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Abstract: 

Synchronous generators (SG) are widely used in global power generation. SG play a 

very important role in power systems for frequency and voltage regulation. The frequency 

regulation is carried out by balancing the consumption and the generation. Therefore, the 

generators active power should be adapted to the consumers requirements. On the other hand, 

the voltage in the power system nodes should be close to the rated voltage, but a voltage range 

is admissible depending on the grid code.  

SG should operate uninterruptedly and in a reliable way. Despite that, the various 

stresses acting on the machine may lead to faults. Faults should always be detected at an 

incipient level in order to prevent evolution of their severity and a catastrophic machine 

breakdown. Among all faults, the electrical ones may take place in the stator or rotor windings 

and lead to high and hazardous currents, consequent overheating of the machine and 

degradation of the insulating materials. This will lead to even higher short current and thermal 

stress until the eventual machine breakdown.  

During this Ph.D thesis novel protection and diagnosis techniques for synchronous 

machines have been developed, thank to simulations and experimental tests. Most of the 

research works are related to the analysis stray flux of the machines. However other techniques 

are related on new logic combined to conventional protection functions or machine model based 

diagnostic methods. 

This document is organized as follows. Chapter 1 present the objectives of the Doctoral 

Thesis.      

In the Chapter 2 a novel specific protection method against faulty synchronizations 

protection is developed. Synchronous generator paralleling to the gird is a quite common 

operation. The probability of a faulty synchronization of a generator is very small, but not 

impossible. Faulty synchronizations of synchronous generators cause overcurrent and high 

electromagnetic torque values that can severely damage, not only the generators their selves, 

but also prime movers and step-up transformers. Moreover, they produce disturbances on the 

power system such as power oscillations and voltage sags that can end up collapsing the system 

if it is not cleared quickly. Despite that, conventional synchronous generator protection systems 

have not a specific function against faulty synchronizations.  

In Chapter 3 SM field winding inter-turn fault detection method based on a SM model 

is described. During operation the SM, some electrical faults that may not be reliably diagnosed 

online; rotor faults are among them, including the cases of ground faults or inter-turn faults in 

the field winding. The latter produce an unbalanced magnetic field, in which the level of 

unbalance is determined by the number of shorted turns as well as by the field current, which 
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depends on the operation point. If the fault severity level is critical, it will lead to shaft 

oscillations and vibrations. In spite of that, typical diagnostic methods may fail to diagnose this 

fault at early stages. This Chapter provides some ideas, one of them is the comparison of the 

real-time excitation current measured and the theorical excitation current calculated. In this part 

of the Thesis, the three machine model excitation calculating methods are used; Behn 

Eschenburg, Potier and ASA. 

Afterward in Chapter 4 a new method for field winding turn-to-turn fault based on stray 

flux analysis is presented. This chapter proves the inefficacy of the machine current signature 

analysis to detect this fault, in the chapter investigates the application of the stray flux 

monitoring using finite element analysis and extensive experimental testing. The results clearly 

prove that the stray flux contains fault dependent harmonics, the amplitude of which increases 

monotonically with the fault severity level. The proposed approach has all the desired 

characteristics to be applied at site while being low cost, non-intrusive and fault severity 

sensitive to allow for appropriate remedy actions.  

Moreover, in Chapter 5 compares the analysis of different quantities under starting 

conditions for the detection of field winding faults in synchronous motors. More specifically, 

the analysis of stray fluxes under transient conditions is compared to stator and rotor currents. 

First, the time-frequency maps resulting from the analyses of stray fluxes under starting are 

much richer that those corresponding to stator or rotor currents, that is to say, the analyses of 

stray fluxes can provide much more information for the diagnosis of the fault, in comparison 

with other quantities. Secondly, it can be based on the detection of the evolutions of the multiple 

components amplified by the fault.  

Chapter 6, mainly discuss the type of the stray flux sensor and find the better type for 

metering the flux. The normal practice in electrical machine monitoring is the use of air core 

flux sensors. After being mounted outside of the monitored machine, the induced voltage is 

recorded and analyzed. In this way, the stray flux of the machine is not perturbed, and there are 

no problems due to saturation or nonlinear behavior of the iron. However, the induced voltage 

may be weak, mainly due to the high reluctance between the actual stator iron core and the 

sensors. Hence, some new sensors have been built with standard iron lamination used for small 

transformers. Although the magnetic circuit of the machine is slightly modified, as is the stray 

flux, the faults can be easily detected. The characteristic frequencies of the rotor and stator inter-

turn fault can be clearly observed in the performed tests. On the other hand, the nonlinear 

behavior of the iron due to the permeability, saturation, hysteresis or eddy currents does not 

affect the fault detection. The analysis results suggest that the use of iron core flux sensors is 

advantageous. The main advantage is a significantly greater amplitude of the induced voltage 

for the same stray flux. This feature can be crucial for the case of large machines in noisy 

environments. 
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In the Chapter 7, a method for rotating diodes of brushless synchronous machine 

supervision based on the stray flux of the exciter is described. Numerous tests in healthy 

conditions and in faulty conditions have been performed. The results show that the detection of 

one open diode is reliably accomplished by the harmonic analysis of the exciter’s stray flux. 

The reliability of the method is not affected by the flux vector component, axial or radial. 

Therefore no special relative spatial positioning between the sensor and the exciter is required. 

Finally in Chapter 8 the conclusions, main contributions and future works of the 

Doctoral Thesis are exposed. 
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Resumen: 

Los generadores síncronos (SG) se utilizan ampliamente en la generación de energía 

global. Los SG juegan un papel muy importante en los sistemas de potencia para la regulación 

de frecuencia y voltaje. La regulación de frecuencia se realiza equilibrando el consumo y la 

generación. Por tanto, la potencia activa de los generadores debe adaptarse a las necesidades de 

los consumidores. Por otro lado, la tensión en los nodos del sistema eléctrico debe estar cerca 

de la tensión nominal, pero es admisible un rango de tensión en función del código de la red. 

SG debería funcionar de forma ininterrumpida y fiable. A pesar de ello, las diversas 

tensiones que actúan sobre la máquina pueden provocar averías. Las fallas siempre deben 

detectarse en un nivel incipiente para evitar la evolución de su gravedad y una avería 

catastrófica de la máquina. Entre todas las averías, las eléctricas pueden producirse en los 

devanados del estator o del rotor y dar lugar a corrientes elevadas y peligrosas, consecuente 

sobrecalentamiento de la máquina y degradación de los materiales aislantes. Esto conducirá a 

una tensión de corriente corta y térmica aún mayor hasta la eventual avería de la máquina. 

En esta tesis doctoral, se discutió principalmente la falla entre espiras de bobinado 

presentada por SM. Durante el funcionamiento del SM, algunas fallas eléctricas que pueden no 

ser diagnosticadas de manera confiable en línea; Las fallas del rotor se encuentran entre ellas, 

incluidos los casos de fallas a tierra o fallas entre espiras en el devanado de campo. Estos 

últimos producen un campo magnético desequilibrado, en el que el nivel de desequilibrio está 

determinado por el número de vueltas en corto y por la corriente de campo, que depende del 

punto de operación. Si la gravedad de la falla es crítica, dará lugar a oscilaciones y vibraciones 

del eje. A pesar de eso, los métodos de diagnóstico típicos pueden fallar en diagnosticar esta 

falla en los primeros niveles. Por ejemplo, en los turbogeneradores, los devanados del rotor 

están completamente incrustados en el acero y el aislamiento giratorio no se carga físicamente 

hasta que se somete a las fuerzas centrífugas generadas por la alta velocidad del rotor. Esta tesis 

aporta algunas ideas, una de ellas es comparar la corriente de excitación en tiempo real y la 

corriente de excitación teórica, por lo tanto, realizar el monitor de condición SM. Durante esta 

parte, compare los tres métodos de cálculo de excitación y descubrió que potier y ASA son más 

precisos, lo que se indica en el capítulo 2. 

En segundo lugar, el capítulo 3 presenta un nuevo método para archivar fallas entre 

espiras de bobinados que se detectan mediante un flujo parásito. Este capítulo demuestra la 

ineficacia del análisis de firma de corriente de la máquina para detectar esta falla, el artículo 

investiga la aplicación del monitoreo de flujo parásito usando análisis de elementos finitos y 

pruebas experimentales extensivas. Los resultados demuestran claramente que el flujo parásito 

contiene armónicos dependientes de la falla, cuya amplitud aumenta monótonamente con el 

nivel de gravedad de la falla. El enfoque propuesto tiene todas las características deseadas para 
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ser aplicado en el campo, al mismo tiempo que es de bajo costo, no intrusivo y sensible a la 

severidad de fallas para permitir las acciones de reparación adecuadas. 

Además, compara el análisis de diferentes magnitudes bajo arranque para la detección 

de fallas de bobinado de campo en máquina síncrona (SM). Más específicamente, el análisis de 

los flujos parásitos en condiciones transitorias se compara con el de las corrientes del estator y 

del rotor. En primer lugar, los mapas tiempo-frecuencia resultantes de los análisis de los flujos 

parásitos en el arranque son mucho más ricos que los correspondientes a las corrientes del 

estator o del rotor, es decir, los análisis de los flujos parásitos pueden aportar mucha más 

información para el diagnóstico de la falla, en comparación con otras cantidades. En segundo 

lugar, puede basarse en la detección de las evoluciones de los múltiples componentes 

amplificados por la falla. 

