this change of nomencla-
ture, and as a result, the entire thesis was adapted to it, with the exception of these three chapters, since they must
reflect their associated publications as they appear in the accepted version of the manuscripts. Therefore, in this
thesis, RFSH is equivalent to MEH, LRFSH to LMEH, URFSH to UMEH, and SRFSHB to SaEHB.

5In Fig. 5.7, the RFSH or MEH are pointed with black arrows, marking their vertexes with different geometric
symbols according to the eccentricity level.
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FIGURE 5.7: Mixed Eccentricity Harmonics for each level of eccentricity in the
machine without inter-turn fault.

(a)

(b)

(c)

FIGURE 5.8: Amplitude of PSH(-3) (a) and PSH(+3) (b) in line A spectrum, and
CUI (c), for each inter-turn fault and each level of eccentricity.
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PSH(-3) presents a strictly increasing behavior with respect to the short-circuit severity, for
all levels of eccentricity. From healthy to 1.52%, PSH(-3) amplitude increases between 4 dB and
31 dB, while from 1.52% to 3.03% it increases between 4 dB and 9 dB.

In the case of the PSH(+3), the strictly increasing behavior is lost at the first stages for the
two most severe levels of eccentricity, but maintains an overall better sensitivity to the fault
severity than the PSH(-3). Similar results can be observed in the line B and C, although in the
latter, the strictly increasing behavior of PSH(-3) is already lost for the first fault in the second,
third and four level of eccentricity. Thus, in the presence of the asymmetry caused by the eccen-
tricity, it is also important to monitor both harmonics in at least two of the three currents. As
for the CUI, it strictly increases in all levels of eccentricity with very small differences between
them.

It should be noted that an inter-turn fault monitoring, based solely on tracking PSHs, could
lead to a false positive in a healthy motor (and a false increase of the fault severity on the
machine with 1.52% shorted turns), as the increase in eccentricity causes a monotonic increase
in PSHs(±3). Nevertheless, in this case, the CUI can be used to rapidly discriminate whether
the increase in PSHs(±3) is due to an eccentricity fault or an inter-turn fault, as this parameter
strictly increases with the shorted-turns, but is insensitive to eccentricity changes (see Fig. 5.8c).

5.3.3 Machine with rotor asymmetries

Analyzing the impact of rotor asymmetries is very important in deep-well motors since, as
explained in the introduction, their end-rings wear quite often [3]. By modifying the conduc-
tivity of the bars, four levels of rotor asymmetry have been defined: inherent asymmetry (IA),
incipient fault (IF), 1 broken bar (1BB) and 2 broken bars (2BB). Figure 5.9 shows the magnetic
flux density distribution for the case of 2 broken bars without inter-turn fault. As can be seen,
there is an area (ellipse) near the broken bars (arrows) where an increase of the magnetic flux
density exists, causing the magnetic asymmetry. This asymmetry is reflected in the line cur-
rent spectrum through the Lower Sideband Harmonic (LSH), which is normally the harmonic
used to diagnose this fault. In the absence of false indications [31], it is well established that
amplitudes below -50 dB correspond to inherent asymmetry, between -50 dB and -40 dB to an
incipient fault, -40 to -35 dB to a broken bar and above -35 dB to multiple broken bars. Figure
5.10 shows the amplitude of the LSH due to each rotor fault for the machine without inter-turn
fault. Figures 5.11a, 5.11b, 5.11c show, respectively, the amplitudes of the PSH(-3) and PSH(+3)
in the line A current spectrum, and the CUI, for each inter-turn fault considered (x-axis), and
each level of rotor fault (different colors).

FIGURE 5.9: Magnetic flux density distribution for the case of 2 broken bars (ar-
rows) without inter-turn fault.



5.3. Finite-element analysis 121

FIGURE 5.10: LSH for each level of rotor asymmetry in the machine without
inter-turn fault.

(a)

(b)

(c)

FIGURE 5.11: Amplitude of PSH(-3) (a) and PSH(+3) (b) in line A spectrum and
CUI (c) for each inter-turn fault and each level of rotor fault.
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In this case, both harmonics present a strictly increasing behavior for all levels of rotor
fault considered. Moreover, PSH(-3) is practically insensitive to the rotor fault severity, while
PSH(+3) presents sensitivity only to the most severe case (2 broken bars). The same behavior
is observed in line B, while it differs in line C as in the two previous asymmetries. As for the
CUI, it is also insensitive to the rotor fault and shows a strictly increasing behavior for all levels
considered.

Unlike the other two asymmetries studied, in this case it is not possible to get a false positive
since there is one harmonic that is totally insensitive to the fault. Anyway, the CUI can always
be used to discriminate, since it changes with short-circuited turns, but is not affected by rotor
asymmetry.

5.4 Monitoring method for a reliable detection

Thanks to the theoretical analysis in Section 5.2, and the FEA results in Section 5.3, we can
conclude that, for the case of deep-well motors (one pole pairs and an even number of rotor
bars), there is always a set of PSHs that are not present in a perfectly symmetrical motor (e.g.,
PSHs(±3) in the FEA section case, as well as in the field case of the next section). The ampli-
tudes of these PSHs highly increase in the presence of an intern-turn short-circuit; moreover,
these amplitudes show a strictly increasing trend with the severity of this fault.

If the supply is unbalanced or an eccentricity takes place, these PSHs amplitudes increase
too (under rotor asymmetries, this effect does not take place, or is very light and only for high
severity faults). To discriminate inter-turn short-circuits from these asymmetries, two more in-
dexes must be obtained: VUI (increases only under voltage unbalance) and CUI (increases with
intern-turn short-circuits, but does not increase under eccentricity and rotor faults). Moreover,
it is also observed that the amplitudes of these PSHs behave differently when the inter-turn
occurs. For instance, in the case analyzed, PSH(-3) with voltage unbalance shows a similar
behavior than PSH(+3) with eccentricity and vice versa. Thus, their behavior also depends on
the type of the second asymmetry. This might be due to the fact that they are associated to
harmonic flux waves that rotate in different directions with different phases. Despite this, it
has been shown that there is always one PSH that presents a strictly increasing behavior under
stator fault. Therefore, a monitoring method using PSHs should always include two of the pre-
dicted harmonics in Section 5.2, one associated to a clockwise rotating harmonic flux wave and
the other a counter-clockwise one. Furthermore, it has also been observed that PSHs are reli-
able indicators in two of the line currents, therefore, only two of them need to be monitored to
assure that at least one of the PSHs amplitude obtained will present a strictly increasing trend
under inter-turn short-circuit fault.

