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Abstract

Damper Winding Fault Detection in Synchronous
Machines

Fredrik Holmgren

This thesis aims to identify methods for detection of damper 
winding faults in synchronous machines (SMs) powered by variable 
frequency drives (VFDs). The problem of failing damper windings 
has received attention after reports of serious damage which have 
been discovered during maintenance checks. Since SMs often are 
used for critical applications, failures can be devastating if 
they cause total breakdowns. Also, VFDs are believed to cause 
additional stress in the damper windings of SMs and since the 
utilisation of VFDs is increasing, the problem is expected to 
become more common in the future. Currently, there is no method 
for detection of failures during normal operation of SMs, thus 
research in the area is required. 

Simulations based on the finite element method as well as 
laboratory experiments have been performed in order to examine the 
impact of VFDs and to find a way of detecting damper winding 
failures. The results confirm that utilization of VFDs produce 
higher currents in the damper winding compared to direct-online 
operation. The results also show that in case of a damper bar 
failure, the current distribution among the damper winding 
segments is affected. However, monitoring of all damper winding 
segments is unrealistic due to the number of sensors required. 
Another approach, which has been investigated, involves monitoring 
of the current through the pole interconnectors of one of the end-
rings. Potential fault indicators have been found by analysing the 
currents in the frequency domain. However, further studies are 
required in order to evaluate the method. Also the temperature of 
the damper winding was investigated as an indicator.
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POPULÄRVETENSKAPLIG SAMMANFATTNING  

Synkronmotorn är en slags elmotor som används för många applikationer med höga krav på 

tillförlitlighet. Några exempel på vad synkronmotorer används till är att driva stora pumpar på 

industrier och i framdrivningssystem för fordon. Generellt sett går synkronmotorer sällan sönder 

men när de väl gör det kan det få allvarliga konsekvenser eftersom de ofta används för kritisk 

applikationer med höga kostnader för driftstopp. Av denna anledning är det viktigt att kunna 

detektera fel innan de förvärras och i värsta fall orsakar haveri.  

På senare tid har det rapporterats om fall då det under underhållsarbete har upptäckts fel på 

dämplindningarna hos synkronmotorer. Dämlindningar är placerade längst ut på polerna på den 

roterande delen av en synkronmotor. Syftet med att ha dämlindningar är att de ska skydda 

synkronmotorn mot transienter, viket exempelvis kan vara en plötslig förändring av lasten. Att 

dämplindningar går sönder är relativt ovanligt men problemet är att det i dagsläget inte finns 

någon metod för detektera denna typ av fel. Det finns flera olika orsaker till att 

dämplindningarna går sönder, t.ex. vibrationer och att det går hög ström i lindningen under 

asynkron uppstart. Dessutom befaras det att dämplindningarna utsätts för större påfrestningar om 

en synkronmotor drivs med hjälp av en frekvensomriktare. I takt med att användningen av 

frekvensomriktare ökar förväntas problem med dämplindningarna bli allt vanligare. Det är alltså 

relevant att försöka utveckla en metod för att detektera fel på dämplindningarna. 

Detta examensarbete syftar till att identifiera metoder för att, under normal drift, kunna detektera 

denna typ av fel. Tillvägagångsättet har utgjorts av litteraturstudier, simuleringar och experiment. 

Till att börja med var det nödvändigt att studera de grundläggande principerna för 

synkronmotorer generellt och dämplindningar specifikt. Dessutom analyserades vad som har 

avhandlats tidigare inom ämnet och inom relaterande ämnen. Det har även utvärderats vika olika 

typer av fel som kan uppkomma hos synkronmotorer och vika metoder det finns för att detektera 

fel.  

För experimenten användes en synkronmotor som är uppställd i ett laboratorium i 

Ångströmlaboratoriet i Uppsala men innan experiment genomfördes upprättades en numerisk 

modell av motorn. Modellen skapades i ett program som används för att genomföra simuleringar 

baserat på, den så kallade, finita elementmetoden. Simuleringar genomfördes för olika typer av 

driftlägen och felfall. Från resultaten kunde några potentiella felindikatorer identifieras. De två 

parametrar som ansågs mest intressanta var strömmen genom dämplindningen och temperaturen 

hos dämplindningen.  

Synkronmotorn i laboratoriet är specialanpassad för lämpa sig för experiment. En viktig 

egenskap hos motorn är att den har en modifierbar dämplindning. Detta gör det till exempel 
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möjligt att ta bort lindningen eller göra ändringar i specifika delar av lindningen. Dessutom är 

maskinen utrustad med ett mätsystem som gör det möjligt att mäta strömmen i några delar av 

dämplindningen. Utöver detta behövde maskinen utrustas med instrument för mätning av 

temperatur. Utvecklingen av temperaturmätningssystemet har utgjort en betydande del av detta 

examensarbete. Det var även nödvändigt att installera en frekvensomriktare som kan driva 

maskinen. 

Efter att ovanstående installationer hade färdigställts påbörjades experimenten. Dämplindningen 

modifierades på olika sätt för att efterlikna olika slags fel. Testerna genomfördes för flera olika 

rotationshastigheter.  

Resultaten från experimenten jämfördes sedan med resultaten från simuleringarna. På flera sätt 

stämde resultaten överens men det observerades även skillnader. Precis som för simuleringarna 

visade experimenten att om ett fel uppkommer påverkas strömmen i intilliggande delar av 

dämplindningen. I normala fall följer strömfördelningen i lindningen ett visst mönster men vid 

ett fel uppstår en störning i mönstret. Genom att övervaka strömfördelningen skulle det på så sätt 

vara möjligt att detektera fel, problemet är att detta kräver många sensorer och det är därför svårt 

att implementera rent praktiskt.  

En annan möjlig indikator upptäcktes genom att studera strömmen genom en viss del av 

lindningen men det är osäkert om detta verkligen är en giltig indikator eftersom simuleringarna 

och experimenten inte uppvisar samma resultat gällande detta. För att avgöra om indikatorn är 

giltigt krävs det ytterligare utredningar. Implementation av denna metod är betydligt enklare 

praktiskt sett och det kan därför vara värt att undersöka saken närmare.  

Mätning av temperaturen visade sig inte kunna indikera fel på dämplindningar. Förmodligen 

beror detta på att temperaturen mestadels påverkas av temperaturen hos det omgivande 

materialet och kylningen av dämplindningen. En förändring av värmegenereringen i lindningen 

på grund av ett fel skulle alltså troligtvis ha relativt liten inverkan på temperaturen.  

Sammantaget har arbetet bidragit med viktiga slutsatser relaterade till metoder för att detektera 

fel på dämplindningar i synkronmotorer. Avhandlingen kan med fördel användas som 

utgångspunkt för vidare studier inom ämnet.  
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EXECUTIVE SUMMARY 

The problem of failing damper windings in synchronous machines (SMs) has received attention 

after reports of serious damages which have been discovered during maintenance checks. 

Variable frequency drives (VFDs) are believed to cause additional stresses in the damper 

windings of SMs and since the utilization of VFDs is increasing the problem is expected to 

become more common in the future. Currently there is no method for detection of this kind of 

fault during normal operation of SMs. 

Experiments and simulations have been carried out with the aim to identify potential indicators 

for damper winding faults. One specific SM was used for the experiments and the same machine 

was modelled in the FEM-based program which was used for the simulations. The damper 

winding of the machine is modifiable which makes it particularly suitable for this project.  

Experimental tests were performed during steady state operation at various rotational speeds and 

damper winding conditions. Faults were introduced by modification of the damper winding of 

the SM. Damper winding currents and temperatures, field voltage and current and stator voltage 

and current are some of the parameters which were measured during the experiments. 

Both the simulations and the experiment showed that a fault in one part of the damper winding 

affects the current through that part as well as the adjacent parts of the winding. When the 

damper winding is healthy the current distribution in the winding follows a certain pattern. If a 

fault is present the pattern is disturbed. Accordingly, it is possible to detect faults by monitoring 

the current distribution in the damper winding. However, this approach requires many sensors 

which make practical implementation complicated. 

Another possible indicator was discovered by analysing the frequency spectrum signature of the 

current through one specific part of the damper winding. However, the validity of this indicator 

is questionable since it is not confirmed by the simulation results. Further analysis of this 

potential indicator is motivated as the method is better suited for practical implementations 

compared to the previously presented method.    

No indicators for damper winding faults were found by analysing the temperature measurements. 

One thinkable explanation is that the temperature mainly is affected by heating from the 

enclosing material and the cooling of the winding. Consequently, a change in the heat generation 

due to a change in the current, caused by a fault, would not have a detectable impact on the 

temperature.  

Conclusively, this thesis provides new findings to the area of condition monitoring of SMs. The 

thesis can be used as resource for further research within the area.  
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Squirrel cage induction machine   SCIM   

Synchronous machine     SM   

Variable frequency drive     VFD   

Nomenclatures  

Current flowing through a damper bar   ibx   

Current flowing through an end-ring segment iix   
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1 INTRODUCTION 

1.1 Background and problem definition 

High reliability is an advantageous property of synchronous machines (SMs) which makes them 

applicable for critical applications. Even though SMs are highly reliable, failures can occur. 

Since critical applications often are associated with high down time costs such an event is 

devastating. This, in combination with SMs themselves being costly devices is weighty 

arguments for avoiding failures. One method of avoiding failures, and thereby increase the 

reliability, is to use sensor based monitoring systems to detect and anticipate faults [1]. As 

summarised in [2] there are several parameters which can be monitored in order to detect 

different kinds of faults. Some useful parameters are stator currents, rotor speed, torque, noise, 

vibrations and temperatures. By analysis of measured parameters it is possible to detect 

abnormalities.  