Finalmente, en el capítulo 5, analice principalmente el tipo de sensor de flujo parásito 

y encuentre el mejor tipo para detectar el flujo. La práctica normal en el monitoreo de máquinas 

eléctricas es el uso de sensores de flujo de núcleo de aire. Después de montarse fuera de la 

máquina monitoreada, el voltaje inducido se registra y analiza. De esta forma, no se perturba el 

flujo parásito de la máquina y no hay problemas por saturación o comportamiento no lineal del 

hierro. Sin embargo, el voltaje inducido puede ser débil, principalmente debido a la gran 

renuencia entre el núcleo de hierro del estator real y los sensores. Por lo tanto, se han construido 

algunos sensores nuevos con laminación de hierro estándar que se utiliza para pequeños 

transformadores. Aunque el circuito magnético de la máquina está ligeramente modificado, al 

igual que el flujo parásito, las fallas se pueden detectar fácilmente. Las frecuencias 

características de la falla entre vueltas del rotor y del estator se pueden observar claramente en 

las pruebas realizadas. Por otro lado, el comportamiento no lineal del hierro debido a la 

permeabilidad, saturación, histéresis o corrientes parásitas no afecta la detección de fallas. Los 

resultados del análisis sugieren que el uso de sensores de flujo de núcleo de hierro es ventajoso. 

La principal ventaja es una amplitud significativamente mayor del voltaje inducido para el 

mismo flujo parásito. Esta característica puede ser crucial para el caso de máquinas grandes en 

entornos ruidosos. 
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Chapter 1: 

Introduction  

1.1 Introduction 

Synchronous machines are mainly used in power generation. The protection system in 

this type of machines should guarantee the power supply in the most reliable way, but at the 

same time trip the machine in case of an internal fault. There are minimum requirements for 

protection in the event of faults or abnormal operation. 

Various faults might happen during synchronous generator operation, some in the stator 

or rotor winding. For once the problem happens, it might lead to a big rush current that required 

to be detected immediately and disconnect the machine at once. However, there are some faults 

can hardly be detected during the machine operation, rotor fault is one of them, such as ground 

fault or turn-to-turn fault in the field winding. 

One of he filed winding protection is calculating the excitation current and multiple a 

coefficient, then compare with the real-time excitation current. The typical way are four 

methods: Behn Eschenburg, Potier, ASA and by diagram. 

The other way for detecting the winding fault is based on stray flux. The analysis of the 

stray flux for electrical machine condition monitoring is a very modern and active research 

topic. Thanks to this technique, it is possible to detect several types of failures, including stator 

and rotor inter-turn faults, broken rotor bars and mechanical faults, among others. The main 

advantages are that it involves a non-invasive technique and low-cost monitoring equipment.  

The general operation principle dictates that the sensors supply an induced voltage, 

which is proportional to the derivative of the flux. The induced voltage is then recorded and 

analyzed with appropriate signal processing methods.  

In cases of permanent magnet synchronous machines, the stray flux has been used not 

only for fault detections but also to measure the rotation speed. Conventional rotor-wounded 

synchronous machines are the most important machines in power generation. The stray flux 

analysis may be a reliable method to detect early faults in such electrical machines. Past works 

suggest that inter-turn faults in both the rotor and the stator can be detected reliably 

The positioning of the sensor on the machine is also important as it can lead to the 

measurement of either the axial or the radial component of the stray flux. 

The standard practice is to use coreless flux sensors, with which the stray flux of the 
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machine is not perturbed and there are no problems due to saturation or nonlinear behavior of 

the iron. However, the induced voltage in the coreless coil sensor may be very low and even, in 

some cases, have a similar amplitude to the noise floor. 

Stray flux can provide the fault information clearly in bispecturm, but conditions of the 

sensor that do impact the result during detection and how to improve the sensitivity and 

accuracy of the sensor is a new topic. 

1.2 Objectives of doctoral thesis 

Synchronous machines are very common in nowadays operation and production; 

however, the fault detections are concerned for variable abnormal conditions. On-line turn-to-

turn protection method of the synchronous machines field winding is studied in chapter 2, which 

uses the excitation current: by comparing the real-time excitation current and the calculating 

current. On-line inter-turn fault detection based on stray flux is mentioned in 3 and 4.. Chapter 

4 shows the research about detection of field winding faults in synchronous Motors via analysis 

of transient stray fluxes and currents. 

The inter-turn fault for synchronous machines is quite dangerous, hence, a time-monitor 

fault detection should be settled down. By calculating the excitation current and comparing with 

the real-time excitation current it can realize the propose. However, it requires the machine 

characteristics and a large number of calculations should be done, which stray flux test does not 

have this problem. Monitoring technologies has been developed based on analyze the stray flux 

field recently. The stray flux is mainly radiating from the inner of the machine which also been 

connected to the machine magnetic state. It results in the different spectral components which 

generated by the windings of rotor and stator. The biggest advantage for this kind of monitor is 

non-harm to the machine and operate simply which also is more sensitivity and dependable for 

the induction machine initial fault detection compared with the winding current signature 

analysis. 

Tests for the rotor and stator wining inter-turn fault by using a stray flux sensor is 

available. This method of turn-to-turn protection is mainly based on the fact that once the fault 

happens in the excitation winding, the number of active turns decreases. Wherefore, once the 

fault happens, the induction coils voltage waveform in the oscilloscope will not keep sinusoidal, 

meanwhile in the frequency domain, the harmonics peaks also might rise, as well as some 

special frequency points. 

Stray flux Time-frequency analyses of such quantities registered under the 

asynchronous starting of the machine is followed by the identification of characteristic 
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signatures created by fault- related harmonics. Moreover, potential fault severity indicators 

relying on the evaluation of the energy density in particular time-frequency regions of the 

resulting analyses are proposed. The results show that the study of these non-invasive quantities 

under starting provides very reliable information for the diagnosis of the fault, since it relies on 

multiple components. This confirms the potential of the approach to be implemented in portable 

electric motors condition monitoring devices. 

The sensor is mainly wired with copper, in common way, the more copper the better 

results. However, most of these sensors are designed as an air-core sensor, it seems the only 

way to improve the sensitivity is wiring more copper lines. 5 proved use an iron-core sensor 

which use some steel-sheet inside the stray flux sensor, hence, the flux might be detected by a 

medium, the result could better than just use an air-core sensor. 

During the Ph.D. study and working in lab about the SM protections tests, different 

fault has been simulated and tested, such as synchronization fault, rotor wingding inter-turn 

fault, stator winding fault, brushless SM rectifier part fault test. After all, it has been found that 

use a stray flux sensor it can test the fault without doubt, moreover, it can monitor and provide 

a protection non-invasive, in many times it can show more information than the traditional test. 

The form and turns number also have a strong impact during the test. The stray flux might 

provide much more reliable protection in the future operation.  

1.3 Structure of Doctoral Thesis 

This document describes in detail the content and scope of the work developed in this 

thesis and has been structured as follows:  

On-line turn-to-turn protection method of the synchronous machines field winding is 

studied in 2, which uses the excitation current: by comparing the real-time excitation current 

and the calculating current. On-line inter-turn fault detection based on stray flux is mentioned 

in 3. Chapter 4 mainly explain the advantage of stray flux against the traditional generator 

current or voltage for electrical machine inter-turn fault detection. Chapter 5 shows the research 

about detection of field winding faults in synchronous Motors via analysis of transient stray 

fluxes and currents. 
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Chapter 2: 

Instantaneous Specific Protection Method 

against Faulty Synchronizations of 

Synchronous Machines 

2.1 Introduction 

Synchronization is the process of matching frequency, voltage, phase sequence and 

phase angle of a synchronous generator with an already running electric power system, enabling 

to couple both. The methods to carry out synchronizations can be manual, assisted manual or 

automatic. The most commonly used are automatic methods, which include the use of an 

anticipatory automatic synchronizer (ANSI 25A) and a synchronism-check supervision relay 

(ANSI 25), usually microprocessor-based [1]-[2]. All of these devices perform the duties of 

governor control, exciter control and breaker closure [1]-[3]. 

During synchronization or paralleling of generators, dangerous operational faults can 

occur if any of the synchronization requirements are not fulfilled [4]. Furthermore, 

synchronization process has proven to be more difficult in the case of distorted or unbalanced 

power systems [5], in presence of harmonics [6], in microgrids [7], in power systems with high 

presence of distributed generation [8], in wind turbine driven generators [9] or grid converters 

[10]-[11]. 

The synchronization requirements include meeting the same phase sequences and the 

same or similar voltage amplitude, frequency and phase angle difference at both sides of the 

generator circuit breaker, in order to ensure the safety of paralleling two systems [1]. If one or 

more among the aforementioned requirements are not met within an acceptable tolerance 

window [12]-[13], different adverse effects can affect the generator itself and also the rest of 

the power system. 

Under steady state operating conditions, synchronous generators are designed to be 

highly stable and, even in case of external short-circuits, when they have to supply an 

overcurrent larger than the rated current, without disconnecting from the grid [14]. 

However, faulty synchronizations can cause high currents and torques that largely 

exceed those experienced during sudden terminal short-circuit, thus severely damaging the 

generator. Two examples, close to the authors, are shown in Fig. 2.1. 
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In both cases the synchronizations were performed with a phase difference of 180º. The 

5 kVA machine was incorrectly synchronized in our lab on purpose, afterwards we decided to 

reduce the voltage for testing. The Fig. 2.1 shows the elastic coupling before (a) and after (b) 

the faulty synchronization. 

The causes of the faulty synchronization in the 2500 kVA gas engine driven generator 

were due to an error in the connection of the voltage transformers after a main overhaul. It also 

shows the stator and rotor damages in (c) as well as the damages in the elastic coupling between 

the gas engine and the generator (d). These out of step synchronizations have dire consequences 

for both machines because the process did not stop quickly. 

Mechanical effects on the generator due to high transient torques and excessive 

instantaneous currents include loosening of stator winding bracing, and blocking, deformation, 

cumulative fatigue damage or even cracking of coupling bolts, couplings and rotor shafts 

[2],[12]-[13],[15]. 
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Fig. 2.1.  5 kVA Synchronous generator’s rotor shaft flexible coupling before (a) and after (b) 

a faulty synchronization. 2500 kVA gas engine driven generator after a faulty synchronization. 