Taking into account all this information, three scenarios are possible if the amplitude of
one or both of these PSHs increase: if the VUI increases, an unbalance supply problem is tak-
ing place; if the VUI is constant, and the CUI is constant too, an eccentricity failure (or a rotor
asymmetry in very rare cases), might be taking place (this can be verified monitoring the ampli-
tudes of the MEH and the LSH); if the VUI is constant and the CUI increases, then the increase
of the amplitudes in these PSHs is due to an inter-turn short-circuit6. This logic is reflected in
Fig. 5.12 in the form of a continuous monitoring diagnostic method. In order to account for

6It is emphasized that, although an unbalanced voltage system creates an unbalanced current system, an unbal-
anced current system can appear in spite of having a balanced voltage system, when it appears as a consequence of
an inter-turn fault. Therefore, it is necessary to measure both parameters.
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error measurements and slight load variations (load is nearly perfectly constant in these ap-
plications), a moving average (taking N + 1 samples), is applied to each indicator: PSHs, VUI
and CUI; thresholds are used for each indicator: e1, e2 and e3 (gathering data of machines with
different powers is necessary to give precise values to these thresholds); finally the baseline
values, from which the increments in the indicators are defined, are obtained by measuring the
average values of the indicators during the initial period of monitoring and redefined when
the thresholds are surpassed and the indicators stabilize again.

FIGURE 5.12: Flux diagram of the proposed method.

Finally, it should be remarked, that there could be a fourth scenario in which the VUI and
PSHs increased simultaneously. In this case, it would not be possible to tell if what has occurred
is a voltage unbalance or an inter-turn fault. Nevertheless, this is a very unlikely scenario, as
it requires that both happen within the period between measure and measure. As the method
is presented in the form of a continuous monitoring (several measures per day), the chances
of this scenario to happen are very low. Furthermore, if the inter-turn fault was derived from
the voltage unbalance, the voltages should be very high in order to breakdown the insulation.
Yet, in this case, it is most likely that the over-voltage protection was triggered. Then, once
the cause of the unbalance overvoltage was corrected and the motor put on normal operation
(although with an inter-turn short-circuit), the alarms would be triggered since the proposed
diagnostic scheme would have detected an increase in the PSHs, a non-increase in the VUI (it
is corrected before a new measure), and another increase in the CUI.

5.5 Field case

A deep water well motor from a pumping station was continuously monitored for nearly a year,
recording a steady-state of line currents and voltages every six operating hours. The motor is a
Caprari M12230 (230 HP, p=1, 30 bars, 380 V ∆, 335 A, 2950 rpm), fed with a frequency converter
at 43.97 Hz (model SD7058055 from Power Electronics) and operated at 70% of its rated current.
The monitoring equipment consist of: three voltage probes, a three-phase current probe, a high-
resolution oscilloscope, and a mini-PC (more details on the DAQ can be found in the Appendix
A). Signals are sent via internet to a computer where the diagnostic algorithms are applied. The
moving average takes 12 samples, and the thresholds for PSH (e1), VUI (e2) and CUI (e3) are set,
respectively, to 4 dB, 0.25 points and 0.25 points (details on how the thresholds are established
are found in Appendix B).

Figures 5.13a, 5.13b, 5.13c, 5.13d and 5.13e show, respectively, the amplitude evolution over
time (in dB with respect to the fundamental component) of the LSH, the PSH(+1), the PSH(-
1), the PSH(+3) and the PSH(-3) from line current A, while Figs. 5.14a and 5.14b show the
evolution over time of the CUI and VUI.
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(a)

(b)

(c)

(d)

(e)

FIGURE 5.13: Amplitude evolution over time of the LSH (a), the PSH(+1) (b), the
PSH(-1) (c), the PSH(+3) (d) and the PSH(-3) (e).
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(a)

(b)

FIGURE 5.14: Evolution over time of the CUI (a) and VUI (b).

As can be seen in Fig. 5.13a, there is a fault developing in the rotor from the very beginning
(more details on the origin of this fault can be found in [3]). Despite this, PSHs and CUI remain
insensitive to the fault during the whole period, so no alarm is set for an inter-turn fault. On
October 15, a simultaneous increase of 10 dB in the PSH(+3) and 8 points in the CUI, but also
of 0.3 points in the VUI is detected, so no alarm is set. Seven days later, another simultaneous
increase of 7 dB in the PSH(+3), 8 dB in the PSH(-3) and 5 points in the CUI is detected. Yet, in
this case, the VUI does not increase, therefore, the alarm for inter-turn fault is triggered.

After two weeks from the last increase in the indicators, the motor was drawn from the
deep-well (Fig. 5.15a) and sent to the motor repair shop for further inspection (Fig. 5.15b).
There, it was found that the rotor end-rings were highly worn: this is a common fault in deep-
well motors [3], explained in the introduction and detected here through the LSH amplitude
increase shown in Fig. 5.13a. Regarding the stator fault, the repair shops of deep-well motors
only apply simple tests to determine the state of the stator insulation: very conservative criteri-
ons are used, which easily imply rewind of the stator windings, to assure that the components
will last longer when the motor is placed in a 100 to 500 m deep well, thus avoiding the high
cost of extraction if an early fault takes place. First, the resistance between phases and ground
is measured: if the result is under 200 MΩ, the stator is rewound. Second, the resistance be-
tween phases is measured to verify continuity. Visual inspection is used to look for a high
amount of dirt, which in these motors it is also a reason to rewind. Looking for burn signs is
not a standard procedure, and, moreover, it is not conclusive, since due to the small diameter of
these motors, coil heads are placed in a very small space and cannot be thoroughly inspected,
while the stator inside surface can just be partially seen (even a hand is hardly introduced in a
2 m long stator). Unfortunately, no surge test is applied. In the case of the motor monitored,
no signs of burns were identified during the partial visual inspection, but the phase to ground
resistance was below 200 MΩ, which confirmed the stator damage, ordering its rewind, and
validating the diagnosis made through the indicators proposed in the paper.
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(a) (b)

FIGURE 5.15: Motor being removed (a) and sent for inspection (b).