As presented in [1] most of the electrical failures in AC electrical machines occur on the stator 

side. The accessibility of the stator and the presence of established methods for detecting faults 

by analysing stator parameters [3] make stator monitoring applicable. On the other hand, the 

method is associated with difficulties. Monitoring of the high voltages and currents of the stator 

requires expensive sensor instrumentation and special safety considerations. An alternative 

approach is to monitor parameters on the rotor side, such as shaft voltage, field current and 

temperatures. This method eliminates the need of expensive sensors and it has been proven to 

offer good detectability for electro-mechanical failures. In fact, monitoring of rotor parameters 

allow detection of a wider range of failures compared to monitoring from the stator side [1]. 

One vital component, located on the rotor, is the damper winding. A damper winding is made up 

by axially oriented conductor bars, called damper bars, located near the outer edge of the rotor as 

seen from the rotor cross section perspective. The bars are connected to each other at both ends 

of the rotor by so called end-rings. Damper windings are used to counteract an asynchronous air-

gap flux which can be caused by electrical and mechanical transients [4]. They are also used to 

bring the machine to synchronous speed in direct-online applications. Avoidance of damper bar 

failures is an important matter not only for preservation of the functionality but also because of 

that a failure can cause serious damage to an SM, especially if it breaks loose and ends up in the 

air-gap. 
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1.2 Purpose 

This project is a part of a wide-ranging research project dealing with diagnostics of SMs 

powered by variable frequency drives (VFDs). The purpose of this specific sub-project is to find 

ways of detecting and anticipating damper winding faults. The results should also include an 

evaluation of how the performance of a broken damper winding is affected during some different 

operation conditions. Some central aspects of the project are identification of appropriate 

measurement parameters, evaluation of methods for transmission of measurement signals and 

establishment of data analysis strategies. Through this approach the project is expected to 

contribute with valuable findings, pushing the development of condition monitoring of SMs 

forward.  

1.3 Project boundaries  

 The practical implementation of this project has been performed by using an 

experimental set-up of one specific SM. This allows for controlled creation of various 

operation and fault conditions which are realistic and representative for commercially 

operated SMs.   

 The SM was powered using a VFD. The technical challenges associated with utilisation 

of a VFD are within the scope of this thesis.      

 This project is restricted to SMs operated as motors. However, since the same machine 

can be operated as a generator many of the studied concepts are valid also for generator 

operation.  

1.4 Approach 

 Literature survey 

The literature survey includes a general description of the SM, its parts and principles and 

application. Operational properties when powered by VFDs, possible operation 

conditions and fault conditions are also within the scope of this project, as well as an 

inventory of possible faults. This part does also contain a particularly detailed 

explanation of damper windings, including matters such as the cause of its presence and 

possible causes of failure. The other part of the literature survey summarises existing 

monitoring techniques and also outlines what has been concluded in recent research 

projects within fault detection and diagnostics of SMs. Moreover, unexplored matters 

which could be worth investigating in this project have been identified.  
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 FEM-based simulation 

A model of the SM was established in a finite element method (FEM) based simulation 

program. An already existing model which is based on another program has been used for 

validation of the new model. Damper winding fault indicators has been detected through 

simulations. Additionally, the performance of a broken damper winding compared to a 

healthy damper winding has been explored for various operation conditions. 

 

 Experimental validation 

Experimental validation has been performed using a laboratory set-up of an SM. The 

same operation conditions as specified for the simulations were implemented 

experimentally. The experimental tests included operation with healthy and purposefully 

destroyed damper bars respectively. For those conditions the performance of the damper 

windings was monitored by measuring the damper winding currents and temperature of 

the end-rings. Other potential indicators of damper winding failures such as field winding 

current, field winding voltage, stator current and stator voltage were also measured, even 

though the primary ambition has been to evaluate the possibility of using end-ring current 

and temperature as fault indicators. The strategy of the experimental validation is also 

dependent on the findings from the literature survey and the simulations. 

 

 Data analysis and result consolidation 

Fault indicators which have been identified through the simulations have been validated 

by comparing the results from the simulations with the ones from the experiments. 
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2 LITERATURE SURVEY 

2.1 The synchronous machine 

Rotating electrical machines are central devices of most electric power systems [5]. Electrical 

machines are used to convert mechanical energy into electrical energy and vice versa [6]. A 

common designation of these two processes is electromechanical energy conversion [7]. An 

electrical machine which is used to convert mechanical energy to electric energy is denoted as a 

generator while a machine performing the opposite conversion process is called an electric motor 

[6]. Even though these two types of electric machines are distinct many electrical machines can 

actually serve both as generators and motors. An example of such an electric machine type is the 

synchronous machine [7].  

There are several different types of synchronous machines. The three main types are: separately 

exited synchronous machines, synchronous reluctance machines and permanent magnet 

synchronous machines [5]. However, in this report, synchronous machines (SMs) refer to 

separately exited synchronous machines exclusively.   

The design of an SM is dependent on the intended implementation. Since there is a wide range of 

application areas there are a great variety of designs present. In power plants, such as thermal 

power stations and hydro power plants, where the power level is high, large high-power SMs 

running at a constant speed are commonly used. Control of active and reactive power through 

control of the magnetization is a desired function of these large generators. For other application 

areas, such as automated production, industrial robots and vehicle propulsion, SMs are used as 

motors. Some important functions of these motors are the ability to control the rotational speed, 

accurate position control and to overcome motion resistance. Compared to the large generators 

the power rating range is usually considerably lower [7].  

For many electromechanical energy conversion applications there are other types of electrical 

machines applicable. One of the most competitive alternatives is the induction machine (IM). 

Just like the SM there are several types of IMs. The squirrel cage induction machine (SCIM) is 

the most commonly used type. One major difference compared to the SM is the absence of a 

separate excitation system. Accordingly, the SCIM is singly-fed. Compared to the SM the IM is 

simpler in its construction. The simplicity contributes to high reliability and low maintenance 

requirements [6].    

2.1.1 Principles and design 

An SM has two main parts, a stator and a rotor [6]. The rotor is the rotating part which has 

magnetic poles established either by permanent magnets or electromagnets. The stator has 
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armature windings in which alternating currents are flowing when the SM is loaded. The currents 

give rise to a rotating magnetic field relative to the stator. The opposing magnetic poles of the 

rotor and the stator are attracting each other, forcing the rotor to rotate at a speed equal to the 

speed of the rotating magnetic field, called synchronous speed [8]. As shown in Equation 2.1, the 

synchronous speed, 𝑁𝑆, is given by the frequency of the voltage over the stator windings, 𝑓, and 

the number of magnetic poles, 𝑃 [6]. 

𝑁𝑆 =
2×60×𝑓

𝑃
   Equation 2.1 

The stator core is normally made up of thin laminations of highly permeable steel. The steel is 

necessary since it creates a highly permeable path for the magnetic field. As this field is 

fluctuating from the stator point of view the steel is laminated to reduce core losses. The 

armature coils are placed in the so-called stator slots. The stator is held together by a stator frame 

[6]. Some of the most fundamental components of a SM are pointed out in Figure 2.1, which 

illustrates the cross section of a typical SM. 

There are two main types of rotor shapes existing, round rotors and salient-pole rotors. The 

salient-pole rotors are generally used for low speed applications since the losses generated by 

windage are low at these speeds. Consequently, the round rotor type is used for high speed 

applications. A round type rotor rarely has more than four poles while a salient pole rotor can 

have considerably more. Apart from the shape dissimilarity there are also differences in the 

dimension proportions. The length-versus-diameter relation (L/D) is generally a smaller number 

for a salient-pole rotor than for a round rotor. [6]   
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Figure 2.1 – Cross section of an SM with salient poles.  

2.1.2 Damper windings 

The damper windings consist of axially oriented conductor bars, made of copper, which are 

located in the rotor poles, close to the airgap and in parallel with the shaft. In Figure 2.2 the 

damper bars in a rotor pole are visualised. The bars are normally interconnected by so called 

end-rings at the rotor ends. [4] The configuration of the damper winding in an SM is similar to 

the rotor cage in IMs. In IMs an electromagnetic torque is obtained by induction in the rotor 

cage. The torque is proportional to the so called slip, which is defined as the difference between 

the synchronous speed and the rotor speed. In SMs however, the damper windings are used to 

suppress effects caused by transients such as oscillations in torque and power. When a transient 

occur, the rotor speed is oscillating around the synchronous speed. Since the damper bars are 

creating a counteracting torque when the rotor speed differ from the synchronous speed the 

oscillations will be damped [7].  

Damper bars also support the ability of bringing the rotor to synchronous speed during start-up. 

If an AC voltage is applied to the armature winding an electromotive force will be induced in the 

damper bars. This results in a torque which is accelerating the rotor. If the machine is unloaded 

or has a low loading the rotor will reach a rotational speed close to the synchronous speed. At 

this point the rotor can be magnetized and the machine will be pulled into synchronization [6]. 
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Figure 2.2 – Damper bars in a rotor pole [9]. 

From the synchronous flux no voltage will be induced in the damper bars during steady state 

operation since the synchronous speed is equal to the rotor speed. However, voltage will be 

induced due to flux harmonics of different frequencies in the air-gap flux. The sources for 

harmonic distortion can be categorized as time harmonics and space harmonics. Time harmonics 

origin from power electronical devices [10], such as VFDs. The frequency of the harmonics 

induced from VFDs is related to the switching frequency. 

Space harmonics are generated inherently by SMs. One kind of space harmonic is the so called 

slot harmonic. The open stator slots of large SMs are producing pulsations in the magnetic field. 