Stator and rotor damages (c) and elastic coupling damages (d). 1 

TABLE 2-I  

SYNCHRONIZATION LIMITS FOR SYNCHRONOUS GENERATORS. 1 

 

    
△Δ[°] △U[%] △F[HZ] 

  

IEEE STD C50.12 ±10° +5 0.067 

IEEE STD C50.13 ±10° +5 0.067 

MANUFACTURER 1 ±7° ±10.7 0.54 

MANUFACTURER 2 ±15° ±10 0.50  

MANUFACTURER 3 ±15° ±5 0.50  

 

The impulse current could even damage the windings insulation, and the magnetic flux 

density might be easily saturated at the rotor pole surface, leading to stronger stress on the rotor 

tooth and damage the turbine generator [16]. This can lead in a reduction of the generator’s 

service life or even in a catastrophic failure depending on the voltages mismatching as shown 

in Fig. 2.1. 

Nowadays the probability of a faulty synchronization is low thanks to the advancement 

of synchronizing methods and devices as the presented in [17], but not impossible. The process 

is usually conducted with help of automatic synchronizers (ANSI 25A) at times supervised by 

microprocessor-based synchronism-check relays (ANSI 25) [3]. Nevertheless, some faulty 

synchronizations continue taking place, mostly as a result of wiring connection errors, most 

commonly in voltage transformers or synchronization equipment, during maintenance or 

commissioning [18]. 

The severity of the adverse effects depends on the magnitude of the deviation with 

respect to the required conditions of phase difference, ∆δ, frequency difference ∆f, and voltage 

difference, ∆U [15],[19]. Thus, synchronous generators manufacturing standards specify 

certain tolerable limits regarding all three parameters during synchronization [12]-[13], and also 

manufacturers themselves recommend certain limits (Table 1-I). 

The adverse effects of each parameter exceeding their tolerable limits are the following: 

A. Effects of poor rms voltage matching 

This deviation produces a high sudden reactive power flow either into the generator or 

into the power system, according to the voltage difference sign [20]. 

B. Effects of poor frequency matching 
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In case of slip frequency, an acceleration or deceleration of the rotating shaft takes place 

after connection to match the generator speed with the power system frequency. The transient 

torque causes instantaneous and cumulative mechanical damage to the generator and prime 

mover [21]. 

C. Effects of poor phase matching 

The phase angle between the generator and the power system voltage phasors is related 

to the position of the rotor with respect to the magnetic field produced by the stator three-phase 

currents. Therefore, if a phase difference, ∆δ, exists, the rotor suddenly tries to change its 

position after connection, either accelerating or decelerating. This produces transients of high 

torques and currents, which can severely damage the generator rotor and the prime mover. 

The worst attainable failure appears when synchronization is performed at 150º or 180º 

(out of phase synchronization) [15]. It commonly results from voltage transformer wiring errors 

or synchronizing system failures [18],[20]-[23]. In this case, the generator’s damages can be 

catastrophic. The shaft and prime mover can be critically damaged. Additionally, stator and 

transformer windings are susceptible to be also damaged from high currents [12]-[13]. If this 

fault happens, the generator will require expensive repairs or replacements of some of its pieces, 

especially for the rotor [13],[22], thus incurring in overall large monetary losses. Finally, 

disturbances can be caused in the power system, such as power oscillations and voltage 

deviations from nominal [24]. 

The severity of the adverse effects also depends on the ratio between the rated power 

of the generator and the short-circuit power of the electric network, and even on the rotor design 

[23]. 

Despite all negative effects described above, there is no specific protection function to 

trip generation units instantaneously in the case of faulty synchronization. 

Two of the abnormal operating condition protective elements associated with 

synchronizing problems are reverse power protection (ANSI 32) and loss-of-field protection 

(ANSI 40). Both protections have a time delay [2],[25]. The usual practice is synchronizing 

with slightly positive slip and with a slightly larger generator voltage with respect to the bus 

voltage. Thus, reverse power and loss-of-field protection trips are avoided, respectively. 

The differential protections (ANSI 87G) do not trip because there is no difference 

between the currents on both sides of the stator or step-up transformer windings [26]-[27]. 

Stator–ground fault protections (ANSI 59N) do not trip because no current flows 

through the ground [28]. 

Overcurrent protections do not trip instantaneously because synchronous generators 
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must supply overcurrent in case of external short-circuits. Overcurrent protection (ANSI 51) is 

usually a back-up protection for external faults, so the trip is delayed [25]. 

Under-impedance protection is normally used as back-up protection for external and 

internal faults as well. It is a usual practice to set this protection at 0.8 p.u. / 3 s for external 

fault back-up protection and at 0.8 ZTrafo / 250 ms for internal fault back-up protection [25]. 

Where Z T is the impedance of the transformer. In case of out of phase synchronization they 

could trip but not fast enough to limit the damages [22]. 

The asynchronous operation of the generator in case of a loss of synchronism can 

produce severe damages [25]. There is a specific protection to detect this phenomenon, pole 

slip or out-of-step protection (ANSI 78). However, in case of a faulty synchronization the 

mechanical power supplied by the turbine is not enough to produce the asynchronous operation 

of the generator. 

The Table 2-II shows a summary of the generator protection functions in case of faulty 

synchronization. The proposed method is also included at the end of the Table. 

 

TABLE 2-II 

SYNCHRONOUS GENERATORS PROTECTION FUNCTIONS IN CASE OF FAULTY SYNCHRONIZATION 2 

 

ANSI Description Trip 

21 Under-Impedance Time-delayed 

32 Reverse Power Time-delayed 

40 Loss of Excitation Time-delayed 

50/27 
Inadvertent 

Energization 
No-trip 

51 Overcurrent Time-delayed 

51N/59N Stator Ground Fault No-trip 

78 Pole Slip Protection No-trip 

87 Difference Protection No-trip 

50Synchro  Proposed Method Trip instantaneous 

 

 

Although the probability of faulty synchronization is very small, it can, and it does 

occur. In Table 2-III some major failures have been collected from [18], in which severe 

damages have been caused from out of phase synchronization and inadvertent energization 

failures per number of generators. The generators’ average age that participates in [18] is 30 

years. 
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As the generator protection system does not have a specific synchronization protection 

function, the overcurrent transient will last for several cycles, even seconds, until steady state 

is reached or the under-impedance relay trips, in most of the cases with several damage to the 

generator and a large impact on the power system. 

 

TABLE 2-III 

SYNCHRONIZATION FAILURES AND INADVERTENT ENERGIZATION IN SYNCHRONOUS GENERATORS [18] 

3 

Country 
Out-of-phase 

failures/Generator 
Trip 

Croatia 3/6 0/6 

Finland 0/15 0/15 

India 0/4 1/4 

Ireand 1/1 1/1 

Mexico 0/4 0/4 

Norway 0/1 0/1 

Spain 2/4 0/4 

Serbia 0/1 0/1 

 

In conclusion, synchronization is a critical process which is usually well performed. 

But, in case of faulty synchronization, the damage, especially to the generator, can be extremely 

devastating. Moreover, none of the conventional protection functions are specific designed to 

trip instantaneously the synchronous generators in the event of faulty synchronizations 

[25],[26],[29]-[31]. 

This chapter presents a new, simple and economic protection method for synchronous 

generators against faulty synchronizations based on a low-setting, instantaneous overcurrent 

protection. This protection is only enabled during the synchronization process. The main target 

of this protection is to trip the generator as fast as possible, minimizing the generator’s damages 

in case of faulty synchronization. The method has obtained the grant of a European Patent [32]. 

2.2 Operational Principle of the New Protection Method  

During synchronization, just after the breaker is closed, generator currents are in 

practice below 30–50% of the rated current. After the generator breaker closes, the operation 

modes change from speed to active power and from voltage to reactive power in the governor 

and automatic voltage regulator (AVR) respectively. At that moment the active and reactive 

power set points are close to zero. So, after several cycles, steady state is reached, and the 
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generator currents are very low, close to zero. 

Afterwards, the usual practice is to increase the active and reactive power up to the 

rated or desired operating point of the synchronous generator. This is considered to be a correct 

synchronization. But the initial generator currents depend on the accuracy of the automatic 

synchronizer, or on the operator performance, if the synchronization is carried out manually. 

In contrast, during a faulty synchronization, generator currents attain greater values due 

to the voltage, frequency or phase differences. In some cases, such as 150° or 180° out-of-phase 

synchronizing in large short-circuit capacity power systems, the mentioned currents exceed by 

far the short-circuit current. 

Even if efforts are made to prevent faulty synchronizations, this situation can be 

produced by various factors. The most frequent case is a wiring error produced during 

commissioning or maintenance, most commonly at the secondary side of the voltage 

transformers. 

This new method is designed to provide generator protection when the generator is 

synchronizing. It is based on an instantaneous overcurrent protection, which is only enabled 

during the synchronization process. The setting of the instantaneous overcurrent protection 

parameter 𝐼  should be adjusted above the normal synchronization current (<1 p.u.). 

The protection is disabled in an adjustable time 𝑇  (around 1–2 s) after the generator 

breaker is closed in order to allow the power output increase. In this way, reliable necessary 

protection is provided through rapid detection and tripping in case of faulty synchronization 

[32]-[33]. 

The proposed new method establishes two different settings. First, a current threshold 

(𝐼 ), that should be fitted above the current attained in a correct synchronization. And then, 

the time delay value 𝑇   , that disables the instantaneous overcurrent protection after the 

generator breaker is closed by means of an off-delay timer. 

In this way, the generator breaker will open as fast as possible if current values are 

greater than 𝐼  , and the synchronization process will be aborted. 