The field results are in total agreement with findings of previous sections. First, because
the motor has two poles and 30 bars and the highest increases are observed in PSHs(±3), just
as predicted in Section 5.2 and verified in Section 5.3. Second, because the PSHs and the CUI
are insensitive to the rotor fault, thus agreeing with simulation results of Section 5.3.3. Third,
because the CUI behaves as expected and shows values in the same order of magnitude that
the ones observed in Section 5.3.1. Fourth, the PSHs(±3) increase together with the VUI under
an unbalanced voltage, and alone when the stator fault found in the motor repair shop takes
place. Hence, since there are no load-oscillations, and no eccentricity is taking place, the PSHs
increase can only be related to a stator fault.

Since the motor was able to continue operating after two weeks from the last change in
the indicators, the results show that, in these motors, it is possible to detect the fault with
this diagnostic scheme before it originates an unexpected shutdown, which in the case of the
drinking water supply industry is a very sensitive issue. This means that the current flowing
through the shorted turns was still too low to create a catastrophic failure. As proved in Table
5.1, an incipient stator fault in this type of motors does not cause a destructive current (it can
be even lower than rated current). Moreover, the double water cooling system prevents from a
fast insulation degradation. It is not possible to give an accurate estimate of this current for this
field case based only on the simulation results, since motors are of different sizes and operate
at different speeds and loads. Nevertheless, everything (level of PSHs, CUI and no signs of
burns) points in the direction of a short-circuit current not too high.

Finally, it is important to remark that these results are general and applicable to other mod-
els of deep-well induction motors since they present very similar characteristics to each other
such as rotor construction, length proportionally higher than width and a small number of
turns per slot. As for whether all conclusions could also be generalized for conventional in-
duction motors, it is something that it is out of the scope in this study. However, what can be
extrapolated for any type of PSHs producer induction motor is that there will always be a set
of PSHs that are not present in the spectrum of the perfectly symmetrical healthy machine and
will therefore always be more sensitive to the fault.
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5.6 Conclusion

This paper has analyzed in detail the use of PSHs as reliable indicators for early inter-turn
fault detection in submersible inductions motors of deep-well pumps. The main findings and
contributions of this work are listed below:

• Special characteristics of these machines make them suitable for inter-turn fault detection
through PSHs, since they are highly water-cooled and they are normally designed with
two poles and an even number of rotor bars.

• There is a set of PSHs that are highly sensitive to the fault, especially at early stages.
These PSHs can be known beforehand, being only necessary to monitor two of them
(one associated to a counter-clockwise rotating harmonic flux wave and the other to a
clockwise), in two of the line currents.

• In the presence of other asymmetries, there is always one of these PSHs that maintains a
monotonic behavior with the fault severity in one of the line currents.

• False positives due to voltage unbalance and eccentricity can be avoided if the line volt-
age and current unbalance indexes (VUI and CUI) are also monitored. Rotor cage faults
cannot produce false positives.

• A novel diagnostic scheme has been proposed for reliable and early detection of inter-
turn faults, which combines the monitoring of the PSHs and the line voltage and current
unbalance indexes.

• Finally, and for the first time, the efficacy of a diagnostic scheme is proven by continu-
ously monitoring a 230 HP industrial induction motor from a deep-well pump facility.

Appendix A. DAQ system

• PicoScope 4824A: High-resolution, deep-memory oscilloscope with 80 M/S sampling rate
and 12 bits vertical resolution.

• PicoTech TA041: Active differential voltage probe with ± 2 % DC accuracy and 0 to 25
MHz frequency range.

• PicoTech TA325: 3-phase AC Rogowski current probe with ± 1 % of reading ± 0.1 A
accuracy and 0.01 to 20 kHz frequency range.

Appendix B. Thresholds

To establish the thresholds of the fault indicators, data gathered from 10 deep-well motors
continuously monitored during a year are analyzed. During healthy operation, VUI and CUI
are relatively constant. For the field case in Section 5.5: before any fault takes place, 0.04 and
0.13 points respectively are the maximum variations found with respect to the mean taken over
12 measures trend (black lines in Fig. 5.14). In the case of PSHs amplitudes, since the load is
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practically constant in this application, only small changes appear. For the field case: before
any fault takes place, 1.6 dB for PSH(+3) and 1.32 dB for PSH(-3) are the maximum variations
found with respect to the mean taken over the 12 measures trend (black lines in Fig. 5.13d and
5.13e). As observed next, the three thresholds settled are higher than these maximum variations
under healthy operation.

To establish the variations that should trigger an alarm, the FEA results are analyzed. With
respect to the PSHs, it is observed in Fig. 5.6b that, for a low inherent VU (0.25% similar to
that of the case of study), the PSH increases 5.3 dB from healthy to 1.52% shorted turns. Hence,
PSH threshold should be a bit lower than this value to have a security margin: e1 = 4 dB. With
respect to VUI, it is also observed in this figure that an increase in the VUI from 0.25% to 0.5%
(the minimum increase studied) originates an increase in the PSH of 6 dB when the motor is
healthy and 3.5 dB for the lowest fault condition (1.52% shorted turns). The VUI threshold e2 is
set to 0.25 points. Finally, with respect to CUI, it is observed in Fig. 5.6c that, for a VUI < 0.5%,
the CUI increases 0.4 points from healthy to 1.52% of shorted turns. Hence, threshold should
be a bit lower than this value to have a security margin: e3 is set to 0.25 points.
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Chapter 6

