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Thesis Summary

Pumps are the heart of many processes in industry and service sector. Electric motors are
responsible for 69% of electric energy consumption in industry, with 22% of them being used for
the operation of pumps. Pump faults can lead to process breakdowns and are thus related to high
costs for the plant operator. Furthermore, faulty operation of pumps reduces the energy efficiency
of the plant. In many cases, a time-based maintenance strategy is applied, which means that typical
wear parts are replaced within defined time cycles, which comes with some drawbacks such as
poor resource efficiency and high costs. Condition-based maintenance strategies — meaning that
the replacement of parts is planned based on the condition of the pump — are often based on the
evaluation of sensor signals like vibration or noise. However, the use of sensors also has some
drawbacks, such as additional investment costs, frequent problems with the sensor mounting, and
possible sensor faults. There is no widespread use of the current signal to make statements about
the pump condition, although current sensors are installed in many applications anyway. As for
motor fault diagnosis, different current-based techniques have demonstrated their function. Today,
motor current signature analysis is used in industry, especially for the diagnosis of induction

motors.

In this thesis, the current-based diagnosis of typical pump-related faults in different applications
is evaluated. In total, three different pump types are investigated: a wet-rotor pump, a dry-runner
inline pump, and a submersible pump. The techniques used for motor fault detection are adapted
for the diagnosis of pump-related faults. The results indicate that the faults clogging, impeller
crack, and bearing wear, in particular, influence two frequencies in the current spectrum, which
can be used as a basis for a condition-based maintenance strategy. Especially in wet-rotor pumps,
these two fault indicators strongly vary depending on the hydraulic load point of the pump. With
the help of a feature extraction method based on the adapted reference frame theory, this work
demonstrates that the two frequencies can be analyzed in real time in a field environment.
Furthermore, a concept for cloud monitoring is presented and validated with the help of a
laboratory test. Additionally, it is demonstrated that the faults are visible if the starting current is
evaluated in a time-frequency map, which has not been considered before in the literature on pump-

related faults. In summary, the findings of this work indicate that current-based diagnosis methods



can successfully detect typical faults in pumps, a fact that is of high interest for companies using

these assets in their industrial processes.

The results of the investigation carried out in the thesis have led to three different publications in
international indexed journals, four publications in prestigious international conferences and one
book chapter. These outcomes show the novelty of the developed work as well as the interest that

it has drawn among the scientific and industrial communities.



Resumen de la tesis doctoral

Las bombas hidraulicas son el ndcleo de muchos procesos en la industria y el sector servicios.
Conviene tener en cuenta que los motores eléctricos son responsables del 69% del consumo de
energia eléctrica en la industria, siendo en torno a un 22% de motores utilizados para el
accionamiento de bombas. Los fallos de estas bombas pueden provocar averias en el proceso y,
por lo tanto, implican altos costes econdémicos para el operador de la planta. Ademas, un
funcionamiento defectuoso de las bombas conlleva una reduccion de la eficiencia energética de la
planta. De forma habitual, se utilizan principalmente dos tipos de estrategias orientadas al
mantenimiento de maquinaria. Una estrategia de mantenimiento (mantenimiento preventivo)
consiste en la sustitucidn de las piezas desgastadas en un intervalo de tiempo fijo. Este tipo de
estrategia presenta muchas desventajas asociadas a la escasa optimizacion en el uso de los recursos
y al consiguiente impacto econdmico. Por otro lado, la estrategia basada en la condicion del equipo
(mantenimiento basado en la condicion) liga el reemplazo de las piezas desgastadas al estado del
equipo, el cual es monitorizado a través de sefiales adquiridas mediante sensores. Sin embargo, el
uso de sensores tiene algunos inconvenientes, como costes de inversion adicionales, posibles
problemas en el montaje del sensor y posibles fallos del mismo. El anélisis de la sefial de corriente
no se ha utilizado de forma habitual en la préctica para evaluar el estado de la bomba, aunque en
muchas aplicaciones se dispone de sensores de corriente ya instalados que se podrian utilizar a tal
fin. Se ha demostrado que técnicas basadas en el analisis de la corriente resultan de gran utilidad
para diagnosticar varios tipos de fallos en motores eléctricos. De hecho, el anélisis de la firma de
corriente del motor se utiliza hoy en dia ampliamente en la industria, especialmente para el

diagnostico de fallos en motores de induccion.

En la presente tesis, se evalia la utilizacion de la técnica de andlisis de corrientes para el
diagndstico de fallos tipicos relacionados con las bombas en diferentes aplicaciones. Se investigan
tres tipos de bombas diferentes: bombas en linea de rotor humedo, bombas de rotor seco y bombas
sumergibles. En la tesis se han adaptado diversas técnicas, previamente empleadas para la
deteccion de fallos en motores, al diagnostico de fallos en la propia bomba. Los resultados indican
que fallos como obstruccion de la bomba, fisura del impulsor y desgaste de los cojinetes influyen
especialmente en dos frecuencias del espectro de corriente, las cuales pueden utilizarse como base

de estrategias de mantenimiento basadas en la condicion. En concreto, en las bombas de rotor
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humedo, estos dos indicadores de fallo varian sensiblemente en funcion del punto de carga
hidraulica de la bomba. Con la ayuda de un método de extraccion de caracteristicas basado en la
motor reference frame theory, se demuestra que las mencionadas frecuencias pueden analizarse en
tiempo real en un entorno industrial. Ademas, se presentan directrices para la monitorizacion en la
nube y se valida con la ayuda de ensayos de laboratorio. Adicionalmente, se demuestra que los
fallos son también detectables al analizar la corriente de arranque mediante herramientas de
descomposicion tiempo-frecuencia. Este hito no se habia abordado anteriormente en la literatura
técnica del area en lo referente a la deteccion de fallos en bombas. En conclusion, los resultados
de este trabajo demuestran que los métodos de diagnostico basados en la corriente pueden detectar
con éxito diversos tipos de fallo en bombas, lo cual constituye un punto de gran interés para las

industrias que utilicen estos activos en sus procesos.

Los resultados de la investigacién realizada en la tesis han dado lugar a tres publicaciones
diferentes en revistas internacionales indexadas y cinco publicaciones en congresos
internacionales de prestigio. Estos resultados muestran la novedad del trabajo desarrollado, asi

como el interés que ha suscitado en las comunidades cientifica e industrial.
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Resum de la tesi doctoral

Les bombes hidrauliques son el nucli de molts processos en la industria i en el sector dels serveis.
Cal mencionar que els motors electrics son responsables del 69% del consum de la energia eléctrica
en la industria, sent al voltant del 22% dels motors utilitzats per 1’accionament de bombes. Les
fallades d’aquestes bombes poden causar avaries en els processos, i per tant, representen un alt
cost economic per a I’operador de la planta. A més a més, un funcionament defectuos en les
bombes representa una reduccié de ’eficiéncia energetica de la planta. De manera habitual,
s’utilitzen principalment dos tipus d’estratégies orientades al manteniment de la maquinaria. Una
estratégia de manteniment (manteniment preventiu) consisteix en la canvi de les peces desgastades
en un interval fixe de temps. Aquest tipus d’estrategia presenta molts desavantatges associats a la
reduida optimitzacio en el us dels recursos i el seu impacte economic. D’altra banda, la estratégia
basada en la condici6 dels equipaments (manteniment basat en la condicio) enllaca la substitucio
de les peces desgastades al estat de 1’equip, el qual es monitoritzat per mig de senyals adquirides
per sensors. No obstant aix0, el Us de sensors té alguns inconvenients com costos d’inversid
addicionals, possibles problemes al muntatge i possibles fallades. L’analisi dels senyals de corrent
no s’utilitzen de manera habitual en la practica per avaluar 1’estat de la bomba, encara que en
moltes aplicacions, estos sensors es troben instal-lats i es podrien fer servir per a aquesta finalitat.
Ha estat demostrat que les técniques basades en 1’analisi de la corrent son de gran utilitat per el
diagnosi de diversos tipus de fallades en motors eléctrics. De fet, I’analisi de la firma de la corrent
del motor s’utilitza ampliament en 1’industria, especialment per el diagnosi de fallades en motors

d’induccid.

En la present tesi, s’avalua I’utilitzacid de la técnica d’analisi de corrents per el diagnosi de fallades
tipiques relacionades en bombes per a diferents aplicacions. Se investiguen tres tipus de bombes
diferents: bombes en linia de rotor humit, bombes de rotor sec i bombes submergibles. En aquesta
tesi se han adaptat diverses técniques, préviament utilitzades en el diagnosi de maquines
electriques, per al diagnosi de la propia bomba. Els resultat indiquen que les fallades com
obstrucci6 de la bomba, la fissura de I’'impulsor i el desgast dels coixinets influeixen especialment
en dos freqiiencies de I’espectre de la corrent, les quals es poden utilitzar com a base per a una
estrategia de manteniment basada en la condicid. Particularment, en les bombes de rotor humit,

aquestos dos indicadors de fallada varien sensiblement en funcié del punt de carrega hidraulica de
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la bomba. En I’ajuda de un métode d’extraccio de caracteristiques basat en la “motor reference
frame theory”, es demostra que les mencionades freqiiencies es poden analitzar en temps real en
un entorn industrial. A més a més, es presenten directrius per la monitoritzacio en el navol i es
valida en 1’ajuda de assajos en el laboratori. Addicionalment, es demostra que les fallades son
també¢ detectables quan s’analitza la corrent d’arrancada mitjancant ferramentes de descomposicio
temps-freqiiencia. Aquest fet no ha estat analitzat préviament en cap tipus de literatura técnica dins
del camp de deteccid de fallades en bombes. En conclusio, els resultats d’aquest treball demostren
que els metodes de diagnosi basats en la corrent poden detectar en exit diversos tipus de fallades
en bombes, el qual constitueix un punt d’interés per a I’industria que utilitzen aquest tipus de actiu

en els seus processos.

Els resultats de I’investigacio realitzada en aquesta tesi han produit tres publicacions diferents en
revistes internacionals indexades i cinc publicacions en congressos internacionals de prestigi.
Aquestos resultats demostren la novetat del treball desenvolupat, aixina com I’interés que ha

suscitat en les comunitats cientifica e industrial.
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1 Introduction

In this first section, the background of this thesis is introduced first, followed by the definition of

the objective and sub-objectives and a discussion of the methodology used in this thesis.

1.1 Background

Pumps used to transport liquids are among the biggest electric energy consumers in the European
Union (EU). The maintenance of pumps is still a challenge in industry, since there are no known
automated solutions for the condition monitoring of pumps. Faulty operation can lead to a
reduction of energy efficiency, but also to plant shutdown, and is thus related to high costs for

plant operators.

Most existing condition monitoring approaches for pumps that are not based on time-based
replacement of certain machine parts rely on the evaluation of the vibration or acoustic signals of
a pump. However, the use of additional sensors often implies additional costs for the company.
Furthermore, it is not possible to mount a sensor in every type of application. The current signal
of the motor that is used to drive a pump is easier to access in most cases. In many applications
where variable speed drives (VSD) are used, current sensors are installed anyway, since they are
often used for control or safety purposes. In these cases, there is an easy access to the current signal
and a platform for current-based monitoring is provided in addition. The number of VSD-driven
pump systems in industry is increasing dramatically. Even in applications where no VSD is used,

there is usually a relatively easy access to the power lines.

Condition monitoring of electric motors based on the use of the current signal is already being
applied in industry, with the analysis being mainly focused on the detection of faults in induction
motors (IM). However, there are also approaches for detecting faults in synchronous motors.
Conventional techniques are based on evaluating the motor current in stationary operation. The
best-known approach is the Motor Current Signature Analysis (MCSA), which is based on the
evaluation of certain frequencies in the amplitude spectrum of the current of one of the motor’s
supply phases. Other known approaches are based on the application of space vector techniques
and other methods. Recent developments in motor current analysis also consider transient signals,

for example during the startup of a motor.
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The detection of faults in the load driven by a motor via current analysis, however, has been barely
used in industry. The number of contributions in this research topic is still very reduced. Using a
VSD as a platform for the implementation of algorithms provides an opportunity for more efficient
and reliable operation of pumps.

1.2 Objectives of the Thesis

1.2.1 Final Objective

The main objective of this work is to examine different condition monitoring methods for pumps
that are based on the evaluation of the current signal. The focus of this work will be on pump-
specific faults, which have been barely investigated in state of the art research. Several techniques
(both classical and more recent) that have already been successfully applied for the detection of
motor faults are implemented and adapted here for the detection of pump-specific faults. This
includes the stationary analysis of signals, but also the transient analysis of startup signals of
pumps. The main objective also includes demonstrating that such a method can be successfully

implemented online in a target hardware to detect pump faults.

1.2.2 Sub-Objectives

This ultimate objective can be divided into a set of sub-objectives to be achieved throughout the

development of this thesis in the corresponding sections indicated below:

1) Review of the state of the art related to the diagnosis of the condition of rotating machines
based on the analysis of the motor current. The aim is to review the bibliographical references
that have dealt with the topic under investigation and to review the fundamentals of the
considered methods (Section 3 and 4). From the state of the art, different research questions
can be derived, some of which are discussed in the context of this thesis.

2) Development of a method that relates torque oscillations introduced by the faults with certain
harmonic amplitudes of a VSD-fed synchronous motor. This consideration helps to better
understand the transfer behavior of a motor for the detection of faults in its driven load. If such
mathematical model was available, it would be possible to assess in advance whether a
particular method can be successful with a specific pump. If, for example, there is a high
damping at a certain frequency that is influenced by the fault, then the current signal could

only be influenced so slightly that it is lost in the noise. (Section 4)
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3)

4)

5)

6)

7)

8)

The first part of the analysis of the experimental data focuses on steady-state parameters,
including power input, efficiency, and current consumption. The aim is to evaluate what the
implications are for the operator regarding the operation of pumps with faults. In addition, it is
to be considered whether the steady-state parameters reveal any information about the
condition of the pump. As a secondary aspect, it is investigated how the clogging error affects
the estimation of the flow and head parameters for a wet rotor pump. (Section 6)

After the evaluation of the steady-state parameters, another sub-goal is to investigate which
frequencies in the current signal are influenced by pump-related faults. Spectra of both healthy
and faulty variants of the different pumps are analyzed using the MCSA approach. (Section 6)
The thesis is also aimed to analyze the fault indicators found in MCSA in terms of whether
they have a dependence on the hydraulic load point. The goal is to validate whether this novel
method helps to distinguish the investigated faults. (Section 6)

Based on the results, another goal is to develop a method that implements the MCSA on a
pump's controller in real time. The aim is to find out whether such an algorithm can be
implemented in a field environment, in this case on the microprocessor unit (MPU) of a pump.
(Section 6)

In addition, another objective is to propose a method for monitoring a large number of pumps,
in particular circulators, using a cloud. This method is validated in a laboratory experiment.
(Section 6)

Finally, another goal is to answer the question of whether transient analysis of the stator current

is suitable for the detection of pump faults. (Section 7)

1.3 Structure of the Thesis

The content of this thesis has been structured into a series of sections, which are briefly described

below:

1.3.1 Section 2: State of the Art

After introducing the topic, the function and basics of pumps and their corresponding drives are

explained in Section 2. In addition, the design and construction of the pumps that will be examined

in more detail in this thesis are explained. This is followed by a presentation of the current state of

the art in the area of rotating machines maintenance, with the typical faults of pumps being also
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considered. How the monitoring of these pump faults is currently implemented is discussed in
another subsection. The section is rounded off with a presentation of the current state of the art in

current-based fault detection of electric motors and pumps.

1.3.2 Section 3: Theoretical Background

Section 3 lays the groundwork needed to apply the methods and analyze the results. First, the basic
relationships are explained to understand how a pump fault affects the stator current. Here, the
motor is considered as a kind of sensor with specific transfer behavior. In the following, basic
relationships are presented that are important for the spectral analysis of signals. This is followed
by a presentation of the most important relationships for the investigation of specific amplitudes
in the amplitude spectrum, which is particularly suitable for multiphase motors. Finally, the

fundamental equations needed for the transient analysis of a current signal are presented.

1.3.3 Section 4: Methods

In Section 4, all methods implemented to achieve the goals of this work are illustrated. As a first
step, the test objects to be analyzed are presented. In the following section, it is discussed which
faults were provoked and how the test objects were manipulated in the thesis. After a discussion

of the test benches and the measurement setup, the analysis methods are presented.

1.3.4 Section 5: Experiment Results: Stationary Analysis

In Section 5, the experiment results are discussed. However, in this section, only results
corresponding to the tested assets operating at stationary condition (meaning that the load and the
supply remained constant when the measurement values were obtained) are presented. First, the
stationary values, especially the rms value of the current, but also the input power or overall
efficiency are considered. The analysis of these values allows drawing conclusions regarding the
operation of a faulty pump, e.g., additional energy losses, and also for fault detection. It is analyzed
whether the caption of the stationary values is sufficient to detect a fault in the pump. In the next
section, the current signal of different pump configurations is investigated with the help of the
MCSA. Next, the influence of the hydraulic load point on the two typical frequencies of the stator
current that are especially influenced in MCSA is investigated. Finally, the results of the Adapted
Reference Frame Theory (ARFT), which was developed to investigate certain amplitudes in the

current spectrum to detect faults of a pump, are discussed.
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1.3.5 Section 6: Experiment Results: Transient Analysis

In Section 6, the current signals of different test objects are investigated in transient regimes. As
test objects, a wet-rotor and a submersible pump are investigated. The method implemented for
the analysis of the current signal is Advanced Transient Current Signature Analysis (ATCSA).

1.3.6 Section 7: Conclusion and Future Work

Finally, Section 7 presents the overall conclusions of this thesis, as well as future work on the
subject. The main goal of the conclusion is to summarize the findings of this work. Based on the

findings and the unanswered research questions, future work is derived.

The final part of the document presents a list of the articles that support the present work, including
three publications in indexed international journals (IEEE and MDPI) and four publications at
international conferences of great relevance in the area (IEEE ICEM20, IEEE SDEMPED?21,
EEMODS22, IEEE ICEM22) and one book chapter.
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2 State of the Art

In the Energy Roadmap 2050, the European Union has committed to reducing its greenhouse gas
emissions in 2050 by 80 to 95% below the level of 1990 (European Commission, 2012). Since the
energy sector accounts for a large share of man-made greenhouse gas emissions, a radical
reduction in greenhouse gas emissions is only possible through targeted measures and structural
changes in this sector. 70% of the worldwide electrical energy used in industry is fed into processes
via electrical drives (Shankar, 2016), resulting in 46% of the total electrical energy consumption
in the world (Waide, 2011). Of these 70%, energy is mostly used for the operation of pumps (22%),
air compressors (18%), and fans (16%); see Figure 2.1 (de Almeida, 2003). Electric drives for
medium transport thus represent an outstanding segment within the energy sector and can have a
correspondingly large leverage effect in the implementation of efforts to increase energy

efficiency.

Pumps
0,
2% Other
Motors
0,
Fans 9%
16%
Air Conveyors
Compressors 504
18% COOllng
Compressors
7%

Figure 2.1: Electromotive energy consumption for different applications (de Almeida, 2003)

In recent years, the focus has been on optimizing the design and control of rotating machinery, as
shown, e.g., by the Energy-Related Products Directive, which defines a minimum efficiency of
electrical equipment. An effect that is less in focus is the reduction of energy efficiency due to
incorrect or faulty operation of rotating machines. Rotating machines show a high degree of wear
due to their principle. All rotating parts, e.g., a rotor or the impeller, are under the influence of

static and dynamic forces, which are one cause of wear in the machine. In many processes,
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ensuring performance is the top priority, which can lead to over-dimensioned components.
Furthermore, it is possible that the system designer does not have enough information about the
process parameters, which can also lead to over- or under-dimensioning of the machine. For a
rotating machine, this means that it often operates in part loads and thus with worse efficiency
compared to the nominal point, for example in pumps (Glover, 2005). However, not only the
efficiency of the machine is reduced, but wear processes can also be accelerated due to the fact
that the machine is designed for the rated operation point. Examples of these evoked effects are
insufficient lubrication of the bearings or cavitation in pumps (Barringer, 2003). For pumps, these
wear processes can lead to an efficiency decrease of 10 to 25% before they are replaced
(Sustainability Victoria, 2009). The additional energy consumption usually goes completely

unnoticed by the plant operators and is accepted due to the lack of indicators.

However, there is already a technical solution for the detection of faults of rotating machines: The
condition of a rotating machine can be monitored based on the evaluation of sensor signals.
Suitable sensor signals include vibration, sound, or stray flux, but also the current. Low-cost
current sensors are well suited in that in many cases, they are installed for monitoring anyway.
This means that no additional costs for the hardware arise. Although experience has shown that
the initial costs for such sensor systems are lower than the energy costs that can be saved, these

systems have not yet become established.

In recent years, different methods have emerged. Of all the techniques mentioned in the literature,
MCSA is one of the best possible options today: It can be used during normal operation (online)
and non-invasively. Under favorable conditions, motor faults such as bearing damages or
eccentricities can be detected. A disadvantage of MCSA is the fact that it was developed solely for
the diagnosis of electric motors. One of the reasons for this is that the manufacturers of the driving
electrical machines do not know in which application their motor will be used. The driven working
machine is therefore not considered, which means that no statements can be made about the

condition of the load machine.

2.1 Pumps and their Drives

Mechatronic pump systems are the driving force in almost all production plants in the process

engineering industry. Pumps generate flow and increase fluid pressure to route the fluid through

20



the piping systems. In many applications, a large part of the energy used in the system is consumed
for pumping. For example, in drinking water systems, 80% of the energy is used for pumping
(Sperlich, 2018). The different requirements in terms of flow and head or pressure difference are
covered by different types of pumps. They can be divided into two main groups according to their
functional principle: rotodynamic and positive-displacement pumps. In industry, 73% of the
pumps used are rotodynamic pumps, whereas about 27% are positive-displacement pumps (Dultta,
2018). The most frequently used rotodynamic pump is the centrifugal pump (Bachus, 2003). Both
in the design and in the coupling of the motor and pump, there is wide variety in the design of
pumps. Standard pumps are usually connected to the motor via mechanical coupling. With
integrated pumps, the impeller sits on the shaft of the motor. In all cases, a bladed impeller rotates
at high speed in a housing adapted to the shape of the impeller. The liquid between the blades is
accelerated by centrifugal force and ejected from the impeller. The pumped medium leaves the
impeller at high velocity flows through the screw surrounding the impeller and is deflected into

the piping system.

Pumps are used in many different applications, for example in water management, general process
engineering, chemical industry, cooling, heating and drinking water systems, or to transport liquid
foodstuffs. The hydraulic system, which can be designed as an open or closed circuit, consists of
a large number of components, such as tanks or basins, pipelines, fittings, elbows, measurement

and control equipment, and internals such as heat exchangers and filters.

The impeller of a pump is driven in nearly all cases by an electric motor. Electric motors are mainly
classified into Direct Current (DC) motors, synchronous motors, and IM, which are also called
asynchronous motors. IMs have the property that the rotor of the motor runs slower than the force-
generating rotating field of the stator. The slip s of an IM is calculated based on equation (2.1),

taking into account the stator magnetic field speed ng and the rotor speed n,..
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IMs are the most widespread electric motors in industry, as they account for more than 90% of the
rotating electrical machines in industry (Antonino-Daviu, 2019). The biggest advantage of DC
motors is their easy speed regulation. However, in most cases significant disadvantages, e.g.,

delicate maintenance (commutator, brushes), outweigh the advantages. Therefore, their utilization
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has been progressively decreasing in industry in recent decades. Synchronous motors have some

drawbacks, such as the need for auxiliary systems for their startup, possible stability problems, and

construction complexity. The three-phase line-fed IM has established itself as the standard drive

for pump systems. If the pumping process does not require a continuous change in flow or head,

this is currently the best choice, especially thanks to its robustness and simple maintenance, low-

cost manufacture, and ability to start on the mains.

In many applications, it is necessary to adjust the duty point of the pump during operation. If flow

or head need to be varied in order to supply the process, different variants are suitable for adjusting

the operation point.

a)

b)

d)

Use of a throttle valve: In this case, a throttle valve is used to increase the flow resistance of
the piping system. The addition of the flow resistances of the piping system and the throttle
valve results in a steeper overall system curve. The point of intersection of the overall system
curve and the pump curve serves as the new operating point of the pump, which should not be
confused with the operating point of the system.

Use of a bypass valve: By connecting a valve in parallel, the opposite effect to throttling is
achieved and the overall system resistance is reduced. The reason for this is that the medium
can now flow both through the bypass and through the pressure system to the suction port of
the pump.

Parallel operation of two or more pumps: Parallel operation can be achieved by either
connecting several pumps in parallel or by using twin pumps. This allows the nominal flow
and head of the system to be increased. (Viholainen, 2013)

Impeller trimming: Impeller trimming means reducing the impeller diameter of a pump and
thus reducing the rotating speed at the impeller outlet of a centrifugal pump. Although
trimming leads to lower pump efficiency compared to the use of a valve, this method results
in higher system efficiency (Schaab, 2019).

Speed control: The use of a VSD to drive the motor enables setting an individual speed. This
speed can be higher or lower than the rated speed of the motor, within certain limits. The
position of the pump curve at the changed speed can be predicted with the aid of affinity laws.
The operating point desired by the customer can thus be easily achieved by adjusting the speed

(Vodovozov, 2013)
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Despite additional losses due to VSD, it is generally accepted that in nearly all cases, speed control
is the most energy-efficient method for adjusting operating points (Saidur, 2012), (Schaab, 2019).
The VSD-fed IM is currently the most common drive solution for variable-speed pump drives.
However, due to its principle, the losses in the rotor are high, which has a negative effect on the
efficiency of the motor. A decisive improvement in energy efficiency can only be achieved by
switching to a permanent-magnet synchronous motor (PMSM). In some applications, such
PMSMs have already become completely established. One example are controlled heating
circulation pumps, where all known suppliers use a PMSM as a drive (Rasmussen, 2002). The use
of reluctance motors is also becoming more and more interesting, as they do not require rare earth

magnets.

The pump impeller converts the mechanical power of the shaft into hydraulic power. The power

output P, (hydraulic power) of a pump is calculated in dependence of the head H, specified in m,
and the flow Q. Since H is given in m, the density of the transported fluid p and the gravity constant

g also have to be considered; see equation (2.2).

Py = pgQH 22)
The efficiency of a pump 71p,,.,, is calculated based on P, and the input power, which equals the

shaft power Py..p; see equation (2.3).

Py

2.3)

Npump = Purocn
ec

In many cases, the overall efficiency of a pump unit n,,;, which includes the pump and the motor,

is also of interest. 775, is calculated using equation (2.4), based on the electric power Pg; and Py.

Nsys = P_ 24)
El

There are two curves that are typically used to describe the behavior of a pump: the flow-head
curve and the flow-power curve; see Figure 2.2. The pump curves indicate the behavior of the
pump when the operating conditions change. The two curves describe the dependence of the head
and the power input (Py..r) On the flow in a process at constant speed. If the process is closed,
and thus no flow is available in the piping system, the head of the pump is at the highest point, and
thus referred to as the zero head of the pump, and the power input is at its lowest point. At this
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point, the power input only includes electrical, mechanical, and hydraulic losses. With increasing
flow, the head of the pump starts to drop, and the input power increases. If the head drops to zero,
again the power input only contains the mentioned losses, since the pump efficiency 1p,,,, drops
to zero. The point where 1py,,, is the highest is called the Best Efficiency Point (BEP) of the
pump. Most manufacturers recommend operating a pump close to its BEP. The shape of the two

characteristic curves varies depending on the design and shape of the pump impeller used.

a) Flow-head curve b) Flow-power curve
3
@
B g
Flow Flow

Figure 2.2: Characteristic curves of a pump: a) flow-head curve; b) flow-power curve

The head to be overcome by the pump consists of a geodetic component that is independent of the
flow and the head loss, which increases quadratically with increasing flow. The head loss is
determined by the dimensions of the pipe (diameter, length), the type of pipeline fittings, and the
materials used. Due to changes in the plant, but also due to deposits in the pipeline, the pressure
drop can change over time. If the piping circuit is a closed system, as is the case with heating
circuits, for example, the geodetic head that the pump has to overcome is zero. The resulting curve,
a parabola with y-intercept, is called the system curve. An operating point is set automatically from

the intersection of the pump curve with the system curve.

If a VSD is used to drive the pump, the characteristic curves of the pump change. The affinity laws
— see equations (2.5) with the flow Q, speed n, pump head H, and shaft power Py, which are
also used for other rotating machines — are used describe the changed characteristics of a pump.
The affinity laws are used for nearly all rotodynamic pump types, including centrifugal (Gevorkov,
2016) and submersible pumps (Sperlich, 2018).
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Q=i H =y (1) 5 Puecn = Pueena (1) 23)
In order to adapt to real-world conditions, values from 2.8 to 2.95, instead of 3, are also used as
the exponent in the power equation (Schaab, 2019). The effect of decreasing the speed on the two
characteristic curves is depicted in Figure 2.3. If the speed is lowered, for example, by 50%, the

flow is decreased by 50%, the head by 75%, and the input power by 87.5%.

a) Flow-head curves b) Flow-power curves

Head
Power

e [ ebeee

Flow Flow

Figure 2.3: Characteristic curves of a pump when speed conditions change (orange: nominal

speed; blue: lowered speed): a) flow-head curves; b) flow-power curves

To implement the affinity laws, it is assumed that the efficiency of the pump remains constant
under changed speed conditions. The change in efficiency can be captured using scale-up formulas.
An example to capture the efficiency change is given by the Ackeret equation; see equation (2.6)
(Hess, 2009).

1— 102
— :’71 =0.5- [1 + (%) ] (2.6)

An important parameter for pumps is the net positive suction head (NPSH) value, which defines
the difference between the total head in the inlet nozzle and the vapor head. If the pressure in the
inlet nozzle of the pump is too low, cavitation can form in the impeller of the pump. Cavitation
implies the partial evaporation of liquid in a flow process, which is created when the static pressure
locally drops to the vapor pressure of the liquid. After the liquid is transported to an area of static
pressure, the vapor condenses and implodes. Depending on the size of the cavitating zone, the head

and efficiency of a pump decrease, noise and vibrations increase, and components of the pump are
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damaged. NPSH is calculated using equation (2.7), based on the inlet pressure ps, the vapor

pressure py, the density p, and the flow velocity in the suction nozzle c,. (Gulich, 2014)

2

pS_pV+Cs

NPSH = =
S T

2.7)

Pump manufacturers specify a minimum value for NPSH in the pump data sheet, the NPSH
required (NPSH,.). The specification of the NPSH,. value means a cavitation-induced head drop of
3%. Therefore, the data sheets often contain the NPSH;. (KSB, 2022a)

If the speed of a pump is changed, NPSH, is calculated on the basis of the affinity laws; see
equation (2.8) (Gulich, 2014).

n 2
NPSH, = NPSH, (n—) (2.8)

1

Within the scope of this work, the three pump types, namely, wet-rotor pumps, dry-runner pumps,
and submersible pumps were analyzed, with a special focus on wet-rotor pumps. Because of this,

these three pump types will be described in more detail in the following sections.