Once the breaker closing is detected by the protection, if the current is smaller than the 

threshold value (I <  𝐼 ) along the set delay time (T = 𝑇 ), the protection is disabled. The 

protection’s settings are presented in Table 2-IV. 

TABLE 2-IV 

SYNCHRONIZATION PROTECTION SETTINGS 4 

 

Parameter   Value Units 

Instantaneous overcurrent setting 𝐼  0.3-1 p.u 



Instantaneous Specific Protection Method against Faulty Synchronizations of Synchronous Machines 

12 

 

Deactivation time 

(after closure of generator breaker) 
𝑇  1-2 s 

 

&
T SET Trip

Generator

Generator Breaker open position

I > I SET

Off Time Delay

&

Over-current protection

 

Fig. 2.2. Synchronization protection layout 2 

Once 𝑇  is exceeded, the active and reactive power are increased to reach the rated 

power output of the synchronous generator. This time should be coordinated with the governor 

to avoid unwanted trips, especially in generator that increase their load quickly. In Fig. 2.2 the 

logical layout of the new protection method is presented. 

The inadvertent energization protection (ANSI 50/27) is based on an instantaneous 

overcurrent protection (ANSI 50) and an under-voltage protection (ANSI 27). In the event of 

detecting a current value greater than the threshold (10 % of the rated value), this protection 

detects that the generator breaker has been closed inadequately. Usually, this protection is 

enabled when the generator is not running (at standstill condition or on turning gear) and it is 

disabled when the generator output voltage attains approximately 80% of the rated value. So, 

in case of faulty synchronization, it does not trip the breaker. 

With the aim to summarize the method, Fig. 2.3 shows a theoretical example of the 

method with a current threshold of 0.5 𝐼  . The 50/27 protection function is included. As it can 

be seen, with the proposed method, the protected zone during synchronization process is highly 

extended. 
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Fig. 2.3. Theoretical example of the proposed method operation [n: rotor speed; 𝑈  : stator 

voltage; 𝐼  : stator current]. 3 

2.3 Simulations 

Numerous simulations have been performed to validate the new protection method. A 

362 MVA turbogenerator was selected, it is modelled as a round rotor synchronous machine pu 

standard Matlab-Simulink® block. The generator has a turbine governor and an automatic 

voltage regulator AVR. 

The generation unit is connected to a 400 kV power system through a main power 

transformer, modelled as a two-winding three-phase transformer block. The system data are 

shown in Appendix, (Tables 2-V~2-VIII) and the simulation model is shown in Fig. 2.4. 

Some simulations are presented in this chapter for correct and faulty synchronizations, 

which are discussed below. 

A. Correct Synchronization Simulations  

Initially, correct synchronizations are presented taking into account the limits proposed 

by manufacturer 2 (Table 2-I). The generator employed in these simulations, which parameters 

are available in Appendix Table 2-V, has been made by manufacturer 2. 

In a first case, Fig. 2.5 shows the currents during synchronization just within the limits 

recommended by manufacturer 2 (∆δ = 15º, ∆U = 10% and ∆f = 0.5 Hz) in order to evaluate 

the rated conditions. As expected, the currents almost reach the generator’s rated values in the 

first peak, and they become attenuated completely after 200 ms. 

Next, currents during a synchronization considered satisfactory in practice (all 

parameters remaining within a typical tolerance window) are presented in Fig. 2.6 (studied case: 
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∆δ = 5º, ∆U = 2% and ∆f = 0.2 Hz). In this simulation, as the differences in phase, voltage and 

frequency are deeply inside the limits, the currents achieved are lower. Therefore, these values 

have been chosen in the simulations plotted in Fig. 2.6. The currents in this case attain 0.34 p.u. 

after the breaker closure at t = 86.7 ms. For this case, the overcurrent protection does not register 

high currents at any moment. 

Fig. 2.4. Computer simulation model of a 362 MVA turbogenerator synchronization to a 400 

kV power system. 4 

In a third case presented in Fig. 2.7, voltages on both sides of the breaker are identical, 

phase difference is zero, frequency difference is 0.1 Hz and the generator speed is 3006 rpm  

( ∆ δ = 0º,  ∆ U = 0%,  ∆ f = 0.1 Hz  and n = 1.002 p.u.). This situation is one of the most 

favorable for a correct synchronization. In Fig. 2.7, it can be observed that, after the breaker 

closure at t = 128.2 ms, generator current peaks attain 5.4 % of the rated current. As it can be 

seen, if a correct synchronization is carried out, the transient provoked in the generator is 

negligible. 
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Fig. 2.5. Computer Generator synchronization currents [∆δ=15º, ∆U=10%, ∆f=0.5Hz]. 5 

Fig. 2.6. Generator synchronization currents [∆δ=5º, ∆U=2%, ∆f=0.2Hz]. 6 

Fig. 2.7. Generator synchronization currents [∆δ=0º, ∆U =0%, ∆f =0.1Hz]. 7 

 

 

 

G
e

n
e

ra
to

r 
C

u
rr

e
n

ts
 (

p
.u

.)
G

e
n

e
ra

to
r 

C
u

rr
e

n
ts

 (
p

.u
.)

G
e

n
e

ra
to

r 
C

u
rr

e
n

ts
 (

p
.u

.)



Instantaneous Specific Protection Method against Faulty Synchronizations of Synchronous Machines 

16 

 

 

Fig. 2.8. Generator electromagnetic torque during a correct synchronization [∆δ=0º, ∆U=0%, ∆

f=0.1 Hz]. 8 

 

Fig. 2.9. Generator speed during a correct synchronization [∆δ=0º, ∆U=0%, ∆f=0. Hz]. 9 

Additionally, in Fig. 2.8, the electromagnetic torque, 𝑇  , attains 8.2% of the rated 

torque. 

The small transient provoked after the correct synchronizations can also be noticed in 

Fig. 2.9, where the generator speed is represented. It should be remarked that 1s after the breaker 

closure the generator reaches steady state.  

Then, it is proved that a correct synchronization to grid can have negligible transients 

for the generator and for the grid (See figures 2.5 to 2.9). 
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B. Faulty Synchronization Simulations  

Once simulated that the system responds correctly to correct synchronizations, a faulty 

out-of-phase synchronization (180º phase difference) is presented in the following simulations, 

to analyze the electrical effects that it can cause in the generator. 

In these simulations, there are no changes in other parameters, voltages on both sides 

of the breaker are identical and the frequency difference is only 0.1 Hz (∆U=0%, ∆f =0.1Hz). 

The analysis of the phase angle is the main parameter affected when wiring errors appears. 

Fig. 2.10. Generator currents during a faulty synchronization [∆δ=180º, ∆U=0%, 

∆f=0.1Hz].10 

 

Fig. 2.11. Generator electromagnetic torque during a faulty synchronization [∆δ=180º, ∆U=0%, ∆f=0.1Hz].   

11 

 

Seeing Fig. 2.10, once the breaker is closed (t = 140 ms), generator currents reach 679.8 % 
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of the rated current and it became attenuated to 1 p.u. after 261.8 ms after synchronizing. On 

the other hand, the electromagnetic torque reaches 401.9 % of the rated torque (See Fig. 2.11). 

The transient after synchronization can be also seen in Fig. 2.12 where the generator speed is 

represented. As it can be seen, 783.8 ms after the breaker closure, the speed returns to steady 

state. 

Fig. 2.12. Generator speed during a faulty synchronization [∆δ=180º, ∆U=0%, ∆f=0.1Hz].  12 

The next simulation corresponds to the same case of out-of-phase synchronization at 

180º (Fig. 2.13 and Fig. 2.14). In this case the protection method presented in this chapter is 

enable. Taking into account the generator’s breaker opening time (50 ms) and the overcurrent 

tripping time (10 ms), the actuation time-delay is simulated as 60 ms. The current threshold 

value has been set at 𝐼 = 0.5 p.u. 

 

Fig. 2.13. Generator currents during a faulty synchronization [∆δ=180º, ∆U=0%, ∆f=0.1Hz]. Total 

tripping time 60 ms. 13 
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Thanks to the overcurrent protection’s trip, time with high currents at the generator 

terminals, and also torque oscillations, are reduced from 261.8 ms to 60 ms (Fig. 2.12 and Fig. 

2.13), a valuable time that can minimize the damages of the generator. 

 

Fig. 2.14. Generator electromagnetic torque [∆δ=180º, ∆U=0%, ∆f=0.1Hz].   14 

2.4 EXPERIMENTAL RESULTS 

In order to verify the new protection method, numerous laboratory tests have been 

performed on a 5 kVA generation unit. 

A. Experimental setup 

The simplified single-line diagram and the laboratory experimental setup are shown in 

Fig. 2.15 and Fig. 2.16, respectively. 

The tests were conducted on a 5 kVA four-pole synchronous generator (1). The 

generator is driven by an induction motor (2), fed by a frequency converter (3), while the 

excitation is fed by a DC power supply (4). The connection to the grid is performed through a 

5 kVA power transformer (5). The grid side winding of the AC power transformer is linked to 

an adjustable three-phase voltage power supply (6). 

Therefore, it is possible to reduce the power system voltage. This allows to perform 

faulty synchronization tests at reduced voltage, in order not to damage the generation unit. This 

action was taken into consideration to avoid severe damages in the testing generator, especially 

during non-protected tests. (See Fig. 2.1a and Fig. 2.1b) 
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400 V

5 kVA

5 kVA
1500 rpm

400 - 80 V 

Δf ΔV

M =

Δδ

 

Fig. 2.15 Simplified single line diagram of the experimental setup. 15 

 

Fig. 2.16. Experimental setup  16 

The generator circuit breaker, current transformers and voltage transformers are 

included in a switchgear assembly (7). A MiCOM P343 digital multifunction relay (8) is used 
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as instantaneous overcurrent protection and also as a fault recorder through a computer (9). 