General discussion

In the previous four chapters, the four publications derived from this thesis have been pre-
sented. In this chapter, the results obtained are linked and discussed as a whole, all within the
general framework of this thesis.
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In the first publication, a thorough state-of-the-art review has been conducted in order to
see which of the SSE techniques is the most suitable to be used in steady-state MCSA algo-
rithms for the diagnosis of IMs. The study has been complemented with a detailed analysis
of the SSE methods used by two of the leading commercial diagnostic devices in their steady-
state MCSA algorithms, MCEMAX and EXP4000, highlighting, through real industrial mea-
surements, which are their main drawbacks. The latter has been of utmost importance, as it
has allowed to have a deep insight into the problems that industry faces when it comes to esti-
mate speed without a physical sensor. From both studies, it has been determined that the best
techniques to use in steady-state MCSA diagnostic applications are those based on Slotting and
Rotational Frequency Sideband Harmonics, and more in particular, those based on RSHs. Same
conclusions have been drawn from Chapter 1. Introduction for efficiency estimation applica-
tions. However, it has also emerged as a result of these analyses that RSH-based techniques, in
their past state in the technical literature (prior to this thesis), had the main disadvantage of not
having a reliable and non-invasive method to localize the RSHs, assign them their ν index, and
operate without the need to know the number of rotor slots, which is the key aspect to have a
precise, general, non-invasive and automatic speed estimation method for MCSA steady-state
diagnosis and efficiency estimation in the 4.0 Industry. This result has been paramount for the
development of the thesis, since it determines the key aspect on which efforts must be focused
in order to develop a speed estimation method with such characteristics.

Starting from the results and conclusions obtained in the first publication, a precise, gen-
eral, non-invasive and automatic speed estimation method for MCSA steady-state diagnosis
and efficiency estimation of IMs in the 4.0 Industry has been developed in the second publica-
tion. This method is the first SSE method that achieves to automatically localize the family of
RSHs, properly assigning their ν indices, without knowing the number of rotor slots, without
introducing errors as a preliminary estimate based on rated slip or use of RFSHs, without using
invasive tests (e.g., no-load test), not restricting to PSHs, and not wrongly assuming that the
highest amplitude corresponds to ν = 1. To this end, a new formula for the RSHs frequen-
cies has been deducted, allowing to characterize a RSH through two parameters, [Oν, ν], thus
eliminating the need to know the number of rotor bars. Based on the properties of said for-
mula, a smart RSH search method has been built, allowing to localize and classify the RSHs
by families. Then, based also on the properties of the formula, a method has been given to
calculate parameters [Oν, ν]. Oν is directly calculated as fRSH |s=0/ f0, being f0 the frequency of
the fundamental component, and fRSH |s=0 the frequency of the located RSH at no-load (s = 0),
which in turn coincides with the nearest odd multiple of f0 to the right (left in generator mode)
of the said harmonic when (s ̸= 0). The other parameter, ν, is calculated using a novel iter-
ative method, whose convergence criteria is based on matching the information provided by
16 different speed-dependent harmonics. This last step ensures that the slip estimated is in
concordance with position of all the speed dependent harmonics present in the stator current.

First, the algorithm has been proved to work with different number of rotor bars theoreti-
cally and by simulation. In these simulations, the rotor of a two pole pair (p = 2) motor has
been configured under three different number of bars: 26 (odd R/p), 27 (non-integer R/p) and
28 (even R/p). Then, each configuration has been tested under 85% and 55% of the rated load
with four typical skewing angles: straight bars, half rotor slot pitch, one stator slot pitch and
one rotor slot pitch. From the 24 simulations obtained, in 23 of them, the algorithm has cor-
rectly located and characterized from 2 to 9 RSHs per study case. This is a differential feature
with respect to other works in the technical literature, where the methods presented are com-
monly designed for motors that are PSHs producers (even R/p), ignoring the rest of motors
(odd and non-integer R/p), where the detection tends to be more difficult. Therefore, this deep
analysis shows the general applicability of the method.
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Next, the algorithm has been tested using signals from a test-rig, assessing its capabilities
in localizing the RSHs, determining their pairs [Oν, ν] and obtaining the speed/slip, using a
1000-line incremental encoder for comparison. The motor from which the signals have been
acquired has been tested under three different supply frequencies (20 Hz, 35 Hz and 50 Hz-
line-fed) and with three different slips at each of these frequencies (0.046, 0.02 and 0.0067). For
testing the ability to locate and characterize RSHs, signals of 200 s have been used, while for
testing the speed estimation accuracy, 50 signals of 50 s per case have been taken to obtain the
average errors in speed and slip. The test shows that the algorithm is able to correctly charac-
terize the RSH family for all cases, locating from 5 to 6 RSHs per case and detecting from 5 to 8
fault harmonics with the estimated speed. These results put in value the general applicability
and robustness of the algorithm, since it proves to work under different load and feeding con-
ditions, without losing performance. The test also shows that the speed error and the relative
slip error between the 1000-line encoder and the algorithm are extremely low: below 0.05 rpm
and 0.5% (if the slip is 1% and the slip relative error is 0.5%, the measured slip is either 1.005%
or 0.995%). These results show the high accuracy of the method, proving that the designed
speed estimation method can replace a 1000-line encoder in a MCSA steady-state diagnostic or
efficiency estimation application.

Finally, the algorithm has been industrially validated using an own database of real mea-
surements belonging to 105 different IMs with a wide range of nameplate characteristics: from
a few kW to 2 MW, 0.67% to 8% slip, 400 V to 6.6 kV and from 1 to 5 pole pairs. This database in-
cludes measurements of motors with low rated-slips (21 motors with slip lower than 1%) and
converter-fed at low frequencies, which are the most challenging conditions for algorithms
based on harmonics detection. The algorithm has been successful at estimating speed in 100
out of 105 cases (the 5 remaining cases are under extremely no load condition or improperly
measured), giving a mean value of 7.3 RSHs and 7.6 fault harmonics localized per motor. These
results not only demonstrate the general applicability of the method, since it works with 100
different IMs, but also its robustness, as the slips estimated through the RSHs localized and
their assigned pairs [Oν, ν] allow locating a high number of speed-dependent fault harmonics,
thus verifying the coherence between the RSHs (plus their estimated [Oν, ν]) and the informa-
tion available in the spectrum.