2.1.1 Wet-Rotor Pumps

In wet-rotor pumps, the motor is flanged to the liquid-carrying pump housing and sealed off from
the environment. They are characterized by the rotor of the motor being surrounded by the pumped
liquid. The pump impeller and the rotor are mounted on a common shaft. A permanent seal must

be provided against the flow-carrying components of the motor.

One famous representative of the wet-rotor pump is the canned motor pump; see Figure 2.4. Here,
the wet rotor space is hermetically sealed by a can to the dry stator space (Urschel, 2017). In order
to improve motor efficiency, the can should be as thin as possible. At the same time, the can must
withstand the inner liquid pressure. Most of the medium flows from the inlet of the pump via the
impellers to the outlet. However, a part of the medium enters the rotor space through special bores,
flows around the rotor, and flows back into the pump housing through a bore in a hollow shaft.
The outlet is an opening in the shaft and is located in the low-pressure area. The force for the
circulation is provided by the pressure difference between inlet and outlet. The medium in the rotor

space additionally cools the can and the motor.
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Figure 2.4: Scheme of a canned motor pump (Wikimedia, 2013)

Compared to dry-runner centrifugal pumps, no shaft sealing is needed. This is one advantage of
wet-rotor pumps, as a defect of the shaft sealing is a common fault in dry-runner pumps.
Furthermore, the risk of leakage is minimized, which can be interesting for applications in

chemical plants.

Since ball bearings cannot be used in many liquids, journal bearings are used in wet-rotor pumps.
Journal bearings are used for the rotor bearings, with the lubrication of the journal bearings and
the cooling of the motor being taken over by the pumped medium. The pumped medium must
therefore meet specified viscosity and purity requirements. The load capacity of the journal
bearings is based on the formation of a lubrication film in the bearing gap. This gap has to be small
in order to be able to provide the load capacity. The lubrication film is formed with increasing
speed of the motor. Without a lubrication film, the shaft and the bearing shell are damaged.
Consequently, every startup of a wet-rotor pump can increase the risk of bearing wear. In an
asymmetrically worn bearing, no lubrication film can be formed. If no liquid enters the rotor space,
the bearing will be destroyed within a short period of time. The use of wet-rotor pumps is limited

to liquids with good lubricating properties.
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Figure 2.5: Picture of two wet-rotor pumps installed in a heating system

The circulation pump is a prominent representative of wet-rotor pumps. Circulation pumps have a
wide range of applications in heating, cooling, and photovoltaic systems. Circulation pumps alone
are responsible for about 2 to 3% of the total electric energy consumption in the EU, caused by
over 100 million circulation pumps (Barthel, 2006). Figure 2.5 depicts two circulation pumps
installed in a single-house heating system. Today's pumps are mostly designed as integrated wet-
rotor pumps. Circulation pumps are available in the power range from 5 W to 1.1 kW. Based on
(Bidstrup, 2001), a circulation pump with a power of 50 W is normally sufficient to supply one

household.

The first circulation pump was developed and patented by Wilhelm Oplénder in 1929. It was called
a “circulation accelerator”. It was the first step from gravitational hot water heating, which was
based on the principle that hot water has lower density than cold water, to the hot-water circulating
heating in use today. Circulation accelerators based on the patent of Oplander were used until
approximately 1955 (Wilo, 2005). In 1987, the first pump with continuous variable speed and

differential pressure control was developed (Bidstrup, 2001). There, the differential pressure was
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estimated based on sensing the slip of the IM. Further developments were based on the usage of

more advanced electronics and the application of PMSM.

In the early 2000s, first products were available based on PMSM (Bidstrup, 2002). Compared to
IMs, PMSMs had their advantage especially at partial load — and a circulation pump runs in partial
load for approximately 80% of the operation time (Rasmussen, 2002). Even in the smallest power
range, from 5 to 10 W, PMSM s had an efficiency of over 80% (Staubli, 1996).

The European Union has recognized that increasing efficiency can lead to major energy savings
and thus COz reduction. For this reason, the EU has adopted the ErP Directive (Energy-related
Products Directive), which specifies minimum efficiency levels, the so-called Energy Efficiency
Index (EEI), for circulation pumps; see (European Parliament, 2009). The developments of the last
20 years have focused on improving control and motor design. In addition, new concepts based on
the principle of synchronous reluctance have been proposed in the literature (Urschel, 2017). In
2002, the first product with an automatic set point control was presented (Bidstrup, 2002). The
basis of the development of new control approaches is the fact that flow and head can be estimated
using soft sensors (Eckl, 2019a). In some cases, pressure sensors are also installed; however, this
induces higher costs for the pump (Kallesge, 2014). The variable manipulated to control the head
is the speed of the motor. For speed control of the PMSM, vector control is used in circulation
pumps (Eser, 2019). Conventionally, there are three types of operation modes to control a
circulation pump (Bidstrup, 2002) (Eckl, 2019b). With the simplest type, an uncontrolled pump,
the speed is kept constant over the entire flow range. The pump continues to run unchanged at its
set speed and the differential pressure generated increases since the flow is limited by the valve.
With constant pressure control, on the other hand, the differential pressure generated is kept
constant over the entire range by determining the instantaneous pressure from the motor data and
adjusting it by changing the speed. This ensures the same flow at a lower differential pressure. The
most common way to control circulation pumps is proportional pressure control (Bidstrup, 2002)
(Eckl, 2019b). Here, the head of the pump is set in linear dependence of the flow. The biggest
disadvantage of the three mentioned control modes is that the heating technician who installs the
pump has to set the control parameters. To overcome this problem and further improve efficiency,
there have been further developments in recent years. The basis of the new control types is
differential pressure control. In (Eckl, 2019a), the author states that the aim of pump control is to
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provide the smallest possible head. In other words, an attempt is made to open the thermostatic
valves as widely as possible in order to minimize pressure losses. In (Kallesge, 2009), the aim is
formulated as controlling the pump in such way that the thermostatic valves are kept in the middle
position. The background of this approach is that the thermostatic valves in the middle position
have the best control behavior. (Eckl, 2019a) and (Tamminen, 2014) used ramped speed reduction,
where the flow of the pump is observed and used as an abort criterion for speed reduction.

Compared to differential pressure control, (Eckl, 2019a) notes an energy saving potential of 21%.

2.1.2 Dry-Runner Pumps

Dry-runner pumps are driven by motors mounted on roller bearings and separated from the
pumped liquid by mechanical seals. As with wet-rotor pumps, the impeller is mounted directly on
the motor shaft. Figure 2.6 depicts an example of a typical dry-runner pump. For larger drive
capacities, standard motors are also used, which means that the impeller has to be mounted on a

separate shaft, which is flanged to the motor via a coupling.
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Figure 2.6: Illustration of a dry-runner pump

In many cases, the mechanical seal is considered one of the most vulnerable components, making
this a distinct disadvantage compared to wet-rotor pumps. The mechanical seal is usually replaced
after a set period of time depending on the running time of the pump. Fan impeller and roller
bearings can be the source of noise, which can make the pumps too loud in certain applications
(such as residential use). Compared to wet-rotor pumps, where a stainless steel can is used, dry-
runner pumps have the advantage of higher electrical efficiency. This is especially true for higher
power classes of motors. This is why they are used especially in applications where high flow is
needed. Dry-runner pumps are used, in particular, for transporting aggressive fluids, as the motor
is not in contact with the transported fluid, which is why they are often used in the chemical
industry.
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2.1.3 Submersible Pumps

Submersible pumps are centrifugal pumps whose hydraulic components are flooded by the handled
fluid. Usually, this type of pump is not fitted with a suction line (KSB, 2022b). A submersible
pump is most commonly driven by an electric motor. Electric submersible pumps (ESP) are used
in many applications, for example in drainage, wastewater and slurry pumping, but also in water

extraction, water and oil wells.

Figure 2.7: Illustration of an electric submersible pump (Dergreg, 2004)

Submersible pumps play a special role especially in wastewater systems. Wastewater pumps, also
known as sewage pumps, are used to pump coarsely contaminated water, often containing solids
of various organic, inorganic, or mineral origins. Wastewater pumps are preferably single-stage
and are generally not self-priming. The use of impeller shapes depends on the pumped liquid.
Channel impellers are often used as impellers, especially in the form of a single, double, or triple
channel impeller, each closed or open. However, there are also designs with open single-channel

and diagonal impellers as well as vortex impellers.
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2.2 Maintenance of Rotating Machines and Pumps

Maintenance must use suitable strategies and measures to meet the high expectations that are put
on the systems and minimize unplanned system downtimes and the resulting costs of production
downtime. The choice of maintenance strategy (see Figure 2.8) is of great importance for the
efficient and cost-optimized operation of a rotating machine system. As an example, in the
petrochemical sector, maintenance costs account for 15-40% of the total cost of production
(Wowk, 1991). The high costs associated with the downtime resulting from a failure could be

avoided if the degradation is diagnosed in due time (Mclnroy, 2001).

Maintenance strategy

Reactive Preventive

Corrective Time-based Condition-based

Figure 2.8: Strategies for maintaining a rotating equipment system

Maintenance strategies are divided into two categories, reactive and preventive approaches.
Reactive maintenance means that no diagnostic method is applied during operation and the plant
operator does not respond to a fault until there is a failure in the plant. Corrective maintenance can
be useful for systems whose unplanned shutdown is not so cost-intensive or for rotating machines
that are designed with redundancy. This strategy has the advantage that the wear reserve of the
machine or of individual components can be fully utilized. Preventive maintenance means that the
plant operator reacts to any changes before the plant fails. It is divided into two sub-categories,
time-based and condition-based maintenance. With time-based maintenance, the components that
are susceptible to faults are replaced at regular intervals. To ensure high operational reliability,
components are often replaced early to minimize the risk of failure. Condition-based maintenance
means that the condition of the system is evaluated during maintenance. This evaluation can be
based on sensor signals or the experience of human beings. However, this approach to condition

assessment is often not totally reliable, and unplanned shutdowns and thus also unplanned
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maintenance measures cannot be prevented completely. The majority of pump operators and
maintainers practice corrective and time-based maintenance strategies, even though these

strategies often do not achieve the desired availability.

A poor maintenance system can have various consequences, some of them serious. These include
(Thomson, 2017):

e Unplanned downtime and loss of production and income
e Catastrophic failures

e Dangerous operating conditions that can lead to serious accidents

A large proportion of faults in rotating machinery can be attributed to the electric motor. Since
IMs are typically used, most faults are due to the motor type. Among others, these include
(Thomson, 2017):

e Bearing failures
e Stator winding failures
¢ Broken rotor bars or end rings in cage IM

e High airgap eccentricity and unbalanced magnetic pull

In addition to the motor, its driven load can also be a source of faults. With pumps, it is not possible
to make a general statement about which fault is the most likely, since this strongly depends on
the pump type and the application. In general, pumps are used to transport fluids, which can be the
source of faults, as the machine can corrode or form deposits on its surface due to contact with the
pumped medium. Furthermore, a significant source of problems in pumps occurs when they
operate away from their BEP (Casada, 1994). According to (Schdb, 2002), 80% of the pump faults
in the chemical industry are related to problems with the mechanical seal. (Dutta, 2018) assumes

that cavitation and sludge are the most probable reasons for pump faults.

On the one hand, cavitation itself causes a loss of hydraulic power and therefore affects the system
parameters. On the other hand, cavitation can be the cause of other faults, including, above all,

damage to the impeller; see Figure 2.9.
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Figure 2.9: Damage to an impeller due to cavitation (Milan, 2004)

Solids in the transport medium can also be the cause of damage to the impeller. In addition, solids
can cause the impeller to clog partially or completely. In wastewater applications, clogging of
ESPs is the most common problem; it can cause increased energy consumption and additional
maintenance and emergency call-outs (Flygt, 2017). The solids settle in the pump's hydraulic unit
and slowly adhere to the pump's impeller and to the inside of the pump casing. In the worst case,
the impeller is completely blocked, so that further rotation is no longer possible. If the drive is not
switched off in such a case, the pump hydraulics may be mechanically damaged or the electric
drive motor may be overloaded. 26% of the lifecycle costs of a wastewater pump are caused by its
maintenance and 4% are due to downtimes (Flygt, 2015). The most used maintenance approach is
the reactive approach, which means having an employee cleaning the pump while the plant is out
of service. Even with circulating pumps, for example, a blockage can be caused by solids or
contaminants in the piping system, as can be seen in Figure 2.10.
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Figure 2.10: Circulation pump blocked by contaminants (Janlepkowski, 2014)

Another fault that can occur is dry running of the impeller, which occurs when gas is carried along
or created in the suction line, or even when there is no liquid in the suction line (Dias, 2021). The
reasons for dry running can be turbulences in the system or incorrect NPSH (Tiwari, 2020). A dry-
running impeller can also cause overheating, abrasion, and vibration in the pump system (Dias,
2021).

Other typical pump faults are mentioned in (Dister, 2003). Among others, the most important faults

are listed below:

e Seal leakage: A defect of the mechanical seal followed by a seal leakage is especially likely in
standard chemical pumps, designed as dry-runner pumps (e.g., wet-rotor pumps do not have
mechanical seals).

e Water hammering: This effect occurs when a valve suddenly closes at the end of a piping
system and a wave propagates in the piping system.

e Cracked housing or mounting foot: This rare fault can be caused by extensive vibrations.
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In order to evaluate the quality of a diagnostic system, the state of the art mainly uses two
parameters: the false negative rate and the false positive rate. The false positive rate FPR is
calculated as the ratio between the number of negative events falsely classified as positive (false
positives) FP and the total number of actual negative events, which equals the sum of FP and the

number of true negatives TN; see equation (2.9).

FpP
=— 2.9
FPR FP+TN 29

The false negative rate FNR, on the other hand, equals the number of false negatives FN divided
by the total number of actual positive events, which equals the sum of FN and the total number of
positives TP; see equation (2.10).

FN
= 2.10
FNR FN +TP (210)

2.3 Condition Monitoring of Pumps

Depending on the area of application, very different methods based on different sensors are used
for condition-based pump maintenance. Therefore, it is impossible to make a general statement
that a certain method can work for all types of pumps. The choice of method must always be
adapted to the situation. Note that additional sensor technology is associated with extra costs in
most cases. In addition, it depends on the application whether an installation of additional sensors

is possible at all.

Different authors have proved that certain faults affecting the impeller of a pump have an influence
on the head of the pump (Beebe, 2004) (Jahangiri, 2018) (Thomson, 2017). In uncontrolled
systems, a decreasing head is followed by a decrease of flow. Consequently, the monitoring of
head and flow can be used to detect problems of the pump. However, the pump curve must always
be considered, since a system change can also result in a change of the pump operating point. In
addition, it must be assumed that such sensors are available in the first place, and that they can
permanently provide accurate results (keywords sensor drift and calibration). In many applications,

such sensors are not available.

Probably the most common method for pumps is the evaluation of the vibration signal. The

evaluation of rolling bearings on the basis of vibration analysis is already state of the art and can
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be found in standards such as VDI 3832. However, if the vibration is measured with the help of an
accelerometer at the casing of a pump, the signal additionally depends on the casing geometry and
material (Gulich, 2014). Bearing faults belong to a type of faults that do not strongly affect the
hydraulic quantities of the pump (Beebe, 2004). (Muralidharan, 2014) analyzed the vibration
signal of a monoblock centrifugal pump with support vector machine to detect the faults cavitation,
impeller, and bearing fault. (Mohanty, 2012) proposed a method for detecting a broken impeller
using the vibration signal. In (Ebrahimi, 2017), the signals of accelerometers are used for
diagnosis, especially of mechanical faults. Inlet and exit tip faults of an impeller were detected
using vibration in (Hamomd, 2014). Also, a damaged impeller was detected by evaluating the

vibration signal using linear discriminant analysis (Ahmad, 2020).

The first indicator of the fault cavitation, as a consequence of a low NPSH, is noise, which is
detectable with a hydrophone. (Cdina, 2003) proved that the evaluation of the acoustic signal of
the pump enables the detection of cavitation. Further decreasing NPSH is detectable with an
accelerometer at the surface of the pump casing. Vibration-based monitoring of pumps using a
neural network was proposed by (Nasiri, 2011). (Kotb, 2015) showed that the consideration of the
vibration spectrum is useful for detecting cavitation in a pump. Only with a further drop of the
NPSH does the abrasion of the impeller increase and the effective head of the pump starts to drop.
The occurrence of cavitation causes the pressure of the pump to drop, hence the degree of
cavitation is defined by the head drop (Gulich, 2014). The sooner cavitation is detected, the better
it is for the service life of the pump, even if efficiency is not affected at first. It was shown that the

evaluation of the signal of the pressure sensor enables detection of cavitation (Werner, 2009).

Especially in applications where no head or flow sensors are available, methods are proposed that
are based on the evaluation of input values, like power or current consumption. In (Jahangiri,
2018), a clogged impeller was examined and a decrease in the RMS value of the motor current
was detected. In wastewater applications, clogging of the motor pump is a common problem. There
are two options for reducing the probability of pump clogging: The first option is to design the
impeller in a special way (Flygt, 2017). The second option is to apply a maintenance strategy
specific to wastewater pumps. It was shown that changing the direction of rotation of the motor
helps to loosen debris or clogging (World pumps, 2019). The procedure of changing the direction
of rotation is called deragging. This measure requires an extra electrical circuit or a VSD. Two
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approaches are proposed for triggering deragging. The first option, which can be classified as a
time-based maintenance strategy, is to trigger deragging at defined time intervals (World pumps,
2019). The second option, classified as a condition-based maintenance strategy, is to trigger
deragging based on the evaluation of a condition variable. As condition variables, especially the
RMS current (Fullemann, 2013), but also the power factor (World pumps, 2019) are used. In this
application, the placement of additional sensors, such as vibration sensors, is a major problem, and
this explains why only electrical variables are currently used. It has been shown in field tests that
this approach can be successfully applied and can reduce the number of clogging occurrences by
70% (World pumps, 2019). However, the detection of clogging is only successful if the power
consumption is strongly increased. If clogging is present, this does not automatically mean that the

power consumption of the pump is significantly incremented.

In the field of circulation pumps, an important factor is to avoid additional costs for sensor
technology. For this application, few methods are known for diagnosing the faults of circulation
pumps. In the German-speaking region, an approach was presented that can detect the journal
bearings used by means of sound analysis (Deckers, 2001). However, as mentioned, no sound
sensors are installed in circulation pumps. (Albers, 2006) showed for a different application that
sound analysis is a useful tool for diagnosing journal bearing faults. (Eckl, 2019b) presents an
approach for circulation pumps that is based on the evaluation of the estimated mechanical power
in different speed conditions. However, the validity of the method was not proven with
experimental data. Circulation pumps that are driven by modern VSDs can be monitored for the

faults dry-running and hydraulic blockage (KSB, n.d.).

The current signal or electrical signals in general are also used to monitor the condition of pumps.

These methodologies will be considered in section 2.4.5.

2.4 Current-based Fault Detection of Rotating Machines

For the diagnosis of rotating machines, a distinction is made between model-based and signal-
based techniques (Harihara, 2012). However, signal-based techniques have become more
widespread. The main advantage of signal-based techniques is their lower complexity, which
allows easier implementation in practice (Harihara, 2003). As a basis for signal-based diagnosis,

a wide spectrum of signals (voltages, currents, vibrations, partial discharges, fluxes, sound...) are

39



available. Electrical monitoring, in particular, has some advantages compared to the other options,

which are summarized by (Antonino-Daviu, 2019) as follows:

e Possibility of remote monitoring (from Motor Control Center, substation, inverter...)

e Non-invasive

e Low implementation cost (simple equipment and possibility of using available sensors)

e Continuous, on-line monitoring capability

e Broad coverage of faults.

For electric motors, many papers and industrial implementations have shown successful

application of electric-signal-based diagnosis.

The current signals contain information about the condition of a motor. A simple, rough method

is to consider the waveform of the three current signals of a motor. For example, an imbalance

between the currents can indicate an electrical problem in the electrical circuit. However, a

problem in the supply system can also cause an imbalance in the current signals. Then again, the

modulation of the RMS value of the continuous current may be an indication of the presence of

rotor damages, although it may also be due to other causes such as oscillations in the driven load.
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Figure 2.11: Example of a rough analysis of the current analysis of a motor (Antonino-Daviu,

2019)
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In recent years, different procedures have been presented for analyzing current signals based on
more sophisticated signal processing and analysis tools. The basis of current analysis is that certain
faults in the motor or in the load can cause harmonics in the stator current. For the analysis of such
harmonics, different methods have been developed in the last decades, which have advantages and

disadvantages depending on the application.

Although the current analysis technique has been used for decades, it has become increasingly
important in the industrial sector, especially in recent years. The search for diagnostic techniques
that are reliable, easy to use, and cost-effective for companies has led to the emergence of this
technique as a very interesting alternative that can help diagnose certain faults that are not easily
detected with other quantities. The basic idea of current analysis is very simple and is based on
recording the waveform of the current demanded by the motor over a period of time and then

analyzing this waveform to detect indicators of the presence of a fault.

Measurement of the current signal demanded by the motor is carried out non-invasively, i.e.,
without disturbing the motor itself. This is crucial in most industrial applications, where stopping
the machine to install suitable sensors for measurement would not be feasible or would cause

significant inconvenience to the company.

Depending on the analysis method, only the current signal of one or more phases of the motor is
needed. To capture the current signal, different sensors are available: Depending on the current
range and the application, one possibility is to measure the voltage that drops across a so-called
shunt resistor. A second possibility is to evaluate the magnetic field around the conductor to
measure the current (e.g., by using a clamp-on ammeter). So-called Hall sensors measure the

voltage that is induced when a current crosses a magnetic field applied from the outside.

In the following, the most widespread techniques for current-based fault detection, such as MCSA,
space-vector-based techniques, and ATCSA will be highlighted. Next, the typical harmonics in the
stator current will be presented, which is necessary in order to finally present the current state of

the art in current-based fault detection of pumps.

2.4.1 Motor Current Signature Analysis

MCSA is the most widespread method for the detection of faults in a motor based on the evaluation

of the motor current. It was developed in the late 1970s to mid-1980s to detect faults in IMs
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(Thomson, 1994). MCSA is based on the refined analysis of the one-phase current signal of a
motor in the amplitude spectrum. Compared to the rough analysis of the current signal in the time
domain, in MCSA, the current signal must be transformed into the frequency domain. This makes

it possible to better evaluate the amplitudes of the components present in the current signal.

In most cases, MCSA is implemented as a kind of offline approach, which means that a current
signal is first recorded and then processed. The sensor for capturing the current signal has to be
connected to one phase of the motor supply line (often, it can be also installed in the secondary of
current transformers that are located in the Motor Control Center for the measurement devices).
The sensor signal is evaluated by a wave recorder, e.g., an oscilloscope, capable of measuring the
current signal with a high enough sampling rate and the recording time. After recording, Discrete
Fourier Transform (DFT) or Fast Fourier Transform (FFT) is used to transform the signal into the
frequency domain. Since the frequency resolution (distance between the peaks in the amplitude
spectrum) is the reciprocal of the recording time, a sufficiently long recording time is needed (1s =
1Hz), with a recording time > 30s being recommended. In addition to the recording time, the
sampling rate also has to be sufficiently high, since the spectrum can only be evaluated to half the
sample rate (Nyquist criterion). In most cases, a sampling rate of 2 kHz is sufficient to identify and
assess the fault components under analysis. While the signal is being captured, the motor has to
operate in a stationary condition. Consequently, both the supply frequency and the load must
remain stable. The fundamental component (FC) is the main component of the current signal.
Depending on the supply frequency of the grid, the FC mostly equals 50 or 60 Hz (in motors fed
through a variable speed drive, the FC equals the frequency applied by the inverter). The amplitude
of the FC is much higher than the amplitudes of the other components. Due to this reason, the
frequency spectrum is usually displayed on a logarithmic scale (decibels, dB). In order to be able
to compare current signals in different motor conditions, the FC is usually normalized to 0 dB.
After the transform, typical frequency components associated with faults are analyzed. If the
amplitude of these harmonics exceeds a certain threshold, the fault is considered to be present in
the machine and action should be taken. Figure 2.12 depicts the MCSA with an implemented

threshold system of a condensate pump motor.
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Figure 2.12: Example of an MCSA with implemented threshold systems in the frequency range
from 56.5 to 64 Hz (Antonino-Daviu, 2019)

One of the first reports of industrial application of MCSA was in 1986, when an unacceptable level
of airgap eccentricity was diagnosed (Thomson, 2017). In the late 1970s, the advances in digital
signal processing made it possible to produce a more accurate spectrum of the current, followed
by a better diagnosis of cage winding breaks and airgap eccentricities. (Thomson, 2000) presented
three case histories where MCSA was successfully used to detect broken rotor bars of an IM in
industry. In addition to faults that are typical for IMs, such as broken rotor bars, mechanical faults
were detected; these occur in all motor types. These faults include, above all, bearing damages
(Benbouzid, 2000) and eccentricities (Cameron, 1986). Later, the MCSA was also successfully
applied to detect faults in PMSMs. It has been shown that both eccentricities (Rajagopalan, 2006)
(Rosero, 2007) and broken magnets (le Roux. 2007) in PMSMs can be detected by means of
MCSA. Moreover, MCSA is also suitable for the detection of faults outside a motor (e.g. in the

coupling system). It was shown that faults of the gear can be detected through MCSA (Lo, 2018).

However, this technique also has drawbacks. Some of them have been discovered and reported in
recent years. The use of MCSA is not suitable in applications where the frequency of the supply
or load varies within the recording time. Under these conditions, application of the technique is at
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least difficult, if not infeasible. As a result of speed or supply frequency variations, harmonics
spread across different frequencies in the FFT spectrum, instead of being represented by a single
frequency peak. This complicates the evaluation of the actual amplitudes of the fault components
in the FFT spectrum and may even lead to errors in the diagnosis (Antonino, 2014b). Furthermore,
effects like load torque oscillations (Schoen, 1996) or blade pass frequency vibrations (Park,
2017), or design aspects like cooling axial ducts (Lee, 2013) or rotor core magnetic anisotropy
(Antonino-Daviu, 2015) can lead to false positive alarms when MCSA is used. On the other hand,
false negative alarms are caused by non-adjacent bar breakages (Riera-Guasp, 2010), outer bar
breakages in double cage rotors (Antonino-Daviu, 2012), reduced slip condition of the IM

(Antonino-Daviu, 2006), and problems in speed estimation (Antonino-Daviu, 2020).

To implement MCSA onling, i.e., in real time, different methods are presented in the literature. In
all cases, a transformation of the current signal into the frequency domain must be undertaken. For
this purpose, DFT is normally applied, but its implementation requires large computing effort and
storage capacity. For this reason, FFT is used, which represents a more efficient implementation
of the DFT. However, there are also major hurdles associated with implementing an FFT on an
MPU. Disadvantages of the FFT are the high frequency resolution required, the leakage effect, and
the assumed stationary operation during the observation period (Spyropoulos, 2018). Several
authors have shown methods for investigating the frequency spectrum of the current on a digital
signal processor. One way to implement MCSA is to use the Goertzel algorithm, which is based
on the application of an IIR filter. It has been shown that the Goertzel algorithm allows a more
efficient implementation than FFT and is suitable for fault detection (Spyropoulos, 2018). Another
approach that has been successfully implemented to detect faults in an IM is based on a Hilbert
transform; it has shown good results in detecting faults under reduced slip conditions (Sapena-
Bano, 2015). Another possibility is shown in (Serna, 2006), where the motor currents were
transformed into the rotor coordinate system and the oscillation amplitudes of the fault frequencies
were investigated. The approach that is most promising in terms of minimizing the storage effort
and number of operations is based on multiple reference frame theory. The idea is — similar to
what is done in Field Oriented Control (FOC) — to have a coordinate system rotate. Where the
coordinate system rotates in the frequency of the rotor in FOC, it rotates in the frequency of a fault

in the sense of fault detection. Approaches can be found in the literature, some of which differ
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slightly, but are based on the same basic idea. (Cruz, 2005) presented an application of the method
for the detection of stator faults in IMs and (Odavic, 2010) showed its application to PMSMs.

2.4.2 Space-Vector-based Techniques

A different approach than MCSA is discussed in this section. The techniques described in this
section need more than the current signal of one phase. This necessity of having than one signal is
indeed one disadvantage of these approaches (Antonino-Daviu, 2019). The idea of space-vector-
based techniques is to summarize the information of more than one current signal in one data
vector. Consequently, the current signals are summarized in one space vector. This transform is
also known as the Clarke transform and is a useful tool in motor control. To analyze this space
vector, different approaches are proposed in the literature. In Space Vector Angle Fluctuation
(SVAF), the difference of the angle of the current vector and an ideal reference vector in the
frequency domain is investigated (Kostic-Perovic, 2000). It was shown that SVAF can be used to
detect broken rotor bars (Kostic-Perovic, 2000) and bearing and misalignment faults in IMs
(Arkan, 2005). The Parks Vector Approach (PVA) analyzes the pattern of the space vector current
of the motor (Cardoso, 1997). It has been shown that the pattern of the space vector in PVA is
influenced by broken rotor bars (Abitha, 2013) and inter-turn stator winding faults (Cardoso,
1997). A combination of PVA and a neural network for decision-making for IM fault detection

was presented in (Nejjari, 2000).
2.4.3 Advanced Transient Current Signature Analysis

Despite its many advantages, classic MCSA has the major disadvantage that it can lead to false
indications; see section 2.4.1. In recent years, intensive research has been carried out on methods
that are able to extend the limits of MCSA. A promising method is to analyze the quantities of the
motor regardless of the operating condition (steady-state or transient). Quantities for analysis can
be vibrations or stray flux; however, in most cases, the one-phase current of a motor is a preferred

option. Transient current analysis is known under the term ATCSA.

In most cases, ATCSA has been used to analyze the starting current of a motor. However, it can
also be used to investigate plug stop or load oscillations. An oscillating load, in particular, can be
a major issue when using MCSA, for example in belt conveyors, mills, and other applications with

nonperiodic load fluctuation, which can account for a high number of motors in a production
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company (e.g., 10% of the medium-voltage motor fleet) (Lee, 2022). Startups can be analyzed

whenever a motor is turned on. How often a motor is switched on and off is very plant-specific.

Unlike MCSA, where certain amplitudes are investigated in the Fourier spectrum, the idea of
ATCSA is to identify time-frequency evolutions that are followed by fault-related components
during a transient. In order to implement ATCSA, advanced signal processing tools are applied to

perform the necessary time-frequency transforms.