Finally, an automatic voltage regulator ABB Unitrol 1020 with digital synchronizer (10) is used 

to perform the synchronization at different conditions, also with a computer (11).  

Detailed data of the synchronous generator is included in Table 2-VIII of the Appendix. 

 

B. Experimental results 

Many synchronization tests have been performed for different synchronization 

conditions (∆δ / ∆U / ∆f) as described below.  

1) Correct synchronization tests at rated voltage (100% / 400 V) 

In these tests, satisfactory synchronizations have been performed. As expected, if the 

ideal paralleling conditions are met (∆δ≈0º, ∆U ≈0%, ∆f≈0 Hz), generator currents, 𝐼 , during 

synchronization are negligible. As the parameter values diverge from the ideal synchronization 

values at the synchronization instant, the currents increase. 

Fig. 2.17. Generator currents, 𝐼 , during a correct synchronization [∆δ=15º, ∆U=0%, ∆f=0.1Hz]. 17 

Also, some tests near the limits of the tolerance windows recommended by the 

manufacturers 2 and 3 (Table 2-1) were performed. Fig. 2.17 shows an example of 

synchronization (∆δ=15º, ∆U=0%, ∆f=0.1Hz). In this case, currents attain the rated current 

values just after the closure of the breaker, and after a transient, the current is stabilized at 0.1 

p.u. approximately. This value corresponds to the active power supplied by the induction motor 

fed at 50.10 Hz, while it turns at 1500 rpm. In general, it can be concluded that, at the limit 

conditions for synchronization, current peaks after the closure of the breaker are near to the 

rated values. Nevertheless, short-circuit power of the network and short-circuit impedance of 

the main power transformer have influence on the currents’ values. 

2) Faulty synchronization tests at Reduced voltage (20% / 80V) 
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In the faulty synchronization tests, the bus voltage has been reduced through an adjustable power 

supply, avoiding any damage on the tested generator. The voltage value has been selected so as not to 

exceed excessively the rated current of the generator. After some attempts, the value of 20 % (80 V) was 

selected. 

Although reduced voltages have been used for faulty synchronizations, the results are similar to 

those obtained in a large turbo-generator thermal power plant at rated voltage. Likewise, if the voltages 

are significantly reduced (5 times lower than the rated voltage), the currents will be reduced in 

approximately the same proportion. 

The rest of the paralleling conditions are met accurately (∆U and ∆f), so the faulty conditions 

simulate an error in the wiring of the automatic synchronizer. 

The tests were implemented with and without the proposed protection. A selection of three cases 

with ∆δ of 120º, 150º and 180º (out-of-step) are discussed. 

First, Fig. 2.18 shows the currents of the generator in the case of a 120º phase error (∆δ = 120º), 

while the voltage difference (∆U=2%) is set at 2 % and the frequency difference at 0.1 Hz (∆f = 0.1 Hz). 

In this case, currents attain 1.76 p.u. after closing the generator breaker at t=98.9 ms, even at 20 % of the 

rated voltage. After a transient, current is stabilized at 0.18 p.u. approximately. 

Fig. 2.18. 𝐼  during a faulty synchronization at reduced voltage [∆δ=120º, ∆U=2%, ∆f=0.1Hz, U=20% 

(80V)].  18 

After, Fig. 2.19 corresponds to the same test performed at the same conditions but with the 

proposed protection in operation. The relay tripping time is 8 ms and the total fault duration lasts 62.8 

ms (54.8 ms corresponds to the breaker opening time). The current threshold is set at 𝐼 =0.3 pu. 
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Fig. 2.19. 𝐼  at faulty synchronization with reduced voltage and the overcurrent protection in operation 

[∆δ=120º, ∆U=2%, ∆f=0.1Hz, U=20% (80V)].  19 

 

In Fig. 2.19, It can also be observed that the effects of the faulty synchronization on the 

armature windings and on the power system are rapidly reduced. 

In a similar way, Fig. 2.20 presents the currents of the generator in the case of a 150º 

phase error (∆δ=150º), while the voltage difference is set to 2 % (∆U=2%) and the frequency 

difference to 0.1Hz (∆f=0.1Hz).  

Fig. 2.21 corresponds to the same test performed at the same conditions (∆δ=150º) but 

with the proposed protection in operation. 

As expected, as the phase difference is larger, generator currents after closing the 

breaker are also larger. In this case, they reach 2.18p.u. If the protection is in operation, the 

generator is disconnected quickly in a similar time of 61ms, when the currents still having 

values around 1p.u (5 times higher at rated voltage). 

Finally, out-of-step synchronizations with a phase error of 180º (∆δ=180º) without and 

with the protection in operation are presented in Fig. 2.22 and Fig. 2.23, respectively. In these 

cases, the current peaks reach 2.35 p.u. In this case, the instantaneous overcurrent protection 

trips when the currents still being higher than 1pu. 

As it can be clearly observed, the bigger the errors in angle during synchronization, the 

larger the currents and the possible damages. What is more, errors can accumulate and result in 

altogether in extremely dangerous conditions for the generator.  

In this respect, if the synchronization process is considered to be linear, as it is not affected by 

saturation, in the case of the laboratory generator, currents of more than 10p.u. could be 

reached in the case of an out-of-step synchronization at rated voltage.  
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Fig. 2.20. 𝐼  at faulty synchronization with reduced voltage [∆δ=150º, ∆U=2%, ∆f=0.1 Hz, U=20% (80V)].  20 

Fig. 2.21. 𝐼  at faulty synchronization with reduced voltage and the overcurrent protection in operation. 

[∆δ=150º, ∆U=2%, ∆f=0.1 Hz, U=20% (80V)].  21 

Fig. 2.22. 𝐼  at faulty synchronization with reduced voltage [∆δ=180º, ∆U=2%, ∆f=0.1 Hz, U=20% (80V)]  22 
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Fig. 2.23. 𝐼  at faulty synchronization with reduced voltage and the overcurrent protection in operation 

[∆δ=180º, ∆U=2%, ∆f=0.1Hz, U=20% (80V)]. 23 

2.5 Conclusions 

Nowadays there is no specific generator protection function that trips instantaneously 

in the event of a faulty synchronization. This chapter presents a new specific protection based 

on an instantaneous overcurrent protection with a low current setting (lower than the generator 

rated current), that is only enabled during the synchronization process, and then disabled to 

allow the increase of the generator power output. 

The proposed protection trips the generator as fast as possible, aborting the 

synchronization process, when excessively high currents flow through the generator after the 

breaker closure, minimizing the damages. 

Numerous simulations of a 362 MVA thermal power plant turbo-generator and 

experimental tests in a 5 kVA generation unit were performed. The satisfactory operation of the 

proposed protection method has been validated through both approaches achieving actuation 

times of 50-60 ms which is five times lower than other protection methods. 

This protection can be implemented into a commercial relay by only inserting the logic 

algorithm on it, making the method very easy to perform.  

The proposed method implies that the first current and torque peaks cannot be avoided. 

However, this protection method could minimize the damages in case of faulty synchronization 

and the perturbation to the power system by stopping the synchronization process as fast as 

possible. This damage minimization objective (both for generators and for the grid) opens new 

further works in order to study faulty synchronizations in high power synchronous generators 

with this new protection installed, taking into account the specific reactance of these generators. 
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2.6 Appendix 

TABLE 2-V 

CHARACTERISTICS OF THE SYNCHRONOUS GENERATOR USED IN SIMULATIONS 5 

 

Rated apparent power 362 MVA 

Rated power factor 0.8  

Rated voltage (±7.5%) 18 kV 

Frequency 50 Hz 

Rated speed 3000 rpm 

Direct-axis synchronous reactance 𝑥  2.580 p.u. 
Quadrature-axis synchronous reactance 𝑥  2.505 p.u. 

Direct-axis transient synchronous reactance 𝑥  0.455 p.u. 

Direct-axis sub-transient synchronous reactance 𝑥  0.313 p.u. 
Quadrature-axis sub-transient synchronous reactance 𝑥  0.348 p.u. 

D-axis transient open-circuit time constant 𝑇  6.27 s 

D-axis transient short-circuit time constant 𝑇  1.11 s 

D-axis sub-transient short-circuit time constant 𝑇  20 ms 
Rated field current 𝐼  2803 A 
Rated field voltage 𝑈  492 V 

Inertia coefficient H(s) 1.058  

 

TABLE 2-VI 

GENERATION TRANSFORMER UNIT USED IN SIMULATIONS 6 

 

Rated Power 362 MVA 

Winding Connection YNd11 

Ratio 411kV±15 x 1%/ 18kV 

Load Losses 0.12% 

Non-load losses 0.01% 

Non-load current 0.45% 

Short-circuit impedance 13.05% 

 
TABLE 2-VII 

POWER SYSTEM 400 KV USED IN SIMULATIONS 7 

 

Three-phase short-circuit 40,000MVA 

X/R ratio 10 

Ground fault level 57.73kA 
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TABLE 2-VIII 

CHARACTERISTICS OF THE ALTERNATOR USED IN THE EXPERIMENTAL TESTS 8 

 

Alternator type Synchronous 3 phases 

Rated power 5 kVA 

Rated speed 1500 rpm 

Rated voltage 400 V 

Rated frequency 50 Hz 

 

2.7 References 

[1] D. L. Ransom, "Get in step with synchronization," IEEE Transactions on Industry Applications, 

vol. 50, no. 6, pp. 4210-4215, Nov.-Dec. 2014. 

[2] M. J. Thompson, "Fundamentals and advancements in generator synchronizing systems," 2012 

65th Annual Conference for Protective Relay Engineers, College Station, TX, 2012, pp. 203-

214. 