As seen above, the algorithm results with laboratory or industrial measurements are better
than in simulation, despite the higher noise. This is because a real motor has an iron core with
a non-linear characteristic and inherent asymmetries. These features create extra RSHs in the
spectrum that are not present in ideal conditions, and enhances the amplitude of the harmonics
related to motor imperfections, such as rotor defects or eccentricity, which are precisely the ones
that the algorithm tracks.

Once the algorithm has been developed and its accuracy, automaticity and general appli-
cability proved, the next step has been to implement it in a continuous monitoring system. In
this regard, a continuous condition monitoring system based on steady-state MCSA has been
designed to autonomously operate in ten deep-well pumping stations. The system has been
automated to take steady-state measures every six operating hours, sending the signals via
internet to a computer where a steady-state MCSA algorithm that uses the designed speed
estimation method has been implemented. This MCSA algorithm has been periodically report-
ing the evolution of different fault harmonics. At a given point of the monitoring in one of
the facilities, it was observed the LSH, associated to rotor faults, described strange patterns
with ups and downs. This opened a new line within the present thesis that led to the third
publication, where a previously unreported failure that takes place in deep-well submersible
motors is described: the wear of the rotor end-rings. In this publication, the peculiarities of
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these IMs, and especially, of their unusual rotor manufacturing process have been analyzed,
explaining how they intervene in the failure mechanism of the end-ring. Moreover, the dif-
ficulties of diagnosing this fault through conventional rotor asymmetry indicators have been
addressed too, coming up with a new paradigm when diagnosing rotor faults through rotor
asymmetry harmonics: the ratio of change in the LSH amplitude must be used as an indicator
of end-ring wear, even if classic LSH alarm thresholds are not reached. Conclusions have been
supported by simulation, laboratory tests and the continuous monitoring of two field motors
working in deep boreholes during nearly a year. It is important to remark that in this discovery
the speed estimation algorithm has played a key role. First because it is not possible to observe
the patterns without a high-accurate and automatic method to localize the fault harmonics, or
in other words, without a precise method to estimate speed, since there are many other har-
monics around due to the frequency converter. Second because these motors are submerged
at depths of up to 500 m, and therefore, it is not possible to test the motor to determine the
number of rotor bars, as other methods based on RSHs do.

After proving the accuracy, automaticity and generality of the method (second publication)
and its capability to be implemented in a continuous condition monitoring system (third publi-
cation), the last step has been to study whether the same harmonics used to estimate the speed
(RSHs) can also be used to diagnose. This line of investigation has led to the fourth publi-
cation: a comprehensive study of PSHs (a particular case of RSHs) to assess their reliability
as indicators for early detection of inter-turn faults in deep-well submersible motors. In this
study, the operating and constructional characteristics of these motors have been theoretically
analyzed, concluding that they can act as game changers in terms of inter-turn fault detection
through PSHs, and that, it is possible to predict the most fault sensitive PSHs as a function of
the number of rotor bars and pole pairs of the machine.

These findings have been validated using FEA by building the model of a 22 kW deep-
well submersible motor with four levels of inter-turn fault severity (the four least severe). The
results show that the most sensitive PSHs are precisely those predicted by the theoretical anal-
ysis, showing extremely high changes of 40 dB from healthy to only 1.52% shorted turns, and
a very high change of 10 dB from 1.52% to 3.03%. Moreover, it is also observed that, in this
motor, for the first two fault states, the short-circuit current is even lower than the rated phase
current (44.48% and 89.17%), thus suggesting that the fault can be detected at an early stage
before becoming catastrophic.

As a part of the FEA, the reliability of these harmonics to detect inter-turn fault in the pres-
ence of other asymmetries (voltage unbalance, eccentricity and rotor fault) with different de-
gree of severity has also been assessed. This analysis shows that by monitoring two of the most
fault sensitive PSHs, associated to harmonic flux waves with opposite rotating direction, and
in two of the line currents, it is possible to reliably detect the inter-turn fault. In the case of
a voltage unbalance between 0.25% and 1%, increases ranging from 1.5 dB to 5.3 dB are ob-
served when going from healthy state to 1.52% of shorted-turns, while when going from 1.52%
to 3.03% of shorted-turns the increases are in the range of 4 dB to 8 dB. In the case of eccentric-
ity, increases ranging from 4 dB to 31 dB are observed when going from healthy state to 1.52%
of shorted-turns, while when going from 1.52% to 3.03% of shorted-turns the increases are be-
tween 4 dB to 9 dB. In the presence of rotor asymmetries, the same behavior is observed that
in the case of only inter-turn fault, which means that rotor asymmetries do not affect this indi-
cator. Furthermore, from this analysis, it is also observed that two extra indexes are needed to
discriminate an increase in the PSHs due to a voltage unbalance or eccentricity from an increase
due to inter-turn fault. These indexes are the VUI and the CUI.

Finally, taking into account all the findings obtained from the theoretical analysis and FEA



Chapter 6. General discussion 135

results, a diagnostic scheme has been developed to reliably detect inter-turn faults through
the use of the most fault sensitive PSHs, the VUI and the CUI. This scheme has been applied
during the continuous monitoring of a 230 HP deep-well submersible motor during nearly a
year, achieving early detection of an inter-turn fault (corroborated by a motor repair store).
Moreover, this case study allows to conclude and confirm that the rotor asymmetries do not
affect the PSHs, that the use of the VUI and CUI successfully prevent from false positives, and
that the PSHs selected as the most fault sensitive are indeed the most sensitive to the fault
(changes of 8 dB are observed in the analysis for these PSHs, while of 2 dB for other PSHs).

Therefore, all this proves that the method solves the challenging problems of RSH-based
state of the art techniques (first publication and Chapter 1. Introduction), being not only capa-
ble of providing accurate and automatic speed estimation for almost any IM (second publica-
tion), as well as being implemented in a continuous condition monitoring system that helps to
solve real problems in industry (third publication), but also to possess a second direct applica-
tion for diagnostics through the exploitation of the same harmonics that are used to estimate
speed (fourth publication).
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Chapter 7

Contributions and conclusions

In the previous chapter, a general discussion about the results obtained in this thesis has been
made. In this chapter, the contributions made to scientific knowledge through this work are
listed and the conclusions drawn from it are presented. As the thesis is presented in the form
of Collection of Articles the contributions and conclusions are listed by publication. Finally, the
fulfillment of the objectives is discussed.