The first documented cases of ATCSA used Discrete Wavelet Transform (DWT) (Riera-Guasp,
2005) (Antonino-Daviu, 2005). DWT was used to detect broken rotor bars of line-fed IMs (Riera-
Guasp, 2005). To date, however, other types of transformations have stood out, such as the Gabor
transform. In the first documented case, it was also used to detect broken rotor bars (Riera-Guasp,
2012). In this context, it should also be noted that ATCSA is only applicable to startups that take
a certain amount of time. As a guideline, a time of at least 0.5 s is specified in (Antonino-Daviu,
2005). In (Riera-Guasp, 2005), it is argued that this is not a disadvantage, since broken rotor bars
occur mainly in large motors, which have a long startup time anyway. But for laboratory studies,
where smaller motors are usually evaluated, this may be a problem. Since the method is also used
for other faults, the minimum time can be interpreted as a disadvantage of the method. It was
shown with experimental data that dynamic eccentricities in line-fed IMs can also be detected with
the help of DWT analysis (Antonino-Daviu, 2007). Additionally, it was shown that outer bearing
race defects (Haddad, 2015) and misalignment problems (Antonino-Daviu, 2018) were detected
using ATCSA. The method has shown its functionality to detect rotor faults in the petrochemical
sector (Antonino-Daviu, 2014a) and in mining facilities (Antonino-Daviu, 2014b). On the other
hand, with the advent of more and more VSDs, the disadvantage is again obsolete, since the startup
time can usually be set more or less flexibly. There are several studies that proved the function of
ATCSA for VSD-fed IMs to detect different kinds of faults. (Pons-Llinares, 2014a) showed that
with the help of chirplet transform, broken rotor bars of VSD-fed were detected. Adaptive slope
transform, which is an adapted implementation of the Gabor transform, proved its function for
detecting broken rotor bars (Fernandez-Cavero, 2021) and mixed-eccentricity problems of VSD-
fed IMs (Pons-Llinares, 2014b).

ATCSA was developed in order to overcome the disadvantages of MCSA. In addition to the

prevention of false alarms, ATCSA is more reliable than MCSA, since the diagnosis is based on
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the identification of evolutions in the time-frequency plane, instead of on the consideration of one
single frequency peak, as in MCSA (Antonino-Daviu, 2020). This reduces the probability that the
frequency is masked by other phenomena. It must be also noted that the ATCSA approach has
been employed to detect faults in other machines different than 1M, such as for detecting damper
cage damages in synchronous motors. This element carries current in the transient condition. This
means that the condition of the damper cage can only be monitored in the transient condition.
Especially in startups, the damper is operative and carries a significant amount of current
(Antonino-Daviu, 2019).

2.4.4 Harmonics in Rotating Machines

The shape of the current signal of a three-phase motor never equals an ideal sine wave. Even in
healthy conditions, so-called harmonics are visible in the current signal. However, the highest
amplitude in the current spectrum is the FC, which is located at the supply frequency of the electric

motor.

In this section, the typical harmonics in the supply phase current of an electric motor will be
highlighted. These include harmonics that appear in healthy conditions (sections 2.4.4.1 — 2.4.4.4)
and harmonics, whose amplitude is typically increased due to faults (sections 2.4.4.4 — 2.4.4.7).
The highest amplitude in the current spectrum of a motor is always found at the FC, which equals
the supply frequency of the motor. In a line-fed motor, the supply frequency equals mostly 50 or
60 Hz.

2.4.4.1 Winding Harmonics

The winding harmonics (WH) are caused by the presence of harmonics in the supply voltage and
by the fact that the conductors in the stator are not continuously distributed along its circumference,
but are installed in a finite number of slots, so that the resulting air gap field is not entirely
sinusoidal (Popaleny, 2019). WH are usually visible in the odd multiples v of the fundamental

frequency f;; see equation (2.11).

fwn =V fs (2.11)

In many cases, the amplitudes at v = 5 and v = 7 have high values and WH with orders that are
multiples of 3 often have lower amplitudes. Furthermore, the amplitudes decrease as the order

increases. (Antonino-Daviu, 2019)
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2.4.4.2 Principal Slot Harmonics

Principal slot harmonics (PSH) are caused by the slotting of the rotor and the subsequent
inharmonic permeability, depending on the radial rotor position. The frequencies influenced
depend on the constructive characteristics of the motor. PSH are calculated on the basis of equation
(2.12), where k is a natural number; however, the amplitudes for k > 1 are low. R is the number
of rotor slots, p the number of pole pairs, s the slip, and v is the order of the considered harmonic
of the supply voltage (Antonino-Daviu, 2019). Since rotor slots are only used in IMs, these

frequencies only appear in the spectrum of IMs.

R
fosn = (1 S v)-f 212)

Depending on the number of stator slots, the amplitudes at fpsy can vary (Joksimovié, 2013).
Furthermore, not every predicted frequency appears in the motor, with PSH1(—) (v = —1) often

being one of the largest amplitudes.

Since PSH appear in the healthy condition of a motor, they are also interesting for a different
purpose: speed estimation of IMs. Several frequencies that are related to faults in MCSA are
calculated based on the slip of the motor, which depends on the speed of the motor. In many cases,
the speed is not known, since the measurement of the speed is related to various design issues and
additional costs. For k = 1, and with knowledge of the parameters R, p, and f; (mostly the largest
amplitude in the amplitude spectrum if line-fed f; = 50/60Hz), the slip can be calculated if fpsy
is found in the spectrum. However, it has to be known for which v an amplitude at fpsy is visible.
Then, by detecting the peak at fpgy, the slip can be calculated from equation (2.12) (Bonet-Jara,
2021).

2.4.4.3 Blade Pass Frequency Vibration

The shaft power of a rotating machine (pump, fan, compressor, ...) is converted by means of an
impeller. Every time an impeller blade is loaded, an impulse is produced dynamically. These
evoked oscillations are called blade pass frequency (BPF) vibration and can cause pressure
pulsations in the pump (Gulich, 2014) or in other rotating machines. Since an impeller has a finite
number of blades, a periodic vibration can be produced depending on the speed of the impeller. If

the amplitude is large, it can result in increased frequency sidebands in the stator current. BPF
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(fspr) 1s calculated on the basis of equation (2.13), depending on s, the positive integer k,, the
number of blades of the impeller Ny, p and f; (Park, 2017).

fore = (1£0-9722) (2.13)

Consequently, BPF is visible in the healthy condition of a rotating machine. Additionally, an
increase of the BPF amplitude can indicate problems inside pumps and fans, such as vane
deterioration (Bonaldi, 2012). Other examples where BPF is used as a fault indicator for pumps

will be presented in section 2.4.5.

2.4.4.4 Load Oscillations and Wear

Oscillations of the breaking torque of the motor cause speed oscillations, which also influence the
stator current of the motor. Torque oscillations can be due to a fault in the motor load, but can also
occur in normal motor operation, for example in the cement industry (Mabrouk, 2013). In many
cases, the oscillation has the same frequency as the rotor frequency fz. In this case, the stator
current is influenced at the sidebands f; + fz and the two frequencies are calculated based on s, p,
and f; based on equation (2.14). As in the context of this work, pump faults are considered, the

influenced frequency bands are called f;. ,,,,;m, following (Bonaldi, 2012).

1—
frpump = <1 * ( » S)> “fs (214

(Bonaldi, 2012) stated that problems of pumps and fans, such as imbalance or misalignment, can

occur in sidebands of the stator frequency depending on the speed.

2.4.4.5 Broken Rotor Bars

A fault that is typical for IMs, especially for IMs with high power, are broken rotor bars. In other
motor types, this fault does not play any role. There are two families of harmonics that are
influenced by broken rotor bars. The first family of the broken bar harmonics (BBH) are calculated
based on equation (2.15), where k is a natural number. The two sidebands for k = 1 “BB1” are
called the main sideband harmonics. The sideband harmonics are commonly used for rotor fault

detection.

fepr =1 X2k s) f (2.15)
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The amplitudes at BB1 give an indication of the state of the rotor bars. If the amplitudes are below
—60 dB, it can be assumed that the condition is excellent. Worsening of the condition ranges from
good (—60 dB to —54 dB), moderate (—54 dB to —48 dB), bar crack may be developing or high
resistance joints (—48 dB to —42 dB), two bars may be cracked or high resistance joints likely
(—42 dB to —36 dB), multiple cracked or open bars or end rings probable (—36 dB to —30 dB) to
multiple broken bars and/or end rings very likely (>—30 dB). (Thomson, 2017)

The second family of harmonics, which are normally not as strongly influenced as the first family,

are calculated on the basis of equation (2.16), where S is a natural odd number.

k
fama = (5 (=) £5) 1 (2.16)

2.4.4.6 Eccentricities

For eccentricities, a distinction is made between static, dynamic, and mixed eccentricity; see
Figure 2.13. Static eccentricity means that the rotor center is moved away from the stator center,
but the position of the rotor center is fixed (Thomsen, 1994). In the case of dynamic eccentricity,
the rotor changes its position depending on its angle, with the rotor rotating around the center of
the stator center. Mixed eccentricity is a combination of static and dynamic eccentricity. It is the

one that occurs most frequently in practice (Benbouzid, 2000).

a) static b) dynamic c¢) mixed

Figure 2.13: Different types of eccentricities in electric motors

Eccentricities cause amplitudes at certain frequencies of the current spectrum. Two families of
frequency components are distinguished in the literature. Both families depend on the order of the

stator harmonics v (v = 1, 3,5, ...), the slip s, the eccentricity order n,, the number of pole pairs
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p, and the supply frequency of the stator current f;. The eccentricity order contains information
about the type of eccentricity. For static eccentricities n; = 0, whereas for dynamic eccentricities
it holds that n; = 1,2,3, .... The first family of eccentricities are calculated on the basis of equation
(2.17).

fecer = (v t(1-3) %d) “fs (2.17)

The frequency components around the FC (v = 1) “ECC1” are usually the most significant
(Rajagopalan, 2007). The use of v = 1 in the general equation for the first family of eccentricities
is also found in the literature (Antonino-Daviu, 2019). If static eccentricities (n; = 0) of a
synchronous motor are considered (s = 0), f...1 equals the frequencies of the WH. This makes it
difficult to detect static eccentricities in synchronous motors (Rajagopalan, 2007). The same
problem occurs when it comes to the detection of dynamic eccentricities (n; > 0) of synchronous

motors with p = 1.

If equation (2.17) is compared with equation (2.14), it can be noticed that if v =1 and ng; = 1,

fecc1 1S equal to f; ump. This makes it difficult to distinguish between eccentricity faults,

especially dynamic eccentricities (n; = 1), and load oscillations or wear of the load.

The second family of frequencies are also dependent on the number of rotor slots R,; see equation

(2.18). The use of the second family of eccentricities is only suitable for IMs.

(405 2]
fecc2: (Rind) D v fg (2.18)

In the case of static eccentricity (ng = 0), focc2 €quals fpgy. In the case of dynamic eccentricities

(ng > 0), focc2 appear in the sidebands of fpgy.

2.4.4.7 Bearing Faults

Since the balls of ball bearings have a speed, which differs from the rotational speed of the rotor,
certain frequencies in the stator current are also influenced if the bearings are damaged. A
distinction is made between outer race damage £, (2.19), inner race damage f; (2.20), ball damage
fs (2.21), and cage damage f. (2.22). N, is the number of rolling elements, D,, the ball diameter,
D, the pitch diameter, 8 the ball contact angle, and f,. the mechanical rotor frequency. (Antonino-
Daviu, 2019)
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NBe Db
o=ty (1 - prcos 5) (2.19)
NBe Db
=ty <1 +D—pcosﬁ> 2.20)
D D,*
o= (1 +D_ch032/z> (2.21)
f —lf -(1—&cos,8> (2.22)
¢cT 2 D, '

In the current spectrum, these frequencies influence the harmonics in the sidebands of FC, see
equation (2.23), with m = 1,2,3 ... (Antonino-Daviu, 2019).

for =fstm-fi, (2.23)
2.4.5 Detection of Pump Faults

In this section, the current state of the art in the detection of pumps faults will be discussed. Only
faults that occur outside the motor, i.e., those that affect the impeller or the hydraulics, are
considered. The number of research publications based on the detection of faults in the pump

(considered as motor load) is still low compared to the detection of motor faults.

The first documented case where MCSA was used to diagnose a fault on the impeller of an ESP
in an oil well dates back to 1990. First, several amplitude increases at different frequencies in
MCSA were observed and then a decrease in the hydraulic power of the motor pump. Therefore,
it was decided to remove and check the motor pump. During the analysis, radial wear on the pump
stage hubs and shaft was found, whereas the electric motor was still in healthy condition.
(Thomson, 2017)

In an article published in 1995 it was shown that an eroded impeller of a sea water pump was
detected by analyzing the current in the frequency spectrum (Siegler, 1995). In the same year,
(Casada, 1995) investigated different motor faults, like broken rotor bars, bearing faults, as well
as a clogged suction strainer of a pump. It was shown that the spectral analysis of the power
spectrum was more beneficial than the vibration spectrum for detecting the clogged suction
strainer. (Perovic, 2000) detected cavitation, hydraulic blockage, and a damaged impeller by
relating the spectral features from MCSA to the individual faults. It was shown that cavitation and
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hydraulic blockage especially influenced the noise level at +25 Hz around the FC in the current
spectrum. The damaged impeller was the reason for an increase in amplitude at the frequency
fr.pump+- IN (Schmalz, 2004), the spectral energy in the range from 5 to 25 Hz was analyzed to
detect the presence of cavitation and low flow condition (hydraulic blockage) in centrifugal pumps.
Impeller cracks have also been detected using MCSA, which was verified in (Harihara, 2008). In
(Hernandez-Solis, 2010), the current and power signatures of a motor at different operating
conditions were analyzed to identify not only when cavitation is present in the pump, but also
when it starts. In (Pradhan, 2012), an IM-driven centrifugal pump with a power of 0.75 kW and
24 blades was investigated. Due to manipulation of the impeller, the amplitudes at the BPF in the
current spectrum increased from 13.3 dB (healthy) to 14.1 dB (1 missing blade) to 14.6 dB (2
missing blades) to finally 16.1 dB (3 missing blades). The authors of (Tian, 2014) showed that
inlet and exit tip faults of an impeller caused a decrease in amplitude at the BPF in MCSA. The
analysis should take into account that the error frequencies of the BPF can be equal to those of an
eccentricity (Park, 2017). (Stopa, 2014) showed a successful detection of cavitation at the BPF
component in the current using an adapted MCSA. Additionally, it was shown that a damaged
pump impeller causes speed oscillations and could be detected by analyzing the current signal
(Pradhan, 2019). (Irfan, 2019) showed a successful application of PVA to detect a damaged

impeller and pipe blockage.

Several authors have used Atrtificial Intelligence to evaluate the current signal of a cavitating
impeller or hydraulic blockage. (Dutta, 2018) showed first that cavitation can be detected using a
Machine Learning algorithm. In (Dutta, 2020), the space vector machine and K-nearest neighbor
were compared in order to detect cavitation. (Bold, 2020) presented a comparison of SVAF and
MCSA for the faults hydraulic blockage cavitation and dry running. It was shown that Machine-
Learning-based detection of cavitation and hydraulic blockage can be implemented in an industrial
environment (Dias, 2021). Additionally, it was shown that the use of a big feature pool based on
time and frequency domain features can be used by the implementation of Machine Learning in

order to detect cavitation and seal leakage (Husnha, 2021).
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3 Theoretical Background

This section lays the theoretical foundations needed for current-based analysis for fault detection
in rotating machinery. First, it will be shown how faults in the load of a motor can affect the stator
current and how the transmission behavior of the "motor" sensor is in this case. Two methods will
be presented, one based on harmonic field analysis and a second one based on the consideration
of the disturbance transfer function. Next, the theoretical bases for the spectral analysis of time-
based signals will be provided. This is followed by an explanation of the adapted reference frame
theory, which is a memory-efficient implementation of spectral analysis for electric motors.
Finally, the theoretical foundations for the time-frequency analysis of time-based signals will be
laid.

3.1 Transfer Behavior of an Electric Motor as a Transducer

The references mentioned in section 2.4.5 proved that pump-related faults have an influence on
the stator current of the motor. Thus, it has already been shown that the motor, consisting of the
stator, the rotor, and the current sensor, can be considered as a sensor unit for detecting faults in
the load. This sensor unit has a certain transfer behavior, which is mainly characterized by the

motor parameters. The transfer behavior of the motor is the topic of this section.

In the literature, traditional approaches like the magnetomotive force (MMF) and the permeance
wave approach have been used to investigate the theoretical behavior of IMs. These approaches,
however, are not suitable for predicting the exact harmonic amplitudes of the airgap magnetic
field. For a more detailed analysis, finite element simulations have been suggested. However, the
drawbacks of computational burden and the fact that a model is only valid for one motor have to
be considered. Additionally, it is not possible to obtain an analytical model for a fault from finite
element simulation. (Blodt, 2006)

A different approach was shown in (Stopa, 2010), where the differential equation system of the
IM was used as a basis for examining the transfer behavior. The references have in common that
load-related oscillations can be modeled with torque oscillations that are added to a constant load
torque (Salles, 2000) (Bonaldi, 2012) (Blodt, 2005). For the general assumption, see the equation
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of an oscillating load as described in (Trajin, 2010). T, is the constant load torque, T,, the torque

amplitude of one oscillation at the frequency f,,; see equation (3.1).

Tioqqa = To + z T, - cos(2mfyt) (3.1)
n

In an ideal system, the value T,, would be equal to zero. However, it is to be expected that even
with no faults, there will be some oscillations in the load torque. One example are the BPF
vibrations that occur in rotating machines (fans, compressors, pumps), which occur at the
frequency of f, = N, - fp. What is also typical in many applications is an oscillation in the

frequency of the rotor (f,, = fz), as demonstrated in the cement industry (Mabrouk, 2013).

In the following two sections, the theoretical background of two approaches that can be used to
calculate the influence of torque oscillation on the stator current will be presented. The first one is
harmonic field analysis, which was developed to understand the transfer behavior of line-fed IMs.
The second one, the Disturbance Transfer Function Approach (DTFA), was developed in the

framework of this work and is used to model the transfer behavior of a controlled PMSM.

3.1.1 Harmonic Field Analysis

In this section, harmonic field analysis is used to model the transfer behavior of a motor as a
transducer in order to detect faults in the motor load. The requirement for the load-related fault is
that it has an influence on the load torque of the motor; see equation (3.1). Other faults that cause
eccentricity of the motor, for example, are treated separately in the literature (Cappelli, 2014)
(Haddad, 2016). The following paragraphs are based in large parts on the explanations of (Blodt,
2006).

If the friction losses of a motor are neglected, the equation of motion — see equation (3.2), with the
electromagnetic torque of the motor T,,,,:0»(t), the load torque Tj,.4(t), the mass inertia of the

motor and the impeller J, and the angular velocity of the rotor wg (t) — is valid.

dwg(t)

Tmotor(t) — Tioad () = J dt (3.2)
In the next step, equation (3.2) is converted to wy, resulting in equation (3.3).
1
(‘)R(t) = 7[(Tmotor(t) - Tload (t)) dt (3'3)
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It is now assumed that in the steady-state condition, T,,,:. €quals T, of equation (3.1); see
equation (3.4) (Blodt, 2005). Thus, it is assumed that in the steady state, the torque is constant in
time and space. This assumes, on the one hand, an ideal design of the motor and, on the other hand,

the neglect of feedback, e.g., by controlling torque or speed.

Tmotor (t) = To 34
For the sake of simplification, it is now assumed that the torque — see equation (3.4) — is only
superimposed by one oscillation (n = 1). By substituting equations (3.4) and (3.1) in equation
(3.3), we obtain equation (3.5).

wg(t) = —lf(T cos(w t))dt = —Lsin(a) t)+w (3.5)
R ] 1 1 T, 1 0

Consequently, wg consists of a mean value w, and an oscillation with the frequency of the load
oscillation w,. The amplitude of the oscillation depends on the amplitude of the torque oscillation

T;, the mass inertia J of the rotor, and the angular velocity of the torque oscillation w;.

Further integration of wg is performed in order to obtain the angular rotor position 6 — see

equation (3.6), where the integration constant is assumed to be zero.

T.
GR(t) = f Wpr dt = ]wlz COS((I)lt) + wot (3.6)
1

How 65 interacts with the magnetomotive force and the airgap flux density is explained in detail
in (Blodt, 2006). An important parameter that describes the transfer behavior of IMs is the
modulation index B’, which equals the product of the amplitude of the angle oscillation and the

number of pole pairs p; see equation (3.7).

’ T1
B = P o (3.7)

To allow for further simplification, small load fluctuations are assumed so that ' « 1.

The phase-modulated stator current i;, is expressed with equation (3.8), with the unmodulated part

i (t), and the part i,..(t), which shows the modulation, depending on f~p" and the amplitude I.,.

o (t) = i (t) + i, (t) = I sin(wst) + I, sin(wst + B cos(wct — <pﬁ) - (pr) (3.8)
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However, harmonic field analysis does not capture any coupling between wg and Tyotor-
Especially when the motor is controlled, the speed has an influence on the motor torque. PMSMs
and reluctance motors are only used in combination with a VSD, with the exception of example

line-start motors. Furthermore, more and more IMs are fed by VSD and controlled via FOC.

3.1.2 Disturbance Transfer Function Approach

The DTFA was developed as part of this thesis in order to solve the problem of harmonic field
analysis, which is currently only suitable for line-fed motors. In DTFA, the coupling between the
controlled value and the motor torque is considered. In detail, equation (3.2) only describes a part

of the transfer behavior of the motor.

The motor torque depends on the transfer function of the controller, the electric transfer behavior

Gs,, and the control deviation e,; see equation (3.9).

Tmotor(s) =e - Gs1(5) (3.9)

The dynamic behavior of a motor depends on the motor type and design. There are different ways
of describing the dynamic behavior of a motor. In most cases, a differential equation system is

used to model the motor. In the following paragraphs, PMSMs will be considered in more detail.

Equations (3.10) to (3.12) contain the non-linear mathematical model of a PMSM in the dq frame,
with the d and g-current i, and i, stator inductance Lg, d and g-voltage u, and u,, stator resistance
R, number of pole pairs p, angular velocity of the rotor wg, flux ¥p,, and mass inertia J. In these
equations, it is assumed that Lg equals the inductance in the d and g direction, which is true in

many cases, for example in surface-mounted PMSMs (Xu, 2012).

dig 1 Rs

E_L_S-ud_g-id—l_p.wR.iq (3'10)
di, 1 Rs P
dt :E'j'lpPM'lq_j'Tload (3.12)

Equations (3.10) and (3.11) are nonlinear due to the cross-coupling of wg and iy, respectively wg
and iy4. Because of this nonlinearity, no transfer functions T;p4q = ig, Tipaa — iq Can be derived

from the equation system, which is a known issue in the control design of such motors. To
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overcome this problem, the equation system is linearized and the coupling is canceled (Xu, 2012).
However, if linearization is allowed in terms of DTFA, it has to be evaluated for each parameter
set. It not only depends on the electrical and mechanical parameters, but also on the control
structure and the control parameters. Furthermore, it is also assumed that the controllers have linear
behavior. For a parameter set of the PMSM-fed wet-rotor pump investigated in this work, it has
been shown that linearization is valid. To prove this, equations (3.10) to (3.12) were implemented
in Matlab/Simulink, with a Proportional Integral (PI) controller for speed, g-current, and d-current
control. Speed and g-current control were implemented in a cascade structure; see Figure 3.2. The

transfer behavior of Tj,qq — iy and Typqq — ig Was simulated with the help of a model linearizer

app with a sine stream from 0.1 to 1000 Hz with 200 data tips.

Figure 3.1 depicts the amplitude responses of i; and i, on an excitation with T;,44; see the blue
curves. It becomes visible that the value of i; over the entire frequency range is low, which means
that the influence of T;,,4 ON iy is negligibly small. However, the transfer behavior from T, .4 to

iq strongly resembles the behavior of a PT2 link.

a) b)

‘With cross coupling
‘Without cross coupling

Magnitude (dB)
Magnitude (dB)

Frequency (Hz) : - Frequency (Hz)

Figure 3.1: Disturbance transfer behavior of a PMSM with 800 W with nonlinear transfer

behavior; a) Tigaq = g, b) Tigaa — 4

For the parameter set and control design used, it was proven that the influence on i, is negligible.
This means that, as in control design (Xu, 2012), the next step, i.e., the decoupling of the model,
can be taken. The transfer behavior of the decoupled PMSM is shown in the signal flow diagram
in Figure 3.2, including the cascade structure for speed and current control, with the motor constant
K; (see equation (3.13)).
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3
K: = EPIPPM (3.13)

P Ypu

Speed control Current control

nSEC Iq,set Uq

—0O—Gr1(S) GRra(s) "k s 1, K

[%}
~

Tload

Figure 3.2: Structure of a PMSM with cascade control structure (Schréder, 2009)

Iq
Load

Since the signal flow diagram represents a linear system, the disturbance transfer function

can be derived from it, as seen in equation (3.14), which depends on the transfer functions of speed
Gr1(s) and g-current control Gz, (s). This is a general expression for the structure shown in Figure

3.2, but it is difficult to interpret without information about the controller structure.
1 1 1 1
75 Gr1(S)Grz (5) Ri+sl, T sPYPM R T 5L,

Trond 1 1 K o
Load 1+ Kt]_S GRl(S)GRZ(S)Rl-l-—SLq + GRz(S) Rl ¥ SLq + Kt]_s.pl/)PM Rl + SLq

Iq

(3.14)

In many cases, Pl controllers are used for speed and current control. The transfer function of a Pl
controller is given by equation (3.15), with the gain of the proportional component K, and the gain

of the integral component K;.

1
GR(S) =KP+K]§ (3.15)

For the design of the PI controller, the cutoff frequency wy = % is of interest. For low frequency
P

signals w < wy, the PI controller behaves like an integral controller (K, = 0), and for higher

frequency signals w > wy, it behaves like a proportional controller (K; = 0). This behavior is of

interest when we try to simplify the disturbance transfer function I;—q
L
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In general, without simplification, with the proportional gains Kp z; (speed control) and Kp r,

(current control) and the integral gains K; 1 (speed control) and Kp r, (current control), we obtain

a transfer function IIW—qL with a difference order of 2 from equation (3.14); see equation (3.16).
3 2
e e S 19
The parameters a, to b are written in equations (3.17) to (3.26).
a; = Lg (KP,RIKP,RZ + Pl/)PM) (3.17)
a; = Kpr1KproR1 + RipY¥py + Ky p1Kp roLlgq + Kp p1Kj r2Lg (3.18)
az = K;r1KpraR1 + R1Kp p1Kir2 + K r2Kir1Lg (3.19)
a4 = R1Kj p2Ki p1 (3.20)
by =JLg" (3.21)
by = JLy(2Ry + Kpr2) (3.22)
bs = R,%J + JR1Kp o + LgKiKp r1Kp ra2 + JLqKir2 + LqK:DWpum (3.23)

by = R1KiKp r1Kpr2 + JR1K} ro + R1iKiDWpm + LqKiKp r1Kir2 + K LK r1Kp r2 (3.24)
bs = R1K(Kp r1Ki g2 + LqKiKi r1Ki g2 + R1K K r1Kp r2 (3.25)

be = RthKI,RlKI,RZ (3-25)

In order to verify the validity of equation (3.16), the amplitude response depicted in Figure 3.1
(orange curve in b) was compared to the amplitude response of equation system (3.10) to (3.12),
including the controllers (blue curve in b). With the exception of two places, both curves lie on top
of each other. One point is in the negligible low frequency range at 0.2 Hz and the other point is

at the amplitude rise, although the difference here is small.

60



Further simplification of equation (3.16) is only possible if the parameters of the motor and the
control are known. For the parameter set of our PMSM-fed wet-rotor pump (see section 4.1.1), the

following assumptions hold; see equations (3.27) to (3.33).

K; p K + Kpp K
© > L,R1p R2 P,R18[R2 (3.27)
Kp r1Kpr2 + PYpu

Kp r1Kpr2 + WPy > KiroKjr1 (3.28)

PYem > Kpr1Kp g2 (3.29)

Ry > Kp po (3.30)

Kippm > JKj o (3.31)

PYpem > KpriKirz + Kir1Kp gz and ppy > Kp r1Kp ro (3.32)

K, K
w>» |LRLLRZ (3.33)
PYpm

After implementation of the assumptions (3.27) to (3.33), the disturbance transfer function . la
Load

can be simplified to a PT2 term, as shown in equation (3.34).

Iq _ PYrm
TLoad 2 3 2 2
JLgs +]R15+7P Yru

(3.34)

Consequently, the disturbance transfer function of the motor (only if the assumptions are valid) is
the independent control parameter of speed control and current control. However, this does not
mean that the control structure (see Figure 3.2) can be completely neglected. Nevertheless, this
greatly simplifies the interpretation of the transmission behavior, since parameters can be
calculated for PT2 links that mirror the transmission behavior. These include the gain factor K.,
the time constant T,,, the characteristic angular velocity w,, and the degree of damping D, ; see
equation (3.35). In general, a decrease of —40 dB per decade is typical for a PT2 link, which means
strong damping for higher frequency signals. Consequently, load oscillations w >> w,, have no

influence on Iy and are thus not visible in the stator current.
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KV K)’
T,"s*+2D,T,s +1 B et ] .
W, 2 W
Y Y
The gain factor K, is calculated from the reciprocal of K;; see equation (3.36).
K, = 2 _1 (3.36)
Y 3pypn  K: '
Where the time constant T,, depends on /, Ly, p and ypy; see equation (3.37).
2JL
G L (3.37)
3p*Ypm

As the characteristic angular velocity w,, equals the reciprocal of T, it depends on the same

parameters; see equation (3.38). Consequently, high p and y,,, lead to high w,,, and low J and L,

_ 3P21/JPM2
w, = ’W (3.38)

The damping of the motor is calculated according to equation (3.39). Consequently, especially the

to high w, .

parameters R;, p and ¥y, have an influence on D,. Negative values for D,,, which would lead to
instability of the transfer behavior, are not expected, since all parameters are positive and greater

than zero. For values D), > 1, it is possible to split the PT2 link into two PT1 links. For values

0<D, < \/% =~ 0.7, increases in the amplitude response are possible, which means that at

frequencies around w,,, the load oscillation is amplified visibly in I, and thus in the stator current.

p, = RuVI
4 p'¢PM\/6'Lq

The two important parameters w, and D,, are now calculated for two different PMSMs considered

(3.39)

in this work. The motors have the same design, but differ in their parameters. Table 3.1 illustrates
the two parameters of the two motors.
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Table 3.1: Characteristic angular velocity w,, and degree of damping D,, for two PMSM-fed
pumps with 800 and 150 W

Wy D,
800 W motor 43 Hz 0.3
150 W motor 36 Hz 1.2

Both motors have w, around a frequency of 40 Hz. The speed of both motors varies from 1000 to
3000 rpm, which means an f5 of 17 Hz to 50 Hz. Oscillations in the load torque with the rotational
frequency are in the area of the characteristic frequency of the motors. BPF vibrations are expected
with a frequency of 117 to 350 Hz and thus lie on the falling flank in the Bode diagram. The 800 W
motor, however, has only a D, of 0.3, compared to the damping of the 150 W motor, which is four
times higher. This leads to amplitude increases of the 800 W motor in the area of the characteristic
frequency. The characteristics are confirmed by the consideration of the Bode diagram; see Figure
3.3. Especially in the higher speed range, the 800 W motor has a higher gain than the 150 W motor.
This makes one motor more sensitive to the detection of torque variations above a certain

frequency.
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Figure 3.3: Theoretical amplitude responses of the g-current on a load torque oscillation of two

PMSMs with 800 and 150 W

The curves of the respective motors in the Bode diagram are characteristic of the behavior of the
motor as a sensor for detecting load oscillations or faults that cause load oscillations. Unlike
sensors, such as temperature sensors, which usually output a value proportional to the temperature
(voltage or current), the transmission behavior of the motor as a sensor varies depending on the
frequency of the load oscillation. If the exact amplitude of the load oscillation is to be detected,

precise knowledge of the transfer characteristic is necessary.