The frequency of the slot harmonic, 𝑓𝑠𝑙𝑜𝑡 ℎ𝑎𝑟𝑚, is dependent on the fundamental stator frequency, 

𝑓𝑓𝑢𝑛𝑑.𝑠𝑡𝑎𝑡, the number of stator slots, 𝑆, and the number of poles, 𝑃, according to Equation 2.2.  

𝑓𝑠𝑙𝑜𝑡 ℎ𝑎𝑟𝑚 = 𝑓𝑓𝑢𝑛𝑑.𝑠𝑡𝑎𝑡 ×
2×𝑆

𝑃
  Equation 2.2 

Armature reaction is another kind of space harmonics which occurs during load conditions due to 

the magnetomotive force [11]. All these harmonics cause a varying magnetic field seen by the 

rotor poles. Consequently, voltage is induced in the damper bars. The induced voltage is driving 

currents in the damper winding. The currents give raise to magnetic fields which are 

counteracting the magnetic-field harmonics. [6] A side effect is that the current in the damper 

winding gives rise to resistive losses.  
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Figure 2.3 – Damper winding circuit equivalent over one pole having three bars. 

As an example, for a machine having three damper bars per pole the circuit equivalent in Figure 

2.3 can be used to describe the principles of the damper windings. In the circuit the impedances, 

labelled with Z, include resistance, self and mutual bar inductance and leakage inductance. The 

voltage sources, labelled with U, represent the induced voltages from the airgap field. By using 

this circuit equivalent along with expressions of the induced voltages it is possible to calculate 

the magnitudes of the currents, labelled with i, flowing through the branches of the damper bars 

and the end-ring segments.    

2.1.3 Fault conditions 

Many different faults can occur in electric machines. The faults are generally categorized 

according to in which part of a machine they occur. Three of the most common parts to fail in an 

electric machine are the bearings, the stator windings and the rotor.  

Bearing faults: 

A significant share of failures in rotating electrical machines is related to the bearings. Some 

frequent causes are fatigue, corrosion, overloading, vibrations, misalignment and usage of 

incorrect lubricant. The presence of bearing faults is in turn causing mechanical vibrations, 

leading to rotor displacement and eccentricity [12]. 

Stator winding faults: 

Stator winding faults are one of the most common faults in electrical machines. Some of the 

stresses the stator winding is subjected to are mechanical, electrical, environmental and thermal 

stress. Mechanical stresses can be vibrations, shaft bending, differential expansion caused by 

temperature fluctuations and other things. Potential electrical stresses are different kind of 

electrical discharges such as corona.  Also environmental stresses such as oil contamination, dirt 

and moisture can cause stator winding faults. In the conductors, losses are causing heating which 
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makes the windings expand. The copper in the winding is expanding faster than the insulation 

due to material properties. This non-uniform expansion of the wingding can cause harm to the 

insulation [12].  

Rotor related faults: 

Thermal, mechanical, environmental, magnetic and dynamic stresses are present also on the rotor 

side. These stresses are wearing the rotor parts, such as the damper and field windings. The 

magnetic stresses can arise from unbalanced magnetic pull and electromagnetic noise and 

vibrations. Dynamic stresses are caused by shaft torques, cyclic stresses and centrifugal forces. 

[3]  

 
Figure 2.4 – Example of a broken damper winding which was discovered during maintenance of a SM. The bar has 

broken completely in the point where it is connected to the end plate. [9] 

There are practical examples of machines suffering damper winding failures. A report [9] from 

2015 examines a damper winding failure of a large SM. This particular SM was used to drive a 

compressor in a process industry. During maintenance serious damage to the damper windings 

was discovered. At the point where the damper bar connects to the end plate cracks were found 

and some bars were totally disconnected from the end plate, as shown in Figure 2.4.  When the 

problem was first discovered as many as 25 percent of the damper bars were broken. By 

investigating the operation of this SM it was concluded that thermal stresses were the most 

probable causes of the failures, but the conditions that lead to the failure is yet to be identified. 
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Also, since the problem was discovered during scheduled maintenance, the authors are 

requesting a method which can be used to detect this type of faults during operation. One 

possible detection method which is proposed by the authors is to monitor the amplitude of the 

stator winding current. According to the findings of the report the current is lowered in case of a 

damper winding failure. However, there are other parameters which affect the current and further 

studies are needed to enable validation of this detection method.     

Field winding faults are one of the most common electrical faults in synchronous machines. A 

typical fault of the field winding is inter-turn short circuit. This kind of fault can lead to high 

rotor currents, distortion of the output voltage waveform, reduced reactive power output and 

vibrations. Inter-turn faults are usually emerging from shortcomings in manufacturing process. 

Events such as loose parts and poor insulations are some examples of such manufacturing issues. 

Another potential cause is harsh operation conditions [12].  

Eccentricity: 

If the airgap length is non-uniform there is a so called rotor eccentricity. Eccentricity affects the 

output current waveform since the magnetic flux in the air-gap becomes unbalanced. Major 

eccentricity faults can create serious problems such as rotor to stator rub. Eccentricity is divided 

into two different categories, dynamic and static. In the case of static eccentricity, visualized in 

Figure 2.5 the centre of the rotor, OR, is aligned with the rotation axis, CR, but the centre of the 

stator, OS, is displaced from the rotational axis. For the other case, dynamic eccentricity, the 

situation is opposed. As shown in Figure 2.6, the centre of the stator is aligned with the rotational 

axis while the centre of the rotor is displaced from the rotational axis.  A machine which is 

suffering from eccentricity normally has a combination of both dynamic and static eccentricity. 

Some sources of eccentricity are inaccurate assembly of the machine parts and bearing wear 

[12]. 
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Figure 2.5 – Static eccentricity. The centre of the rotor OR is aligned with the centre of rotation CR. The smallest 

distance between the rotor and the stator will be at the same location all the time. 

 
Figure 2.6 – Dynamic eccentricity. The centre of the stator OS is aligned with the centre of rotation CR. As the rotor 

is rotating the smallest distance between the rotor and the stator (thick-lined circles) will rotate around the centre of 
rotation, illustrated by the thin-lined circle.  

2.1.4 Motor drives 

Some motor applications require the ability of operation at a variable rotational speed. This can 

be achieved by powering an SM using a variable frequency drive (VFD). Utilisation of VFDs is 

particularly applicable at power ratings exceeding 40 kW. Some significant advantages of using 

an SM in conjunction with a VFD are accurate speed control and high efficiency [8]. These 

abilities are desired in application areas such as marine propulsion and for powering large 

compressors. 
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Even though utilisation of VFDs is advantageous for many applications there are drawbacks. 

Since the voltage output form a VFD contains high order frequency components there will be 

harmonic distortions in the air-gap flux. The frequencies of the harmonic distortions are related 

to switching frequency of the VFD. According to the principles of the damper windings, 

presented in section 2.1.2, the harmonic distortion will lead to voltage induction in the damper 

bars. The voltages will drive currents which will result in resistive losses.     

2.2 Methods for condition monitoring  

There are many different methods used for condition monitoring of SMs. Some faults can be 

detected by more than one method. For instance, if the current through a conductor is affected 

due to some fault, also the resistive losses in the conductor as well as the magnetic field created 

by the current through the bar will be affected. Accordingly, detection of the fault is possible by 

monitoring the current, the heat generation as well as the magnetic field.     

The technology area of condition monitoring has received considerable scientific attention 

recently. Accordingly, the collection of papers, articles and other research is extensive. In order 

to avoid investigation of matters that have already been explored it is important to review the 

existing knowledge within the area.  

2.2.1 Overview of condition monitoring techniques 

A comprehensive review [2], published in 2007, summarises accomplishments within the area at 

the time. Findings from this article are underlying this summary.  

Mechanical vibrations: 

Mechanical vibration and shock pulse monitoring has been proved to be applicable for several 

purposes. Sensors can be placed on different parts of an electric machine. The vibrations of each 

part can be related to several excitation sources. For instance, there are three main sources of 

vibration excitation for the stator end-windings. The cause of the resulting vibration 

characteristics of a machine part is complex, not only because of multiple sources of excitation 

but also because of matters such as geometry and nonlinear response coefficients. Despite the 

complexity, vibrations can serve as a good indicator for mechanical faults, eccentricity and 

electrical faults.  

Temperature: 

Another approach is temperature monitoring.  This is a highly relevant parameter to monitor 

since the rating of a machine is determined by the maximum allowed insulation temperature. 

There are three different methods within temperature monitoring. The simplest method is to 

measure the temperature at some specific points of a machine. This will provide information 
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about those specific locations exclusively. The second method is utilising thermal images to find 

hot-spots. By modelling a machine and providing the model with required variables it is possible 

to detect the hot-spots in a machine and to estimate the temperature at those points. The third 

method, called bulk measurements, involves measuring for instance coolant temperatures. High 

coolant temperatures can be an indication for overloading of a machine or problem with the 

cooling system. 

Chemical monitoring: 

In case of insulation overheating chemical processes will be activated. Gaseous, liquid and solid 

products are released through the processes. Electrical discharges are also a potential cause of 

similar chemical processes. Both overheating and electrical discharges are undesired events 

which, through the chemical processes are degrading the insulation. This kind of events can be 

detected by monitoring the presence of certain chemical substances. The method is called 

chemical monitoring.  