138 Chapter 7. Contributions and conclusions

7.1 Contributions

In this section, the original and novel contributions of this thesis are presented.

7.1.1 First publication and state-of-the-art review

• An identification of the requirements that a SSE method should meet in order to be im-
plemented in a MCSA steady-state diagnosis or efficiency estimation application for IMs
in the context of 4.0 Industry.

• A thorough state-of-the-art review on SSE techniques focused on determining which fam-
ily of techniques meets the requirements to be implemented on a MCSA steady-state di-
agnosis or efficiency estimation application in the context of 4.0 Industry, identifying their
current weaknesses and which are the lines of investigation that could lead to overcome
such problems.

• A detailed analysis of the SSE techniques implemented in two of the leading diagnos-
tic commercial devices, MCEMAX and EXP4000, identifying the problems of such tech-
niques and confronting them to other SRFSHB techniques using a database of 79 indus-
trial IMs.

7.1.2 Second publication

• A formula that allows to calculate slip/speed in a RSH-based technique without the need
to know the number of rotor slots, only requiring the fundamental frequency (easily iden-
tified as the maximum peak in the spectrum), the number of poles (available in the name-
plate), a new parameter called Oν (easily calculated as the frequency of the odd multiple
of the fundamental nearest to the right of a RSH divided by the fundamental frequency)
and ν (calculated through a sophisticated iterative method that takes into account the
speed information contained in up to 16 different speed-dependent harmonics).

• A method based on the properties of said formula that allows to locate and classify RSHs
into families in a very reliable, autonomous, and robust way.

• The definition of the parameter Ov, of easy calculation and direct assignation to each
detected RSHs, which avoids the need to know the number of rotor slots.

• An iterative method to correctly assign to each of the detected RSHs its corresponding
parameter ν, which ensures the coherency between the estimate speed through the RSHs
and the speed information contained in up to 16 different speed-dependent harmonics.

• A detailed study showing which families of RSHs appear in the stator-line current spec-
trum for each combination of rotor bars and pole pairs, identifying the most critical cases
for the algorithm and how the algorithm can deal with them, all supported by theoretical
analysis and a statistical study of a database of 3474 IMs containing information on their
number of rotor bars and pole pairs.

• A new, precise, general, non-invasive and automatic speed estimation method for MCSA
steady-state diagnosis and efficiency estimation of IMs in the 4.0 Industry, developed
through the conjunction of the previous contributions.
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• An extensive validation of the speed estimation algorithm using simulations, laboratory
tests and a database of industrial measurements of 105 IMs, covering a wide range of
nameplate characteristics: from a few kW to 2 MW, 0.67% to 8% slip, 400 V to 6.6 kV and
from 1 to 5 pole pairs.

7.1.3 Third publication

• The design and automation of a steady-state MCSA health condition system based on the
developed speed estimation technique, showing during nearly a year, and for the first
time in the technical literature, the continuous monitoring of two inductions motors (the
industry application is a deep-well pumping station).

• The discovery and characterization of a failure that very frequently takes place in deep-
well submersible motors: the wear of the rotor end-rings.

• A detailed description of the design and operating characteristics of deep-well sub-
mersible motors.

• A detailed description of the failure mechanism that leads to the wear of the end-rings
and how this failure may be the trigger of additional failures in this type of motors.

• A thorough analysis on the problematic of detecting this failure through traditional rotor
fault indicators, using signals obtained by simulation and from an experimental test-rig.

• The definition of a new diagnosis paradigm that must be considered in order to detect
the wear of the end-ring in deep-well submersible motors.

7.1.4 Fourth publication

• An investigation on how the special constructional and operating characteristics of deep-
well IMs act as game changers in terms of inter-turn fault detection through PSHs.

• A rule to determine which PSHs are the most sensitive to the inter-turn fault as a function
of the number of rotor slots and pole pairs.

• A comprehensive finite element analysis on the sensitivity and reliability of PSHs as in-
dicators for early detection of inter-turn faults, considering different fault severities, both
alone and coexisting with other asymmetries such as unbalanced voltages, eccentricities
or rotor faults.

• A diagnostic scheme, based on the results obtained through finite element analysis and
industrial data, to reliably detect inter-turn faults at early stages using the most sensitive
PSHs, the VUI, and the CUI.

• The first application of an inter-turn fault diagnostic scheme in the context of a continu-
ous monitoring of a deep-well IM operating in a pumping station, where data has been
collected every six hours for nearly a year.
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7.2 Conclusions

In this section, the conclusions drawn from this thesis are presented.

7.2.1 First publication and state-of-the-art review

• SRFSHB methods are the most suitable techniques to be applied in MCSA steady-state
diagnosis or efficiency estimation applications in a 4.0 Industry context, since they are
the only ones that can potentially meet the four requirements of: accuracy, general appli-
cability, non-invasiveness and automaticity. However, up to the completion of this thesis,
high accuracy was only characteristic of RSH-based methods, while general applicability
only of RFSH-based methods.

• SRFSHB methods used in commercial devices are not reliable in a considerable amount
of cases. On the one hand, EXP4000 has the main problem of using RFSHs, which do not
provide enough accuracy due to its narrow bandwidth and are difficult to be detected,
particularly in two-pole machines. On the other hand, MCEMAX uses the BBH and the
RFSH of the demodulated current. In this case, the major drawback is that, in order to lo-
cate these harmonics, the algorithm uses a preliminary speed estimation whose accuracy
depends on the magnitude of the no-load current and the consistency between name-
plate data and actual values. Nevertheless, detection difficulties also arise in these two
harmonics, and besides, their different speed estimation errors may generate inconsis-
tencies, leading the device to ask for a human check. Therefore, there is a clear need to
provide an accurate and reliable speed estimation method for the industry.