Based on the DTFA, one thus obtains for the g-current a constant quantity responsible for the

torque formation i, 4. and an oscillation with frequency f; and amplitude i;; see equation (3.40).

iq = igac t i1 cos(2mfit) (3.40)

The amplitude i; depends on the transfer function

1—(s) = G,(s); see equation (3.34). If the

I
Troad

frequency f; is known, i, is calculated based on equation (3.34). The Bode diagram, as shown in
Figure 3.3, also allows graphical determination of |Gy(jan1)| by reading the value for the gain at

the location f;.
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i1 = |Gy(iZ7Tf1)| *Troad (3.41)

In order to show the effect of the oscillating g-current on the stator current, a back transformation
to the stator fixed alpha, beta system is performed first — see equations (3.42) and (3.43) — with the

frequency of the rotating frame f,,, which equals f;, as shown in equation (3.44).

g =g cos(andqt) — g sin(andqt) (3.42)
ig = igsin(2mfyqt) + iy cos(2mfyqt) (3.43)
faq = fs (3.44)

For further simplification, it is further assumed that i; = 0. Equation (3.40) is now substituted in
equations (3.42) and (3.43). As a result, we obtain equations (3.45) and (3.46).

lg = —lgacSIn(2mfst) — ip cos(2mf;t) sin(2rft) (3.45)

Ig = igac COS(2mfst) + ir cos(2mfit) cos(2mfst) (3.46)

Finally, i, and ig are then transformed into the stator currents i,, i,, i3. In the following, only one

phase ig;, which equals i,, is considered; see equation (3.47).

Is1 = lg = —igacSIN(2mfst) — i cos(2mfit) sin(2mfst) (3.47)
For even further simplification, the product rule for trigonometric functions is considered; see
equation (3.48).
1
cos(b) sin(a) = 3 (sin(a — b) + sin(a + b)) (3.48)

After application of equation (3.48), we finally obtain equation (3.49) for the stator current is;.

is1 = —igac Sin(2mfit) — %sin(Znt(fS — fl)) — %Fsin(Znt(fs + fl)) (3.49)

Thus, the amplitude of the oscillation in the g-current i is divided 50:50 into two amplitudes with
the frequencies f; — f; and f; + f;. Any load oscillation therefore causes at least two harmonics

in the stator current.

65



3.2 Spectral Analysis of Stationary Signals

The basis of MCSA is the spectral analysis of a current signal of a motor. For stationary signals,

the mathematical tool for analyzing the spectrum is the Fourier transformation.

Aiming to simplify a mathematical problem, Joseph Fourier first used the approach to approximate
a periodic function with a summation of trigonometric functions (Grattan-Guinness, 2005). A
periodic signal course repeats itself in the same temporally regular sequence. The period T is the
time of a complete oscillation, which is necessary for complete signal representation. Before using
the Fourier series, it has to be verified that periodicity is given, by evaluating equation (3.50), with

n being any integer.

g@) =g(t+nT) (3.50)

The signal g(t) can then be approximated using the Fourier series, as shown in equation (3.51),

where w, equals the angular velocity.

a
gt) = 70 + Z ay cos(kwyt) + z by sin(kwyt) (3.51)
k=1 k=1

Based on the idea of minimizing a cost function, the coefficients a,, a; and b, of the Fourier series
can be obtained. These allow a perfect approximation of the original signal, unless the output signal
has discontinuities. At discontinuity points, overshoots can occur, which are called Gibbs
phenomenon. Alternatively to equation (3.51), the Fourier series can also be formulated as a sum

of rotating vectors; see equation (3.52), with the complex coefficients Ay.

g = Z Age okt (3.52)

The coefficients A, are calculated based on equation (3.53).

A = | g()e T@ktdt (3.53)

|
N|"]\ NN

If equation (3.53) is physically interpreted, we can obtain that the multiplication by e =/« (which

equals division by e/“kt) subtracts w, from each oscillation component of g(t). If there is an
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oscillation in g(t) with the frequency wy, the rotating vector is stopped in the position at t = Os
while the components # w,, are still rotating, and due to periodicity, the signal g(t) and the

integration in equation (3.53) equal zero.

The same idea is now applied to signals that are not periodic, by allowing the periodic time to tend
to infinity. Given a time signal f(t) in the time domain, its Fourier transform F(w) is calculated

based on the time t and the angular velocity w; see equation (3.54).

F(w) = f f(e @t dt (3.54)

Since in reality only finite numbers occur in discrete distances, the discrete Fourier transform F[n],
with n = 0: N — 1, is used to calculate the spectrum of a sequence f[k], with the number of

samples N calculated as in equation (3.55).

Fln] = %z e F k] (3.55)
k=0

The number of matrix multiplications is directly related to N2, which results in high computation
burdens. Because of this fact, the FFT was introduced; it relies on the fact that standard DFT
involves a lot of redundant calculations, so that FFT represents a more efficient approach to

calculating the Fourier spectrum.

Before the use of DFT or FFT, attention has to be paid to correct signal acquisition. An effect that
can appear while capturing the signal can give rise to so-called aliasing. The effect of aliasing
appears if the sample time is greater than the period of the signal to be captured. Figure 3.4
illustrates an example of this effect, where the blue curve shows the original signal, the circles
represent the samples, and the orange curve is derived from the samples. Consequently, in this
situation a signal with a different period is obtained, which can lead to wrong conclusions in the
analysis. To avoid aliasing, analog low-pass filters can be used during measurement acquisition

(Song, 1996). In high-quality oscilloscopes, for example, such filters are already provided.
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Figure 3.4: Demonstration of the effect aliasing of a signal

Furthermore, it must already be clear before the measured value is recorded up to which frequency
the signal is to be examined in the frequency domain. The sampling frequency f;, which equals
the number of samples per second, determines the maximum frequency that can be detected with

the Fourier spectrum. Considering the Nyquist criterion, we can obtain a spectrum where we can

only visualize harmonics with frequencies up to %

The total registered time T directly determines the frequency resolution of the resulting FFT
spectrum. The higher the spectrum resolution, the better we can distinguish between very close
frequency components. When the frequency resolution is low (poor resolution), each component
is spread over a wider range of frequencies. The frequency resolution is the minimum separation

between two consecutive distinguishable peaks in the FFT spectrum. If the registered time is T

. . 1
seconds, the frequency resolution will be p

Compared to the continuous Fourier transform, as shown in equation (3.54), DFT is not always
completed over an integer number of cycles of the input signal. This results in corruption of the
signal in the frequency spectrum. A solution is the use of window functions, for example the
Hamming or Hanning window. These window functions taper the samples toward zero at the

beginning and at the end of the signal in order to minimize discontinuity with a possible next
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period. This reduces the side lobes around the FC in the amplitude response. Especially when
frequencies around the FC are to be investigated, as for example in MCSA with broken rotor bars
(see equation (2.15)), this is of high relevance, particularly when only a short recording time can
be enabled.

3.3 Adapted Reference Frame Theory

The reference frame theory (RFT) is a method for multi-phase motors where the multi-phase values
are represented as a space vector in the complex plane. In most cases, the number of considered
phases equals three. The premise for the application of the RFT is that the sum of all phases is
equal to zero. In this case, when two quantities are known, the third can be concluded, which
allows a perfect description of three quantities by only two quantities. The RFT is mainly used in
order to control motors, as DC values are very interesting for the control of motors. RFT makes it
possible to calculate the amplitude of three-phase signals, for example of voltage, flux, or current
signals, that are used for the control of the motor. The same idea can be adapted in the sense of
fault detection in a motor. Here, however, it is not the amplitude at the fundamental frequency that
is of interest, but the amplitude at typical fault frequencies. The approach becomes interesting if
memory and computing power are low in an application, since only the frequencies that are

influenced by a fault are calculated.

First, equation (3.56) is used to establish the zero-sequence condition for the stator currents i,, i),

and i, of a three-phase motor. The validity of this condition is a prerequisite for the further steps.

iq(t) + ip(t) +ic(t) = 0 (3.56)

Considering a real motor, the phase current and thus the current space vector is overlaid with
oscillations. Especially in faulty operation of a motor, further oscillations occur, which is the
premise for using MCSA for fault detection. In order to explain how ARFT can be used for fault
detection, we now assume that the motor current is the sum of the torque-forming current with the
amplitude i and the speed wg and one oscillation with the amplitude i, the speed wg, and the
angle 8; see equation (3.57). In this case, i contains information about the condition of the pump
and about the fault severity. The curves of equation (3.57) are depicted in Figure 3.6 (left) for the
values iy = 24, ws = 2m - 50Hz, i = 0.14, wp = 2m - 75Hz,and 8 = 0°.
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iq(t) = ircos(wst) + ipcos(wrt + 6)

. . 21 R 2T
o0 = s (=2 s et -0~ .

) . AN 4m
i.(t) =ipcos (a)st - ?) + ipcos (a)Ft +6 - ?)

As a first step, equation (3.56) is revised, resulting in equation (3.57), and it is found that equation
(3.56) fulfills the zero-sequence condition.

As a next step, the space vector i, is created based on equation (3.58). What is important here is

the factor 2/3, which is necessary so that the amplitudes of the oscillations remain the same.

2 2m 41

g =2 (100 + iy (D) €' +ic(0) ') (3.58)
The real part of the space vector is denoted by a-current, while the imaginary part is denoted by
B-current. The a-p coordinate system is denoted by a stator fixed coordinate system. The
transformation from the three-phase stator currents to two-phase a-f current is called Clarke
transformation. For later implementation, the context for the Clarke transform in the time domain

is of interest; see equation (3.59).

; 1 0 O01ri,
HE [L 2 O] H (359

vz vl
As depicted in Figure 3.5, the current space vector I,z in the stator coordinate system equals the

sum of the torque-forming component 77, rotating with the speed ws and the fault component

ir|qp YOtating with the speed wy; see equation (3.60).

Lap = Lrjap + Urjap = i - €190 + i - gl (@F T40) (3.60)
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Figure 3.5: Current space vector in stator coordinate system and visualization of the rotating

reference frame

The o-current in the time domain equals the part of 7,5 at the stationary o-axis and the B-current

of the stationary p-axis. Consequently, in the time domain, two oscillations with a phase shift of
90° remain, which is illustrated in Figure 3.6.

25

T 23 \ \ \
S U

Figure 3.6: 3-phase current (left) and 2-phase a- and B-current after Clarke transform (right)
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For fault detection, the length of the vector iz, is of interest. There are two approaches for
determining the length of i .. Both approaches are based on the Park transform, in which the
stator fixed a-B current I,z is transformed to the rotor fixed d-q current 7,,. This is implemented
by multiplying 7,4 by the phase rotator e~'Br, which is rotating with the speed w,,; see equation

(3.61).

qu = Zaﬁ -e P (3.61)

For the Park transform, the time-based context is also important for the later implementation; see
equation (3.62).

[ ] [

ol =[5t o] @62
In most cases where the Park transform is implemented for motor control, w; equals the speed of
the FC ws. However, as in our application ir 44 is of interest, there are two ways to adapt the Park
transform, which will be presented in the next two sections. The final step of both approaches is

the normalization of the result, by calculating the severity factor SF, see equation (3.61).

SF =-2-100% (3.63)

~>| ~>
~ |"H

3.3.1 Approach A: Adapted Frame Speed

The first option for obtaining x| is to rotate the d-q coordinate system with the speed of the

oscillation frequency (w, = wg). To calculate the current vector in d-g coordinates, the standard

equation for the Park transform is used; see equation (3.64).

-

laq = lag - e7"@F Y (3.64)

If equation (3.60) is inserted into equation (3.64), equation (3.65) results for the current vector 7y,

in the d-q coordinate system.

Tag =i e + i, - elllws—wp)t] (3.65)
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The rotating current vector 7, equals the sum of the vectors 7r 44, rotating at the speed ws — wp
and the stationary vector Ir|q4; See Figure 3.7. If wg is greater than ws, both 7;, and iy g Will

rotate in the other direction.

Stationary q Axis

r\ OfF — g
R

. '\ Wp — Og

Ipjdq

A
hY

-
\ —-
==

IF|d iy Stationary d Axis

Figure 3.7: Current space vector in the d-q coordinate system.

If the time-dependent quantities are considered, i; and i, consist of a DC component and an
alternating current component, as can be seen in equation (3.66).
lg =lpjg tirg- cos((ws — wp)t)
_ . _ . (3.66)
g = lpq +iriq -sm((ws - wF)t)
The curves of equation (3.66) are depicted in Figure 3.9. What stands out is the changed frequency
of the main oscillation due to the use of the Park transform. The frequency of the oscillations now
equals wg — wr = 2m - 25Hz. The second and most important fact is that the DC offsets iy|4 and

ir|q are visible in the signal.
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Figure 3.8: o- and B-current (left) and curves of d- and g-current after use of Park transform on

the basis of equation (3.64)

The amplitude iy can be calculated from the geometric sum of ir|; and ig|4; see equation (3.67).

i = /iFle +ipq (3.67)

If the DC parts of iy and i, are calculated, the amplitude i can be calculated from this. After

applying the Park transform with w, = wg, only the DC part of the two oscillations of i; and i,

has to be calculated.

3.3.2 Approach B: Additional Phase Rotator

In the second option, the speed of the d-g coordinate system is first equated with the fundamental

frequency, as is common in the control of motors (wy, = ws); see equation (3.68).

lag = Lap - €7'(@s® (3.68)

Equation (3.69) results for 7, if equation (3.60) is inserted into equation (3.68).
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As is known from the control of motors, 7, equals the amplitude of the torque-forming component
it, that is used as a control variable, with the addition of an oscillation with the speed wyr — ws.

This becomes visible when the curves of i; and i, are considered; see Figure 3.9.
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Figure 3.9: a- and B-current (left) and curves of d- and g-current after use of Park transform on

the basis of equation (3.68)

As the next step, it is subtracted from 7, in equation (3.69), with the consequence that only the

oscillation remains in the signal; see equation (3.70).

qu.osc =1p- gllwrws)t+6] (3.70)

In order to calculate the amplitude i of T4, 05c, @ second Park transform at the speed of the

oscillation wg — ws is applied on T4, osc; See equation (3.71).

lagz = lagosc” e~ i((wr-ws)t) (3.71)

As a result, we obtain equation (3.72), which equals a stationary value with the amplitude 7z and
the angle 6.

(3.72)
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If equation (3.72) is compared with the stationary part of equation (3.65), the same result is

obtained. Consequently, both approaches deliver the same result.

3.3.3 Filter Design

In both presented variants for the calculation of the amplitude iy, one filter each is required. In
approach A, it is needed to filter the oscillation i - eil(®@s=®F)tl of equation (3.65), and in approach
B, it is needed to calculate the mean value of 7,,; see equation (3.69). To implement such filters,
the most efficient way is to use low-pass filters. In the framework of this work, the focus is on the
use of a first-order Butterworth filter, whose transfer function can be calculated using equation
(3.73), where T equals the sample time of the MPU. The filter makes the implementation easy.
However, the cut-off frequency w, has to be chosen relatively small in order to remove the
oscillation to the greatest extent possible. This causes the time constant of the filter T to become
relatively high, which makes the system slow, which can be a problem in dynamic systems. But in
the application as a circulation pump, for example, no rapid load changes are to be expected (Eckl,
2019b).

T
1—e®T 1 —eTF

H(z) = = T (3.73)
7z — e%c T
z —eTF

The larger Ty is selected, the lower the proportion of oscillations at the output of the filter.
Depending on the application, however, there is a certain requirement for the speed of the
algorithm, which is influenced exclusively by the time constant of the filter. The relation for the
gain |F| of a continuous T1 link, as shown in equation (3.74), indicates that full damping (|F| =

0) of a frequency w (if w > w,) is only possible with infinite T.

1
F| = 3.74
IFl= o (3.74)

In practice, however, complete removal of the oscillation is not necessary either, since the

resolution of the MPU is finite. Oscillations at the output of the filter with an amplitude if;;¢ereq

smaller than the resolution of the MPU Ai can therefore not be displayed. An upper limit for Tx

can be determined using equation (3.75).

ifiltered 2 05 " Al (375)
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For w > we, Irjjereq 1S Calculated based on the multiplication of |F| with the input amplitude

linput at the frequency w; see equation (3.76).

1
lrittered = w.—TFlinput (3.76)

After consideration of equations (3.75) and (3.76), we obtain equation (3.77).
2’iinput
< —— 3.77
F= w-Ai (3.77)
Consequently, Tr depends on the amplitude of the oscillation at the input of the filter, the frequency
of the oscillation to be filtered, and the resolution of the MPU. i;,,,,,,+ and w depend on the approach

(approach A or approach B) that is used for feature extraction. If approach A is used, higher values

for T, are expected since i;,,,,,; €quals the torque-forming component i7. In this case, w equals

lws — wg|; see equation (3.65).

For example, if approach A is used to investigate the frequency bands f;. ,m, 0f a PMSM (s =

0) based on equation (2.14), we obtain the relationship (3.78).

1
TF<pT

S TET (3.78)

Tr depends on the two variable parameters i and f; and the constant %. It can be seen here that

it is quite possible to adjust the time constant variable to the current operating point of the motor,
provided that i and f; are known. For example, an eight-pole motor with a current measuring
range from -4.5 to 4.5 A at 12-bit resolution and a current consumption of i; = 2.9 A at a speed

of 2500 rpm leads to a filter time constant of T = 10.1s.

3.3.4 Comparison of the Approaches

Finally, in this section the two approaches presented in sections 3.3.1 and 3.3.2 for feature
extraction based on ARFT will be compared with each other. Figure 3.10 depicts the different
steps of the two approaches. The values shown with arrows are vectors, whose number of rows

equals the number of investigated frequency bands.
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la, tps L

Clarke
transform

From FOC

oscillation

Approach A uses a total of 5 blocks, while approach B requires the use of a total of 8 blocks. For
approach B, two extra subtraction blocks are needed, as well as one additional block for the second
Park transform. However, in approach B, the block “Park transform 1” is only needed if there is
no implementation of an FOC on the control board of the motor. The two additional subtraction
blocks are needed to adjust the speed of the coordinate system for Park transform 2 (“subtraction
1) and to eliminate the offset in the signal after the use of Park transform 1 (“subtraction 2”).
Consequently, from the general design, approach A is a more efficient implementation method

compared to approach B.

However, approach A also has one major drawback compared to approach B: the higher time
constant of the filter, as described in section 3.3.3. This can be critical, especially in applications
where dynamic load changes are possible. Also, a more thorough view at the required
mathematical equations enables the consideration of another aspect. If f¢ > fr, which is true for
all frequency bands that are investigated left of the fundamental frequency, then the absolute value
of fr — fs equals fr + fs. In this case, one less transform is needed in the block “Park transform

2”. On the other hand, it has to be considered that information can be lost, since the two amplitudes
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of the stator current (f; + fr) are combined into one amplitude in the block “Park transform 1”.

Also, in approach B, only the two signals ig and i,, have to be filtered, compared to the vectors 74
and 7, of approach A, which can lead to reduced computational costs. Table 3.2 gives an overview

of the advantages and disadvantages of the two presented feature extraction approaches for ARFT.

Table 3.2: Advantages and disadvantages of the two presented feature extraction approaches for

ARFT
Approach A: Adapted Frame Speed Approach B: Additional Phase Rotator
+ Fewer elements — More elements
+ No information loss for frequencies left of | — Information loss for frequencies left of the
the fundamental component fundamental component
— Only Clarke transform can be used from + Clarke transform and Park transform can
FOC be used from FOC
— Slower algorithm due to high filter time + Fast computation

constants

3.4 Time-Frequency Transformation

A variety of mathematical tools are available for time-frequency transformation, which are
implemented depending on the application. In the field of technical diagnosis of motors, time-
frequency transforms have been used in current-based analysis, although they have been also
employed for the analysis of other quantities (vibrations, stray-fluxes, torques, etc.). Depending
on the startup time of a motor, the motor current completes only a few complete oscillations, which
requires an optimized analysis in the time-frequency domain. Two methods, in particular, are
considered here, wavelet transform (continuous and discrete) and Short-time Fourier transform
(STFT), despite there are also other time-frequency transforms that have been employed in the
technical literature of the area (Hilbert-Huang transforms, Wigner-Ville or Choi-Williams
Distributions, etc.). In recent years, STFT utilizing a Gaussian function for windowing, called
Gabor transform, has demonstrated great performance in terms of high computation speed and

resolution.
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In general, the STFT of a function f(t) is calculated on the basis of equation (3.79), where

g(t — t) is the window function, an even function with positive real values, centered at .

STFT(1, ) = f F(O)g(t — et (3.79)

The choice of the window function g(t) has an influence on concentration and resolution in the
expansion (Jones, 1990). On the other hand, measuring the performance of the selected window
remains an issue (Riera-Guasp, 2012). The normalized Gaussian function g(t) is calculated on the

basis of equation (3.80) with respect to the deviation parameter a (Fernandez-Cavero, 2021).

-t2
g() = i/g e T (3.80)
The standard deviation o, is given by equation (3.81).
_ 1 (3.81)
P '

The high resolution of the Gabor transform is justified by the theoretical fact that the Fourier
transform of the Gaussian function equals a Gaussian function; see equation (3.82).

1 _@rp?
g(f):\/;-e 2a (3.82)

With the standard deviation oy, which is interpreted as the bandwidth of the Gaussian function in

the frequency domain, we obtain equation (3.83).

(04
=— 3.83
This has the consequence that the product of time and frequency resolution is minimized compared

to the use of other windowing functions (Heisenberg uncertainty); see equation (3.84).

1
010f = o (3.84)

Equation (3.84) describes the Heisenberg uncertainty principle applied to time-based signals.

Equality of the function is only given if a Gaussian function is applied for g(t). If other windows
are used in equation (3.79), the product of o0, will be bigger than the constant ﬁ; see equation

(3.85) (Riera-Guasp, 2012).
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1
> — 3.85
01 0f > 7 (3.85)

In order to make a choice for the value «, the slope P, which is the ratio of o and o;, as shown in
equation (3.86), was introduced. If knowledge about the trajectory of the frequency of a fault in
the time-frequency domain is available, P can be selected based on the slope in Hz/s (Pons-
Llinares, 2013).

_9

P =
. (3.86)

The trajectories of fault frequencies during the startup of a motor (fs = const.) depend on the
motor supply. In the case of line-start IMs, the components that are independent of the slip are
constant (i.e. horizontal straight lines) in the time-frequency map. Slip dependency evolves in a
very convenient way. For example, broken rotor bars lead to a significant V-shape in the time-
frequency map. In the case of VSD-fed motors, the supply frequency changes during the startup
of the motor from O Hz to the final operating frequency. Consequently, all frequencies show a
certain pattern. If the stator frequency is changed, the frequency component of the eccentricity also
changes. The theoretical evolutions at the ramped startup of the dynamic eccentricity components
(v =1 and ng; = 1) of an eight-pole PMSM are illustrated in Figure 3.11. If there is dynamic
eccentricity in a motor, the evaluation of the ATCSA should show increased amplitudes at the
location of the red lines. The same characteristic pattern is expected for load oscillations and pump

faults, which influence the frequency f; pump-
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Figure 3.11: Theoretical curves of the dynamic eccentricity components given by equation
(2.17) with v = 1 and nz = 1, for the start of an eight-pole PMSM (ng;q,+ = 1000rpm and
Ngpa = 3000 rpm)
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4 Methods

In this section, all the methods that were needed for the analysis in the framework of this thesis
will be described in detail. In total, three different kinds of pumps were measured, and their design
and parameters will be discussed first. Next, it will be discussed how certain faults were
implemented in these tested elements. After that, the test benches used to develop the experiments
will be described. The section will be rounded off by the presentation of the analysis methods and

parameters used in the analyses.

4.1 Test Objects

In summary, three different types of pumps were measured in order to validate the proposed
methodologies: a wet-rotor pump, a dry-runner pump, and a submersible pump. More details about

the individual test objects are described below.

4.1.1 Wet-Rotor Pump

Two different wet-rotor pumps with the same design, but different sizes, were measured in several
measurement campaigns. This pump type is applied in one-pipe and two-pipe systems, underfloor
heating systems, boiler or primary circuits, storage tank circuits, solar power systems, and heat
pumps. The motor power of the first pump was 800 W and that of the second one 150 W. Note
that the power rating is based on the rated mechanical power of the motor. The maximum power
consumption (typical specification for these pumps) indicated on the pump type plates is higher
than the indicated values in both cases. Figure 4.1 shows a picture of the 800 W pump installed in

a test bench.
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Figure 4.1: Picture of the measured wet-rotor pump with 800 W

As motor technology, a PMSM with a concentrated stator winding (tooth coil winding) was used.
The rotor was built with surface-mounted permanent magnets. To control the motor, sensorless
field-oriented control was applied. The motor currents were measured on the low side of the
insulated gate bipolar transistors utilizing three shunt resistors. The current signals are resolved in
12 bit. The pump was constructed as a wet-rotor pump, and the rotor was sealed against the stator
with a can. The rotor of the pump ran in a can filled with water. The rotor shaft was mounted in
hydrodynamic journal bearings. In order to cool the stainless steel can, the water circulated in the
can. This was achieved by channels in the journal bearings and a hollow shaft. For the impeller, a

radial impeller was used.

Regarding the MPU, two STM32F405 of the Cortex-M4 family were used on the pump. One MPU
was used as a control board (sample time of 0.3 s) and the other one for motor control (sample
time of 100 ps); see Figure 4.2. Both MCUs shared parameters, e.g., for control, over an internal
bus. The pump was connected to the test bench computer via a 3-phase signal cable with a USB-
Nano-485 signal converter. The current values of flow, head, speed, and power can be captured
via Modbus, among others. Furthermore, set values, such as the set speed or the set head, can be

set from the test bench computer. Depending on the measurement, signal exchange was realized
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via the software LabVIEW or Pactware. Pactware also ensured the implementation of a modified

firmware, which was needed for the field test of ARFT.

Pump unit

Internal
bus

Modbus
Test bench computer Control board MCU Motor control MCU

Figure 4.2: Schema of the hardware setup of the two wet-rotor pumps

The parameters of the two Devices Under Test (DUTS) are listed in Table 4.1. Two design variants
of DUT1 were measured in different measurement campaigns. The difference was that the cans of
the standard variant of DUT1 were welded, which allows no dismounting of the rotor and thus no
possibility to manipulate the bearings. To solve this problem, special cans were used where screws

can be used to dismount the rotor from the can.

Table 4.1: Parameters of the measured wet-rotor pumps

DUT1 DUT2
Rated power 800 W 150 W
Nominal head 18 m 6 m
Nominal diameter of pipe 50 mm 25 mm
connection
Speed 1000 — 3400 rpm 1000 — 3600 rpm

Number of impeller blades 7 7
Number of pole pairs 4 3

4.1.2 Dry-Runner Pump

As a second test object, a dry-runner in-line single-stage pump with a power of 180 W was
investigated; see Figure 4.3 a). The pump design is characterized by a rigid connection between

pump and motor. Application examples of this pump type are service water supply systems,
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heating systems, industrial recirculation systems, air conditioning systems, cooling circuits,
swimming pools, and water supply systems. It is typical for this pump design that a mechanical
seal is used to seal the shaft. As a motor, a surface-cooled squirrel-cage IM with an efficiency class
of IE3 was used to drive the pump. The impeller of the pump was designed as a closed radial
impeller with eight impeller channels and a diameter of 125 mm. The flanges were of the size
DN50. As bearings, radial ball bearings were used in the motor. The windings of the stator were
connected in star form in all measurements. The motor can be powered from the mains or from a
VSD. The commercial VSD “Pumpdrive” with a maximum power of 370 W was used for the

experiments; see Figure 4.3 b).

a) Dry-runner pump

n
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Figure 4.3: Picture of the measured a) dry-runner pump; b) VSD

Further important parameters of the pump are summarized in Table 4.2.

Table 4.2: Parameters of the measured dry-runner pump

DUT3
Rated power 180 W
Rated speed 1370 rpm
cos ¢ 0.7
Number of impeller blades 8
Number of pole pairs 2
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4.1.3 Submersible Pump

The measured ESP is used in different applications, for example wastewater transport,
management and treatment plants, drainage systems, stormwater transport, recirculation, and
sludge treatment. It was designed as a fully floodable submersible motor pump, where the motor
was directly fitted to the pump via a flange. For the impeller, an open two-vane impeller was used.
A squirrel cage IM with a nominal power of 7.7 kW was used to drive the pump. The motor had a
nominal current of 15.9/9.2 A at 400/690 V and a nominal speed of 1403 rpm. The guaranteed
head of the pump was 9 m at a flow of 100 m®h and 1403 rpm. The most relevant parameters are
summarized in Table 4.3. The motor was fed by a VSD with the option to change the operation

direction of the ESP via the control panel.

Table 4.3: Parameters of the submersible pump

DUT4
Rated power 7.7 kW
Nominal head 9m
Nominal flow 100 m*/h
Rated speed 1403 rpm
Nominal voltage 400/690 V
Number of impeller vanes 2
Number of pole pairs 2

4.2 Fault Implementation

During the tests, the different DUTs were examined with different faults. Their implementation of
will be described in the following sections. However, not all DUTs were examined with all faults.

Table 4.4 gives an overview of which DUT was measured with which fault.
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Table 4.4: Combination of test objects and implemented faults in the measurements

DUT1 DUT2 DUT3 DUT4
Clogging v v v v
Hydraulic blockage v v v X
Cracked impeller v X X X
Bearing damage v X X X
Dry-running rotor v X X X
Dry running v X X X

4.2.1 Clogging

The clogging fault was implemented in all DUTSs. Both the design of the impeller and the type of
application where the DUTs are used in the field differed. For this reason, there were also two
different ways of implementing the clogging fault. First, it will be described how the fault was
implemented in the wet-rotor and the dry-runner pump, which both used a closed radial impeller.
After that, the procedure of clogging the submersible pump, in which an open impeller was used,

will be illustrated.

4.2.1.1 Wet-Rotor and Dry-Runner Pump

Two different materials were used to implement the clogging fault in the wet-rotor and the dry-
runner pump. Both materials have been successfully used to prevent flow through a particular
channel. One option was to use foam with armor tape, which is depicted in Figure 4.4a). However,
with this approach, there was a risk of friction of the armor tape at the housing of the pump. In
order to prevent the risk of additional friction, a second approach was applied. Here, polystyrene
was used to clog the channel of the impeller, as depicted in Figure 4.4b). With the help of these
two approaches, it was possible to clog a variable number of channels, depending on the total
number of channels of the pump. In order to minimize the measurement effort, only adjacent
channels were clogged in the case of multiple channel clogging. It is possible, especially if the
flow is high, that the clogging is solved. Based on the experience of several experiments, this
procedure causes a noticeable sound and an increase of flow and head after releasing the clogging.
After this happened, the experiment was repeated. After measuring the manipulated pump, we
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checked whether the impeller was still clogged. The first step was to remove the impeller including
the drive from the pump casing, which was easily accomplished by loosening four screws. After
the appropriate number of channels were clogged, the impeller including the drive was reinstalled

in the pump housing.