Electrical parameters:  

Electrical current, flux and power monitoring are approaches which can be used to indicate 

several different faults in the stator as well as in the rotor. Discharge detection is one method 

which belongs to this category of monitoring methods. Electrical discharges can be monitored 

through detection of perturbations in the terminal voltage of high-voltage machines. The 

perturbations will give rise to a current following through the neutral-to-ground connection of 

star-connected machines. Detection is possible though monitoring of this neutral-to-ground 

current. Other stator winding faults can also be detected by electrical parameter monitoring, and 

when it comes to rotor faults this approach is one of the most convenient ones. Earth leakage and 

turn-to-turn faults on the rotor field winding can potentially cumulate to rotor earth faults and 

unequal heating. An airgap search coil can be used to monitor the magnetic flux in the airgap. By 

observing the waveforms obtained from search coils it is possible to identify and locate turn-to-

turn faults. Turn-to-turn faults can also be detected through the stator terminal current, 

commonly known as motor signal current analysis (MSCA). If a turn-to-turn fault occurs, a 

counter acting magnetomotive force will be induced causing circulating currents. However, these 

two methods have been implemented on two-pole machines only. Also, MSCA is an effective 

method for detection of stator armature faults [3].      

2.2.2 Damper winding condition monitoring 

The electromagnetic behaviour of the damper windings in an SM during transients is similar to 

the electromagnetic behaviour of the rotor cage of an IM [12]. Because of this similarity it is 

reasonable to study findings related to induction machine rotor bar failures. Rotor faults in an IM 

affect the stator current. Ideally, the current shall be purely sinusoidal. In the case of broken rotor 
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bars sidebands will be present in the frequency domain representation of the current signal. 

However, sidebands can be indicators for not only rotor faults but also mechanical faults in the 

load train for instance. Different faults can be distinguished by analysing the frequency of the 

sidebands [2].  

In [12], an extensive investigation examining the potential correlations of IM rotor bar faults and 

SM damper bar faults has been performed. In this study experimental validation has been carried 

out using an inside-out constructed SM. To achieve this, a DC voltage is applied to the field 

windings located in the stator while a three-phase AC voltage is feed through slip rings to the 

armature windings on the rotor. The damper bars are located on the stator which makes them 

easy to access. According to the conclusion of this study, no clear correlation can be found 

through MSCA. The main cause, according to the study, is the asymmetric configuration of the 

damper winding in an SM. Commonly the damper winding is designed like an incomplete IM 

rotor cage. Due to this asymmetry, the sidebands being related to rotor bar failures in IMs are 

present even in the case of healthy damper windings in SMs, when operated asynchronously. 

Because of this, diagnostics of broken damper bars in an SM are more complex than diagnostics 

of broken rotor bars in an IM. Despite the complexity an expression of the magnitude of the left 

side band current as a function of the number of broken bars has been derived from fundamental 

electromagnetic field theory and the characteristics of multi-phase unbalanced circuits [12]. 

However, this method is applicable when the SM is operated asynchronously or during transients 

exclusively. This is due to that the sidebands are dependent on the slip and if the SM is running 

synchronously the slip is zero.    

Although no significant correlations for the two machines types have been found by MSCA there 

are some other correlations. A broken rotor bar in an IM leads to higher currents in the nearby 

bars causing higher stresses in those bars. This phenomena has also been seen in VFD connected 

SMs. [12]   

2.2.3 Rotor side damper winding condition monitoring 

The difficulties related to damper bar monitoring through MSCA motivate investigation of 

alternative approaches. An article which was published in 2015 [1] concludes that a variety of 

potential faults could be detected from the rotor side of an SM. Since the damper bars commonly 

are located on the rotor this approach is interesting. Even though this approach seems to be 

forthright the area is relatively unexplored.  

On the rotor there are a number of parameters that could be monitored. One rotor parameter 

which has been examined as a damper bar indicator is the rotor field winding voltage. This 

method involves separation of the rotor pole winding to detect variations in the field winding 

voltage. The concept is based on cancellation of the voltage difference between the segments at 

no-fault condition. If a bar is broken a voltage difference between the segments will occur [13]. 
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The study, presenting this method, was restricted to two-pole turbo generators which have a 

different field winding design compared to salient-pole machines hence direct implementation on 

salient-pole machines is not possible. However, some conceptual ideas of the method could 

possibly be applicable for salient-pole machines.  

Another method of fault detection can be done using magnetic flux sensors in the air-gap. The 

sensors are used to monitor the time varying flux in the air-gap during an asynchronous start-up. 

Damper bar failures are detectable since the waveform characteristic of the air-gap flux is 

affected by the damper winding. [14] 
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3 DESCRIPTION OF THE SM USED FOR THE EXPERIMENTS 

The machine used for the experiment in this project is a salient pole synchronous machine, which 

is used for experiments exclusively. Originally the machine was used as a motor with a rating of 

185 kW at 380 V with a power factor of 0.9. The machine has been modified to make it more 

flexible which makes it suitable for different kinds of experiments [4]. 

3.1 Machine properties and dimensions 

The machine used has an open design. Accordingly, machine parts that are inside the casing on 

conventional machines are accessible on this machine. A robust structure holds the machine with 

the axis in a vertical position, as shown in Figure 3.1. The horizontal position of the stator is 

adjustable while the rotor position is fixed. This configuration allows for adjustment of the 

eccentricity. Another design property, also related to the eccentricity adjustment, is the relatively 

large airgap. A larger airgap facilitates accurate adjustment of the eccentricity.    

 

Figure 3.1 – Drawing of the SM used for experiments including the structure which hold the machine, bearings, 

gearbox and induction machine. [4] 
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The rotor has a salient pole shape with laminated pole shoes. Magnetisation of the poles is 

obtained by excitation of the field winding through slip-rings. There are slots for damper bars 

integrated in the pole shoes. Damper bars and end-rings are aligned with screws and nuts which 

make it possible to remove the damper winding. It is also possible to have special configurations 

of the damper winding, for instance one single bar can be removed. This feature is crucial for 

this project. There are three insulated damper bar slots in every pole and the spacing between 

them is uneven. The separation distance is 1 and 1.2 stator slot pitches respectively. The distance 

configuration is meant to support investigation of whether the total harmonic distortion in the 

stator voltage is dependent on the damper bar slot pitch.  

Table 3.1- Fundamental data for the SM. Additional data is found in the appendix. See section 10.1. 

Nominal apparent 

power 

75 kVA 

Power factor 0.9 Cap 

Stator voltage 156 V 

Frequency 50 Hz 

Number of poles 12 

Number of phases 3 

Nominal speed 500 rpm 

Number of stator slots 108 

Stator inner diameter 725 mm 

Stator length 393 mm 

Air gap length  8.3 mm 

Stator winding type Concentric 

Stator winding 

connection 

Star 

3.2 Devices connected to the machine 

Apart from the SM itself several other devices are part of the laboratory set-up, as shown in 

Figure 3.2. An IM is connected to the SM through a right-angel gearbox with a ratio of 3:1 (the 

rotational speed is three times higher for the IM compared to the SM). The SM and the IM are 

both connected to VFDs. This configuration makes it possible to operate the SM as a motor and 

as a generator at a variable rotational speed. The rating of the IM limits the maximum loading of 

the SM. It is also possible to connect the SM directly to the grid or use resistors to load it when 

running in generator mode. A restriction of the set-up is that the VFDs are non-regenerative. 

Consequently, power can only be feed from the grid to the VFDs but power cannot be feed to the 

grid from the VFDs.  
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Figure 3.2 – Schematic diagram of the lab set-up. The two VFDs are represented by the AC-DC-AC converters. The 

DC voltage source is feeding the field winding of the SM through the slip-rings.  
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4 FEM-BASED SIMULATIONS 

4.1 Modelling of the SM  

An ABB in-house FEM-program, which is described in [15], has been used to establish a two-

dimensional geometry which represents the cross-section of the machine, based on the input 

parameters, such as shape, dimensions, materials, circuit configurations and more. See section 1 

to find out about the input parameters used for this machine. The simulation calculations are 

based on the magnetic circuit of the machine as well as the electrical circuits. The two circuits 

are solved simultaneously since the magnetic circuit affects the electrical circuit and vice versa 

[4]. For some conditions the model can be reduced to one pole pitch of the machine making the 

simulation more time efficient. However, simulation of a damper bar fault requires modelling of 

the entire machine. A detailed explanation of how the magnetic field and circuit problems are 

solved can be found in [16]. 

The FEM-model was compared to an already existing FEM-model which has been developed by 

the researchers at Uppsala University. Simulations were performed at three different operation 

points for the two models. The simulation results from Uppsala University’s model were used as 

references. The newly established model was modified in several iterations in order to get 

simulation results as close as possible to the reference values. When the model was considered to 

be valid it could be used to run simulations related to the purpose of this project. In Figure 4.1, a 

section of the geometry of the machine is shown and Figure 4.2 shows an example of the 

magnetic flux density in the machine.  

In the new FEM-model the damper winding is divided into 72 segments. Every segment has an 

index which indicates whether it is a bar or a piece of the end-ring. The index also indicates the 

position of the segment. Index 1-36 represents the 36 damper bars and index 37-72 represents the 

interconnections between the bars which together form a complete end-ring. Figure 4.3 shows 

the indexing structure.   

The model allows for modification of the damper winding, but there are still some constrains. It 

is possible to model removal of a bar and it is also possible to modify the cross-sectional area of 

a complete bar. However, since the model is two-dimensional it is not possible to model a crack 

in a bar which is a more realistic case.      
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Figure 4.1 – A small section of the geometry of the machine including materials and mesh. To the left, one pole is 

visible with the field winding (red) and two of the damper bars (orange). The rotor pole and the stator to the left are 

separated by the air-gap. In the stator there are slots which contain the stator armature windings (blue and green).    