• The best SSE solution for steady-state MCSA or efficiency estimation in 4.0 Industry is
a RSH-based technique (high-accuracy). However, in order to ensure non-invasiveness,
this technique should eliminate the need to know the number of rotor slots. Moreover,
in order to be automatic, it should be able to detect the RSHs and assign their ν indexes
autonomously. Finally, the algorithm should be able to work for any IM, reaching general
applicability.

7.2.2 Second publication

• The SSE algorithm developed is highly accurate: absolute speed errors and relative slip
errors below 0.05 rpm and 0.5% respectively, when compared to a 1000-line encoder.

• The SSE method developed is completely general: it works with different skewing angles,
with odd, even or not integer R/p (given that it also detects RSHs with k > 1), with grid
or frequency-converter supply, with high or low load, and with high or low slip. More-
over, it has been successfully tested in 105 industrial motors of different characteristics
(specifically under the most challenging conditions: low fundamental frequency and low
slip).

• The SSE method developed is completely non-invasive: it only uses as starting point the
stator line-current (which can be captured with a current clamp) and the number of pole
pairs (which is available on the nameplate).

• The SSE method developed is completely automatic: it can autonomously localize the
RSHs, calculate their parameters Oν, determine their indexes ν, and finally calculate
speed/slip.
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• The Speed Estimation method developed is easily implementable in field monitoring sys-
tems: it has a low computational burden (it takes less than 2 s to be executed in a PC with
an Intel Core i7-8700 processor for a 200 s signal at 10 kHz), and a simple signal processing
(FFT and hilbert transform).

7.2.3 Third publication

• Deep-well submersible motors have a specific rotor end-ring manufacturing process not
found in conventional copper fabricated or die-cast aluminum rotors. End-rings are made
of copper laminations with punching holes where the bars are placed. The end of these
bars are glued to the end-ring laminations using a copper liquid soldering.

• The internal cooling water used in these motors, which is propelled by the rotor and
moves at high speed, erodes the liquid soldering, thereby producing the wear of the end-
rings.

• The wear starts at some point of the end-ring (e.g., a segment between two bars), and
progressively spreads over the whole end-ring, but in a random and non-uniform way.

• The wear of the end-ring causes the same electro-magnetic asymmetry effects that broken
bars, and therefore, is correlated to the amplitude of the traditional BBHs, being the most
significant of them, the LSH.

• At the beginning, the fault can be too subtle to be detected. Later, as it spreads to non-
adjacent segments, the electro-magnetic asymmetry effects can be canceled out, leading
to false negatives.

• Traditional approach of LSH monitoring with long periods between measurements (e.g.,
biannual) is insufficient for end-ring wear reliable detection. First, in a single amplitude
measurement, the wear might not be enough to rise the LSH amplitude to a level consid-
ered faulty, according to traditional rotor fault indicators. Second, once the wear spreads,
rotor asymmetry might even be canceled due to multiple segments wear, lowering the
LSH amplitude.

• A new paradigm must be considered in deep-well IMs: condition monitoring must be
conducted continuously using the ratio of change in the LSH amplitud as an indicator
of end-ring wear, even if classic LSH fault related thresholds are not reached (-45 dB).
Changes in the secondary rotor asymmetry harmonics, properly chosen, are a very useful
complement in the LSH monitoring.

• Stopping the motor at an early stage of end-ring wear may prevent this fault from con-
taminating the water. The suspended particles might be impelled by the centrifugal force,
and impact into the stator winding, causing serious damage to the insulation.

• The SSE algorithm developed can be implemented in an industrial continuous condi-
tion monitoring system, providing reliable speed information, and therefore, reliable har-
monic positioning, thereby enabling fault detection, as the end-ring wear.

7.2.4 Fourth publication

• Deep-well submersible motors characteristics make them particularly suitable for early
detection of inter-turn faults via PSHs through an FFT steady-state analysis, since:
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• An incipient stator fault in this type of motors does not cause a destructive current;
it can be even lower than the rated current.

• Stator windings of deep-well submersible motors are subjected to less thermal stress
than conventional motors since they are doubly water-cooled and operate with a
very constant ambient temperature of around 15ºC. This acts as a retarding factor in
the propagation of the inter-turn fault to a catastrophic failure, and therefore, enables
an early detection of the fault.

• These motors are built with two poles to achieve high power and speed with a re-
duced diameter (to also reduce excavation costs), and with an even number of rotor
bars to avoid unbalanced magnetic pull. Therefore, as the number of rotor bars per
pole pair is an even number, they are Principal Slot Harmonics producers.

• As a consequence of the reduced size of its diameter, the slots are small, and there-
fore, so is the number of conductors per slot. Hence, the small number of turns of
an early-stage short-circuit represents a higher percentage, with respect to the total
number of phase turns, than in conventional motors, thereby becoming more notice-
able for the fault indicator.

• These motors work continuously for long periods of time and without significant
load or speed variations, as water is usually pumped to a tank. This highly reduces
the possibilities of false positives due to changes in the Principal Slot Harmonics
amplitude originated by changes in the load. Moreover, it also makes the steady-
state FFT analysis ideal to be applied.

• In these motors, there is always a set of PSHs that are nearly absent in the healthy
machine, and highly increase when the inter-turn short-circuit takes place, especially
at early stages (this can be extrapolated to any motor that is PSHs producer). These
PSHs can be known beforehand.

• In the presence of other asymmetries, by selecting from this set two PSHs where one of
them is associated to a counter-clockwise rotating harmonic flux wave and the other to
a clockwise one (PSHs associated to the same |ν| but with different sign), it is observed
that always one of them maintains a constant amplitude increase with the fault severity
in one of the line currents. Hence, it is only necessary to monitor these two Principal Slot
Harmonics, in two of the line currents.

• These PSHs can be determined thanks to the use of the SSE algorithm, which not
only localizes the PSHs and calculates their Oν parameters, but also determines their
associated ν.

• Short-circuit false positives due to voltage unbalance and eccentricity can be avoided if
the VUI and CUI are also monitored.

• Rotor cage faults cannot produce short-circuit false positives.