[3] R. C. Schaefer, "The art of generator synchronizing," 2016 IEEE Pulp, Paper & Forest 

Industries Conference (PPFIC), Austin, TX, 2016, pp. 88-95. 

[4] J. V. Mitsche and P. A. Rusche, "Shaft Torsional Stress Due to Asynchronous Faulty 

Synchronization," in IEEE Transactions on Power Apparatus and Systems, vol. PAS-99, no. 

5, pp. 1864-1870, Sept. 1980. 

[5] Q. Huang and K. Rajashekara, "An improved delayed signal cancellation PLL for fast grid 

synchronization under distorted and unbalanced grid condition,"  IEEE Transactions on 

Industry Applications, vol. 53, no. 5, pp. 4985-4997, Sept.-Oct. 2017. 

[6] J. Geng, X. Li, Q. Liu, J. Chen, Z. Xin and P. C. Loh, "Frequency-Locked Loop Based on a 

Repetitive Controller for Grid Synchronization Systems," in IEEE Access, vol. 8, pp. 154861-

154870, 2020. 

[7] A. Bellini, S. Bifaretti and F. Giannini, "A robust synchronization method for centralized 

microgrids," IEEE Transactions on Industry Applications, vol. 51, no. 2, pp. 1602-1609, 

March-April 2015. 

[8] M. Litwin, D. Zieliński and K. Gopakumar, "Remote Micro-Grid Synchronization Without 

Measurements at the Point of Common Coupling," in IEEE Access, vol. 8, pp. 212753-212764, 

2020. 

[9] S. Sang, C. Zhang, X. Cai, M. Molinas, J. Zhang and F. Rao, "Control of a Type-IV Wind Turbine 

With the Capability of Robust Grid-Synchronization and Inertial Response for Weak Grid 

Stable Operation," in IEEE Access, vol. 7, pp. 58553-58569, 2019. 



Instantaneous Specific Protection Method against Faulty Synchronizations of Synchronous Machines 

28 

 

[10] S. Dong, J. Jiang and Y. C. Chen, "Analysis of Synchronverter Self-Synchronization Dynamics 

to Facilitate Parameter Tuning," in IEEE Transactions on Energy Conversion, vol. 35, no. 1, 

pp. 11-23, March 2020. 

[11] Z. Zou and M. Liserre, "Modeling Phase-Locked Loop-Based Synchronization in Grid-

Interfaced Converters," in IEEE Transactions on Energy Conversion, vol. 35, no. 1, pp. 394-

404, March 2020. 

[12] IEEE Standard for Cylindrical-Rotor 50 Hz and 60 Hz Synchronous Generators Rated 10 MVA 

and Above," in IEEE Std C50.13-2014 (Revision of IEEE Std C50.13-2005), pp.1-63, 9 May 

2014. 

[13] IEEE Standard for Salient-Pole 50 Hz and 60 Hz Synchronous Generators and Generator/Motors 

for Hydraulic Turbine Applications Rated 5 MVA and Above," in IEEE Std C50.12-2005 

(previously designated as ANSI C50.12-1982), pp.1-45, 15 Feb. 2006. 

[14] IEC 60034-1:2017 Rotating electrical machines - Part 1: Rating and performance. 

[15] A. Gozdowiak, "Faulty Synchronization of Salient Pole Synchronous Hydro 

Generator," Energies, vol. 13(20), pages 1-21, October, 2020. 

[16] W. Li, P. Wang, J. Li, L. Wang, S. Gong and D. Li, "Influence of Stator Parameter Variation and 

Phase-Shift Under Synchronizing Out of Phase on Turbine Generator Electromagnetic Field," 

in IEEE Transactions on Energy Conversion, vol. 32, no. 2, pp. 525-533, June 2017. 

[17] E. Bekiroglu and A. Bayrak, "Automatic synchronization unit for the parallel operation of 

synchronous generators," IEEE EUROCON 2009, St.-Petersburg, 2009, pp. 766-771. 

[18] R.N. Bedi et al. "Hydrogenarators Behaviour Under Transient Conditions," CIGRÉ, 2016, pp. 1-

13, ISBN 978-2-85873-368-2. 

[19] R. J. Best, D. J. Morrow and P. A. Crossley, "Out-of-phase synchronization of a small alternator," 

2007 IEEE Power Engineering Society General Meeting, Tampa, FL, 2007, pp. 1-7.  

[20] R. A. Evans, "A manual/automatic synchronization circuit for a 37.5 MVA steam-turbine-driven 

generator," IEEE Transactions on Industry Applications, vol. 26, no. 6, pp. 1081-1085, Nov.-

Dec. 1990 

[21] P. C. Krause, W. C. Hollopeter, D. M. Triezenberg and P. A. Rusche, "Shaft torques during out-

of-phase synchronization," IEEE Transactions on Power Apparatus and Systems, vol. 96, no. 

4, pp. 1318-1323, July 1977. 

[22] A. L. J. Janssen et al. "System Conditions for and Probability of Out-of-Phase," CIGRÉ, 2018, 

pp. 67-83, ISBN 978-2-85873-418-4. 

[23] L. Weili et al., "Influence of rotor structure on field current and rotor electromagnetic field of 

turbine generator under out-of-phase synchronization," IEEE Transactions on Magnetics, vol. 

53, no. 6, pp. 1-4, June 2017. 



Chapter 2 

29 

[24] S. M. Manson, A. Upreti and M. J. Thompson, "Case study: Smart automatic synchronization in 

islanded power systems," IEEE Transactions on Industry Applications, vol. 52, no. 2, pp. 

1241-1249, March-April 2016. 

[25] Alstom T&D Energy Automation & Information. Network Protection & Automation Guide, 1st 

ed. Alstom T&D Energy Automation & Information: Levallois-Perret, France, May 2011. 

ISBN: 978-0-9568678-0-3. 

[26] IEEE Guide for AC Generator Protection, in IEEE Std C37.102-2006 (revision of IEEE Std 

C37.102-1995), pp. 1-177, 2006. 

[27] N. Fischer, D. Finney and D. Taylor, "How to determine the effectiveness of generator 

differential protection," 2014 67th Annual Conference for Protective Relay Engineers, College 

Station, TX, 2014, pp. 408-420.  

[28] F. R. Blánquez, C. A. Platero, E. Rebollo, F. Blázquez, "On-line stator ground-fault location 

method for synchronous generators based on 100% stator low-frequency injection protection," 

Electric Power Systems Research, vol. 125, pp. 34–44, 2015.  

[29] ABB Generator Protection and Control REG630 Product Guide. 1MSR757583C Product version 

1.3. 2019. 

https://library.e.abb.com/public/6dc60344748f4d33a1a99098944f4395/REG630_pg_757583

_ENc.pdf. 

[30] Siemens Siprotec 5 Generator Protection 7UM85 Manual. C53000-G5040-C027-9. Edition 

04.2021. https://support.industry.siemens.com/cs/document/109742404/siprotec-5-7um85-

generator-protection-manual?dti=0&lc=en-WW 

[31] SEL 400G Data Sheet Advance Generator Protection System. 20200424 2020. 

https://selinc.com/products/400G/docs/ 

[32] F. Blánquez Delgado, E. Rebollo López, R. Granizo Arrabé and C.A. Platero Gaona. “Method 

of electrical protection of a synchronous machine and electric power generation plant for 

powering an electric network.” European Patent Specification EP 2 648 301 B1. May 02, 2016. 

[33] P. Tian, C. A. Platero and F. Blázquez, "Protection method for synchronous machine during the 

paralleling connection process," 2018 XIII International Conference on Electrical Machines 

(ICEM), Alexandroupoli, Greece, 2018, pp. 2385-2390. 

  



Instantaneous Specific Protection Method against Faulty Synchronizations of Synchronous Machines 

30 

 

 



Chapter 4 

31 

Chapter 3: 

On-line turn-to-turn Protection Method for 

Field Windings of Synchronous Machines  

3.1 Introduction 

Synchronous machines are mainly used in power generation. The protection system in 

this type of machines should guarantee the power supply in the most reliable way, but at the 

same time trip the machine in case of an internal fault. There are minimum requirements for 

protection in the event of faults or abnormal operation.[1]  

Different faults can occur in synchronous machines, in the stator or rotor winding [2]-

[3]. Some of these faults lead to high current flow in the machine thus it should be disconnected 

immediately. On the other hand, there are some faults difficult to detect when the machine is in 

operation, such as the broken bars of the damper windings [4]-[5], the rotor-ground fault [6]-

[7] or inter-turn faults in the field winding of synchronous machines.  

A single ground fault in the rotor does not cause any damage to the machine, because 

the excitation circuit is usually ungrounded. Nevertheless, the possibility of a second ground 

fault increases after the first one. Since the first ground fault establishes a reference for voltages 

induced in the field, thereby increasing the stress to ground at other points on the field winding.  

In the case of a second ground fault, the number of available healthy turns in the field 

winding is reduced. Moreover, the flux unbalance depends on the number turns forming the 

short circuit closed loop.  

Another possible reason to have an inter-turn fault is the lack of insulation between 

adjacent turns [8]. 

Turn-to-turn faults are quite common in synchronous machines field winding, 

especially in turbo-generators [9], but also in hydro generator [10]. In case of an inter-turn fault, 

the magneto-motive force of one pole will decrease, the magnetic forces in the machine are not 

balanced and it could lead to damage of the bearings because of vibrations [11]. The magnetic 

unbalance also depends on the number of shorted turns of the field winding. 

The inter-turn faults may be detected using an air gap search coil [12]. The analysis of 

the air gap flux gives a precise indication of the rotor inter-turn fault. But not all the machines 

have this type of sensor installed, besides the fact that it is an intrusive diagnostic procedure. 