Figure 4.4: Examples of the implementation of the fault two clogged impeller channels; (a) foam

and armor tape; (b) polystyrene

4.2.1.2 Submersible Pump

In the case of the submersible pump, the clogging fault was implemented with the help of a rag.
This rag was inserted into the pump sump by means of a special filling device and was then pulled
into the impeller of the pump. Figure 4.5 depicts the measured ESP in healthy condition before it
was started (a) and in the condition of clogging (b). Despite the fact that it looks like a complete

clogging here, the pump continued to provide some flow and head.
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Figure 4.5: Standstill ESP impeller in healthy condition (a) and running with clogging (b)
4.2.2 Cracked Impeller

To implement the fault cracked impeller channel, part of one impeller blade was damaged, as
shown in Figure 4.6. With the help of a file, a cut with a depth of 5 mm and a width of 4 mm was
sawn into the impeller. First, as with the clogging fault, the impeller and the drive were removed
from the pump casing. In addition, the impeller was pulled off the shaft with a special pull-off
adapter. After the manipulation, the impeller was re-attached to the shaft.

Figure 4.6: Implementation of the fault impeller crack
4.2.3 Hydraulic Blockage

A hydraulic blockage means that the pipe on the pressure side of the pump does not allow any flow
through the piping system. In the field, this fault can be provoked, e.g., by deposits in the piping
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system or faulty control of throttle valves. In the measurements in the framework of this work, the
fault hydraulic blockage was provoked by closing the valve on the pressure side of the measured
pump. To avoid air formation and other turbulences, the respective valves on the suction side of
the pump remained open.

4.2.4 Bearing Damage

For wet-rotor pumps, the use of journal bearings is recommended. Materials for such bearings
include rubber, carbon graphite, plastic, and wood. Over the lifetime of a pump, the journal
bearings can wear out. The wear process is influenced by many factors, such as speed, load, or

contamination of the lubricant.

The implementation of this fault was only possible with the prototype of the glandless pump; see
section 4.1.1. After removing the impeller and the drive from the pump casing and pulling the
impeller off the shaft, the can was disassembled into its individual parts to access the A- and B-
bearings, as illustrated in Figure 4.7. The fault was provoked by grinding down the bushing of the

journal bearing with the help of a lathe.

A-bearing
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B-bearing

Figure 4.7: Location and picture of the journal bearings used

After grinding down the diameter of the bushing, a special measurement device was used to check

the measure. After assembling the individual components and measuring, the measurement was
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taken again to validate whether the diameter had changed. However, no change in diameter was

detected during the measurement in any case.
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Figure 4.8: Measurement device for measuring the bushing diameter
4.2.5 Dry-Running Rotor

The rotor of this type of wet-rotor pumps is normally surrounded by water. The water is mainly
needed to lubricate the journal bearings. Without water, no lubricating film can form between the
shaft and the bearing. This can lead to increased heat development and wear of the journal bearings.
The water enters the inside of the can via small holes and is pumped through the shaft, which is
designed as a hollow shaft. If the water supply is stopped due to contamination, for example, the
rotor can run dry. This dry-running rotor fault was provoked with the help of foam material and
armor tape at the boreholes. The impeller of the pump was still surrounded by the fluid so that the
pump was able to produce hydraulic power. Consequently, this fault differs from the fault dry

running, where the impeller is running dry.

4.2.6 Dry Running

To implement the fault dry running, the entire test bench as well as the pump unit was cleared of
water. This left only air under atmospheric pressure in the piping system. Due to the lack of water,
the pump was no longer able to build up water pressure. Thus, the pressure signals of the test bench

were used to verify that there was no water in the system.

4.3 Test Benches and Measurement Setup

A total of three test benches with different characteristics were used to measure the pumps. In the
following, the multi-pump test bench will be described first, which allowed several pumps to be
measured simultaneously. This is followed by a description of the pump test rig, which allowed
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measuring inline centrifugal pumps up to 2 kW. Finally, the wastewater test bench will be

described, which was specially constructed for the measurement of wastewater pumps.

In all measurements in the pump test benches, attention was paid to ensuring that the inlet pressure
at the suction nozzle of the pump was sufficiently high (NPSHa>NPSHTr) in order to prevent
cavitation in the pumps. Before the data acquisition was started, the pumps and the pressure sensors

were vented at the intended nozzle.

4.3.1 Multi-Pump Test Bench

In the multi-pump test bench (see Figure 4.9), three pumps can be operated in parallel. The test
bench consisted of five parallel vertical pipes. All pipes had a nominal diameter of DN100. In the
three middle pipes, the pumps were installed (1). The water flowed through the outer pipes back
to the suction ports of the pumps. A radiator was installed in the back of the test bench (2). It could
be switched on in order to cool the water of the test bench. In each of the middle pipes, shut-off
valves were installed on the suction and pressure sides of the pump (3). On the one hand, they
were used to separate single strands from the test bench. On the other hand, they could be used to
set the flow of a single strand and thus vary the pump load. Above the lower shut-off valve,
expansion joints were installed to minimize the vibration level of the test bench (4). Pressure
sensors (IFM PU5415) were installed on the pressure side and the suction side of the pumps (5).
They were connected via 0-10 V signal to the data acquisition system of the test bench (NI USB-
6363) (6). An ultrasonic flow meter could be used to measure the flow in the right pipe (Omega
FDT-25) (7). This is especially interesting when measuring a single pump. Here, the left pipe was
shut off. To guarantee safe pump operation, proper safety technology was applied. Both an
electronic pressure switch (WIKA PSD-30) (8) and an electronic temperature switch (WIKA TSD-
30) (9) were installed in the hydraulic circuit. Both were integrated into the enabling logic of the
energy supply of the pumps. The pressure switch only allowed the absolute pressure of the test
bench to be over 1 bar and lower than 5.5 bar. The lower threshold was applied to prevent damage
to the test bench and measuring devices due to leakage. Additional mechanical protection was
provided by a pressure relief valve, which was triggered at a pressure of 6 bar (10). The electronic
temperature switch ensured that the temperature was below 50 °C. Both electronic switches were
connected to a safety switchgear (Siemens 3TK2825-1BB40). An electronic time relay (3RP1555-
1AP30) was used to switch the pump supply on and off for certain periods of time. Additional
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components were two thermal expansion tanks, an inlet nozzle, and vent valves. With the help of
the power analyzer Yokogawa PX8000 (1), the input values (U, 1, power factor) of the pump were

measured. The measurement devices (12) to (4) were used for high-precision measurement of the

electric signals; for more details, see section 4.3.3.

Figure 4.9: Test bench for condition monitoring and life-accelerated pump tests
4.3.2 Single-Pump Test Bench

The test bench for inline centrifugal pumps up to 2 kW consisted of a pressure vessel and pipelines
in which the fluid was circulated by the pump unit through the closed hydraulic circuit. The test
bench was constructed according to the German standard DIN EN 1SO 9906. Two control valves
connected in parallel ensured the throttling of the hydraulic system and thus a variation of the
system characteristic curve. To enable measurement of the pump characteristics, both a differential
pressure (WIKA DPT-10) and a flow sensor (ABB Watermaster FER100) were installed. Further

measuring sensors included a fluid temperature sensor and an absolute pressure sensor. For the
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replacement of the pump unit, two ball valves blocked the circuit, so that only the water in the
intermediate pipe had to be drained and thus it was not necessary to completely drain the water in
the entire test bench. Control and acquisition of the measuring data was done by a data acquisition
module (NI USB 6363), which was operated via a user interface on a PC. The program used for
this purpose was programmed using the LabVIEW software, which enables automated test

execution and evaluation.

a) Process flowchart b) Picture test bench
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Figure 4.10: Single-pump test bench
4.3.3 Current Measuring Setup

The measurement setup illustrated in Figure 4.11 ensured high-precision recording of the current
signature. The three-phase current coming from the VSD or, in the case of line-fed motors, from
the grid, induced an equivalent voltage signal in the zero flow current transducers (LEM IT 200-
S; see (12) in Figure 4.9), which were galvanically isolated from the power circuit. With the help
of the Multichannel Current Transducer System (Signaltec MCTS, (13)), the supply of the current
transducers was provided and their voltage signal was captured. The three galvanically isolated
current channels and the separate internal power supplies of the MCTS reduced both external and
internal interference. The outgoing measuring signal was tapped via shunts (Yokogawa
19/SH5/BNC/0,05) and transmitted to the oscilloscope (Rohde & Schwarz RTE 1034, (14)). For

each measurement, a sampling rate of 10 kHz with a running time of 60 s was set.
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Figure 4.11: Setup for precision measurement of the motor current
4.3.4 Wastewater Test Bench

The test stand was designed as an open circuit according to the standard DIN EN 1SO 9906. The
most important components of the test bench for this measurement are depicted in Figure 4.12.
The liquid was pumped from the inlet tank (see number 1 in Figure 4.12) via a measuring section
and a filter system to a second tank (2) on the pressure side. The desired flow was set by means of
two valves (3) in the measuring section. The ESP (4) was submerged in the inlet tank on the supply
side. A DN100 measuring section was installed above the tanks for measuring the flow with a
magnetic inductive flow meter (5). The head of the ESP was measured by means of a membrane
pressure sensor (6) in a pressure-measuring line with four measuring holes. Both flow and pressure
sensors provided analogue signals, which were collected by the data acquisition system. The
electrical values were measured with a power meter (7). To capture the current, a high-precision
current transducer (8, LEM IT 200-S) with a sample rate of 2 kHz was used. To implement the

fault clogging, rags were pushed in front of the suction mouth of the pump via a filling device.
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Figure 4.12: Sketch of the wastewater test stand used for the measurements

A special test sequence was performed for the experiment. The test sequence included an initial
normal operation, after which a rag was pushed into the impeller of the ESP. After clogging, a
manual deragging procedure (i.e., a repeated reversal of the rotation direction of the motor) was

initiated until the clogging was cleared. The single steps are listed in detail below:

1. Start (0 s): Normal pump operation at 40 Hz supply frequency.

2. 10 s: Insertion of a rag via the filling device. After 10 s, the rag was sucked into the impeller.
The pump was driven in this condition for 5 s.

15 s:. Switching off of the pump for 5 s.

20 s: Operation of the motor in the opposite direction for 5 s at 50 Hz.

25 s: Switching off of the pump for 5 s.

30 s: Operation of the motor in the normal direction for 5 s at 50 Hz.

35 s: Switching off of the pump for 5 s.

40 s: Operation of the motor in the opposite direction for 5 s at 50 Hz.

© 0o N o g B~ w

45 s: Switching off of the pump for 5 s.
10. 50 s: Operation of the motor in the normal direction at 50 Hz. After 1 to 2 s, the pump was
cleared.

11. 55 s: Switching off of the pump for 5 s.
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12. 60 s: Normal operation, first at 50 Hz and after 2 s at 40 Hz.

4.4 Analysis Methods

This section presents the analysis methods used in this thesis. First, the MCSA will be presented,
which is based on the evaluation of the current spectrum of a motor in stationary condition. Then
the LoPoFIA method will be presented, which is based on the MCSA but includes the current load
point of the pump in the analysis. Following this, reference will be made to ARFT, which is a
particularly resource-efficient method for investigating the current spectrum. Thereafter, a method
will be proposed for monitoring pumps where ARFT is implemented for feature extraction based
on a cloud. Finally, ATCSA will be presented, which was used to investigate the current signal in

the time-frequency domain.

4.4.1 Motor Current Signature Analysis, MCSA

MCSA was used based on a self-built Matlab program. As a first step, the captured current signal
was normalized. This was done by dividing the data vector (single-column current signal) by its
maximum value. The maximum value was found by using the Matlab command max(). After
normalization, the signal was windowed with the help of the Hamming window. This window was
calculated with the help of the command hamming(), based on the length of the data vector.
Afterwards, the data vector was multiplied with the window. The windowed data vector was then
transformed into the frequency domain by applying the Matlab command fft(). Since only the
amplitude spectrum is of interest in MCSA, the absolute value of the complex data vector was
calculated with the Matlab command abs(). After this, the amplitude spectrum had to be scaled,
which was implemented by means of division by the vector length and multiplication with 2. After
another normalization, the signal was converted into the dB scale. As a result, the amplitude

spectrum of the current signal was obtained up to half of the sampling frequency.

4.4.2 Load Point Depending Fault Indicator Analysis, LoPoFIA

Load Point Depending Fault Indicator Analysis (LoPoFIA) is a diagnostic method that is based on
MCSA. It makes it possible to obtain the relation between amplitudes at certain frequencies that
are influenced by faults in MCSA, and the hydraulic load point of the motor pump. LoPoFIA was
especially developed for pumps that are fed by a VSD. Depending on the speed, VSD-fed pumps

have a large operating range since their head depends on the flow through the process and the
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motor speed. The affinity laws give an overview of the relation between the hydraulic values and
the speed of the motor. Consequently, the amplitude at a certain fault frequency depends on the
mentioned values. The Q-H map was selected as the display format, as is common for pumps, with
the addition that the amplitude at a frequency was displayed in color. Furthermore, this method is
only suitable for faults that allow a flow in the process. This fact excludes, for example, the faults

hydraulic blockage, dry-running or a fully clogged pump.

LoPoFIA is a diagnostic method derived from MCSA, so the first steps of both methods are the
same. The first step was the normalization of the current signal to the maximum value. This ensures
that the maximum amplitude of the frequency domain is 0 dB, which simplifies comparison of the
results. After normalization, FFT was applied to obtain the frequency spectrum of the current
signal. It was assumed that the captured current signal was stationary and that the valve position
remained constant during current measurement. Figure 4.13.a illustrates the MCSA result of a
single load point at a flow of 10 m®/h and a head of 6 m. In comparison to MCSA, where the whole
spectrum is considered, only two defined frequencies are considered in LoPoFIA, depending on
the load point. This was done for the two frequencies calculated based on equation (2.14). The two
amplitudes at the fault frequencies f, pymp— and f pump+ are marked in Figure 4.13.a. For
LoPoFIA, these amplitudes are extracted, and each amplitude is displayed depending on the
measured flow and head. Consequently, each amplitude has its own plot. In this example, f;. ,ymp+

is located at the top of Figure 4.13.b and f;. ,,;;m,— at the bottom of Figure 4.13.b.
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Figure 4.13: Methodology of feature extraction from (a) MCSA to (b) LoPoFIA

MCSA was applied to each load point in order to extract the load-dependent information of the
two fault indicators. The analysis was done with the help of a self-built tool that performs MCSA
and calculates the fundamental frequency and the two fault frequencies automatically. To find the
maxima at each fault frequency, the tool searches for the maximum value around the calculated

frequency within a range of 0.3 Hz. The flow chart of the tool is presented in Figure 4.14.
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Figure 4.14: Flow chart of the implementation of LoPoFIA
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4.4.3 Advanced Reference Frame Theory, ARFT

The theoretical background of the ARFT method was already illustrated in section 3.3. In this
section, we will present how the algorithm was implemented and how its function was verified in
a laboratory test and a field test. The goal of ARFT in general is the calculation of the amplitude
at given frequencies. In the context of this work, especially the two frequencies f;. ,,mp- and
fr.pump+ Were investigated, since they contain information about the condition of the pumps.
Section 3.3 discussed two approaches to implementing ARFT. Due to the advantages (see Table
3.2) and the fact that in the application as a circulating pump, no fast load changes were to be
expected (see (Eckl, 2019b)), approach A was implemented.

4.4.3.1 Algorithm Implementation

The method for investigating the amplitudes at f. ,,mp Was implemented in Matlab/Simulink,
which allowed implementation in the laboratory test with dSpace hardware, as well as
implementation in the firmware of the MPU of the wet-rotor pump. Figure 4.15 depicts an
overview of the subsystems of the algorithm. As input values, the a- and B-current was used as
one vector (“inputValueClarkeTransformationAlphaBeta”) and the speed in rpm
(“PLLestimatedSpeed”) as the other. One parameter that is important in different subsystems was
the sample time of the processor (“motorControlStepTime”). While the individual sub-blocks will

be explained individually in the following, we obtained the two amplitudes at the points f;. ,,mp—

(“I_fault_minus”) and f;. ,ymp+ (“I_fault_plus”) as output variables.

t plus
1 outputValueClarke TransformationAlphaBeta 3 auk d_fault
inputV ke Transioma aBeta d | faukt_plus
i_d_tault_minus
i_q_fault plus 1.q_faut
(Z)—dPuiccmsiodspoos fautiroq v vector | o1 o
PLLostmatedSpocd P
fauk_dc fault_minus
Thodels 4 frame1

‘Calculation dc companents 1 ‘Calculation_vector_ampltude

Figure 4.15: Overview of the algorithm based on ARFT

The two fault frequencies f. ump- and fr pump+, Which were combined into one vector

“faultfreq_vector”, were calculated in the subsystem “fault models”; see Figure 4.16. The only

parameter needed in this subsystem was the number of pole pairs of the motor
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“numberOfPolePairs”. In summary, this subsystem only included the calculation of the fault
frequencies according to equations (2.14) or (2.17) if v = 1 and n; = 1 (in both cases s = 0, since

it was implemented in the MPU of a PMSM).

numberOfPolePairs/60
PLLestimatedSpeed

RpmtoHzelectrical1

I—’.
faultfreq_vector

numberOfPolePairs

calc_faultfreq2

Polepairs

Figure 4.16: Block “fault models”

Figure 4.17 depicts the core of the algorithm, the Park transform of the current signals. As a first
step, the two frequencies that were the input signals were converted from Hz to rad™. After
conversion, the angle was calculated from the frequency signals by integrating the frequency
signals. The integrators were implemented in another subsystem, which will be considered in the
next paragraph. After integration, both angles were multiplied with a cosine and a sine function.
Both trigonometric functions were implemented as look-up tables with a variable number of data

points. The following multiplication and sum blocks were used to implement equation (3.62).
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Figure 4.17: Block “reference framel”

In order to implement a time-discrete integrator, a self-built function block was built, which was
optimized for the data type single. In addition to the angular velocity “omega”, the
“motorControlStepTime” was also used as an input value for the integrator. As an output signal,

the angle “estimatedAngle” in a range from 0 to 2z was outputted.

single ] omega
omega
p| s ‘ electricalRotorPosition p  double
gen_theta_ref estimatedAngle
theta_prev
motorControlStepTime

Figure 4.18: Block “Gen_theta minus”

Figure 4.19 a) shows the sub-model of the block “calculation dc components 1, which contains a
first-order filter in a second subsystem. As a time constant of the filter (“time constant filter”), a
value of 10 s was used in all measurements. The filter outputs the dc parts of the d and the g-parts
of the oscillations. The filter itself was built as a first-order Butterworth filter, based on equation
(3.73).
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Figure 4.19: a) Block “calculation dc components 17; b) Block “First order filter”

Figure 4.20 reveals the individual steps taken to calculate the amplitudes “I fault minus” at
frpump— and “L_fault_plus” at f;. ,ymp+. This is the implementation of equation (3.67), where the

geometric sums are calculated from the d and g-parts of the currents.
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1_q_fault_dc
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Figure 4.20: Block “Calculation_vector amplitude”

4.4.3.2 \Validation Approach

The goal of the research regarding ARFT is to verify that a spectral analysis of the current signal
can be applied in a real environment, in our case in the application of a wet-rotor pump. In general,
the validation procedure involves two steps, a laboratory test and a field test of the algorithm, as
illustrated in Figure 4.21. In order to perform the laboratory test, the algorithm was implemented
on a MicroLabBox from the manufacturer dSpace. In the field test, the algorithm was implemented
in the firmware of the MCU of the pump. In this step, the manufacturer of the pump had to be
involved, as they were the only ones with access to firmware changes. In every test procedure, the

algorithm was optimized by adapting the parameters.
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In the following two sections, the two validation steps will be described in more detail.

4.4.3.2.1 Laboratory Test

To perform the laboratory test, the ARFT algorithm (see section 4.4.3.1) was implemented in the
rapid-prototyping system dSpace MicroLabBox. This system allowed direct implementation of the
algorithm based on Matlab/Simulink. The sampling frequency of the MicroLabBox was set to
8.3 kHz. The test object (DUT1) was installed in the middle strand of the right test bench, as shown
in Figure 4.9 b). The speed was set to 2800 rpm and the flow was set to 11 m3/h, resulting in a
pump head of 11 m (healthy condition). To test the function of the algorithm, one impeller channel

of the pump was clogged in a second experiment.

As a basis for the ARFT algorithm, additional current sensors (LEM LTS 15-NP) were installed
between the VSD and the motor; see Figure 4.22. The signals of the sensors were inputted into the
analog input channel of the dSpace MicroLabBox. The left-hand current sensor system was used

for verification of the results; compare section 4.3.3.
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Figure 4.22: Measuring concept of the laboratory test for ARFT validation

The drawback of this setup was that there was no access to the real-time signal of the speed of the
motor, as it was calculated in the motor control MCU of the pump. The first option was to read the
signal that the pump provided via Modbus interface. However, this signal was too slow for the
algorithm. As a result, there was large variation in the results of the algorithm. Better results were
obtained using an additional subsystem to estimate the speed based on counting the zero crossings

of a single-phase current signal, as described below:

Each time the sign changed from negative to positive, a counter variable (counter) was incremented
by the value one. This created a staircase-shaped signal. The width of the steps corresponded to
the reciprocal of the frequency. From the measured current curve, an estimate of the instantaneous
fundamental frequency was derived by measuring the zero crossings. The reciprocal value of the
time interval between two zero crossings represented the estimated frequency. Therefore, to
improve the accuracy of the estimator, an additional linear interpolation was introduced. This
allowed intermediate temporal values of the zero crossing to be calculated between the discrete

sampling times (see Figure 4.23).
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Figure 4.23: Interpolation to optimize the accuracy of the frequency estimator

4.4.3.2.2 Field Test

The goal of the field test was to verify whether the ARFT can run in a real environment, in this
case on the MPU of a state of the art circulation pump. In the research laboratory, there was no
possibility to create firmware for the pump. Therefore, the manufacturer was involved in the
verification. The methodology can be seen in Figure 4.24. In the first step, the manufacturer was
provided with a Simulink model, which was then migrated into the firmware of the pump and
made available again to the research laboratory. Using the software Pactware, this firmware was
installed on the pump electronics. The next step was to verify the results. Here, the results of the
ARFT from the control board MCU were passed on to the laboratory computer via Modbus. In
addition to the results coming from the pump’s MCU, the measuring setup based on Figure 4.11
was used to capture the current signals of the pump. After this, an adjustment of the parameters
took place. In particular, the number of support values of the trigonometric functions (see Figure
4.17) and the exponential function in the filter had to be optimized. The required trigonometric
functions for the application of the Park transform were implemented by means of look-up tables
with 360 value pairs to minimize the memory requirements of the MPU. This process went through

several loops until the pump ran in a state without overloading any of the MPUs.
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Figure 4.24: Methodology for verifying the function of the ARFT method in a field test
4.4.4 Cloud-based Condition Monitoring

An example of such a system is depicted in Figure 4.25. The pump, in this case a heating
circulating pump, calculates the damage factor SF using the method described above and transmits
this via a gateway to an external evaluation unit, which is implemented as a cloud-based evaluation
unit. In the cloud, the transmitted data, in particular the damage factor and other operating
parameters (e.g., operating point, speed, temperatures, service life) of the pump, are combined with

corresponding data of other pumps from the same fleet.

Due to the large database of a complete pump fleet, a comparison of the damage factors under
similar boundary conditions (operating point, speed, temperatures, service life) can then be carried
out. This serves to filter out defective pumps, as well as to detect the imminent failure of pumps.
A large deviation of the damage factor of a pump from the respective values of the other pumps or
an average value of the other pumps can be interpreted as degeneration or clogging of the impeller.

In this case, the pump owner or operator can be informed directly and, if necessary, a service
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employee can be dispatched. Notification of the pump owner or operator and/or placement of the

service order can preferably be done and generated automatically by the system.
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Figure 4.25: Proposal for cloud-based monitoring of a pump fleet based on feature extraction

using ARFT

4.4.4.1 Laboratory Test

For the validation of the cloud approach, three pumps were simultaneously operated in the right
part of the multi-pump test bench (see Figure 4.9). One of the three pumps was operated in healthy
condition, one with three clogged impeller channels, and one with a two-sided bearing damage of
+0.1 mm. For feature extraction, the ARFT method was implemented on the pumps’ MPU; see
section 4.4.3.2.2. The three pumps were connected via Modbus interface to the test bench
computer. In addition to the two severity factors SF1 and SF2 calculated by ARFT, the values
speed, flow, and head were captured with the same interface. The software tool LabVIEW was

utilized as a local cloud where the data was collected.

During the measurement, the three pumps were controlled via proportional pressure control, which
is the most common control type for circulation pumps. This control mode was set via the control

panel of the pump. The pumps were operated in different load conditions, at 0%, 25%, 50%, 75%,
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and 100% of the rated flow. The flow of each pump was set manually using the pressure side shut-

off valve on the basis of the estimated flow of the pump. In each load point, the pumps were

operated for 90 minutes, starting with 0% flow and ending with 100% flow.

@ -

DUT 1: DUT 2: DUT 3:
Healthy Bearing fault: Cloggage: 3 clogged
+0.2 mm channels

Figure 4.26: Measurement setup for the laboratory test of the cloud-based monitoring approach
445 Advanced Transient Current Signature Analysis, ATCSA

For the analysis of the transient current regimes of a motor pump, ATCSA was implemented in a
self-built Matlab program. As input of the program, the current signal in one of the motor supply
phases is needed. As a first step in the program, this current signal is normalized to the maximum
value of the current vector by dividing the current vector by the maximum value of the current
vector. The maximum value is found by using the Matlab command max(). After this, some
important parameters are defined, including the length of the time window, the slope of the atom,
and the number of DFT calculation points. As a time window, values between 0.8 and 1 s were
used for the analyses. For the number of DFT calculation points, a value of 10000 was selected.
Based on equation (3.80), the Gaussian function was calculated for the selected time window. On
the basis of equation (3.54), the DFT was calculated for the same time window. During the

subsequent loop, the same was done for the next time window.

110



5 Experiment Results: Stationary Analysis

In this section, the experiment results concerning the stationary analysis of the pumps will be
discussed. First, the RMS value of the current and other stationary values will be analyzed. This is
followed by the investigation of the results when MCSA is used. Next, the influence of the load
point of the pump on the fault indicators in the current spectrum will be analyzed with help of the
LoPoFIA method. This is followed by the validation of the DTFA, which is used to understand the
transfer behavior of a motor as a sensor for pump faults with the help of the measurement results.
Next, the results of the laboratory and field testing of the ARFT method will be presented. Finally,
a validation of the approach to cloud-based monitoring of pumps will take place.

5.1 RMS Current and Other Stationary Values

The focus of this section is on stationary values, especially the RMS value of the current, as the
main topic of this work is related to current-based fault detection. However, other stationary
values, such as efficiency, will also be evaluated in order to understand the influence of a hydraulic
fault on the operation of a pump. Additionally, for the wet-rotor pump, we will analyze whether
faults can have an influence on their parameter estimation. The faults considered in this section

are clogging, hydraulic blockage, and dry running.

5.1.1 Clogging

If an impeller of a motor pump is clogged, the pump head is decreased and consequently, the flow
through the process is also decreased. How a system reacts to a decreasing flow, or in some cases
to the decreasing head, depends on the system design. If a valve is used for flow regulation, an
opening valve could compensate for the decreasing flow. However, the decision to open the valve
has to be based on a measured signal, coming, for example, from a flow sensor. In a water heating
system, for example, decreasing flow leads to decreasing heat transfer of the radiator, and thus to
decreasing room temperature. In most cases, thermostatic valves are installed, which react to the
decreased room temperature by opening the valve. In the following sections, the influence of
clogging on the RMS current and other parameters will be investigated for a wet-rotor pump and

a wastewater pump.
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5.1.1.1 Wet-Rotor Pump (800 W)
In this section, the influence of the fault clogging on the stationary values of the 800 W wet-rotor
pump will be investigated. First, we will focus on the steady-state variables, and then analyze the

influence of the error on the parameter estimation in the next section.

5.1.1.1.1 Stationary Values

Two measurement runs were performed to evaluate the influence of clogging on the wet-rotor
pump. In the first measurement run, the valve position was kept in constant position. After the
measurement of the healthy variant at a speed of 2500 rpm, the impeller channels were
successively clogged one by one (only adjacent channels), up to five clogged channels. Then, in
the second measurement run, further reference points were recorded in the healthy state. The

electrically supplied power was used as a reference.

Table 5.1 indicates the values Proportion of Active Channels, Flow, Head, Electric/Hydraulic
Power, RMS Current, and Efficiency for different configurations. All variables are mean values of
the measured values. The value Proportion of Active Channels is calculated by dividing the
number of healthy channels of the impeller by the total number of impeller channels. Since the
hydraulic power was decreased in the case of faulty operation, the load of the motor also decreased,
resulting in an efficiency decrease of the motor. In order to make a statement about the influence
of the clogging on efficiency, a healthy variant with the same power consumption is indicated for
each fault variant.
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Table 5.1: Values of healthy and faulty wet-rotor pump (2500 rpm) for measurement at constant

valve position

Proportion of

Active Flgw Head EI_ectric/Hydra RMS Efficiency
Channels (%) (m3/h) (m) ulic Power (W) | Current (A) (%)
Healthy 100 17.9 6.6 580/321 2.8 55
Healthy 1 100 16.4 6.9 558/308 2.6 55
1 clogged channel 86 16.6 5.7 556/257 2.6 46
Healthy 2 100 12.3 8.0 493/265 24 54
2 clogged channels 71 15.7 5.2 494/222 24 45
Healthy 3 100 10.1 8.4 450/230 2.2 51
3 clogged channels 57 145 4.6 454/181 2.2 40
Healthy 4 100 7.6 8.8 393/180 19 46
4 clogged channels 43 12.6 3.6 396/123 19 31
Healthy 5 100 51 8.9 335/124 16 37
5 clogged channels 29 11.0 2.7 343/81 1.7 24

In healthy condition, the pump consumed 580 W of power and produced 321 W of hydraulic
power, resulting in an overall efficiency of 55%. In faulty condition, both electric and hydraulic
power decreased. However, the efficiency of the pump also decreased. The hydraulic power
decreased in a similar ratio as the proportion of active channels. For example, in the case of three
clogged channels (four of seven active channels), the hydraulic power decreased by 44% and the
proportion of active channels was reduced by 43%. Compared to the reference points with the
same power input, it can be concluded that the efficiency was 9 to 15% lower than in healthy

condition.