• Repair shops of deep-well motors only apply simple tests (usually phase-to-phase, phase-
to-ground resistance and visual inspection looking for dirt) to determine the state of the
stator insulation, using very conservative criteria, which easily imply rewind of the stator
windings to assure that the components will last longer when the motor is placed in a 100
to 500 m deep well, thus avoiding the high cost of extraction if an early fault takes place.
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7.3 Fulfillment of the objectives

The specific objectives of this thesis are:

• To conduct an exhaustive state-of-the-art review of the families of sensorless speed es-
timation techniques, also including commercial devices that make use of them in their
efficiency estimation and diagnosis algorithms, with the aim of identifying: which of the
families is the best suited to be implemented in steady-state MCSA diagnosis and effi-
ciency estimation algorithms for IMs, which are the main drawbacks of said family, and
how these weaknesses might be overcome.

• To develop a theoretical formula to obtain the frequency of the RSHs without knowing the
number of rotor bars, thus overcoming the non-applicability of these type of techniques
in IMs of unknown parameters.

• To build an algorithm to locate the RSHs, among the numerous harmonics of the current
spectrum, as well as to determine their parameters (e.g., ν index), all in an automatic and
reliable way, thus allowing to determine the speed with accuracy, as well as the position
of the fault harmonics.

• To test the algorithm with a set of motors covering different designs, driving different
loads and fed with different power supplies, achieving this by using signals from simu-
lation, lab tests and 105 industrial motors.

• To implement the algorithm in a plug and play device that conducts the continuous con-
dition monitoring of an IM in an automatic and online way, so that it can detect those
faults present in IMs that generate speed-dependent harmonics in the stator current spec-
trum.

• To study the RSHs as potential indicators for early detection of inter-turn short-circuits
(especially in deep-well motors).

The first of the objectives was achieved with the publication of Chapter 2 and comple-
mented by the state-of-the-art review conducted in Chapter 1. Second to fourth objectives were
fulfilled by the development and testing of the speed estimation method presented in Chapter
3. Fifth objective was achieved by implementing the method in a continuous monitoring sys-
tem as shown in the publication associated to Chapter 4. Finally, the last of the objectives was
achieved with the study conducted in the publication of Chapter 5.

Therefore, it can be concluded, that all the objectives proposed for this thesis have been
successfully fulfilled.
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Chapter 8

Future works

The work conducted during this thesis has led to a precise, general, non-invasive and auto-
matic speed estimation method that has been successfully tested to reliably provide the speed
required by MCSA diagnostic and efficiency estimation algorithms for induction motors. In
addition, it has also laid the groundwork for new lines of research, which are presented in this
chapter.
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8.1 Extension of algorithm capabilities to estimate speed in transient
conditions

The algorithm presented in this thesis has been successfully tested to provide accurate speed
information using steady-state currents, since this is the condition in which MCSA diagnosis
and efficiency estimation are usually applied. However, certain MCSA diagnostic techniques
for transient conditions have emerged that also require precise knowledge of the speed [1].
In addition, efficiency estimation techniques have also been recently proposed, in which the
parameters necessary for their application (such as equivalent circuit parameters) are obtained
through transient signals (such as start-up) and in which it is also necessary to know the speed
during the transient [2]. In this regard, it would be interesting to extend the capabilities of
the algorithm to provide speed in such transient conditions, so it could be used by these new
diagnostic and efficiency estimation techniques for induction motors.

8.2 Development of a low-cost commercial system for MCSA diag-
nosis and efficiency estimation in induction motors

The sensorless speed estimation algorithm has been implemented using an academical license
for MATLAB in a PC with an Intel Core i7-8700 processor, while the signals have been ob-
tained using commercial equipment from PicoTech. This results in an expensive and non-
commercially exploitable system. Therefore, if the work conducted in this thesis, along with
its future extension to transient conditions, are to have a real and feasible applicability to the
industry, it is of utmost importance to design a low-cost hardware where the diagnostic and ef-
ficiency estimation methods are implemented using a non-proprietary programming language
(e.g., Python).
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Appendix A

Short-circuit modeling

This appendix expands the information found in Chapter 5 regarding the method used to
model the inter-turn fault.
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A.1 Model

The approach used to model the inter-turn fault is depicted in Fig. A.1.

FIGURE A.1: Scheme of the approach used to create the inter-turn fault.

In this approach, a certain coil is designated as coil AA’. Then, another coil of the same
phase which has at least one of its sides located in a slot adjacent to where one of the sides
of coil AA’ is located is designated as coil BB’. Next, each of these coils is divided into three
groups of coils (kk’, ii’, jj’, mm’, ll’, and nn’), with the middle groups (ii’ and ll’) consisting of a
one-turn coil , so that:

Zslot = ZA = ZA′ = Zk + Zi + Zj = Zk′ + Zi′ + Zj′

Zslot = ZB = ZB′ = Zm + Zl + Zn = Zm′ + Zl′ + Zn′
(A.1)

where Zslot is the number of conductors in series per slot or the number of conductors in se-
ries per slot divided by two when its a double layer winding, and Zx the number of conductors
in the side x of the coil group xx′.

The short-circuit is then created between the middle groups of the coil sides located in
adjacent slots through a contact resistance of 0.1 Ω between points U-V (where the blue dashed
line is). The conductors in the healthy part of the winding (green path) are the ones in the coil
sides k, k’, n, n’, i and l’, while the conductors in the shorted loop (light blue path) are the ones
in the coil sides j, j’, m, m’, i’ and l. As the number of conductors in the middle groups is fixed
(one turn coil), the fault severity can be handled by modifying the number of conductors in the
rest of the groups (always satisfying (A.1)), being the fault severity or % of shorted-turns:

% o f shorted turns =
Zj + Zj′ + Zm + Zm′ + Zi′ + Zl

ZT
· 100 (A.2)
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where ZT is the total number of conductors in series of one phase.

A.2 Currents

With this approach three circulating currents appear:

• Short-circuit current: is the current circulating through the shorted-loop (light blue path).

• Phase current: is the current circulating through the healthy part of the phase winding
(green path).

• Contact-resistance current: is the current circulating through the contact resistance
(dashed blue path).
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Publications

This appendix lists those contributions derived from the present thesis that have been pub-
lished, up to the date of submission, in the form of journal/conference articles and patents.
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