 
Figure 4.2 – An example of the magnetic flux density of the machine.  
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Figure 4.3 – Schematic drawing of the damper winding which indicates the damper winding indexing structure used 

in the FEM-model as well as the numbering of the poles. All the numbers outside the ring refers to the bars, the 

numbers inside refers to the end-ring segments and the numbers preceded by a “P” indicates the pole number. 

4.2 Simulation method 

Simulations have been performed using two different types of voltage supply, purely sinusoidal 

and generated by a VFD. This has been done in order to examine what impact a VFD has on the 

damper bar currents. In the case of voltage supplied from a VFD, two different damper winding 

configurations were simulated. The first case was with a healthy damper and the second case was 

with one bar broken.  

The two voltage waveforms are not entirely realistic since the sinusoidal waveform contains the 

fundamental harmonic only and the other waveform is an approximated waveform which is 

considered to be representative for the voltage from a VFD.   

Apart from the variations mentioned above, all other parameters were held constant during the 

simulations. All the simulations have been performed with a 50 Hz supply voltage and in 

motoring mode. The machine was loaded at roughly 50 % of the nominal power. The sampling 

frequency was 10 kHz for the case of sinusoidal supply and 20 kHz for the VFD case. The 

duration of each simulation was at least 2 seconds, which is enough to overcome the small 

transient at the beginning of the simulation.    

In order to model a faulty damper winding the damper winding properties were changed. The 

resistance of segment 17 (see Figure 4.3) was changed from 0.64 to 20 ohm. Since this thesis is 

meant to focus on SMs powered by VFDs all simulations with the faulty damper winding are 
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based on such a case. The simulation results were compared to the results for the case of a 

healthy damper winding.  

The simulation results provide numerous parameters. However, all parameters are not relevant to 

study within the scope of this thesis. For comparison of the two voltage sources the most 

fundamental parameters, such as stator voltage and current, field winding stator and current, 

torque, speed and damper winding currents were studied in the time domain. As explained in 

section 2.1.2 the damper winding is affected by the harmonics in the air-gap. Due to this it was 

considered to be relevant to study some of the parameters also in the frequency domain. The 

choice of parameters to study has also been based on practical concerns. For instance, the current 

through one of the pole-interconnections was studied because monitoring of that parameter is 

most realistic when it comes to practical implementation. 

4.3 Simulation results  

The results have been divided into two different sections. In the first section the results from the 

simulation with sinusoidal voltage supply are compared with the results from the simulation with 

VFD-generated voltage supply. In the second section results from simulation with the faulty 

damper winding are examined.   

4.3.1 Influence from VFD  

Some minor deviations between the two cases were detected in the fundamental operation 

parameters. In Table 4.1 the fundamental operation parameters have been listed for the two 

cases. Even though these deviations should not be neglected the operation conditions are 

considered to be close enough for evaluating the influence of a VFD.  

Table 4.1 – Fundamental operation parameters. 

Voltage source Sinusoidal VFD 

Connection Star Star 

E.M.F of the line [V] 156.0 156.0 

Terminal voltage [V] 156.0 156.0 

Terminal current [A] 145.4 145.8 

Power factor 0.9772 ind. 0.9138 ind. 

Air-gap torque [Nm] 676.6 630.5 

Apparent power [kVA] 39.3 39.4 

Active power [kW] 38.4 36.0 

Reactive power [kVAr] 8.3 16.0 

Resistive stator losses [kW] 3.0 3.0 

Shaft power [kW] 35.4 33.0 

Rotor voltage [V] 34.0 29.0 

Rotor current [A] 12.9 11.0 
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The voltage waveforms from the sinusoidal voltage supply and the VFD-generated voltage 

supply are shown in Figure 4.4. The voltages generated by the VFD contain a significant amount 

of distortion harmonics. Since the VFD-generated voltages are not perfectly sinusoidal, neither 

are the stator currents for that condition, which can be seen in Figure 4.5. The VFD also induces 

ripple in the field winding current compared to when it is powered by a sinusoidal source, as 

shown in Figure 4.6. The field winding voltage is stable since it, by definition, is powered by an 

ideal DC-voltage source. Figure 4.7 shows that the speed is constant for both cases. This is due 

to a restricted condition of the simulations. The torque, on the other hand, is oscillating for both 

cases but the amplitude is higher for the VFD-powered case.            

 
Figure 4.4 – The stator line-to-line voltages for two cases, sinusoidal voltage supply and VFD-generated voltage 

supply.  

 
Figure 4.5 – The stator current obtained when powering the SM with sinusoidal and VFD-generated voltage supply 

respectively.  
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Figure 4.6 – Voltage and current of the field winding of the SM for the two voltage supply alternatives.  

 
Figure 4.7 – Torque and speed of the SM for the two voltage supply alternatives. 

The current in the damper winding segment is affected by the stator voltage supply. As shown in 

Figure 4.8 the current is higher in every single segment when the SM is powered by a VFD. 

Another clear observation is that the current is more evenly distributed between the bars.   

In Figure 4.9 the time domain currents of the damper bars in one pole are presented. It is clear 

that the amplitude differs for the three bars; however the waveforms have the same fundamental 

frequency. One can also observe that for the case of supply from a VFD the currents also contain 

some harmonic content of high frequency.  
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Figure 4.8 – Current flowing through every individual damper winding segment for the two studied types of voltage 

supply. The values presented are RMS-values of the currents. The index structure is visualized in Figure 4.3. Note 

that the two diagrams do not have the same scale on the y-axes. 

 
Figure 4.9 – Current waveforms of three damper bars oriented next to each other in one pole. The plots also contain 

the current waveforms of the two end-ring segments which connect the bars and one of the pole interconnectors. The 

legend names indicate segment indexes. A detailed drawing which shows the indexing structure is found in Figure 

4.3. Note that the two graphs do not have equal scales on the y-axes. 
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4.3.2 Healthy damper windings compared to one broken bar 

As expected based on the findings from the literature survey, no damper winding fault indication 

was found by inspecting the stator currents. Neither the field current, the field voltage nor the 

torque were found to indicate any damper bar faults. Complementary figures which contain plots 

for some of these parameters can be found in section 10.2 in the appendix.  

Even though the frequency spectrum of the stator current does not indicate the damper winding 

fault it is interesting to study the harmonic content. The fundamental frequency at 50 Hz is the 

most significant one. Also the 5
th
 harmonic at 250 Hz and the 7

th
 harmonic at 350 Hz are strong. 

The 3
rd

 harmonic, at 150 Hz, on the other hand is relatively weak. This coincides with the 

characteristics of three-phase systems.    

The resulting currents in the damper winding segments for the two damper winding conditions 

are presented in Figure 4.10. By observation it is clear that for the healthy case the current 

distribution follows a certain pattern, while for the case of a broken bar the pattern is disturbed. 

Nearly no current is flowing through the broken bar, but the currents through the adjacent bars 

are increased. However, in the end-ring segments which are connected to the broken bar the 

current is lowered. The currents in some of the segments have also been presented in the time 

domain in Figure 4.11. 

 
Figure 4.10 - Currents in the damper winding segments. See Figure 4.3 for an explanation of the indexing.  



   

  Chapter 4: FEM-based Simulations   

 

27 

 

 
Figure 4.11 – Damper winding currents for the segments of one pole for the case of VFD-supply. The plot on the left 

hand side shows the currents for the case of a healthy damper winding and the plot on the right hand side shows the 

currents for the case when bar number 17 is broken. The legend names indicate segment indexes. A detailed 

drawing with the indexing structure is found in Figure 4.3. 

From observation of the current through segment 52 in the frequency-domain, presented in 

Figure 4.12 and Figure 4.13 it is clear that the dominating frequencies within the range of the 

analysis are found at relatively low frequencies. No frequency component above 1 kHz has an 

amplitude higher than 1 A. The 300 Hz component is the strongest one with the amplitude of 

about 40 A.  

Also the slot harmonic at 900 Hz is visible in the figure. These results coincide well with the 

expectations according to Equation 2.2, in section 2.1.2. No significant differences are found 

when comparing the current for the healthy and the faulty case.    
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Figure 4.12 - Frequency content of the current flowing through end-ring segment 52 for the healthy case and for the 

case of segment 17 being broken. See Figure 4.3 for explanation of the segment indexes.    

 
Figure 4.13 - Frequency content of the current flowing through end-ring segment 52 for the healthy case and for the 

case of segment 17 being broken. See Figure 4.3 for explanation of the segment indexes.    

4.4 Decision of experimental approach  

The simulations show that the current flowing through the damper winding segments is 

dependent on the power supply as well as the condition of the damper winding. It is clear that a 

VFD is causing higher currents in the damper winding compared a sinusoidal supply. 

Additionally the currents through damper bars sitting next to a broken bar are higher compared 

to a healthy case. These findings motivate monitoring of the damper winding current in the 
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experiments. Also, since the current is affected, the ohmic losses in the bars will be affected. 

Losses generate heat and accordingly the failure should be visible in the temperature of the 

damper winding. This fact motivates temperature measurements in the experiments.   
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5 EXPERIMENTAL VALIDATION  

5.1 Measurement equipment  

For the rotor temperature measurements a sufficient measurement system had to be developed. 

An already existing device was used to measure damper bar and end-ring currents. The device 

supports measurement of currents in the damper bars and pole inter connections in one rotor pole 

using Hall sensors. A data acquisition (DAQ) system with wire-less data transfer also already 

existed. The system consisted of an analog voltage-input module, type NI 9205 [17], and a wire-

less single module carrier, NI WLS-9163 [18]. The system had a total of 32 input channels 

available for single-ended measurements. In addition to the existing measurement equipment 

temperature sensors and signal conditioners were needed to allow for temperature measurements.  