There are two possibilities that explain why the efficiency of the pump decreased: either due to a
decrease in the efficiency of the conversion from electrical to mechanical energy (motor) or of the
conversion from mechanical to hydraulic energy (impeller/pump). In all variants, the power
consumption of the motor decreased due to clogging, which led to a change in the operating point

of the motor. In all cases, the operating point moved away from the nominal point, which could
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increase losses in the motor. In addition, it is possible that clogging results in higher velocities in

the impeller passages that are still operating, which could increase hydraulic friction losses.

Compared to the healthy condition, the RMS current also decreased in faulty condition. The reason
is the mentioned decreasing hydraulic load. The authors of (Jahangiri, 2018) showed the same
behavior for a pump with one clogged impeller channel. However, the healthy variants with the
same power consumption also consumed the same RMS current. Consequently, in terms of fault
detection, the RMS current is not suitable for detection of the fault clogging. If head and flow
sensors are applied in the hydraulic system, the efficiency could be used for the detection of the

fault. However, in most cases, such sensors are not installed.

5.1.1.1.2 Parameter Estimation

In this section, the influence of the fault clogging on the parameter estimation of a wet-rotor pump,
especially that of the two hydraulic parameters flow and head, will be investigated. Figure 5.1
depicts the measured and estimated flow-head curves at a constant speed of 1870 rpm in healthy
condition and with 2 adjacent clogged impeller channels. In the figure, the same marker is used

for each associated point of the measured and estimated variable.

It was observed that due to clogging, the measured head in each operation point decreased (green
curve) compared to the healthy variant (red curve). In other words, the pump curve was shifted
downwards, which is a known behavior if the speed of a pump is lowered. As already verified in
section 5.1.1.1.1, the efficiency and the input power also decreased in the case of clogging, which
had an effect on the parameter estimation of the pump. At first glance, it looks as if both estimation
curves are one pump curve. This was also interpreted by the pump in the same way, since the pump
remained with its stored curve in its MPU for the speed of 1870 rpm. Because of the decreasing
current due to the lower power supply, the pump assumed a larger pump head, since the head
increases with decreasing flow and the same speed (see also Figure 2.2). This moved the estimated
operating point away from the true operating point, resulting in a large error in flow and pressure
variables. Especially the estimation of the head was worse in all cases compared to the estimation
in healthy condition. The flow estimation was especially influenced by high flow. The estimation
error in the highest flow condition (see “x” in Figure 5.1) equaled 35% for the flow and 53% for
the head, compared to 8% for the flow and 25% for the head in healthy condition (see “0” in Figure

5.1). In lower flows, the flow was even more accurate than in healthy condition.
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Figure 5.1: Influence of a fault on the parameter estimation of a pump, in the example of a

circulation pump (800 W) running at 1870 rpm in healthy condition and with 2 clogged channels

If, for example, the estimated flow decreases in the field because of increasing clogging or impeller
wear, the plant operator only observes a trend of decreasing flow and increasing head of the pump,
which can be a process over several years. The seemingly low flow could lead to the conclusion

that the pump being used is oversized for the process.

5.1.1.2 Submersible Pump (7.7 kW)

Figure 5.2 depicts the curves of flow, head, and RMS value of the current and the efficiency of the
ESP during a defined test procedure; see section 4.3.4. At a time of 10 s, a decreasing flow and
head indicated the clogging of the ESP. After the clogging, the hydraulic power decreased by 60%,
while the efficiency decreased from 60 to 22%. Consequently, flow could still be generated despite
the cloth being sucked in. The current exhibited a small peak at 10 s, but remained at the same
level. In the second period of running the motor in the normal direction (from 30 s), flow and head
were slightly higher in comparison with the normal condition, which was due to the increased
supply frequency (50 Hz instead of 40 Hz). Compared to the condition after the ESP was cleared
(from 52 s to 55 s), the hydraulic power decreased by 27%, which meant a lower decrease
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compared to the first period of clogging. After clearing, the efficiency of the normal condition was
reached again. Other than small spikes during sucking in of the rag and startup, the RMS value of
the current stayed at the same level. Consequently, as proven by the results, the RMS current value
was not a good indicator for diagnosing the clogging. The function of the method presented by the
authors in (Fullemann, 2013), which detected clogging by an increase in current, cannot be
confirmed from this measurement data. If flow and head sensors are available in the process, the
hydraulic power or the efficiency could be used for diagnosis. However, in most cases, such

sensors are not available.
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Figure 5.2: Curves of flow, head, current in one phase, and efficiency of the wastewater pump

during the test sequence
5.1.2 Hydraulic Blockage, Dry Running, and Fully Blocked Impeller

In this section, the influence of the faults hydraulic blockage, dry running, and fully blocked
impeller on the stationary values will be investigated. All three faults have in common that the
flow through the piping system equals zero. Consequently, both the hydraulic power (see equation
(2.2)) and the system efficiency (see equation (2.4)) equal zero, which makes the consideration of
these quantities redundant. It is obvious that the use of a flow sensor can detect when there is no

flow through the system. Thus, it could be inferred that one of these three faults is present.
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First, the effect of a partial and a full hydraulic blockage on the RMS current was investigated. For
this, the dependence of the RMS current on the flow was considered. Figure 5.3 depicts the current-
flow curves for a wet-rotor pump and a dry-runner pump. In all cases, the supply frequency
remained constant, resulting in constant speed if the slip of the dry-runner pump is neglected. The

wet-rotor pump ran at a speed of 1870 rpm.

In all cases, the current decreased constantly if the flow became smaller. In the case of hydraulic
blockage (0 m®h), in a), the current decreased by 14%, compared to the rated value, and in b) by
10%. This is a known behavior of pumps, which was also described in (Gilich, 2014). The results
indicate that the monitoring of the RMS current can be a good tool for detecting a full or partial

hydraulic blockage.

a) VSD-fed wet-rotor pump (800 W) b) Line-fed dry-runner pump (180 W)
1.3 - T 0.64 T
1.25 1 0627
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< 1.2 < 06
5 5
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Figure 5.3: RMS current in dependence of the flow; a) VSD-fed wet-rotor pump (800 W); b)
line-fed dry-runner pump (180 W)

Second, the three faults hydraulic blockage, dry running, and clogged impeller were compared
with each other for a wet-rotor pump. Figure 5.4 depicts the electric power consumption in
dependence of the speed for the three mentioned faults. In the cases of a hydraulic blockage and a
clogged impeller, the power was almost equal in all measurement points, with the power increasing
non-linearly with increasing speed. However, for the fault dry running, the power was lower at the
two speeds 1800 and 2500 rpm. With increasing speed, the difference became more obvious. In

the case of dry running, the power-speed relation was linear.
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Figure 5.4: Electric power consumption of an 800 W wet-rotor pump with different faults

Two things could be deduced from the observations. First, the fault dry running meant lower power
consumption for the operator than the other two faults, especially at higher speeds. Second, the
observation of the power allows a conclusion to be drawn about the state of health of the pump,
since in the case of the fault dry running, the power consumption is clearly lower than in the case
of other faults or operating points. This result confirms the result of (KSB, n.d.), where a procedure

for the detection of dry running was presented.

5.1.3 Conclusion

In this section, we demonstrated that typical pump faults have an influence on the stationary
parameters of a pump. Furthermore, pump faults can decrease the efficiency of a pump, which was
shown for two different pumps for the fault clogging. The faults dry running and hydraulic
blockage led to a flow of zero, which resulted in zero efficiency. In these conditions, the pump
consumes energy that cannot be used in the process, which means that all input energy is
transformed into heat. In the case of dry running, the power consumption was lower than in the
case of the other faults and lower compared to normal operation. Consequently, this fault can be
detected by evaluating the power consumption or the RMS current of the pump. For the

submersible pump, it was illustrated that due to the clogged impeller, the efficiency dropped from
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60% to 22%. In this condition, however, the RMS current remained on a constant level. In all
cases, the RMS current did not increase due to the fault clogging. For the wet-rotor pump, the
RMS current even decreased. Consequently, the faults hydraulic blockage and clogging cannot be
separated by monitoring only the power consumption or the RMS current. It was also demonstrated

that the fault clogging can disturb the implemented parameter estimation of a wet-rotor pump.

5.2 Motor Current Signature Analysis, MCSA

In this section, the results of using MCSA to investigate the current spectrum of different pump
types and faults will be presented. The section starts with the consideration of the healthy variants.
These results are used in the following sections as a reference in order to obtain the influence of
the fault on MCSA. After investigation of the faults clogging, cracked impeller, bearing damage,

dry-running rotor, dry-running, and hydraulic blockage, the section finishes with the conclusion.

5.2.1 Healthy Condition

In this section, the current spectrum of four different pumps in healthy condition will be

investigated, with special focus on the typical frequencies investigated in MCSA.

5.2.1.1 Wet-Rotor Pump (800 W)

Figure 5.5 depicts the MCSA of a wet-rotor pump (800 W) at a speed of 2500 rpm in healthy
condition. In the analyzed load point, the current consumption equaled 2.9 A, resulting in a power
consumption of 580 W, a flow of 17.9 m%/h, and a head of 6.6 m.
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Figure 5.5: MCSA of a wet-rotor pump (800 W) at a speed of 2500 rpm in healthy condition

Since the rotor rotated with a speed of 2500 rpm and the motor had four pole pairs, the FC was at
a frequency of 166.7 Hz. At this point was the highest peak in the frequency spectrum, normalized
to a value of 0 dB. Additional peaks were detected at every integer multiple of the supply frequency
and at several other locations. The odd multiples could be attributed to the WHSs of the stator. The
BPF component, which was located at 458.4 Hz, is also indicated in Figure 5.5. However, the
amplitude was not significant compared to the noise level in the current signal. This was also
proved for other different load conditions. At 10 Hz, 100 Hz, and 200 Hz, peaks were located,;
these were independent of the speed. Additionally, peaks were found at 66.7 and 266.7 Hz
(100 Hz around the FC). Both were caused by the VSD operation, which will be verified in
ATCSA,; see section 6.1.1. The eccentricity components at 125.0 Hz and 208.4 Hz are visible in
the spectrum of the healthy variant. At 125.0 Hz, a slightly higher peak (—98.5 dB) was observed
than at 208.4 Hz (—109.9 dB). The amplitudes of the eccentricity peaks have a strong dependence

on the current load point, which will be analyzed in section 5.3.1.

5.2.1.2 Wet-Rotor Pump (150 W)
Figure 5.6 depicts the MCSA of a wet-rotor pump with 150 W at a speed of 2740 rpm in healthy

condition at a load point with a flow of 8.1 m%h and a head of 1.7 m.
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Figure 5.6: MCSA of a wet-rotor pump (150 W) at a speed of 2740 rpm in healthy condition

Since there were three pole pairs of this pump type and the rotor was rotating with a speed of
2740 rpm, the frequency of the FC equaled 137 Hz. At the every multiple of the FC, amplitudes
are visible. The highest amplitudes are visible at WH5 and WH7. Additionally, at £100 Hz of the
FC and in 100 Hz steps with decreasing amplitude up to a frequency of 937 Hz, peaks are visible
that were caused by the operation with a VSD. The BPF was located at a frequency of 376.8 Hz.
However, no frequency spike is visible at the location of the BPF. With very slight visibility
(—=159.0 dB), the ECC1(—) component can be seen at a frequency of 91.3 Hz.

5.2.1.3 Dry-Runner Pump (180 W)

Figure 5.7 depicts the MCSA of a dry-runner pump in healthy condition at a flow of 15 m¥h at a
head of 3.4 m for the frequency range of 0 to 1000 Hz. The slip of the motor at this load point
equaled 7.5%. The WH are present in the current spectrum, with WH7 at 350 Hz having the highest
amplitude (-85.2 dB), followed by WH5 at 250 Hz (-91.9 dB) and WH3 at 150 Hz (-94.9 dB).
Further WHs are also visible in the spectrum. However, their amplitude is lower than that of WH3,
WHS5, and WH7. The PSH, especially PSH1(+) at 790.1 Hz with —128.5dB and PSH3(-) at
590.0 Hz with —153.1 dB, are also visible in the current spectrum. Additionally, the BPF is visible
in the current spectrum at a frequency of 235.1 Hz and an amplitude of —166.9 dB. Higher-order
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BPF components (k; > 1) did not appear in the current spectrum. However, the amplitude of this
component is small compared to other components. In the lower frequency range of 0 to 100 Hz,

there were also noticeable components, which are depicted in Figure 5.8.

FC
0.
20 -
-40 -
-60 -

WH7
-80 -

-100 |-

Current (dB) —

120 WHI13 PSH1(+)

BPTF

WH9

-140 PSH3(-)

WH11

WH15

-160

-180

-200
0 100 200 300 400 500 600 700 800 900 1000

Frequency (Hz) —

Figure 5.7: MCSA of a dry-runner pump (180 W) in healthy condition at a flow of 15 m*/h at a
head of 3.4 m at 0-1000 Hz

Although the motor was in healthy condition, both ECC and BBH appeared in the current
spectrum. However, both components have small amplitudes and will not lead to alarms of a
potential monitoring system. Regarding dynamic eccentricity, the most common components
ECC1 around the FC appeared at 26.9 Hz (—149.2 dB) and 73.2 Hz (—153.5 dB). Also, the BB was
visible in the most common frequency band BB1 at 42.5 Hz (—129.9 dB) and 57.5 Hz (—142.7 dB).
However, since the amplitudes of BB1 were below —60 dB, the condition of the rotor bars could
be labeled as excellent (Thomsen, 2017). Between ECC and BBH, two additional components

appeared, which could not be attributed to a common component in the state of the art.
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Figure 5.8: MCSA of a dry-runner pump (180 W) in healthy condition at a flow of 15 m*/h at a
head of 3.4 m at 0-100 Hz.

In order to evaluate how the operation with a VSD influences MCSA results in the low-frequency
range, the dry-runner pump was also measured with a VSD at the same load point. In the first
configuration, U/f control was used and in the second configuration, vector control was used to

operate the pump. Figure 5.9 depicts the MCSA results of these configurations in the frequency
range of 0-200 Hz.

123



— Grid
——VSD (U/f control)
——VSD (vector control)

&
o
I

Current (dB) —
S
o

-150

”M"lm[ nh

O 6 100 120 140 160 180 200
Frequency (Hz) —

-200

Figure 5.9: MCSA of a dry-runner pump (180 W) in healthy condition at a flow of 15 m*/h ata
head of 3.4 m at 0-200 Hz in different control modes: grid (blue curve), VSD (U/f control) (red),
VSD (vector control) (green).

Compared to the operation at the grid, both VSD-driven configurations indicated an increased level
of noise in the range of 0-200 Hz. What was noticeable was that in the VSD-operated variants, the
peaks at the FC were not as defined in the mains-powered variant. Additionally, peaks appeared
that were not visible in the MCSA of the grid-driven pump. For example, in U/f control operation,
a peak of —102.2 dB appeared at 24.6 Hz, and in vector control operation, a peak of —98.4 dB
appeared at 18.8 Hz. Finally, the eccentricity components, which were clearly visible in the grid-

powered variant, were no longer visible in the VSD-operated variants.

5.2.1.4 Submersible Pump (7.7 kW)

Figure 5.10 depicts the MCSA of a submersible pump in healthy condition in a frequency range
from 0-1000 Hz. As a load point, the flow was set to a value of 79.5 m%/h, resulting in a head of
6.3 m. The FC of this VSD-driven motor is at 40 Hz. The slip at this load point equaled 1.8%. Both
the visible peaks of the WH and the PSH are marked in Figure 5.10. At the odd multiples of the
FC, all WH from WH3 to WH13 are clearly visible in the current spectrum. With an amplitude of
—77.6 dB, WH5 had the highest WH and WH?9 had the lowest with —174.7 dB. In total, four PSH
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had visible amplitudes in the spectrum. In this motor, the highest PSH is PSH1(-) with an
amplitude of —107.6 dB, followed by PSH1(+) with —120.5 dB. Next to the WH and the PSH,
many peaks are visible in the MCSA, which could be due to the VSD operation of the motor. With
two exceptions, the amplitudes of these peaks are below —150 dB. The exception is located to the
left of WH7 at a frequency of 260.0 Hz (—102.3 dB) and to the right of WH7 at 340.0 Hz
(—107.3 dB).
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Figure 5.10: MCSA of a dry-runner pump (7.7 kW) in healthy condition at 0-1000 Hz.

In the frequency range from 0-100 Hz, several peaks are also visible; see Figure 5.11. The BBH
are noticeable around the FC, with BB1(-) having the highest amplitude (-142.8 dB). Also, both
eccentricity components, ECC1(—) with —126.5 dB and ECC1(+) with —143.3 dB, are visible in
the MCSA, indicating a slight eccentricity of the motor. At 79.3 Hz, a peak of the height —136.4 dB
is visible. As marked in Figure 5.11, this frequency band is equal to the BPF. However, BPF1(-),
which should be at 0.7 Hz, did not differ from the noise level. Additionally, the PSH13 component
can be detected in this low-frequency range with an amplitude of —164.7 dB. Additional peaks that
could not be explained on the basis of the state of the art are visible at 10 Hz, 60 Hz, 80 Hz, and
100 Hz.
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Figure 5.11: MCSA of a dry-runner pump (7.7 kW) in healthy condition at 0-100 Hz.

5.2.1.5 Discussion

The current amplitude of an oscillation is determined by the transfer behavior of the electric motor,
which was demonstrated in section 3.1. The two analyzed wet-rotor pumps indicated that the BPF
component is not visible in the current spectrum. There can be two reasons why no peaks were
visible on the BPF: (1) No vibrations were generated by the design of the radial impeller, or (2)
the amplitudes were so small that they were completely damped by the transfer behavior of the
motor. The analyzed current spectra of the dry-runner pump and the submersible pump indicated
small spikes (<—100 dB) at the points of the BPF. However, for the submersible pump, only
BPF(+) had a pronounced amplitude, whereas BPF(—) was not visible. In the literature, the BPF
has been demonstrated to be visible in the current spectrum with higher amplitudes, compared to
the findings of this work. The authors of (Park, 2017) measured an amplitude of —52.2 dB at the
BPF of a 2.2 kW motor with a 2-blade impeller. (Tian, 2014) revealed that the amplitude of a pump
with a 5-blade impeller was in the range of —50 dB to —55 dB, depending on the flow. These high
values for the BPF could not be confirmed in this work.

All analyzed pump variants indicated an amplitude at the dynamic eccentricity component ECC1

around FC. However, in all cases the amplitude was small in relation to FC. The wet-rotor pump
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with 800 W had the highest amplitude, followed by the submersible pump. The wet-rotor pump
with 150 W had the lowest amplitude, which means that the higher amplitudes of the 800 W variant
at ECC1 were not due to the pump design. Since in all variants the amplitude differed from the
noise level, a slight eccentric run of the rotor could be concluded. A slight eccentric run can be
caused by the journal bearing, in the case of the wet-rotor pump or, in all cases, by the uneven run

of the rotor due to manufacturing tolerances.

In all variants, the WH were clearly visible. As also described in the literature, WH3, WH5, and
WH7 were the WH with the highest amplitude (Antonino-Daviu, 2019). In all cases, the
amplitudes of the WH were below —70 dB. In addition to the uneven multiples of FC, in every
variant amplitudes at even multiples of FC appeared as well. For the two analyzed wet-rotor
pumps, these amplitudes were higher than the respective WH3, which could be due to the operation
with a PMSM with tooth coil windings.

Both IM-driven pumps (dry-runner pump and submersible pump) additionally indicated the typical
amplitudes of BBH and PSH. Since in both cases, the amplitudes of BBH were below —60 dB, the
condition of the bars could be labeled as excellent (Antonino-Daviu, 2019). In the current spectrum
of the dry-runner pump, two PSH were visible with PSH1(+) and PSH3(-). For the submersible
pump, both PSH1 and PSH3 were visible, and additionally PSH13(—) in the low-frequency range.
The visible PSH of both variants could be used for slip approximation if the pump was driven

without a speed sensor.

The influence of the VSD on the frequency range from 0-1000 Hz was also visible in all variants.
Three of the four variants were operated with VSD, while the last variant, the dry-runner pump,
was measured with VSD operation and in line-fed operation. Compared to line-fed operation,
around FC the noise level increased under both U/f control and vector control. An increased noise
level around FC was also observed in the conditions of cavitation and hydraulic blockage (Perovic,

2000). Accordingly, when operating with a VSD, care must be taken to avoid false alarms.

5.2.2 Clogging

Each pump examined was also measured in the clogged state. The results of the MCSA of each

pump will be analyzed in the following sections.
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5.2.2.1 Wet-Rotor Pump (800 W)

In this section, the results of the MCSA for the wet-rotor pump with 800 W will be analyzed, with
special focus on the fault frequencies f;. ,,,mp and fgpr. Figure 6.3 depicts the MCSA around these
fault frequencies in a waterfall diagram. All MCSA results from healthy to seven clogged channels
are illustrated. In addition, the MCSA around the frequencies 791.9 Hz and 875.3 Hz are depicted.
These frequencies are the sideband frequencies of the 5th harmonic. During the measurements of
the evaluated current curves, the position of the shut-off valve remained constant, resulting in

different power inputs for all variants.

As the results of Figure 6.3 have already shown, reveals that at the frequencies 125.0 Hz (a),
208.4 Hz (b), 791.9 Hz (c), and 875.3 Hz (d), the amplitude increased when the number of clogged
channels increased. A maximum was reached at three or four clogged channels. From then on, the
amplitudes decreased when the number of clogged channels kept increasing. At the frequency
125.0 Hz, the amplitude of —98.5 dB in healthy condition increased to —59.6 dB (+38.9 dB) for
three clogged channels and —61.3 dB for four clogged channels. With complete clogging, the
amplitude dropped to —90.6 dB (+7.9 dB). The variant with one clogged channel (-81.6 dB)
behaved similarly to the variant with six clogged channels (—90.7 dB), and the variant with two
clogged channels (=75.1 dB) behaved like the variant with five clogged channels (—69.2 dB).
Considering the frequency 208.4 Hz, the amplitude increased from —109.9 dB to —79.6 dB (+30.3
dB) for three clogged channels and to —84.0 dB for four clogged channels, and decreased to —120.4
dB (+10.5 dB) for complete clogging. At the frequency 791.9 Hz, the amplitude increased from
—157.9 dB to —117.8 dB (+40.1 dB) for three clogged channels, which was the biggest increase.
At the frequency 875.3 Hz, the amplitude increased from —157.7 dB to —118.8 dB (+38.9 dB). If
we look at the BPF component, we can see that there was an increase of the peak only in the case
of three clogged channels. The absolute value for the peak for three clogged channels was —155.2

dB, which was thus lower than the peaks of the other fault frequencies.
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Figure 5.12: MCSA of a pump with different numbers of clogged impeller channels at a speed of
2500 rpm: (a) around f; pymp— = 125.0 Hz; (b) around f yymp+ = 208.4 Hz; (¢) around
791.9 Hz; (d) around 875.3 Hz; (e) around fgpr = 458.4 Hz

As can be seen in Table 5.1, the power consumption of the pump decreased with increasing
clogging. For this reason, from here on, the faulty variants will be compared to the healthy variants
with the same power consumption. The power was adjusted by adjusting the shut-off valve to
match the power input of the faulty cases. This procedure ensured that the results analyzed were
not obtained by decreasing the power consumption. In addition, the results allow better comparison
of the faulty and healthy variants. For better visualization, the current signal was cut to a length of
1s and for windowing, the hamming window was used. The focus was put on the two fault
frequencies f; ,ump, as they were the frequencies mainly influenced in the MCSA. In Figure 5.13,
the MCSA for the faulty variants and the corresponding healthy variant with the same power

consumption of the pump are illustrated.

As the results of Figure 6.3 have already shown, the faults with three and four clogged channels
showed the most obvious characteristics. In any case, the amplitude at f;. ,,m, Was greater than
that of the corresponding healthy variant. Table 5.2 gives an overview of how much the amplitude
increased in comparison to the healthy variant. Additionally, the results for the speed 1800 rpm

and 1000 rpm are listed. At a speed of 2500 rpm, the increase was the highest in the case of three
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clogged channels, followed by four and two clogged channels. The remaining fault variants were
more difficult to detect due to the lower increase. This trend could also be seen at a speed of
1800 rpm. Here, the increase of the amplitudes was about the same in the case of three and four
clogged channels. At a speed of 1000 rpm, the results were no longer clear. With four clogged

channels, an amplitude decrease of —27.9 dB could even be observed.
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Figure 5.13: MCSA of a pump with different numbers of clogged impeller channels at a speed of
2500 rpm and the corresponding healthy variant with the same power consumption: (a)-(g) 1-7

clogged channels
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Table 5.2: Increase of amplitudes in dB in the case of impeller clogging for different speeds and

numbers of clogged channels

1 2 3 4 5 6 7
clogged clogged clogged clogged clogged clogged clogged
channel channels channels channels channels channels channels

n=2500 rpm
frpump- +17.0  +36.8  +47.1  +350  +182  +18.3  +186
= 125.0Hz
frpump+ +187  +29.0  +487  +351  +152  +208  +58
= 208.4Hz

n=1800 rpm
frpump- 481  +305  +392  +422  +240  +71  +16.9
=90.0Hz
frpump+ = +140  +291  +469  +366  +184 261  +89
150Hz

n=1000 rpm
Jrpump- 208 -13 470 279 175  +184  +78
= 50.3Hz
fr.pump+ +5.1 +9.0 +12.9 +6.2 +0.5 +20.6 +4.0
= 83.8Hz

5.2.2.2 Wet-Rotor Pump (150 W)

In this section, the influence of a clogged impeller channel on a wet-rotor pump with a power of
150 W will be investigated. In the investigated load point, the speed was set to 2740 rpm and the
flow to 8 m*/h. In the current spectrum, only the frequencies at fr.pump— AN fr- pump+ Were slightly
influenced by the clogged impeller channel. The BPF component was also checked and no change
was noticed compared to the healthy variant. Figure 5.14 depicts the current spectrum around the

two frequencies f; pump— and fr pump+-

At fr pump-, the amplitudes increased from —161.6 dB in healthy condition to —147.9 dB in faulty
condition, which resulted in an increase of 13.7 dB, whereas at f;. ,,,mp+, the amplitude remained

almost at the same value, i.e., at —163.2 dB in healthy condition and at —161.3 dB in faulty
condition (+1.9 dB).
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Figure 5.14: MCSA of the wet-rotor pump (150 W) around f pump- and fr pump+

Compared to the same pump with higher power (800 W vs. 150 W), the increase was lower; see
section 5.2.2.1. One reason could be the transfer behavior of the electric motor. This effect will be
reviewed in more detail in section 5.4. With regards to the detection of such faults, this means that
it is more difficult to use the MCSA for the variant with 150 W.

5.2.2.3 Dry-Runner Pump (180 W)

The fault components related to the line-fed (50 Hz) dry-runner pump faults in the current
spectrum are illustrated for three different load points, where the flow was adjusted from 10 m®h
(Figure 5.15) to 15 m%h (Figure 5.16) to 20 m/h (Figure 5.17), with the amplitude spectrum
depicted in the frequency ranges from 23 Hz to 30 Hz and 70 to 77 Hz. As demonstrated in
equation (2.14), the fault components f;. .,,,m; depend on the slip of the motor. Because of that, the
frequencies f;. ,.mp changed depending on the condition and the load of the pump. It is visible in
Figure 5.15 to Figure 5.17 that f; ,mp— became smaller and f.,,mp+ became greater with
increasing number of clogged channels, indicating that the slip became smaller with higher fault
severity. The BPF will not be considered, as neither an increase nor a decrease of this amplitude

was caused by the faults.

Figure 5.15 depicts the amplitudes at the two fault frequencies at a flow of 10 m3h. At frpump—»
the amplitude first decreased from —148.4 dB (healthy) to —153.7 dB (1 clogged channel) and then
increased to —146.2 dB (3 clogged channels), which corresponds approximately to the amplitude
of the healthy variant. For the variant with five clogged channels, the amplitude increased to
—132.8 dB, resulting in an increase of +15.6 dB. At f.,,mp+, the amplitude decreased from

—150.0 dB (healthy) to —155.8 dB (1 clogged channel) to —158.0 dB (3 clogged channels). For the
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variant with five clogged channels, the amplitude increased by 6.3 dB compared to the healthy
variant, to a value of —143.7 dB.
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Figure 5.15: MCSA of a clogged line-fed dry-runner pump around the fault frequencies

frpump- a0d fr pump+ at a flow of 10 m*/h

The fault components f;. ,ymp— and fr. pump+ at a flow of 15 md/h are illustrated in Figure 5.16. At
this load point, both amplitudes at f;. ymp— and f; ,ump+ beCaMe larger with increasing number
of clogged channels. At f. ,,,mp-, the amplitude increased from —149.2 dB (healthy) to —143.0 dB
(1 clogged channel) to —139.1 dB (3 clogged channels) and finally to —126.6 dB (5 clogged
channels). Compared to the healthy variant, the clogged pump with the highest fault severity
increased its amplitude by 22.6 dB at f;. ,ymp—- Al fr pump+, the amplitude increased from —153.5
dB (healthy) to —148.6 dB (1 clogged channel) to —140.4 dB (3 clogged channels) and finally to
—135.8 dB (5 clogged channels), resulting in an amplitude increase of 17.7 dB. Consequently, the

amplitude increase at f;. ,ymp+ IS Smaller compared to the one at f;. ,mp-.
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Figure 5.16: MCSA of a clogged line-fed dry-runner pump around the fault frequencies

[rpump- and fr pump+ at a flow of 15 m’/h

Figure 5.17 depicts the amplitudes at the two fault frequencies f;. ,ymp— and fr. pymp+ at a flow of
20 m*/h. As already demonstrated with a flow of 15 m*/h, the amplitudes increased with increasing
number of clogged channels. At f;. ,,mp—, the amplitude increased from —151.1 dB (healthy) to
—150.5 dB (1 clogged channel) to —123.3 dB (3 clogged channels) and finally to —118.5dB (5
clogged channels). At f;. ,ymp+, the amplitude increased from —159.2 dB (healthy) to —149.0 dB
(1 clogged channel) to —129.7 dB (3 clogged channels) and finally to —127.3 dB (5 clogged
channels). The values prove that especially the variants with three and five clogged channels have
a strong influence on the two amplitudes. For the variant with five clogged channels, the amplitude
increased by 32.6 dB at f;. ,ymp— and by 31.9 dB at f,. ,,;mp+ COMpared to the healthy variant. This

constitutes the highest increase in amplitude of all investigated load points.
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Figure 5.17: MCSA of a clogged line-fed dry-runner pump around the fault frequencies

[rpump—- and fr pump+ at a flow of 20 m’/h

5.2.2.4 Submersible Pump (7.7 kW)

In this section, MCSA will be used to analyze the current signal of the ESP. Since the time intervals
in which the pump was operated in a steady state condition were short in the measurement, the
frequency resolution was poor in the current spectrum. For both signals, the healthy and the
clogged variants, signals with a length of 3599 samples were used, resulting in a frequency
resolution of 0.56 Hz. Figure 5.18 depicts the MCSA of the submersible pump in healthy condition

and in clogged condition in the frequency range from 0 to 100 Hz.
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Figure 5.18: MCSA of the ESP in healthy and clogged condition in the frequency range from 0
to 100 Hz

Note that the fundamental component f; in the current signal was at 40 Hz with the normalized
amplitude of 0 dB. At the frequency points f;. ,ymp— and fr. pump+, the amplitudes increased from

—124.0 dB to —70.0 dB (+54.0 dB) and from —128.8 dB to —74.9 dB (+53.9 dB) when we compare
the healthy and the clogged cases.