This chapter presents a new method to detect the turn-to-turn fault in the field windings of 
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synchronous machines. This new presented method does not require any additional sensor. The 

basic concept of the method is the comparison of the actual excitation current with the 

theoretical excitation current calculated under healthy conditions. The theoretical excitation 

current in healthy condition can be calculated from the stator voltages and currents. The 

proposed method has been applied in a special synchronous machine with reconfigured winding 

which allows for the development of inter-turn faults. 

3.2 State of Art 

The most common method for inter-turn fault detection is known as the pole voltage 

drop test. For this test, the rotor should be fed with an AC voltage source. Each individual 

voltage drop of every pole is then measured [12]. Under healthy conditions the voltage drop 

across all poles should be the same. On the other hand, in the case of an inter-turn fault the 

voltage drop across the faulty pole will be lower than that of the others. The machine must be 

under rotor standstill conditions in order to perform this test, while the excitation system should 

be disconnected.  

Other methods to detect the rotor inter-turn fault are the sensing of even-harmonic 

circulating currents flowing in the parallel winding [14] or by detecting irregularities in the air 

gap flux by installing internal search coils [15]. 

Rotor inter-turn short circuit leads to increased current and consequently temperature 

of the field winding, as well as mechanical oscillations. Moreover, the output reactive power is 

decreased. 

The circulating stator current can be also used for inter-turn short circuit detection, 

among other asymmetries such eccentricity [16]. And other techniques are based on the use of 

artificial neural network for interturn detection [17]. 

3.3 Operational Principle of the new Protection Method  

The chapter presents a new on-line protection system that detects inter-turns faults in 

the excitation windings of synchronous machines with static excitation. 

Moreover, the magneto-motive force created by the excitation winding of a 

synchronous machine is proportional to the number of turns and the field current. 

The operation principle of this protection is based on the fact that in the case of inter-

turns faults in the excitation winding, the number of active turns decreases. Therefore, in order 
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to produce the same magneto-motive force, the excitation current should increase. The 

excitation current must increase proportionally to the number of turns in the short-circuit loop. 

Fig. 3.1 New rotor turn-to-turn on-line protection method lay-out 24 

The proposed protection is based on the comparison of the measured excitation current 

with the theoretical excitation current, calculated from the stator voltages and currents for the 

actual operation point of the synchronous machine, considering healthy conditions in the 

synchronous machine. This is illustrated in Fig. 3.1. 

The proposed protection is based on the comparison of the measured excitation current 

with the theoretical excitation current, calculated from the stator voltages and currents for the 

actual operation point of the synchronous machine, considering healthy conditions in the 

synchronous machine. 

This is illustrated in Fig. 3.1. Firstly, the voltages (UA , UB and UC ) and currents (IA , 

IB and IC ) in the stator must be measured. This configuration represents a three-phase 

measurement (Fig. 3 1). It is also possible to use a single-phase measurement system or some 

combination of two phases. However, the actual measurement of all currents and voltages 

guarantees more accuracy. 



Rotor Inter-turn Fault Protection Method Based on Stray Flux 

34 

 

Afterwards, the theoretical excitation current (𝐼   ) should be calculated from the 

measurement taken in the stator. For this purpose, there are several methods such as Behn-

Eschenburg, Potier, ASA, Swedish method among others [18]. 

The theoretical excitation current (𝐼  ) represents the field current for the actual 

operating point of the synchronous machine under healthy conditions. This theoretical current 

(𝐼  ) should be compared to the actual excitation current (𝐼 ). If the excitation current 

measured (𝐼 ) is greater than the theoretical value then an inter-turn fault has taken place. 

In case of inter-turn fault in the field winding, the number of active turns would 

decrease, so in order to have the same magneto-motive force than in healthy condition the 

excitation current would increase proportionally. To perform the comparison and to determinate 

that there is an inter-turn fault the theoretical excitation current (𝐼 ) is multiplied by a factor 

(k). The value of this factor k should be around 1.10 and 1.20, in order to avoid unwanted trips 

or alarms produced by the error in the calculation of the excitation current. 

3.4 Calculation methods 

A. Behn-Eschenburg 

The excitation current is direct calculated from the measurement, where 𝑖   is the 

current in the excitation winding when the machine operates at the rated voltage, current, 

power-factor and speed, which shows in Fig. 3.2 and form equations (3-1). This method is the 

easiest, however, it is not accuracy, it has an error obviously.  

jXdIN
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Fig. 3.2 Behn-Eschenburg Method for Excitation Current Calculation  25 

 

 𝐸 = 𝑈 + 𝑗𝑥 𝐼 = 𝐼  (3-1) 



Chapter 4 

35 

B. Potier’s Diagram Method 

To determine the rated excitation current by Potier’s diagram, use is made of no-load 

saturation characteristic, sustained short-circuit characteristic and Potiter reactance 𝑋 . 

With the rated armature current vector 𝑖  laid off along the abscissa as the base, the 

measured power-factor angle 𝜑   (which is considered to be positive for an overexcited 

generator) is used to the rated voltage vector 𝑈 . 

The vector of the voltage drop (𝑋 𝐼  ) in the Potier reactance at the rated armature 

current is drawn from the end of the voltage vector as a perpendicular to the armature current 

vector. The voltage drop in the armature winding resistance is usually neglected. If necessary, 

it may be taken into account by drawing the vector of positive phase sequence voltage drop in 

the positive phase sequence armature winding resistance form the end of the voltage vector 

parallel to the current vector. 

Fig. 3.3 Potier’s Diagram 26 

This vector should be laid off on the diagram in the direction of the armature current 

vector for generators and in the opposite direction for motors. 

The vector sum of the rated voltage and the voltage drop in the reactance 𝑋  gives 

EMF vector 𝑒 ; excitation current, 𝑖 , corresponding to this emf is determined from the no-

load curve and is laid off from the origin at 90° to the EMF vector 

The excitation current component compensating armature reaction at rated armature 

current 𝑖  is determined as the difference between the excitation current corresponding to the 

rated armature current on the sustained three-phase short-circuit characteristic, and the 

excitation current corresponding to the voltage drop in 𝑋  due to the armature rated current 

on the no-load saturation characteristic. Vector 𝑖  is laid off from the end of the vector 𝑖  

ifp
iN ifN

△uN

0

ifp

ifa
ifN

uN

u

ep XpiN

90°

φN

ifp

1.0

if



Rotor Inter-turn Fault Protection Method Based on Stray Flux 

36 

 

parallel to the armature current vector. The rated excitation current 𝑖  is the vector sum of 

𝑖  and 𝑖 . 

If the value of the excitation current obtained from the Potier diagram is used only to 

estimate the rated value of excitation current, the Poiter reactance 𝑋   if unknown may be 

replaced in the construction of Fig. 3.3 for machines with rated frequency below 100Hz. If the 

value of the excitation current obtained from the Potier diagram is used to determine the 

temperature rise of the excitation winding from the zero power factor loading test, the Potier 

reactance should be determined from no-load and sustained three-phase characteristic and the 

excitation current corresponding to the rated voltage and armature current at zero power factor. 

C. ASA Diagram 

To determine the rated excitation current of the machine by the ASA vector diagram, 

use is made of the no-load saturation characteristic, the sustained three-phase short-circuit 

characteristic and the Potier reactance, shows in Fig. 3.4. 

The excitation current for the air-gap line at the rated armature voltage 𝑖   is 

determined from the no-load saturation characteristic. The vector current 𝑖  is laid off from 

the origin along the abscissa axis. From its end, at the rated power-factor angle 𝜑  (which is 

considered to be positive for an overexcited generator) to the right of the vertical, the vector of 

excitation current 𝑖  corresponding to the rated armature current on the sustained three-phase 

short-circuit characteristic is laid off. 

The vector current corresponding to the different △ 𝑖  between the excitation currents 

of the no-load saturation characteristic 𝑖  and on the air-gap line 𝑖 , both for the voltage 

𝑒  is laid off along the geometrical vector sum of the excitation currents. The sum of the three 

vectors corresponding to the rated excitation current. 

The rated excitation current may also be determined using the following equation (3-

2): 

 
𝑖 = 𝛥𝑖 + 𝑖 + 𝑖 𝑠𝑖𝑛𝜑 + 𝑖 𝑐𝑜𝑠𝜑  (3-2) 
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Fig. 3.4 ASA Diagram 27 

 

3.5 Experimental Results  

 A. Experimental setup  

In the laboratory, numerous tests are performed to study the effect of the turn-to-turn 

fault. For this purpose, a special synchronous machine is used. This machine has four poles and 

the connections between them are accessible via a shaft hole. 

Under healthy conditions, the field winding operates at 100%, but once the turn-to-turn 

fault occurs, some part of the rotor winding will be shorted, whereas the magnetic force needs 

to be maintained, therefore, the current will be increased by the automatic voltage regulator. In 

order to perform the turn-to-turn faults, various resistances of the desired value are connected 

in parallel to a pole winding. In this way, the current through this pole will decrease. The 

obtained effect is quite similar to the actual turn-to-turn fault. The field winding connection is 

presented in the following Fig. 3.5.  

The actual tests were conducted on a salient pole 3.4 kVA, 400 V synchronous machine, 

as shown in Fig. 3.6. Detailed data on the synchronous machine are listed in Table 3-VII. 
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Fig. 3.5. Field winding connection for testing the turn-to-turn fault in the laboratory synchronous 

machine 28 

Fig. 3.6 shows the experiment setup, where the synchronous generator (1) is coupled 

 

Fig. 3.6. Experimental setup. (1) Synchronous machine, (2) DC adjustable voltage source 

for excitation, (3) Main transformer, (4) Asynchronous motor, (5) Frequency converter (6) 

Wattmeter and (7) Rotor connection. 29 
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to an asynchronous motor (4) fed from a frequency converter (5). The generator is connected 

to the power system through the main transformer (3). The field winding of the generator is fed 

from a DC adjustable voltage source (2). The connections of the four poles are accessible 

through the shaft (7). 