5.1.1 Equipment for damper winding current measurements 

In one of the rotor poles the damper winding currents can be measured using a specially designed 

device. The device was developed by the researchers in the hydro power research group at 

Uppsala University for one of their research projects. By extension of the three damper bars and 

the two pole interconnectors and enclose those using Hall-sensors it is possible to measure the 

currents. The sensors are integrated in a structure which can be mounted in one of the poles as 

shown in Figure 5.1. In the pole where the current was measured the damper bars as well as the 

pole interconnectors are slightly different compared to the other ones. Both the bars and the pole 

interconnectors are longer and the bars are bent at one of the ends.  The Hall-sensors are fed with 

10 V supply voltage and the output voltage is dependent on the current flowing through the 

damper winding.  
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Figure 5.1 – Device used for measuring damper winding currents. The three damper bars are attached to the end-

ring with washers and nuts. The two black thick cables on each side of the device are the pole interconnectors which 

are part of the end-ring. In the top part of the picture the yellow and blue coloured stator winding is visible. The red 

parts beside the device are the field windings with protective insulation.  [4]   

5.1.2 Temperature measurement equipment 

Sensor types: 

For temperature measurements there are three main sensor types, resistance temperature 

detectors (RTDs), thermistors and thermocouples. A detailed examination of the characteristics 

of the three types can be found in [19]. For this project RTDs have been used because of the 

linearity, stability and accuracy. There are also various types of RTDs mainly categorized based 

on the accuracy classification. The RTDs used for this project were PT100 platinum sensors [20].   

Current excitation and signal conditioning: 

A RTD is basically a resistor which changes the resistance when exposed to a change in 

temperature. Accordingly, a RTD is a passive device which requires an excitation current to 

provide an output signal. This excitation current can be provided by some modules from 

National Instruments (NI) [21] but it can also be provided by an external device, such as a signal 

conditioner. Normally a signal conditioner also amplifies and filters the output signal from a 

RTD [22]. There are a great variety of signal conditioners available. Some needs to be 

configured manually while others can be configured automatically. The output signal also differs 

for the different types; some gives a current output while others give a voltage output. Signal 

conditioners used for RTDs are also being named temperature transmitters. For this experiment a 

current output type temperature transmitter with current excitation was chosen [23].   
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2, 3 or 4 wire connection: 

There are three options on how to connect a RTD, in 2, 3, or 4-wire configuration. The 2-wire 

connection was utilized in this experiment. The two wires connected to the sensor are used both 

for current excitation and for sensing the voltage across the RTD. However, this configuration 

gives rise to an error due to the resistance of the leads. If the resistance of the leads is 

considerable compared to the resistance of the RTD, it is recommended to compensate for this 

error by using the 3 or 4 wire configuration [22]. In this experiment set-up, no compensation was 

required. 

5.1.3 DAQ-system 

The so-called CompactDAQ systems from NI consist of a chassi, a module or several modules 

and software [24]. For this project a device supporting wire-less data transfer was needed since 

measurements were performed on a rotating part. The data transfer device which is mounted on 

the rotor of the SM is a NI WLS-9163. This device serves as a single module chassi and a Wi-Fi 

based data transfer unit. The chassi is compatible with NI C Series modules. There are many 

different modules being useful for different applications. The module used for these experiments 

is a NI 9205. This module requires an analog voltage input within the range of ±10 V.  

The Wi-Fi connection was established via a router and through the connection data could be 

transferred and the measurement equipment could be controlled. A program called LabVIEW 

which is also provided by NI was used to trigger the measurements and to process the data. The 

processing involved filtering, conversion from voltage signals to the desired parameters and 

correction according to calibration data. LabVIEW was also used to save the data to data files.  

5.2 Mounting and assembly of measurement equipment 

It was concluded that the end-ring is the most suitable position for mounting of the RTD-sensors. 

The main reason was that a good thermal conductivity between the damper winding and the 

sensor could be achieved in this position. As shown in Figure 5.2 one sensor was placed on each 

and every pole. Ring connectors were used to facilitate mounting. The sensors were attached 

inside the holes of the ring connectors using glue which is electrically insulating and thermally 

conducting [25]. Thanks to this solution the sensors could easily be mounted on the threaded 

damper bars which are sticking out from the pole shoe and tightened with nuts.  
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Figure 5.2 – Temperature sensor mounted on the end-ring on one of the rotor poles. The sensor is clued inside a 

ring connector. The connector is mounted on one the central damper bar using a nut. 

The RTDs where connected to the transmitters in a two wire configuration. The output signal 

from the transmitters is a current going through the two wires which are used to connect to the 

power supply. A terminal block was used to distribute the power supply and to collect the output 

signals. As shown in Figure 5.3 the precision resistors were connected in series with the 

transmitters on the negative end and the other end of the resistors was connected to the negative 

pole of the power supply. The resulting voltage signals were obtained from the voltage drop over 

each resistor. Since all the resistors were connected to a common grounding point the output 

signals could be connected to the DAQ in a single ended configuration.   

The voltage level for the power supply to the existing measurement system was 10 V. However, 

the temperature transmitters require at least 24 V. This issue was solved by separating the 

voltage supply in sections using a voltage regulator. The two systems had the same grounding 

point. 
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Figure 5.3 – Schematic/circuit diagram which shows the temperature measurement system.  

5.3 Experimental method 

The choice of operations conditions for the SM is crucial for the experiments since the operation 

must be representative for a commercial SM. The SM was operated as a motor driven by a VFD 

at various speeds. The only loading was the mechanical loading from the drive chain of the 

machine and friction due to windage. Consequently the machine was loaded at approximately 50 

% of the nominal power. The excitation current was set at a constant level. From stand still the 

SM was ramped up in speed synchronously by controlling the frequency from the VFD. 

Various configurations of the damper winding were tested for some different rotational speeds. 

First some measurements were performed with the healthy winding in order to get reference 

data; then three different fault conditions were tested. For all fault conditions the central damper 

bar of one pole was modified. In one of the tests a damper bar was removed to simulate a bar 

which is completely broken. Another condition was to have a cut halfway through the bar to 

simulate a partially broken bar. In the third fault condition, which was tested in order to verify 

the FEM-model, the bar was replaced with a cable which had a smaller cross-sectional area (3 

mm) than the bar. Each and every damper winding condition was tested at some different speeds, 

ranging from 100 rpm to 500 rpm. 

Two sets of measurements were performed for all damper winding conditions. This is due to that 

the rates of change in time differ significantly between the temperatures and the currents. Since 

the currents are changing rapidly in time a sampling frequency of 10 kHz was used in one of the 
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measurement sets. For the other set a sampling frequency of 1 kHz was used in order to enable 

logging of temperature data during a longer time interval and to keep down the data size of the 

generated files. Another difference between the current and temperature measurements was 

which bar that was modified. For the temperature measurement the middle bar in pole 9 modified 

and for the current measurements it was the middle bar in pole 7.  

Even though tests were carried out for several different rotational speeds the analysis focus on 

operation at 50 Hz supply frequency. This frequency is considered to be the most relevant one 

since it is the nominal speed of the SM. Furthermore, potential indicators for damper winding 

faults are expected to be more significant at high speeds.     

The methods used for analysing the measurement data varies for the different parameters. 

Alternating currents, such as damper winding current and stator current was analysed in the time 

domain as well as in the frequency domain. By using this approach it is possible to detect 

deviations in the frequency spectrum for the different damper winding conditions. Also, the 

RMS-values of the damper winding currents were calculated and compared with the results from 

the simulations. This was done in order to verify the FEM-model. Additionally, a more detailed 

analysis was carried out for the current trough damper winding segment 52. This specific 

segment was chosen because it is an end-ring segment which connects two rotor poles which 

means it has good accessibility. The accessibility is important for the possibility of implementing 

the method on existing machines.  

The temperature data was studied in the time domain only, thus what is interesting is the rate of 

change in time. The actual temperature difference between the bars is not considered to be a 

potential indicator for damper bar failures since there are some uncertainties involved in the data. 

What actually is interesting is whether there are any differences visible in the rate of change of 

the temperature, thus as concluded from the simulations the ohmic losses in the damper winding 

will be affected.  

One important thing to notice is that the initial temperature was not consistent for all tests. Some 

tests were performed when the machine had been running for some time and, because of that, it 

was already heated up. Other tests were carried out just after start-up and then the temperature 

was considerably lower. This is an important matter to consider when studying the results from 

the temperature measurements. Accordingly, it is not relevant to compare the temperature of one 

specific damper winding segment from two different measurements. Nor the difference in the 

rate of change for two different measurement sets is relevant. Conclusively, what actually are 

relevant are differences in the temperature rate of change for the damper winding segments 

related to the same measurement set. An example of such an event would be a more rapidly 

raising temperature in one of the damper winding segments compared to the other segments.  



   
  Chapter 5: Experimental validation   

 

36 

 

5.4 Estimated uncertainty of measurement 

There are several sources of uncertainties in the measurement system. Here the uncertainty of the 

temperature measurements have been estimated based on specified uncertainties of the different 

components in the temperature measurement system.  

The RTD-sensors used for this experiment have class B accuracy. According to the IEC 60751 

standard this corresponds to an accuracy which can be calculated using the following expression: 

± (0.3 +  0.005 |t|) °C  

Where t is the measured temperature.  

The measured temperature is around 30 °C. Consequently the maximum error due to the 

uncertainty of the sensors is ± 0.45 °C. 

Also the temperature signal conditioners are subjected to uncertainties. For this device there is 

one uncertainty related to the input and another related to the output. For the input the accuracy 

is ± 0.1 °C ± 0.05 % of reading. The accuracy of the output is ± 5 µA. The current output-signals 

are converted to a voltage signals by using 500 ohm resistors. The calibrated temperature range 

for the transmitters is 15.6 to 194.8 °C and the output range is 4 to 20 mA. This gives an 

uncertainty of ± 0.056 °C.     