On the other hand, in the higher-frequency range, the current spectrum was also influenced by the
clogging. Figure 5.19 depicts the MCSA in the frequency range from 90 to 310 Hz.
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Figure 5.19: MCSA of the ESP in healthy and clogged condition in the frequency range from 90
to 310 Hz

As Figure 5.19 illustrates, in the range from 90 to 310 Hz, the 3rd (120 Hz), 5th (200 Hz), and 7th
(280 Hz) WH are found, with the 5th having the highest amplitude. Around the WHs, at a distance

of ?, there were sideband components whose amplitudes increased due to the clogging. This

became clearer at the harmonics around the 5th WH. The left sideband increased from —183.5 dB
to —145.7 dB (+37.8 dB) and the right sideband from —176.8 dB to —141.9 dB (+34.9 dB). Around
the 3rd and the 7th WH, there was also at least one sideband whose amplitude increased. However,

at the frequencies 140 Hz and 260 Hz, amplitudes were visible even in the healthy variant, which
could be caused by the VSD.

Therefore, MCSA demonstrated that the frequencies predicted by equation (2.14) are influenced
by the clogging of the ESP. Compared to the state of the art, this is a new finding for a fully clogged
ESP (not tested in previous papers). Additionally, the sidebands around the pronounced WH are
influenced by the clogging, which was not predicted by equation (2.14). Even though the
differences between healthy condition and clogged condition are clear in the MCSA, the resolution
is relatively small due to the short recording times (presence of frequent transients and short
stationary intervals). This highlights the disadvantage of applying MCSA in this use case.
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5.2.2.5 Discussion

In all tested variants, an influence on the BPF due to the fault clogging was analyzed, but neither
a decrease nor an increase of the BPF was found in all variants. Consequently, the BPF is not
suitable for detecting the fault impeller clogging of the investigated variants. The same result was
obtained with a similar application in (Jahangiri, 2018). A decrease of the BPF caused by impeller
clogging, as described in (Tian, 2014), cannot be confirmed here.

Based on (Bonaldi, 2012), the hypothesis is that f;. ,,,m;, Can be influenced by the fault impeller
clogging, although in (Bonaldi, 2012), only the faults misalignment and unbalance are mentioned.
The hypothesis that £, Can also be influenced by the fault clogging was confirmed by the
results. All measured variants indicated an increase of the amplitudes at f. ., in faulty condition.
For the three variants with a radial impeller, the amplitude increased with increasing number of
adjacent clogged impeller channels. Especially with half-sided clogging of the wet-rotor pump
(800 W), with three and four (of seven) clogged channels, there was a high increase in amplitudes
at the frequency f;. ,ump. However, smaller faults also showed differences to the healthy variant.
This was especially true for higher speeds, in this case greater or equal 1800 rpm. That the fault of
clogging of the impeller was found to cause an increase in the component f;. ,;,m;, is New compared
to the state of the art. In the literature, only (Perovic, 2000) showed that a damaged impeller

increases the amplitude at f;. ,,mp+-

However, not only the two frequencies f;. ,,.m, Were influenced by the faults, but also the sidebands

of WH of the variants. In the presence of the clogging fault of the wet-rotor pump (800 W), the

sidebands at (5 i?) - fs, In particular, increased. When the submersible pump had clogged

impeller channels, the two frequencies (3—?) - fs and (5 +?) - fs were influenced. These

increases cannot be explained by equation (2.14) and argue for an adaptation of equation (2.14)
for the fault clogging. Equation (5.1) represents the adapted form of equation (2.14), also capturing
the influence of the fault clogging on the higher frequencies. It equals the equation for the
calculation of dynamic eccentricities, see equation (2.16), if n; = 1. It gives a more general
explanation of equation (2.14), which is also true for all the findings described in this section. Like
for the dynamic eccentricities, the largest values are expected for v = 1, which is also confirmed

by the results in this section.
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(1-5)
fr,pump = (nws + D > “fs (5.1

Whether this is the same for other types of pump units is part of future work. In particular, it should

be examined whether the components of the wet-rotor pump, particularly the journal bearings used,
have an influence on this result.

5.2.3 Cracked Impeller

How the fault cracked impeller influences the current spectrum of an 800 W wet-rotor pump will
be analyzed in this section. The fault was implemented on the basis of the explanations in section
4.2.2. As a load point, a speed of 2800 rpm and a flow of 20 m®h was set. The current spectrum

of both the healthy variant and the variant with a cracked impeller is depicted in Figure 5.20.

At the frequency f; ,ump—, the amplitude increased from —114.6 dB in healthy condition to
—103.3dB in faulty condition (+11.3dB), and at f; ,ump+, the amplitude increased from
—131.8 dB in healthy condition to —118.1 dB in faulty condition (+13.7 dB). Other frequencies in

the current spectrum were not influenced by the fault.
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Figure 5.20: MCSA of the wet-rotor pump (800 W) with a cracked impeller from 0—400 Hz.
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The findings of this section confirm the finding of (Perovic, 2000), which demonstrated an
influence at the frequency f; ,ump+. Compared to (Perovic, 2000), in the pump investigated here,
the frequency f; ,ump— also increased. A decreased amplitude at the BPF component due to

impeller damage, as shown in (Tian, 2014), was not confirmed by our results.

5.2.4 Bearing Damage

In this section, the influence of a damaged journal bearing on the MCSA will be evaluated. A wet-
rotor pump with a power of 800 W was measured at a load point with a flow of 10.0 m%h and a
head of 11.1 m at the speed of 2800 rpm, while the diameter of the bearing shell and the position
of the damaged bearing was varied. The current spectrum of the healthy and the faulty variant
differed at four frequencies. All frequencies were related to the eccentricity frequencies, which are
calculated based on equation (2.16). The first frequency bands could be attributed to a dynamic
eccentricity since v = 1 and n; = 1. In the following, these two frequency bands will be denoted
as focc1- The third and fourth frequency bands influenced were located in the sidebands at the 5th
harmonic (v = 5), at 4.75 times f; (886.8 Hz), and at 5.25 times f; (980.2 Hz), resulting in an
eccentricity order of n; = 1. These two frequency bands will be denoted as f,..s. Since ng; = 1,
the results indicated a dynamic eccentricity of the motor due to the bearing defect. Figure 5.21
depicts the frequency range from 0-373 Hz, and Figure 5.22 the range 850-1000 Hz.
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Figure 5.21: MCSA of the wet-rotor pump (800 W) with varying severity of bearing damage
from 0-373 Hz; (a) two-sided bearing defect, +0.1 mm; (b) A-bearing defect, +0.1 mm; (c) B-
bearing defect, +0.1 mm; (d) A-bearing defect, +0.5 mm; (e¢) B-bearing defect, +1 mm.

For variant a), the amplitude of the frequency component f, .., equaled —81.6 dB, for b) —78.9 dB,
for c) —90.8 dB, for d) —97.0 dB, and for e) —78.9 dB. The amplitude at f,..;+ equaled-97.0 dB
for a),-99.3 dB for b), —109.4 dB for c), —-115.2 dB for d), and-97.5dB for e). For both
components, f,..1— and f,..14+ increased compared to the corresponding healthy components. The
highest amplitudes were reached at the B-bearing defect of +1 mm, followed by the two-sided

bearing defect of +0.1 mm.
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Figure 5.22: MCSA of the wet-rotor pump (800 W) with varying severity of bearing damage
from 850-1000 Hz; (a) two-sided bearing defect, +0.1 mm; (b) A-bearing defect, +0.1 mm; (¢)
B-bearing defect, +0.1 mm; (d) A-bearing defect, +0.5 mm; (e) B-bearing defect, +1 mm.

For variant a), the amplitude of the frequency component f,..s_ equaled-139.7 dB, for b) —
135.6 dB, for c) —145.1 dB, for d) —144.1 dB, and for e) —-133.9 dB. At f, .5+, the amplitude
equaled for —137.4 dB variant a), —135.4 dB for b),—147.2 dB for c),~154.8 dB for d), and —
129.4 dB for ). The amplitudes at f,..s had the same behavior as the amplitudes of f,..;, with the
variant of the B-bearing defect of +1 mm having the highest amplitudes, followed by the two-sided

bearing defect of +0.1 mm.

These results are an indication that due to the worn journal bearing, the rotor no longer has any
guidance and thus runs dynamically eccentrically. Thus, in the case of journal bearings, it is not
the typical frequencies of bearings (see section 2.4.4.7) that are affected in the MCSA. Rather,
wear on plain bearings causes the rotor to run eccentrically, which can be seen in the eccentricity

frequencies.

5.2.5 Dry-Running Rotor

To evaluate whether the fault dry-running rotor influences the MCSA, a wet-rotor pump was

measured. The load point was set to a flow of 10.0 m*/h and a head of 11.1 m at a pump speed of
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2800 rpm. Figure 5.23 illustrates the current spectrum of the pump in the frequency range from 0-
400 Hz.

Like the fault bearing damage, the fault dry-running rotor influenced the dynamic eccentricity
component f,..1, according to equation (2.16). The amplitude of the frequency component f,..;_
equaled —109.2 dB for the faulty variant, which meant an increase in amplitude of +32.4 dB, while
the frequency component f, ..., equaled —125.7 dB, resulting in an increase of +31.6 dB compared

to the healthy condition of the motor.
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Figure 5.23: MCSA of the wet-rotor pump (800 W) with a dry-running rotor from 0—400 Hz.

The results indicate that a slight dynamic eccentricity was caused by the dry-running rotor. This
behavior can be explained by the fact that no lubricating film could form between the bearing and
the shaft because there was no water in the rotor space. The gap between shaft and bearing was

sufficient to cause a slight eccentricity.

5.2.6 Dry Running

Compared to the fault dry-running rotor, the fault dry running can occur for different pump types,
including dry-runner pumps and wet-rotor pumps. However, for wet-rotor pumps, dry running can

provoke a quick breakdown since the journal bearings are no longer lubricated.
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In this section, the influence of dry running on the MCSA of a wet-rotor pump will be investigated.
Figure 5.24 and Figure 5.25 depict the MCSA for the fault dry running at the two speeds 1800 and
2500 rpm. At a speed of 1800 rpm, the amplitude at f,..,_ increased from —90.7 dB to —-51.1 dB
(+39.6 dB) and at f,..;, from—-113.1 dB to —80.0 dB (+33.1 dB), compared to the healthy variant.
At a speed of 2500 rpm, the amplitude at f,..,_ increased from —94.7 dB to —49.6 dB (+45.1 dB)
and at f,.c14 from —109.0 dB to —75.6 dB (+33.4 dB). However, not only these two frequencies
were influenced. The noise band and other peaks were also higher in the case of the dry-running

pump.
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Figure 5.24: MCSA of dry-running wet-rotor pump (800 W) at a speed of 1800 rpm from 0—
500 Hz
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Figure 5.25: MCSA of dry-running wet-rotor pump (800 W) at a speed of 2500 rpm from 0—
500 Hz

Not only the faults bearing damage and dry-running rotor can lead to increased ECC1
components, but also the fault dry running. Compared to the dry-running rotor, the amplitudes at
fecc1 €VEN increased in the case of dry running, which speaks for an increased eccentric run and

increased fault severity.

5.2.7 Hydraulic Blockage

In this section, it will be evaluated whether a hydraulic blockage was detected in the current
spectrum of the dry-runner pump. The noise band around the FC will be analyzed first and
foremost. Especially in the +25 Hz range, (Perovic, 2000) found an increase in the amplitude
response due to the fault hydraulic blockage.

5.2.7.1 Wet-Rotor pump (800 W)

The influence of a hydraulic blockage on the wet-rotor pump running at a speed of 2200 rpm is
depicted in Figure 5.26, while Figure 5.27 shows the pump at a speed of 2800 rpm. In both cases,
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a pump running in healthy condition at a flow of 15 m%h at the same speed is illustrated as a

reference.

At a speed of 2200 rpm, the curves were exactly on top of each other, so no difference could be
detected between the two variants. The exception is the noise band from about 100 to 120 Hz,

where a slight increase due to the fault could be observed.
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Figure 5.26: MCSA of the wet-rotor pump (800 W) with a hydraulic blockage from 0-500 Hz at
a speed of 2200 rpm

At a speed of 2800 rpm, a slight increase in the noise band was detected in the whole signal, but
especially around the FC. However, the increase was quite small, which makes a clear separation
difficult.
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Figure 5.27: MCSA of the wet-rotor pump (800 W) with a hydraulic blockage from 0-500 Hz at
a speed of 2800 rpm

In summary, the influence of the fault hydraulic blockage on the current spectrum was found to be

relatively small, making it difficult to separate the faulty variant from the healthy variant.

5.2.7.2 Dry-Runner Pump (180 W)
Figure 5.28 depicts the MCSA in the range from 25 to 75 Hz in five different load conditions: 0,
5, 10, 15, 20, and 25 m®h. At 0 m%h, we speak of a hydraulic blockage, while the load points at

flows of 5 and 10 m®h can be considered partial hydraulic blockages.
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Figure 5.28: MCSA of the dry-runner pump in dependence of the flow in the range from 25 to
75 Hz

Due to the changed load condition depending on the load, some harmonics in the range also change
their position. This is especially visible for BB1, which changes the frequency distance to FC from
the single load points from 0 to 20 m%h, from 3.1, 4.4, 6.0, 7.5 to 8.7 Hz. The amplitudes of the
broken bar harmonics remain in the same ranges. The same effect of a changing position is visible
for the ECC components. However, the amplitudes also increased slightly with decreasing flow,
with the highest amplitude at 5 m%h. Considering the noise bands, the highest noise band is visible
for the flow of 5 m*/h, followed by 15 m3/h, 10 m3/h, 20 m?h, and finally 0 m3h. Consequently,
the noise band shows no trend in dependence of the flow.

5.2.7.3 Discussion

No strong influence on the noise band around the FC, as found in (Perovic, 2000), was observed
in the two pumps we studied. Moreover, in the low-frequency range, no amplitude was found that
was increased by the hydraulic blockage. A better indicator for a hydraulic blockage diagnosis is

the evaluation of the RMS current, as demonstrated in section 5.1.2.
5.2.8 Conclusion

The state of the art of current-based pump fault detection revealed that different fault indicators

exist in the current signal. In this section, the influence of different faults on the MCSA of three
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different pump types was investigated. It was demonstrated that two fault indicators, in particular,
were influenced by the faults: the amplitude at the frequency f; ,,mp, and the RMS value of the
current signal; see Table 5.3. The two indicators amplitude at fzpr, and noise band, however, were
not influenced by the faults. For the pumps and faults studied, these two features are not suitable
for detecting faults. The RMS value of the current, however, decreased in every fault. We should
also remember that hydraulic blockage is not necessarily a fault for all pumps. The amplitude at
fr.pump €Nables the detection of a problem at the pump impeller. This is true for the faults impeller
damage, clogging, dry-running rotor, and dry running. However, the fault bearing damage also
influenced the same frequencies. Therefore, it can be summarized that the amplitude at £ ,ymp
makes a statement about the health condition of the rotating parts of the pump. A separation of the
faults using MCSA was not possible.

Table 5.3: Fault indicators of the investigated pumps

Fault DUT frpump | fepr | Noise band | RMS value
Impeller damage | Wet-rotor pump (800 W) | v'| 1 X X an
Clogging Wet-rotor pump (800 W) | v/ |1 X X vl
Wet-rotor pump (800 W) | v |1 X X an
Dry-runner pump | v |1 X X vl
(180 W)
Submersible pump | V' |1 X X X
(7.7 kW)
Dry-running rotor | Wet-rotor pump (800 W) | v'| 1 X X an
Dry running Wet-rotor pump (800 W) | v/ |1 X X vl
Hydraulic Wet-rotor pump (800 W) | x X X an
blockage Dry-runner pump | x X X vl
(180 W)
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5.3 Load Point Depending Fault Indicator Analysis, LoPoFIA

In this section, the results of the LoPoFIA, which was implemented according to section 4.4.2, will
be presented. The wet-rotor pump with 800 W (see section 4.1.1) was used as a test item. The

faults clogging, cracked impeller, and bearing defect were investigated.

5.3.1 Healthy Condition

In order to obtain a reference for the faulty variants, the LoPoFIA results of the healthy variant are
considered first. Figure 5.29 depicts the LoPoFIA of the lower sideband (left) and the upper
sideband (right). The measured load points are marked with a black x. The four pump curves for
the four speeds are visible, starting with 0 m*h at 1.3 m, 3.6 m, 6.8 m, and 10.8 m. With increasing

flow, the pump curves exhibit typical pump behavior with decreasing head.

It was remarkable that the lower sideband indicated a higher amplitude than the upper sideband.
The highest amplitude of the lower sideband was 30 dB higher than that of the upper sideband.
The lower sideband amplitude was mainly dependent on the pump flow. The lowest amplitudes
were reached in the high flow range. The upper sideband had a dependence on head and flow. The

highest amplitude took place in the medium flow range at higher speeds.

A hydraulic blockage that allowed no flow in the process was detected with the help of the lower
sideband. At zero flow and low speed, the amplitude was the highest. Depending on the
application, zero flow can be interpreted differently. When designating the normal operating range,
care must be taken not to generate false alarms, as the amplitudes are increased compared to the
nominal flow range. In the ranges marked in green, there is a possibility of false negative alarms

if decision-making with constant thresholds is used.

To summarize the findings, both flow and head had a certain influence on the amplitude of both
sidebands. This is an important fact, especially for decision-making design and for the definition
of thresholds.

150



Head (m)
- N w S (&, [} ~ ® ©

=
o

-

o

-100

(dB)

110 8
7

rpump -
Head (m)
- N w 5 w [} ~ o® ©

N
N
o
pump

mplitude @ f,

3
o
Amplitude @ f

-130
<

-140

-150

0 S 10 15 20 25 30 0 5 10 15 20 25
Flow (m®/h) Flow (m®/h)

Figure 5.29: LoPoFIA for the fault indicators f yump- and frpump+ in healthy condition.

5.3.2 Clogging

Figure 5.30 depicts the results for the impeller fault clogging (one clogged channel). Both

sidebands indicate a pattern with three pronounced ranges. The first range is at 0 m%h and 1000

rpm. This load point, which can be seen as a combination of hydraulic blockage and clogging, was

only slightly increased compared to the healthy variant. The second area is in the medium flow

and higher speed range. Compared to the healthy variant, in this area the amplitudes increased by

20-25 dB. The third range, influenced by clogging, is in the high flow range. Compared to the

healthy variant, the amplitudes increased by 40-50 dB. The highest amplitudes are at the lower
sideband of —68 dB and the upper sideband of —84 dB at 25 m®h and 2800 rpm.
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Figure 5.30: LoPoFIA for the fault indicators f yump— and fr pump+ for a pump with one

clogged impeller channel
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5.3.3 Cracked Impeller

Figure 5.31 depicts that a cracked blade also influenced the two frequencies in the LoPoFIA. This
confirms the findings in (Pradhan, 2019), where it was demonstrated that a damaged pump
impeller influences the speed and the motor current. The highest amplitudes of both sidebands
were reached in the high flow range. At f.,,mp— a maximum of —74 dB was reached, and at
fr pump+ @ maximum of —96 dB. The lower sideband had a quite constant amplitude from —80 dB
to —90 dB, where the risk of false positive alarms is low. An exception to the risk of false positive

alarms is the area marked in blue.
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Figure 5.31: LoPoFIA for the fault indicators f; pump— and f; pump+ for a pump with a cracked

impeller blade
5.3.4 Bearing Defect

Finally, the influence of bearing defects was investigated. Figure 5.32 and Figure 5.33 illustrate
the results for a one-sided bearing defect. Figure 5.34 depicts the results for a two-sided bearing
defect. If the results of the A-bearing defect are compared with the healthy variant, a similar pattern
can be observed. However, the amplitudes were more pronounced for the A-bearing defect. The
highest amplitudes of the lower sideband are visible in the low flow range. The maximum (=75 dB)
was reached in the low flow and head range. At the nominal point of the pump, the amplitudes
reach their minima. Here the difference to the healthy variant becomes small. At the upper
sideband, no clear pattern is visible. The highest amplitude was reached at 2800 rpm and 5 m%/h.
At this point, the amplitude increased by 35 dB compared to the healthy variant.
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With the B-bearing defect, both sidebands indicate a remarkable pattern. The highest amplitudes
were at 5 m%/h and at speeds of 2200 and 2800 rpm. As for the A-bearing defect, the amplitudes
became smaller in the nominal range. A B-bearing defect can be separated from an A-bearing
defect in the higher flow range of the lower sideband since an A-bearing defect has higher

amplitudes in this flow range.

For the AB-bearing defect, the amplitudes of both the lower and upper sidebands increased
compared to a one-sided bearing defect and the healthy variant. Also, both sidebands had flow
dependence here. At the lower sideband, the highest amplitudes are visible in the lower flow range.
The maximum was reached at 0 m%h and 3.5 m. Amplitudes at 0 m/h were interpreted as a
combination of a bearing defect and hydraulic blockage. This combination thus led to the highest
amplitudes. As in the case of one-sided bearing defects, the amplitudes decreased at the nominal
point. However, the AB-bearing defect had an increased amplitude compared to the one-sided

bearing defects and the healthy variant at the nominal point.

All bearing defects indicated an obvious difference compared to the healthy variant. Furthermore,
each bearing defect had its own pattern. The AB-bearing defect with the highest fault severity had
the highest amplitudes. At the nominal point of the pump, the fault influence on the amplitudes
was the smallest. In this area, the risk of false positive alarms increases. If MCSA is applied
without including the load points, every load point in the blue areas has a risk of false positive

alarms.
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Figure 5.32: LoPoFIA for the fault indicators f; pymp— and f. pump+ for a pump with a one-

sided bearing defect (A-bearing defect)
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Figure 5.33: LoPoFIA for the fault indicators f ,ump— and frpump+ for a pump with a one-

sided bearing defect (B-bearing defect).
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Figure 5.34: LoPoFIA for the fault indicators f; pyump— and f pump+ for a pump with bearing
defects on both sides (AB-bearing defect)

5.3.5 Conclusion

The LoPoFIA of the healthy variant showed that, at certain load points, the two fault indicators
were increased compared to other load points. The amplitude at the lower sideband had an obvious
dependence on the flow. When the flow equaled zero, which could be interpreted as the fault
hydraulic blockage, this amplitude was the highest. Consequently, a hydraulic blockage could be

detected by analyzing the lower sideband.

The LoPoFIA of every fault variant differed from the healthy variant, and each variant had its own

pattern. Clogging and cracked impeller mainly influenced higher flow ranges, while bearing faults
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mainly influenced lower flow ranges. Consequently, LoPoFIA provides a way to separate impeller
and bearing defects. Building on previous approaches, LoPoFIA is another method for the
separation of defects affecting the same frequencies. In addition, we observed that the defects did
not affect the fault frequencies at each load point. If MCSA is applied to these load points, this can
lead to false positive alarms. This affects, in particular, the defects with a lower degree of severity,

such as one-sided bearing defects.
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5.4 Disturbance Transfer Function Approach, DTFA

The DTFA was validated by comparing the results of two different PMSM-fed wet-rotor pumps,
one with 150 and one with 800 W, in healthy condition and with one clogged impeller channel.
Since the number of impeller channels of both pumps equaled seven, it was assumed that the torque
oscillation due to the fault clogging would be the same in relation to the brake torques of the
pumps. However, with the existing experimental setup, it was not possible to verify that the
assumption was correct. On the other hand, the results of section 5.3 revealed that in healthy and

in faulty conditions, the load point had a strong influence on the two amplitudes at f. ,,;m,— and

frpump+>» Which has no pattern that could be predicted by any analytical equation.

For a qualitative validation of DTFA, the amplitude at the rotational speed f in the d-q frame of
the current is shown depending on the load point of the pumps. Figure 5.35 depicts this for the two
investigated pumps with 150 and 800 W in healthy condition and in faulty condition with one
clogged impeller channel.

The patterns were similar to those observed in LoPoFIA. However, with regard to the transfer
behavior in the Bode plot (see Figure 3.3), another observation could be made for the 800 W pump
in the faulty state: At a speed of 2200 rpm (load points "x" in the area marked red in Figure 5.35),
three points where very high amplitudes occurred can be observed. We know that in the range
around 2300 rpm, an amplitude increase is to be expected due to the transfer behavior of the motor
as a sensor. Basically, a stronger influence of the fault can be observed in the entire load range for
the 800 W variant compared to the 150 W variant. This indicates that the motor of the 800 W
variant had a consistently better transmission behavior, i.e., a higher gain, than the 150 W variant.
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Figure 5.35: Amplitude of I at fg of two circulation pumps with different power (150 and

800 W) in healthy condition and with one clogged channel

The results of this section demonstrate that DTFA can give an indication of the quality of a motor
when acting as a sensor to detect faults in the load. However, the verification of the transfer
functions by measurement is still pending. It has been proven that for this type of pump, the load
point has a particular influence on the fault characteristics that is difficult to interpret analytically.
There are many influences here which are very complex to understand, such as turbulence on the
impeller and in the can, influence of the journal bearing, resonances, etc. In addition, it is not clear
for this type of pump how the hydraulics affect the moment of inertia of the motor. A dependence
of the moment of inertia on process variables such as flow, fluid volume, or piping properties

cannot be ruled out.
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5.5 Adapted Reference Frame Theory, ARFT

In this section, the results of the ARFT will be discussed. The method was subjected to various
tests, the results of which are presented here. The methods and the experimental setup were
illustrated in section 4.4. First, the results of the laboratory test will be analyzed, followed by the

consideration of the field test. In the conclusion, the main findings will be summarized.

5.5.1 Laboratory Test

The procedure for implementing the laboratory test, the implemented method, and the parameters
used were already illustrated in section 4.4.3.2.1. Since it was not possible to use a real-time speed
or FC signal of the motor, which is needed for ARFT, the current signal was used to estimate its
fundamental frequency. Figure 5.36 depicts the estimated FC during the laboratory test, where the
speed of the motor was set to 2800 rpm, resulting in a fundamental frequency of 186.7 Hz (8-pole

motor).

The estimated frequency varied in the range from 183.5 to 188.5 Hz, resulting in a deviation from
the set value of 186.7 Hz of between —3.2 and +1.8 Hz. Consequently, the maximum error of the
frequency estimator was at 1.7%. However, it was not possible to make a statement about the
actual value of the frequency, since the PMSM was controlled via FOC and thus was under the
influence of small speed variations. Frequency estimation errors also influence the results of
ARFT. However, since the goal of the laboratory test was to validate the functionality of ARFT,

no further improvement on the estimator was undertaken.
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Figure 5.36: Fundamental frequency estimation based on periodic counter

Figure 5.37 and Figure 5.38 depict the results of the ARFT for the calculation of i, at the two
frequencies f; pump+ (“right-side band”) and f; pymp— (“left-side band”) with varying time
constants of 1 and 10 s. It can be seen that the results of the use of a time constant of 1 s oscillate
more than the results of a time constant of 10 s. Additionally, if the mean values are considered,
for the variant with a time constant of 10 s, lower values are noticed. The reason is that the two
control values showed a low frequency fluctuation (~0.1 Hz) due to erroneous speed estimation.
However, it was noticeable that the values for i, of the faulty variant were higher than the
respective values of the faulty variant. The left-side band increased from 0.02 A to 0.08 A and the
right-side band increased from 0.01 A to 0.05 A with the time constant of 1 s.
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Figure 5.37: Curves of the fault indicators in the laboratory test with a time constant of 1 s

In the case of a time constant of 10 s, the left-side band increased from 0.014 A to 0.052 A and the
right-side band increased from 0.007 A to 0.025 A.
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Figure 5.38: Curves of the fault indicators in the laboratory test with a time constant of 10 s

The results confirmed the findings of MCSA, where an increase in the amplitudes of the

frequencies at f; ,ump+ and f;. pump— Was also found. Additionally, in MCSA, higher values for

fr.pump— compared to f;. ,,mp+ Were also detected.
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5.5.2 Field Test

Since the results of the laboratory test looked promising, the next step of the validation was the
field test of the algorithm. The ARFT method was implemented according to section 4.4.3.2.2.
The time constant of the low pass filter was set to 10 s in order to fully filter the oscillations in the
current signals. In comparison to MCSA, where the components are given in dB, the amplitudes
were calculated in %. Figure 5.39 shows the results of the severity factors (SFs) calculated on the
basis of ARFT for the three different load points, where the speed (1600, 2200, and 2800 rpm) was
varied. For both the upper and the lower sideband, the SFs were calculated.
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Figure 5.39: Calculated fault severity factors on the basis of ARFT of the lower and upper
sidebands at different speeds for the healthy configuration and for the configuration with one

clogged impeller channel (faulty)

At every speed, both the upper and the lower sideband SFs were higher for the faulty variant than
the respective SFs in healthy condition. This is clearly visible when we look at the lower sideband
curves. At the speed of 2800 rpm, the fault SF of the faulty variant was 1.5%. Compared to the
healthy variant at the same speed (0.2%), the value was eight times as high. Only at a speed of
1600 rpm did the lower sideband SF decrease. However, it was still four times as high as the

respective healthy variant. As already seen in the MCSA, the upper sideband was not so
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pronounced. However, the results were constant over the entire speed range, with those of the

faulty variant (0.3%) being three times higher than those of the respective healthy variant (0.1%).

It was demonstrated that ARFT is useful for the online detection of the fault impeller clogging in
wet-rotor pumps. For the final implementation, thresholds had to be set — one for the upper and

one for the lower sideband.

5.5.2.1 MCSA versus ARFT

In order to verify the SFs calculated on the pump’s MPU, we will now compare the results with
the results obtained with MCSA. Table 5.4 lists the results for the SFs of the two methods MCSA
and ARFT for the speeds 1600 rpm, 2200 rpm, and 2800 rpm.

Table 5.4: Severity factors of MCSA and ARFT for the healthy configuration and for the
configuration with one clogged impeller channel at 1600, 2200, and 2800 rpm

Healthy 1 Clogged Channel

Method MCSA ARFT MCSA ARFT
1600 rpm

SF@fr pump t+ 0.15% 0.08% 0.16% 0.31%

SF@fr pump — 0.56% 0.20% 1.10% 0.83%
2200 rpm

SF@frpump + 0.13% 0.07% 0.71% 0.33%

SF@fr pump — 0.52% 0.31% 2.29% 1.61%
2800 rpm

SF@frpump + 0.18% 0.05% 0.99% 0.34%

SF@fr pump — 0.31% 0.22% 2.23% 1.49%

Although the ARFT values differ from the MCSA results, the overall trends are the same. In
general, except for one case, the values of the ARFT are smaller than the values of the MCSA,
with the values for the upper sidebands indicating a larger deviation than those of the lower
sidebands. These two results could be related to the fact that the estimated rotational speed, which
was an input parameter, is subject to fluctuation and thus influences the results of the ARFT. For
the upper sideband, the multiplication of the FC by 1.25 is amplified, which could have caused the
larger deviation compared to the lower sideband. In addition, it must be taken into account that,
unlike in line-fed motors, the FC of the current also varies, which may have affected the results of

the MCSA. In addition, another factor is that, unlike measurement with an oscilloscope, no equally
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precise measurement of the current of the pump’s MPU can be assumed. Considering that these

were low-cost components, ARFT provided relatively stable and accurate results.

LoPoFIA was used to validate the dependence of the amplitudes at f;. ,,,,mp 0N the hydraulic load
point. The hydraulic load point itself depends on the head, flow, and speed of a pump. As illustrated
in Table 5.4, there are differences in the amplitudes at f; ,,,m;, Calculated with the implemented
ARFT and MCSA. In this section, we will evaluate whether the differences depend on the
hydraulic load point for the three variants healthy, 1 clogged channel, and two-sided bearing
damage. Figure 5.40, Figure 5.41, and Figure 5.42 depict the deviation of the amplitudes at
frpump— aNA fr pump+ Using MCSA and ARFT for these three variants.

a) b)

(dB)

pum
~
rpump +

E 8 E ®
- 5 O 5
« 58 g
T sr 8
[+ @
ERE 2
a -
£ 3 z
-30
2 x
~7
x (7]
: : J , ! T
0 5 10 15 20 25 0 5 10 15 20 25 30
3
Flow (m>/h) Flow (m%/h)

Figure 5.40: Deviation of the fault indicators calculated with MCSA and ARFT in healthy

condition; amplitude deviation at a) fy pump— and b) fr pump+
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Figure 5.41: Deviation of the fault indicators calculated with MCSA and ARFT in clogging

condition; amplitude deviation at a) f. pump— and b) fr pump+
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Figure 5.42: Deviation of the fault indicators calculated with MCSA and ARFT with AB-bearing

fault; amplitude deviation at a) f; pump— and b) fr pump+

The analysis indicates that, in general, the amplitudes at f;. ,,,m,— calculated with ARFT and
MCSA are closer together than the amplitudes at f.. ,,,mp+. With one exception in the clogging

condition (load point at 5 m®/h and 6.8 m), the amplitude deviation is below 14 dB. No dependence
of the hydraulic load point is visible for f. ,,m,—. The picture is different for f. ,,mp+, Where

larger deviations can be seen. Deviations of —40 to +40 dB are observed. In addition, a pattern can
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be detected depending on the hydraulic load point. Negative deviations are seen more at low speeds

and positive deviations more at higher speeds. A small deviation is seen mainly at medium speed.

5.5.3 Conclusion

In this section, a method for online condition monitoring of wet-rotor pumps was presented. The
method is based on ARFT and is used to analyze amplitudes at defined frequencies of the current
spectrum. ARFT was implemented on the MPU of a wet-rotor pump. The functionality was proved
with an investigation of the fault impeller clogging. To verify the ARFT, it was tested in a
laboratory test and a field test. While a qualitative evaluation of the results was carried out in the
laboratory test, justified by the absence of a speed sensor, in the field test, a comparison was made
with the results of the MCSA.

MCSA indicated that the fault clogged impeller channel affected the upper and lower sidebands
of the FC. Especially at higher speeds (2200 rpm and 2800 rpm), these two frequency bands
contain information about the pump condition. The results of the ARFT proved that the method is
suitable for online monitoring of pumps. The investigated upper and lower sidebands both
exhibited a significant increase when the fault was present. Finally, we compared the results of
MCSA and ARFT and showed that the calculated SF of ARFT was generally smaller than that of
MCSA. Considering the fact that only low-cost hardware was used in the case of ARFT, the results
are sufficient to be used for fault detection. However, future work should focus on increasing the
accuracy of ARFT. Since faults such as dry running and bearing damage affect the same
frequency, part of our future work will be to find a way to distinguish the faults based on the

proposed approach.

ARFT can be used fully automatically and without human intervention to detect a fault in a pump.
It is a purely software-based method, so no additional sensor is required. The implementation of
ARFT is based on simple trigonometric functions and therefore requires only a relatively small
amount of memory and computational effort. ARFT can also be used to investigate other faults
that affect the current spectrum of a motor. Furthermore, the method is also suitable for
implementation in rotating machine applications, for example in variable speed drives (as depicted,
for example, in Figure 4.3 b)).
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5.6 Cloud-based Condition Monitoring

To validate the cloud-based condition monitoring approach, three pumps, one in healthy condition,
one with three clogged impeller channels, and one with bearing damage, were measured
simultaneously in a test bench, and the data calculated on the basis of ARFT in the pumps’ MPU

was collected via Modbus interface; see section 4.4.4.1.

The first thing that could be noticed is that the temperature of the healthy variant was the highest
of all three variants, especially at the end of the measurement, followed by that of the variant with
bearing damage. One possible reason for this is that the estimated flow was calculated incorrectly
for the two faulty variants and is lower than the real value. As a result, the brake torque and thus
the current consumption and the heat generation would be lower. Another possibility is that with
the bearing fault, the cooling of the motor was even favored by the fault. Considering the flow, it
was notable that for three hours, the flow remained constant for the fault clogging. The reason was
that due to the clogging, the pump was unable to provide more flow. This is also the reason why
the temperature of this variant remained the lowest of the three variants. If the severity factors are
considered, both were one a constantly low level for the healthy variant. The severity factors of
the fault bearing damage indicate a dependence on the load point. Throughout the entire
measurement, they were higher than those of the healthy variant, but the difference was not large
in some load points. However, the severity factors of the variant with three clogged channels had
high values during the entire time of measurement. It was confirmed by the results that in higher
flow ranges, the faults clogging and bearing damage could be separated from each other. In lower
flow ranges, the fault bearing damage could be separated from the healthy variant. It was also
demonstrated that the consideration of the data in comparison to each other could be helpful for

the decision-making process.
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laboratory test
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6 Experiment Results: Transient Analysis

In this section, the results of a transient analysis of the current signal will be presented. As in
section 5, different pumps and different faults will be investigated. As there are no known
implementations of transient analysis available in the state of the art, no comparison of the pump
faults with other pump faults in the literature was possible. The method that was implemented was
ATCSA (see section 4.4.5). We start with the analysis of the healthy variant, followed by the faults
clogging, cracked impeller, bearing damage, dry-running rotor, dry running, and hydraulic

blockage. At the end of this section, the results are summarized in the conclusion.

6.1 Healthy Condition

In this section, a transient analysis of the current signal of the healthy variants is presented. This
is important in order to understand the evolutions of different harmonics in the time-frequency
map that are visible even in healthy condition, and to have a reference for the results of the faulty

variants.

6.1.1 Wet-Rotor Pump (800 W)

The ATCSA of a wet-rotor pump with 800 W in healthy condition for a startup from 1000 to
3000 rpm is depicted in Figure 6.1. Since the speed was ramped up from 1000 to 2800 rpm and
the motor had four pole pairs, the fundamental component f; of the stator current started at a
frequency of 66.7 Hz and ended at 186.7 Hz. With the exception of the 6""-order harmonic, an
increased amplitude was visible at every integer multiple of the stator frequency. Especially the
2nd, 5™, and 7th harmonics had high amplitudes. A closer look at Figure 6.1b) reveals a component
that started at about 170 Hz and ended at 295 Hz, meaning it had a lower slope than all the other
components. In the same distance to the fundamental, a second component was visible, which
started at 5s from 0 Hz and ended at 95 Hz; see Figure 6.1a). In both figures, these two
components are marked with fg,,.. Additionally, in Figure 6.1a) are three constant frequency

Components fons:, at 200, 100, and 10 Hz. Due to the non-linear dependence of £, and feonse

on f;, these two components could be attributed to the VSD operation.

168



250 1000

800 4
° N
T < 600 3
) )
c [ =
3 2
g g 400 2
- o 40
u o fslope\ 2
200 ‘/k_‘
0 0
0 5 10 15 ) 5 10 15
Time (s) Time (s)

Figure 6.1: ATCSA of the wet-rotor pump (800 W) in healthy condition for a startup from
1000 to 2800 rpm at (a) 0-250 Hz; (b) 0-1000 Hz

The analysis of the healthy variant already shows an advantage of ATCSA. A correlation between
different frequency components could be identified. In this case, the VSD generated different
frequencies that were not known before the analysis. In ATCSA, these components could easily
be differentiated from other frequency components. However, if only one operation condition at
one motor speed is considered, as for example in MCSA, fope OF feonse Can equal a frequency

component related to a fault, which can, depending on the thresholds, lead to false negative alarms.

6.1.2 Wet-Rotor Pump (150 W)

Figure 6.2 depicts the ATCSA for the wet-rotor pump with a power of 150 W for the startup from
1000 to 3520 rpm. As a six-pole motor was used to drive the pump, the FC was visible starting at
a frequency of 50 Hz and ending at a frequency of 176 Hz. Additionally, the patterns of the stator
harmonics were visible, with exception of the 6™ harmonic, but they were not as pronounced as in
the 800 W motor. In this motor pump, the 2"%-order harmonic had the strongest pattern.
Furthermore, several other harmonics produced by the operation with VSD were visible in the
analysis. The ones with a constant distance (same slope as FC) from the FC are marked in Figure

6.2 with f,p,.. Additionally, there were two components with a negative slope (fy,.4); the first one

ended at 25 Hz and the second one ended at 125 Hz.
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Figure 6.2: ATCSA of the wet-rotor pump (150 W) in healthy condition for a startup from
1000 to 3520 rpm at a) 0-250 Hz b) 0-1000 Hz

As for the 800 W variant, ATCSA can be a useful tool for understanding frequency components

and their relation to the FC. For the interpretation of the MCSA, see, for example, Figure 5.5.

6.2 Clogging

In this section, the influence of the fault clogging on ATCSA will be investigated. This fault was
analyzed for the two pump types wet-rotor pump and submersible pump. For the wet-rotor pump,
two different variants, one with a power of 800 W and one with 150 W, were investigated. For the

variant with 800 W, different severities of clogging were investigated.

6.2.1 Wet-Rotor Pump (800 W)

For the wet-rotor pump with 800 W, different severities of clogging were investigated. In total,
seven fault variants were measured, from one clogged impeller channel to a fully clogged impeller,
but also two, three, four, five, and six adjacent clogged impeller channels. Figure 6.4 depicts these
variants from a) healthy to h) fully clogged impeller.

All clogging variants could be separated from the healthy variant at the fault frequency f;. ,,mp-

The frequency components showed the typical trajectory for this type of fault, as predicted by
Figure 3.11. However, the result for the healthy variant revealed that the motor had a slight

eccentric running, even in healthy condition. The most significant pattern at f. ,,,m, Showed the
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variants with two to five adjacent clogged channels. This confirms the findings of MCSA, where
the highest amplitudes at f;. .,,,m, Were detected for this number of adjacent clogged channels. Both

fault variants with one and six clogged channels differed from the healthy variant; however, the

differences were not so significant.

Once again, the advantage of ATCSA should be mentioned. In the time frequency maps, it could
be seen that the component f,. ,,,,m,— Crossed the constant component at f.,,s; = 100 Hz. Since
different speeds are considered in ATCSA, confusing the two components is impossible. For
example, if an MCSA were performed for a speed (in this example n = 2000 rpm) where
fr.pump— = 100 Hz, and there was no fault on the pump, the peak at 100 Hz could cause a false

alarm. This is ruled out by evaluating the startup.
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Figure 6.3: ATCSA of the wet-rotor pump (800 W) with varying degrees of clogged impeller
channels for a startup from 1000 to 2800 rpm at 0-250 Hz; (a) healthy; (b) — (g) 1 to 6 adjacent
blocked channels; (h) fully clogged
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As in MCSA, there were two additional components in the higher-frequency range that were
influenced by the fault clogging. These components around the 5th WH of the FC were only
slightly visible in the ATCSA since they had only a small amplitude in comparison to other

harmonics. This is verified in Figure 6.4, where the patterns at (5 + %) - fs and (5 — %) - fs are

slightly visible at the end of the startup (b)), although the two patterns are not visible in the healthy
condition (a)).
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Figure 6.4: ATCSA of the wet-rotor pump (800 W) with 3 adjacent blocked channels for a
startup from 1000 to 2800 rpm at 730-980 Hz; (a) Healthy; (b) 3 adjacent blocked channels

6.2.2 Wet-Rotor Pump (150 W)

Figure 6.5 depicts the ATCSA of a 150 W wet-rotor pump in healthy condition (a) and with one
clogged impeller channel (b). The analysis revealed that no typical pattern appeared at the expected
frequencies f; ,ump— and fr pump+. The ATCSA of both the healthy and the faulty variant looked
similar, and thus this approach is not suitable for the detection of this fault in this pump. The reason

is that the components only slightly increased in the faulty condition because of the higher damping
of this motor.
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Figure 6.5: ATCSA of the wet-rotor pump (150 W) with one clogged impeller for a startup from
1000 to 3520 rpm at 0—250 Hz; (a) healthy condition; (b) 1 clogged impeller channel.
6.2.3 Submersible Pump (7.7 kW)

In this section, the use of ATCSA to analyze the process of clogging and clearing of a submersible
pump with a power of 7.7 KW will be described. The measurement procedure was described in
section 4.3.4. Figure 6.6 depicts the ATCSA considering the frequency range from 0—100 Hz. Note
that, at the beginning, the ESP was in healthy condition, with f; being equal to 40 Hz. Also note
that at 20 Hz and 60 Hz, a pattern was visible, indicating a slight dynamic eccentricity in the ESP.
After 10 s, the rag was sucked into the impeller and, from then on, the ESP was clogged. A strong
pattern was visible at 20 Hz and 60 Hz. After clogging, the deragging procedure was started. In
the condition of running in the opposite direction (20-25 s and 35-40 s), no pattern of f. ., Was
visible. The pattern was only visible while running the ESP in the normal direction (10—15 s and
3035 s). It is also clearly visible in the figure when the pump was cleared. This happened at 52 s,

when it was observed that the pattern at f;. ,,,m;, disappeared.
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Figure 6.6: ATCSA of the submersible pump in the frequency range of 0-100 Hz

In section 5.2.2.4, it was demonstrated that the amplitudes of higher frequencies were also
influenced by the fault clogging. Therefore, in ATCSA the same frequency range from 90 to 400
Hz was also considered (see Figure 6.7).

Note that especially at the moment when, at 10 s, the rag was sucked into the impeller, patterns
became visible in the higher frequency range. The result was equal to that of MCSA, with the
frequencies appearing at 100, 180, 220, and 300 Hz. However, in other periods, the patterns were
not visible anymore, indicating that the severity of the fault decreased.

175



Pump clloggage

400 [ — . : | .

TR T .

)
> "
g 250 —— .)" -~ .~ o —.—— -
2 ) -
g (5, )% iz
r P &
200 \ do !
1-—=s ~
150 {3+ Z fs
100 nr. e
0 10 20 30 40 50 60 70
Time (s)

Figure 6.7: ATCSA of the submersible pump in the frequency range of 90-400 Hz

In conclusion, it is confirmed that ATCSA is a very useful tool for detecting the clogging of an
ESP as well as to detect the clearing of the pump. Compared to MCSA, ATCSA has the advantage
that transients due to changed fault severities do not influence the results or lead to wrong decisions

in the decision-making process, yielding higher reliability in the diagnosis process.

6.3 Cracked Impeller

Figure 6.8 depicts the ATCSA of an 800 W wet-rotor pump with a cracked impeller. As in the case
of the fault clogging, the fault cracked impeller also showed the typical fault trajectory at the two
frequencies f; pump— and fr pump+, Where especially the amplitude of f. ,,,,;,,— Was visible. The
results confirm the results of MCSA, where an increase of the two frequencies was also detected.
Other frequencies, like the BPF, were not influenced in ATCSA.
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Figure 6.8: ATCSA of the wet-rotor pump (800 W) for the fault cracked impeller from 1000 to
2800 rpm at 0-250 Hz; (a) healthy; (b) cracked impeller

6.4 Bearing Damage

Figure 6.9 depicts the ATCSA of an 800 W wet-rotor pump with varying fault severity of a bearing
defect. On the one hand, the diameter increase of the bearing shell was varied, and on the other
hand, the place of the bearing defect. In (b) — (d), the diameter of the bearing shell was increased
by 0.1 mm, while (b) illustrates the results for the two-sided bearing defect, (c) and (d) the results
for a one-sided bearing defect. (e) depicts the ATCSA for a one-sided bearing defect on the
impeller side (A-bearing defect) with an increase of the bearing shell diameter of 0.5 mm and (f)
shows the results for a bearing defect on the electronic side (B-bearing defect) of the pump.

All variants indicated the typical patterns of an eccentricity problem in a PMSM with the ECC1
amplitudes around the FC. With increased fault severity ((e) and (f)), the patterns became more
pronounced compared to the lighter faults ((c) and (d)). Consequently, higher bearing wear led to
a more eccentric running of the rotor of the motor. Furthermore, the two-sided bearing fault (b)
indicated a more pronounced pattern compared to the one-sided bearing fault with the same fault
severity ((c) and (d)). This suggests that in the case of a one-sided bearing failure, one bearing
could still support the shaft. It was also possible to differentiate between the two one-sided bearing
faults. For the defect on the electronic side ((d) and (f)) , f.cc— and f, ., Started to be visible at

higher speeds compared to the defect on the impeller side ((c) and (e)). Consequently, the location
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of the bearing defect also had an influence on the degree of eccentricity in the motor. With the help
of ATCSA, the location of the bearing defect could be determined. On the other hand, for the one-
sided bearing defect, an additional amplitude was visible between the ECC1 component and the
FC.
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Figure 6.9: ATCSA of the wet-rotor pump (800 W) with varying severity of bearing wear from
1000 to 2800/3000 rpm at 0-250 Hz; (a) healthy; (b) two-sided bearing defect, +0.1 mm; (c) A-

bearing defect, +0.1 mm; (d) B-bearing defect, +0.1 mm; (e) A-bearing defect, +0.5 mm; (f) B-
bearing defect, +1 mm
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6.5 Dry-Running Rotor

Figure 6.10 depicts the ATCSA for an 800 W wet-rotor pump with a dry-running rotor for the
startup from 1000 to 3000 rpm. In the analysis, a very slight pattern was noticeable, which
indicated the predicted pattern for dynamic eccentricity. Particularly notable is the frequency f,.._,

which was visible over the entire time history.

The results prove that a slight dynamic eccentricity was caused by the dry-running rotor. This
behavior could be explained by the fact that no lubricating film could form between the bearing
and the shaft because there was no water in the rotor space. The gap between the shaft and the

bearing was sufficient to cause a slight eccentricity.
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Figure 6.10: ATCSA of the wet-rotor pump (800 W) for a dry running rotor from 1000 to
3000 rpm at 0-250 Hz; (a) healthy; (b) dry-running rotor

6.6 Dry Running

In this section, the influence of the fault dry running on the ATCSA for the startup from 1000 to
2800 rpm will be investigated. Figure 6.11 depicts the transient analysis of both the faulty and the
healthy condition of the 800 W wet-rotor pump. There was a clear difference between the two
variants, which was visible at the two frequencies f,.._ and f,.... Both amplitudes were clearly
visible from the beginning of the startup at a speed of 1000 rpm, during the startup, and at the end,

which indicates the severity of this fault. The basic color of the pattern generally tends to yellowish
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in the fault case, compared to the healthy state, which suggests an increased noise level. The results

confirm the MCSA results, where high increases of the ECC1 component and of the noise level
were found.
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Figure 6.11: ATCSA of the wet-rotor pump (800 W) for a dry running rotor from 1000 to
2800 rpm at 0-250 Hz; (a) healthy; (b) dry-running

6.7 Hydraulic Blockage

Finally, the ATCSA of a hydraulic blockage is depicted in Figure 6.12, compared with a healthy
startup of the 800 W wet-rotor pump. The difference between the two patterns is mainly seen in
the noise band around the FC. This effect became clearer as the speed of the motor increased.
These results confirm the findings from the MCSA, where a slight increase of the noise band was
detected in stationary operation of the same pump.
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Figure 6.12: ATCSA of the wet-rotor pump (800 W) for a hydraulic blockage from 1000 to
2800 rpm at 0-250 Hz; (a) healthy; (b) hydraulic blockage

6.8 Conclusion

In this section, the results of using ATCSA for the evaluation of current signals during startup were
discussed. First, the healthy variants of the two wet-rotor pumps identical in design were
investigated. Additionally, in every integer multiple of the FC, typical patterns were detected.
Furthermore, frequency components were detected that did not linearly increase with the FC. Some
of them were constantly independent of the FC, some even had a negative slope during startup,
and some had a constant distance from the FC. These components were caused by the VSD
operation of the motor. This inference was only possible by applying ATCSA. After consideration
of the healthy variant, various faults were investigated. It was demonstrated that one typical
pattern, in particular, was visible for the wet-rotor pump with 800 W for the faults clogging,
cracked impeller, bearing damage, dry-running rotor, and dry running. The strongest patterns were
noted for half-sided clogging, severe bearing damage, and dry running. However, in the 150 W
wet-rotor pump, this pattern was not visible for the fault clogging. Furthermore, no separation
between the faults was possible with ATCSA. ATCSA demonstrated its advantage over MCSA in
the minimization of false alarms. If MCSA is applied, there is always the risk that frequencies
produced by the VSD are confused with the fault frequencies. For the detection of the fault
clogging in the submersible pump, ATCSA showed great performance, as the fault provoked

frequencies that were clearly visible in the analysis. This was true for the process of sucking in the
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rag (clogging) and for cleaning. In general, the results of MCSA were confirmed by the results of
ATCSA.
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7 Conclusions and Future Work

In the final section of this work, the findings will be summarized and an outlook on future work

will be given.

7.1 Conclusion

In this thesis, different techniques based on the analysis of motor currents were used to diagnose
typical faults in pumps driven by the motor. In total, three different pump types — a wet-rotor pump,
a dry-runner pump, and a submersible pump — were measured in different test benches. The main
focus has been put on the fault detection of the wet-rotor pump. The faults that were investigated
were: a bearing defect (wet-rotor pump), impeller clogging (all pumps), cracked impeller (wet-
rotor pump), dry-running rotor (wet-rotor pump), dry running (wet-rotor pump and dry-runner
pump), and hydraulic blockage (wet-rotor pump and dry-runner pump). To analyze the faults,

different techniques were implemented.

As a first step, the stationary values were considered. Considering the rms value of the current
(with the exception of the cloggage of the submersible pump, where it remained constant), the
analyzed faults led to a decrease of the rms current in all cases. Consequently, a decreasing rms
current can be one symptom of a faulty pump operation. However, no differentiation between the
single faults and a partial load condition is possible by simply evaluating the rms current. The only
fault that can be separated from other faults was found to be dry running. In this case, the current
consumption becomes smaller than it would be possible in the case of any other fault or operating
condition. It was also found that especially the fault clogging can lead to a dramatic decrease of
efficiency in both wet-rotor and submersible pumps. Finally, the influence of the fault clogging on
the parameter estimation of a wet-rotor pump was analyzed. It turned out that both flow and head

estimation worsened in the faulty condition.

After consideration of the stationary values, the current signal in stationary condition of the pumps
was investigated. First, MCSA was used for this. For all investigated pumps, one frequency family,
in particular, was found to be influenced by the implemented faults. These frequency bands are
located on the left and right of the FC at the distance of the rotational frequency. This observation

was made for all pumps in the case of the fault clogging; for wet-rotor pumps, it was also observed
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for the faults impeller crack, bearing damage, dry-running rotor, and dry running. The fault
hydraulic blockage did not influence these frequency bands. As stated in some references, it was
not the BPF that was affected by the faults in the pumps we studied. By evaluating the amplitude
at these frequencies, a statement about the severity can be made. In the case of clogging, the highest
amplitudes were reached when three or four adjacent impeller channels were clogged.
Furthermore, severe faults also influenced bands in the higher-frequency range around the 3rd and

5th harmonic.

Next, the two fault frequencies for the wet-rotor pump were analyzed in more detail. We
investigated whether the hydraulic load point has an influence on the amplitudes at the frequency
bands. To evaluate this, the LoPoFIA methodology was proposed, which indicates the relation
between the amplitudes and the hydraulic load point in a flow-head map. It was demonstrated that
the load point has a strong influence on amplitudes in both healthy and faulty condition. Each fault
— impeller clogging, bearing damage, and cracked impeller — had its own characteristic pattern in
the flow-head map. In addition, the LoPoFIA revealed a weakness of the MCSA in that a difference
between healthy and defective is not evident at each load point. Additionally, LoPoFIA makes it
possible to differentiate between bearing and impeller faults (clogging and cracked impeller), since
the impeller faults especially influence the amplitudes in higher flow ranges. Bearing faults are

more visible in the case of lower flows.

To facilitate understanding of the behavior of the motor as a sensor for diagnosing pump faults,
DTFA was presented in the theoretical background section. In order to validate DTFA, the
oscillation of the g-current at the rotational frequency of the rotor was analyzed depending on the
load point of the pump. This was done for two pumps that were identical in construction, but which
had different sizes (150 W and 800 W). We compared two variants, one in healthy condition and
one with seven clogged impeller channels. The fault was especially visible for the 800 W pump,
which indicates that the function of the motor as a sensor was better. Especially around a speed of
2200 rpm, high amplitudes were detected, which was explained by the amplitude increase due to

the low damping degree of the motor.

Since the two frequency bands deliver information about the pump in healthy condition, the next
step was to develop an algorithm that can calculate these two amplitudes in real time. As a test

object, we used a wet-rotor pump that already had an MPU for the implementation of such an
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algorithm. Additionally, it already had built-in current sensors, which were used as input for the
method. However, as the first step, the method was verified using a laboratory test. During the
laboratory test, the method was implemented on a MicroLabBox (dSpace) and external current
sensors were used. The results demonstrated that this method was capable of calculating the
amplitudes at the mentioned frequencies. In a field test, the method was implemented in the
firmware of an MCU of a circulation pump. It was observed that the results were almost equal to
the results of MCSA. Consequently, the method was capable of diagnosing the implemented pump
faults.

As the last part of this work, a transient current analysis was performed for the wet-rotor pump
and the submersible pump. The results of the stationary analysis were confirmed, as the same
frequency bands were influenced as in the stationary analysis. With the exception of the fault
hydraulic blockade, all faults indicated time-frequency evolutions at the frequencies. Additionally,
for the submersible pump, it was clearly visible in the ATCSA when the rag was sucked in
(clogging) and when the deragging was successful. The method also proved its main advantage,
i.e., its reliability in preventing false indications.

7.2 Main Contributions

e Pump-related faults, especially the clogging fault, lead to a decrease of efficiency of the
measured pumps. The clogging fault leads in case of the 800 W wet-rotor pump to an efficiency
reduction of 9 to 15% and with the 7.7 kW submersible pump of maximum 38%. Additionally,
the parameter estimation of a wet-rotor pump is worsened in faulty condition.

e The rms value of the current decreases or remains constantly. Consequently it can be one
symptom that indicates a faulty operation of a pump. However, an increase of the rms current,
which is partly used in literature for clogging detection, was not detected in the measured
variants.

e In MCSA one frequency family, on the left and right of the FC at the distance of the rotational
frequency, was found to be influenced by the implemented faults. All investigated faults with
exception of the fault hydraulic blockage influenced these frequency bands. The amplitudes at

the BPF component, however, were not influenced by the faults. The amplitude increase in
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faulty condition depends on the fault type and the pump used. The maximum increase due to a
clogged impeller was found to be +54.0 dB, compared to the healthy variant.

¢ A novel methodology was proposed in which the influenced fault components were related to
the hydraulic load point. For this purpose, the amplitude at a certain frequency is displayed in
color in the flow-head map usual for pumps. It was demonstrated that the load point has a
strong influence on amplitudes in both healthy and faulty condition with each fault having its
own characteristic pattern. It is one possibility to differentiate between faults are caused by
load oscillations (in our case the clogging and impeller crack faults) and faults that cause
eccentric rotation of the rotor (in our case bearing damage).

e Anovel method to analyze the transfer behavior of load oscillations of controlled PMSM was
presented and qualitatively validated with two pumps identical in construction. The method
helps to predict whether a PMSM can successfully be used as a sensor to detect pump-related
faults.

e A novel algorithm was presented, that makes it possible to calculate the fault components in
the current signal in real-time on a memory-friendly way. The proposed algorithm, which is
based on ARFT was tested in a laboratory and a field test with a real circulation pump and
showed similar results like MCSA.

e On the basis of ARFT a method for cloud-based monitoring of a pump fleet was proposed in
the thesis. While the ARFT runs on the MPU of a single pump, the decision making process is
outsourced to a central data acquisition system (“cloud”). In this cloud the fault indicators of
many pumps of different sizes can be compared.

e ATCSA was used in order to analyze whether the investigated faults are visible in the time-
frequency maps. It was shown that the ATCSA is a useful tool in order to have a more reliable
decision making compared to MCSA. Especially in submersible pumps ATCSA showed its

performance in order to detect the clogging fault and a cleaning of the pump.

7.3 Future Work

e The methods in this work were used to investigate three different pump types. Despite many
tests have been developed for each pump type and fault condition, it remains to be investigated
whether the methods also work for other pump powers and pumps with other characteristics,

especially in higher power ranges.
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Different pump faults were investigated in this work. However, other typical pump faults must
also be investigated in more detail. One of these faults is cavitation, which is a known problem
in pumping systems. Cavitation can also lead to damage of the impeller. Consequently, if
cavitation would be detected, wear at the impeller could be prevented. Furthermore, other
faults like seal damage or water hammering should be investigated in future work.

The data that was analyzed was acquired in the framework of laboratory tests. Whether the
same results can be obtained for pumps in the field is part of future work.

It was demonstrated that MCSA can be implemented in real time by using ARFT, even in
systems with low memory and computing power. However, it has to be considered how
transient analysis can be implemented in real applications. Especially in the application of
wastewater pumps, transient analysis could help to obtain a reliable detection of clogging.
Most of the faults influenced two sidebands in the current spectrum. Consequently, other
features had to be included in the analysis in order to enable separation of the faults. With the
methods we used, no other frequencies were observed that could simplify this separation. Part
of future work will be to validate whether other procedures, e.g., based on Artificial
Intelligence, make it possible to differentiate the faults. Note that the features should be
selected well in order be able to make a statement about the severity of a fault, which can be
difficult, e.g., in the case of some statistical features in the time domain.

In order to assess the transfer behavior of a motor for the detection of pump faults, DTFA was
proposed in this work. However, the measurement data only enabled qualitative validation of
the approach. For further validation, we propose measuring a motor on a test bench that allows
generating torque oscillations in variable frequencies. This would allow quantitative validation
of DTFA.

In this work, a methodology for the cloud-based monitoring of a pump fleet was proposed and
validated in a laboratory test. However, the concept has to be validated for more than three
pumps and also for other faults. Implementing ARFT in the pumps” MPU, will enable pump

manufacturers to acquire and evaluate big data sets.
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