Neither the resistor used for conversion to voltage signal is perfectly accurate. According to the 

specification of the resistors being used the accuracy is 0.1 %, which corresponds to a maximum 

error of ± 0.07 °C. 

The bit resolution of the NI-9205 module is 16 bits and the input voltage range is ±10 V. 

Consequently, the resolution represented in volts is 0.305 mV. Converted to temperature that 

equals 0.0068 °C. 

Summing up all these uncertainties the overall accuracy is approximately 0.68 °C. 

5.5 Experiment results 

The most relevant operation point of the machine is considered to be in synchronous operation, 

at supply frequency of 50 Hz from the VFD in steady state condition. Accordingly, all the results 

presented below are based on that condition.  

In Figure 5.4 the measured stator current is presented in the time domain as well as the frequency 

domain. The three most significant frequency components have been pointed out. The 

fundamental frequency of 50 Hz has an RMS-value of about 154 ampere. With a RMS-value of 

about 8 ampere the 6300 Hz component coming from the VFD switching is the second largest 

component. Also the 5
th
 harmonic at 250 Hz has significant amplitude. These results coincide 
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well with the simulation results represented in section 4.3 and the expectations based the theories 

in section 2.1.2. 

The field winding was exited with constant voltage and current as shown in Figure 5.5. The 

fluctuation in the field winding current is most probably caused by noise induced in the 

measurement signal. Because of the high inductance of the filed winding such variations are 

unrealistic and the actual current is most likely steady.  

  
Figure 5.4 – Measured stator current at 50 Hz supply frequency. The three components marked in the frequency 

domain are the fundamental frequency, the 5th harmonic and the switching frequency of the VFD. 
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Figure 5.5 - Measured field winding voltage and current.   

5.5.1 Damper winding currents 

In Figure 5.6 the RMS-values of the current through damper winding segments 16, 17, 18, 52 

and 55 are presented for all damper winding conditions. In all cases the only segment which was 

modified was number 17 which is the middle damper bar in one pole. 

When comparing the results in Figure 5.6 with the simulation results, shown in Figure 4.10, it is 

clear that for the healthy case as well as the case of broken/removed bar the results coincide well. 

For the case of a partially broken bar the current through segment 17 is reduced while the current 

through the two adjacent bars are slightly higher compared to the healthy case. The results for 

the case of a bar replaced with cable are very similar to the results for the removed bar.   

From observing Figure 5.7 it is clear that the current waveforms for segment 52 contains a great 

variety of frequencies and therefore it is more convenient to study the current in the frequency 

domain which is visualized in Figure 5.8. For all four cases the frequency spectrum looks 

similar, with some exceptions.  

When comparing with the healthy case, the 8.33 Hz component is considerably stronger if there 

is a cut in a bar or if the bar is replaced with a cable. Also the 300 Hz component differs in the 

same way and the relative difference is even higher. Moreover, by studying the 600 Hz 

component we can see that the magnitude is reduced disproportionally compared to the other 

frequencies. Also for the other two cases the amplitude of the 600 Hz component is reduced 

compared to the healthy case. The amplitudes of these frequency components has been 

summarised in Table 5.1. The observations cannot be confirmed or declined by the simulations 

since no simulations have been carried out for the two damper bar conditions. 
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Figure 5.6 – RMS-values of the currents in damper winding segment 16, 17, 18, 52 and 55 for four different damper 

winding configurations. See Figure 4.3 for explanation of the segment indexes.   

 
Figure 5.7 – Current in the time domain in segment 52 for four different damper winding configurations. 
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Figure 5.8 – Current in segment 52 for four different damper winding configurations, represented in the frequency 

domain. 

Table 5.1 – Frequency components of the current in segment 52 for the different damper winding configurations. 

Frequency 

component  

Amplitude 

Healthy, [A] 

Amplitude  

Bar partially 

broken, [A] 

Amplitude 

Bar removed, 

[A] 

Amplitude 

Bar replaced 

with cable, 

[A] 

8.33 Hz 6.21 7.10 4.54 7.59 

300 Hz 3.51 6.17 3.73 6.43 

600 Hz 1.04 0.73 0.36 0.77 

 

5.5.2 Damper winding temperatures 

The temperature characteristics have been plotted in the time domain in order to detect 

deviations related to the damper winding configuration. Indicators for damper winding failures 

are searched for by comparing the rate of change for the temperatures of the end-ring segments. 

Accordingly, static temperature differences are not interesting for the purpose of finding 

indicators. See section 5.3 for a detailed motivation of the data analysis approach. The rates of 

change of the pole temperatures for the three damper winding configurations are presented in 

Table 5.2. 
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For the healthy case, presented in Figure 5.9, the measured temperatures differ slightly for the 

twelve poles. However, the rate of change, which is the interesting subject, is equal for all poles. 

During a period of 6 minutes the temperature of the rotor poles increased with about 0.3 °C. 

Also, for the case of one removed bar, shown in Figure 5.10, the temperature rate of change is 

consistent for all poles. In this case the mutual rate of change is approximately 0.25 °C increase 

in 6 minutes. Just like for the healthy case there are some static temperature differences.  

For the third case with a partially broken bar, visualized in Figure 5.11, the temperature rate of 

change is also equal for all poles even though there are some deviations compared to the other 

two cases. The temperatures rise with about 0.7 °C in 6 minutes. Furthermore, the initial 

temperature is about 4.5 °C lower for this case compared to the other two. In addition to that the 

distribution of the pole temperatures looks slightly different. The most significant difference is 

that pole 10 has a smaller static temperature difference relative to the other poles.   

   
Figure 5.9 - Temperatures in the end-ring for the case of a healthy damper winding. The legend names are referring 

to in which pole the temperature sensor is placed. 
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Figure 5.10 - Temperatures in the end-ring for the case of removed central bar in pole 9. The legend names are 

referring to in which pole the temperature sensor is placed. 

   
Figure 5.11 - Temperatures in the end-ring for the case of half broken central bar in pole 9. The legend names are 

referring to in which pole the temperature sensor is placed. 
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Table 5.2 – Rate of change for the end-ring temperatures 

Pole No. dT/dt  [°C/s] 

Healthy 

dT/dt [°C/s] 

Bar removed  

dT/dt [°C/s] 

Bar partially 

broken  

1 7.28 e-4 5.49 e-4 1.93 e-3 

2 7.80 e-4 6.02 e-4 1.94 e-3 

3 7.81 e-4 6.39 e-4 1.95 e-3 

4 7.51 e-4 4.88 e-4 1.92 e-3 

5 7.47 e-4 4.69 e-4 1.94 e-3 

6 7.14 e-4 5.45 e-4 1.92 e-3 

7 8.33 e-4 5.30 e-4 1.91 e-3 

8 6.76 e-4 4.65 e-4 1.91 e-3 

9 6.69 e-4 7.09 e-4 1.96 e-3 

10 7.25 e-4 5.61 e-4 1.80 e-3 

11 8.17 e-4 6.74 e-4 2.00 e-3 

12 7.82 e-4 5.50 e-4 1.93 e-3 
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6 DISCUSSION 

The FEM-model is a detailed representation of the real SM in the laboratory set-up. However, 

there are some limitations and drawbacks of the modelling program. The model is two-

dimensional, which is a simplification. The limited possibility of modifying the damper winding 

configuration, which is described in section 4.1, restricts the possibility of conducting practically 

realistic simulations. Ability of modelling a cut through or partially through a damper bar would 

be a great improvement of the model. Also, it is not possible to display the temperature 

distribution in the machine. Implementation of thermal simulation alongside the electro-

mechanical simulation would be useful for this project. By combining these two suggested 

improvements it would be possible to investigate whether a broken damper winding affects the 

temperature distribution in the machine.   

Another limitation of the simulation is that the supply voltage waveform which is used to 

simulate an SM driven by a VFD is based on artificial data. It is possible to improve the 

simulations by using measured voltage data from the VFD of the laboratory set-up. However the 

effects of having a VFD connected to the SM should be similar for both options.  

Largely the laboratory set-up was already prepared before this project started, but in addition to 

the existing set-up some modifications and system developments had to be organized. The SM 

had not been operated as a motor before and it had not been connected to a VFD thus some work 

was required to make the machine run as desired. Still there are some things which can be made 

to improve the laboratory set-up. It is not possible to load the SM using the IM since the VFD 

connected to the IM cannot feed power to the grid. This problem can be solved by connecting the 

DC-links of the two VFDs. By doing so, the power would circulate by flowing from the first 

VFD, to the SM, to the IM to the second VFD and then back to the first VFD. The power 

required form the grid would be equal to the losses in the system.  

Also the measurement system required some engineering. The equipment needed for the damper 

winding current measurements existed already but the temperature measurement system had to 

be developed. Platinum RTD-sensors were used to measure the temperature. These sensors 

turned out to be more fragile than expected. Several sensors broke during the assembling work 

and also when the damper winding configuration was modified. If this kind of temperature 

measurements should be implemented on commercial machines the sensors have to be more 

robust. Apart from the failing sensors the measurement equipment worked satisfactory.   

As presented in section 5.4 there are some uncertainties related to the measurements. The overall 

temperature uncertainty was estimated to 0.68 °C. This is not considered to affect the outcome of 

the experiments since the rate of change in time is not affected by such an uncertainty.  
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There are also some error sources related to the damper winding current measurements and the 

correlation between the laboratory set-up and the FEM-model. The damper bars in the laboratory 

machine are insulated while no insulation is present in the FEM-model. This could possibly 

affect the results. However, the bars are made out of copper which has high electrical 

conductivity while the rotor shoes are made of laminated steel, thus it is reasonable to assume 

that the effect of the insulation is negligible. Additionally the damper winding segments which 

are connected to the sensor-device have a different shape than the other segments. The bars are 

longer and bent in one of the ends and the pole interconnectors are considerably longer than the 

others. This should result in higher impedance in these segments and consequently lower 

currents. Since the current is unknown for the other segments this cannot be confirmed or 

rejected. Still, even if the current would be lower in these segments this is acceptable since the 

comparisons made for the different cases would still show the same deviations.      

Even though both the FEM-model and the laboratory set-up have some limitations there are 

correlations between the results. The most significant correlation is the current distribution in the 

damper winding segments. A limitation of the current measurement system is that the current can 

be measured in just five segments. Accordingly it is not possible to investigate the current 

distribution in the complete damper winding. However, measuring the current through five 

segments is considered to be enough based on the simulation results, thus the simulation results 

shows that the current distribution is following a certain pattern for the healthy case. For a faulty 

case the only significant deviations from the pattern are seen in the segments located at the same 

rotor pole as the faulty segment. These segments are the ones for which the current is measured 

in the experiments. Since the current distribution for the segments next to a faulty bar are 

correlating for the simulations and the experiments these findings are considered to be valid. 

Conclusively, this is a potential fault indicator. However, for implementation of the method, 

current sensors are required in a majority of the damper winding segments. Due to this fact the 

method is not optimal.       

A more realistic solution would be to monitor the current through the pole interconnectors. 

Correlations as well as deviations between the simulations and the experiments were found when 

analysing the frequency spectrum of the current in one of the pole interconnectors. Largely the 

characteristics of the frequency spectrums are similar for the different cases. However, some 

deviations, which are presented in section 5.5.1, have been found. The deviations are mainly 

related to the amplitude of some of the harmonics. In the experiment results we can see that the 

amplitude is higher for some harmonics during a faulty case. This phenomena has not been 

observed in the simulations. There are several different possible explanations to this. Either, the 

simplified FEM-model does not account for what is creating this or the experiment results are 

incorrect. A first step in the investigation of the inconsistence could be to repeat the experiments 

using a higher sampling frequency. The sampling frequency used for the present experiments 
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was not high enough to detect the switching frequency of the VFD. This could potentially have a 

considerable impact on the results. However, the frequencies for which the deviations are 

observed are within the range of detectable frequencies. The frequency spectrum analysis could 

be carried out for some other operational speeds. If the same results are obtained again it is 

reasonable to conclude that the experiment results are more reliable than the simulations. 

Accordingly, the frequency spectrum deviations could be an indicator for damper winding faults.   

In the temperature measurement results fault indicators were sought by searching for differences 

in the temperature rate of change. No indicators were found and this could be due to several 

different reasons. Assuming that one of the damper bars is starting to break and the losses in the 

bar are increasing this will result in increased heat generation and a potential hot-spot. However, 

if the additional losses due to the fault are low the hot-spot will be hard to detect. Also, copper 

has great heat conduction properties which mean that the heat could diffuse in the damper 

winding and consequently the relative temperature increase could be low. Another theory is that 

the damper winding temperature is highly dependent on the temperature of the pole shoes due to 

the close physical contact between these two parts. The pole shoes are mainly heated by the 

resistive losses in the field winding and iron losses due to eddy currents and these losses are 

normally much greater than the losses in the damper winding.  
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7 CONCLUSIONS  

In this work some clear indicators and some potential indicators have been identified for 

detection of damper winding failures. The two main parameters which were focused on in this 

project were the currents in the damper winding and the temperature of the damper winding. 

Since the purpose of this project was to find detection methods for SM operated synchronously 

and powered by a VFD the study was restricted to such an operation condition.  

One clear indicator is that failure of a damper winding segment affects the current flowing 

through that specific segment and also the current in the adjacent segments. By monitoring the 

currents in the damper winding segments it would be possible to detect faults during steady state 

operation of an SM driven by a VFD. Even though the monitoring method is appropriate it 

requires many sensors and this is an issue when it comes to practical implementation.     

A more advantageous method, from a practical perspective, would be to monitor the current in 

the rotor pole interconnections of the damper winding. This approach would not require as many 

sensors as the previous one. Through experiments and frequency spectrum analysis of the current 

in the interconnection segments some potential indicators have been identified. However, 

furthered work is required in order to validate these potential indicators.     

No deviation in the temperature distribution of the damper winding was found for the case of a 

broken damper winding. One hypothetical explanation to this is that the temperature of the 

damper winding is highly dependent on the temperature of the rotor poles. Accordingly, 

increased resistive losses in the damper winding caused by a damper winding failure has a small 

impact on the temperature. 

Another crucial aspect of this project was to develop a practically implementable measurement 

system. This was a natural part of the project because it was needed for the experiments. The 

damper winding is located on the rotor of an SM which involves technical challenges related to 

the power supply of the measurement system, the data transferring and the centripetal forces on 

the measurement system. Since the laboratory set-up had been used for rotor-side measurements 

previously there were solutions for some challenges already. However, the system had to be 

modified to enable measurement of the desired parameters. The completed system was 

satisfactory for the experiments. 
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8 FUTURE WORK 

This thesis has resulted in many interesting findings, however, further work is required in order 

to eliminate doubts and confirm some of the concepts. The most relevant aspect to look into is 

the current in the pole interconnectors. According to analysis of this current in the frequency 

spectrum there is a possible fault indicator. To evaluate this indicator there are several things 

which can be done. The experiments can be repeated using a higher sampling frequency to see if 

the same results are obtained. Also, experiments can be conducted for other operational 

conditions, such as another rotational speed or a different loading condition. Next step would be 

to put current sensors in all the pole interconnections and run the experiments once again. After 

doing this it should be possible to confirm or reject the indicator.        

Moreover, in future research within the area a relevant matter to explore is whether it is possible 

to detect damper winding failures for other conditions. This project has focused on motor 

operation in a steady state condition. Other conditions which could be studied are at 

asynchronous operation, different transient behaviours and when operated as a generator. Also 

for these conditions the damper winding current could be one interesting parameter to study 

based on the findings in this thesis.  

In addition to the parameters studied in this thesis there are many parameters which could be 

investigated in order to find fault indicators. Some examples of such parameters are the voltage 

waveform of the field winding voltage and the airgap magnetic flux. One of the studies which 

have been reviewed in this thesis is concluding that the air-gap flux can be used as an indicator 

during asynchronous stat-up of a SM.  An interesting continuation would be to investigate 

whether faults can be detected from the air-gap flux during a synchronous operation condition. 
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10 APPENDIX 

10.1 Design parameters of the SM used for the experiments 

Table 10.1 – A selection of the design parameters of the SM used for the experiments. 

Machine type SM  

Number of poles 12  

Nominal frequency 500 rpm 

Effective (airgap) length of the machine 303 mm 

Length of the stator core 303 mm 

Length of the rotor core 303 mm 

Outer diameter of the stator core 876 mm 

Inner diameter of the stator core 725 mm 

Number of stator slots 108  

Outer diameter of the rotor core 708 mm 

Inner diameter of the rotor core 120 mm 

Moment of inertia of the rotor 75 kg m^2 

Number of damping bars per pole 3  

Dimeter of damper bar 6 mm 

Width of damper bar slot opening 2 mm 

Height of damper bar slot opening (depth) 2 mm 

Distance from pole centre line to centre line of damper 

bars 

0 mm 

Distance between bar 1 and 2 20.2 mm 

Distance between bar 2 and 3 24.3 mm 

Number of phases 3  

Number of parallel paths in stator winding 1  

Number of conductors in a stator slot 4  

Number of layers in the stator winding 2  

Coil pitch in slot pitches 9  

Resistance of a stator phase @ 15 °C 11.8 mΩ/phase 

Resistance of a stator phase @ 75 °C 14.62 mΩ/phase 

End-winding reactance of a stator phase at 50 Hz 0.325 mΩ/phase 

Width of strands 6.5 Mm 

Height of strands 5.5 Mm 

Total conductor are per slot 143 mm^2 
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Total cross-sectional area of a slot 264 mm^2 

Half of the average length of a stator coil 693 Mm 

Number of parallel paths in the field winding 1  

Turns per pole in the field winding 162  

Resistance of the field winding @ 75 °C 2982 mΩ 

Resistance of the field winding @ 15 °C 2403 mΩ 

Average length of a turn in the field winding 821 mm 

Width of a conductor in the field winding 2.8 mm 

Height of a conductor in the field winding 4 mm 

Cross-sectional area of the end-ring 28.3 mm^2 

Radial height of the end-ring 6 mm 

Average diameter of the end-ring 348 mm 

Length of the rotor bars outside the core (one end) 10 mm 

Skew of rotor slots in stator pole pitches 0  

Shaft type hollow  

Height of a conductor in the stator winding 5.5 mm 

Total width of a conductor in the stator winding 6.5 mm 

10.2 FEM-model and simulations 

 
Figure 10.1 – The stator current for the FEM-based simulations represented in the frequency domain. No deviations 

between the healthy and the faulty case can be found by inspecting the amplitudes of the harmonics. 
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Figure 10.2 - The field winding current for the FEM- based simulations represented in the frequency domain. No 

deviations between the healthy and the faulty case can be found by inspecting the amplitudes of the harmonics. 

 
Figure 10.3 - The torque for the FEM-based simulations represented in the frequency domain. No deviations 

between the healthy and the faulty case can be found by inspecting the amplitudes of the harmonics. 

 