When the generator is connected to the power system, the active power and the reactive 

power can be controlled through the frequency converter of the asynchronous machine and the 

DC adjustable voltage source respectively. 

B. Experimental results and analysis 

As mentioned before, numerous turn-to-turn tests have been performed in the 3.4 kVA 

synchronous machine. In these experiments, the machine has been run at healthy condition, as 

well as with 0.9%, 1.9% 3% and 6% turn-to turn fault in the field winding. 

Fig. 3.7 and Fig. 3.8 show the machine no-load characteristic under healthy conditions 

and with different turn-to-turn failures. The different stator voltages can be obtained in case of 

different interturn fault severity level. 

 

Fig. 3.7. No-load curve under healthy condition and different interturn severity levels. 30 

The theoretical excitation current (𝐼  ) has been calculated with the use of the 

measured stator voltage and current values. For this purpose, Behn-Eschenburg and Potier 

methods have been used. The theoretical current (𝐼  ) has been compared to the actual 

excitation current (𝐼 ). If the excitation current measured (𝐼 ) is significantly greater 

than the theoretical value, it can be concluded that an inter-turn fault has taken place. 
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Fig. 3.8. No-load curve under healthy condition and different interturn severity levels. 31 

For the field current calculations, additional tests are needed, such as the open-circuit-

saturation test, the short-circuit test and the zero-power factor at constant stator current of 2.7 

A, all of them presented in Fig. 3.9. These tests are required for synchronous and Potier 

impedances calculation. 

In the first set of tests, the generator was set to run at healthy conditions, without turn-

to-turn fault. The active and reactive power were modified to get data in all the operation range 

of the generator. The healthy conditions measurement is presented in the Fig. 3.10. 

 

 

Fig. 3.9. Characteristics of no-load saturation, air-gap line, short-circuit and the zero-power 

factor at constant stator current characteristic. 32 
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Fig. 3.11.  Measurement Excitation Current variation with the active power & reactive power 

under condition for 3% inter-turn fault. 34 

 The figures for excitation current under different percent interturn fault are shown in 

Fig. 3.11, Fig. 3.12 and Fig. 3.13, the Fig. 3.14 shows the excitation current under each 

condition as well. 

Fig. 3.10. Measurement excitation current at different active power & reactive power under 

healthy condition. 33 
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Fig. 3.12.  Measurement Excitation Current variation with the active power & reactive power under 

condition for 6% inter-turn fault.  35 

 

Fig. 3.13.  Measurement Excitation Current variation with the active power & reactive power under 

condition for 10% inter-turn fault. 36 
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Fig. 3.14.  Measurement Excitation Current variation with the active power & reactive power under 

condition for all conditions.  37 

 

From the stator values, the theoretical excitation current was calculated by two methods: 

Behn-Eschenburg and Potier. The Behn-Eschenburg method is simpler in terms of calculating 

effort, however it is not as accurate as the Potier method. Table 3-I and Table 3-II show some 

of the test results of synchronous generator in healthy conditions, without turn-to-turn fault. 

Moreover, the errors obtained from the comparison of the theoretical calculated field current 

and the measured field current are presented. 

 

In the second set of tests, an additional resistor is placed in the rotor to emulate a 3 % 

turn-to-turn fault. The resistor is placed in parallel to a pole. 

 

Table 3-III and Table 3-IV show the errors calculated by the methods of Behn-

Eschenburg and Potier. The results obtained through the Potier method show the error is around 

3%, that is to say, there is a 3% of the winding that has been shorted by a turn-to-turn fault. 

Therefore, the error caused by the winding fault corresponds to the fault severity level. 

A close look to the error results of Table 3-III and 3-IV lead to the conclusion that the 

estimated fault severity level is detected more accurately with the Potier method. The last set 

of tests have been performed with a 6% inter-turn fault severity level at different active and 

reactive power. 
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TABLE 3-I 

Errors Between 𝐼  & 𝐼  In Healthy Condition [Behn-Eschenburg method] 9

U(V) P(W) Q(VAR) 𝐼𝑓𝑚𝑒𝑎  (A) 𝐼𝑓𝑐𝑎𝑙 (A) 
ERROR 

(%) 

400 0 250 1,31 1.33 1.33 

400 0 500 1,44 1,46 1,72 

400 0 750 1,59 1,60 0,77 

400 0 1000 1,72 1,74 1,14 

400 0 1250 1,87 1,88 0,38 

400 0 1500 2.01 2.01 0.22 

400 250 0 1,22 1.2 -1.81 

400 250 500 1,47 1,47 0,09 

400 250 750 1,61 1,61 0,12 

400 250 1000 1,74 1,75 0,29 

400 250 1250 1,88 1,88 -0,11 

400 250 1500 2,04 2.02 -1.02 

400 500 500 1,50 1,49 -0,64 

400 500 750 1,63 1,63 0,27 

400 500 1000 1,78 1,76 -1,06 

400 500 1250 1,92 1,90 -1,19 

 

TABLE 3-II 

ERRORS BETWEEN 𝐼  & 𝐼  HEALTHY CONDITION [POTIER METHOD] 10 

U(V) P(W) Q(VAR) 𝐼𝑓𝑚𝑒𝑎  (A) 𝐼𝑓𝑐𝑎𝑙 (A) 
ERROR 

(%) 

400 0 250 1,31 1,33 1.69 

400 0 500 1,44 1,47 1,91 

400 0 750 1,59 1,60 0,92 

400 0 1000 1,72 1,74 1,39 

400 0 1250 1,87 1,89 0,83 

400 0 1500 2.01 2.03 0.97 

400 250 0 1,22 1.2 -1.3 

400 250 500 1,47 1,47 0,13 

400 250 750 1,61 1,61 0,08 

400 250 1000 1,74 1,75 0,45 

400 250 1250 1,88 1,89 0,48 

400 250 1500 2,04 2.03 -0.36 

400 500 500 1,50 1,49 -0,98 

400 500 750 1,63 1,62 -0,55 

400 500 1000 1,78 1,76 -1,17 

400 500 1250 1,92 1,90 -1,06 
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TABLE 3- III 

ERRORS BETWEEN 𝐼  & 𝐼  WITH 3% ROTOR WINDINGS TURN-TO-TURN FAULT 

[BEHN-ESCHENBURG METHOD] 11 

 

U(V) P(W) Q(VAR) 𝐼𝑓𝑚𝑒𝑎  (A) 𝐼𝑓𝑐𝑎𝑙 (A) 
ERROR 

(%) 

399.1 410 -190 1.1 1 -0,79 

399.8 399 -97 1.2 1.05 -3,53 

399 370 450 1.5 1.36 -3,22 

399 320 625 1.6 1.45 -3,53 

398 320 811 1.7 1.56 -3,22 

400 360 960 1.8 1.65 -3,94 

400.3 290 1200 1.9 1.78 -2,29 

398 320 1300 2 1.84 -4,37 

399 310 1480 2.1 1.94 -4,25 

400.5 320 1650 2.2 2.04 -4,35 

 

 

TABLE 3-IV 

ERRORS BETWEEN 𝐼  & 𝐼  WITH 3% ROTOR WINDINGS  

TURN-TO-TURN FAULT [POTIER METHOD] 12 

 

U(V) P(W) Q(VAR) 𝐼𝑓𝑚𝑒𝑎  (A) 𝐼𝑓𝑐𝑎𝑙 (A) 
ERROR 

(%) 

399.8 399 -97 1.2 1,16 -3,19 

399 370 450 1.5 1,45 -3,28 

399 320 625 1.6 1,54 -3,52 

398 320 811 1.7 1,65 -3,09 

400 360 960 1.8 1,73 -3,91 

400.3 290 1200 1.9 1,86 -2,03 

398 320 1300 2 1,92 -3,82 

399 310 1480 2.1 2,03 -3,57 

400.5 320 1650 2.2 2,12 -3,59 

 

The last set of tests have been performed with a 6% interturn fault severity level at 

different active and reactive power.  

Some of the results are presented in the Table 3-V and Table 3-VI, where the errors are 

calculated by Behn-Eschenburg and Potier method respectively. 

Theoretically the errors should be close to – 6%, that means that a 6% of the rotor turns 

are in short-circuit conditions 

It can be observed than the errors are around the expected value. 
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TABLE 3-V 

ERRORS BETWEEN 𝐼  & 𝐼  WITH 6% ROTOR WINDINGS  

TURN-TO-TURN FAULT [BEHN ESCHENBURG METHOD]  13 

 

U(V) P(W) Q(VAR) 𝐼𝑓𝑚𝑒𝑎  (A) 𝐼𝑓𝑐𝑎𝑙 (A) 
ERROR 

(%) 

383 140 180 1.2 1.14 -5.29 

379 210 320 1.3 1.21 -7.16 

384 200 480 1.4 1.3 -6.85 

384 180 660 1.5 1.4 -6.61 

382 190 830 1.6 1.49 -6.84 

384 170 980 1.7 1.57 -7.4 

385 170 1140 1.8 1.66 -7.66 

385 180 1280 1.9 1.74 -8.51 

 

 

TABLE 3-VI 

ERRORS BETWEEN 𝐼  & 𝐼  WITH 6% ROTOR WINDINGS  

TURN-TO-TURN FAULT [POTIER METHOD]  14 

 

U(V) P(W) Q(VAR) 𝐼𝑓𝑚𝑒𝑎  (A) 𝐼𝑓𝑐𝑎𝑙 (A) 
ERROR 

(%) 

383.6 150 30 1.1 1,04 -5,20 

383 140 180 1.2 1,13 -6,18 

379 210 320 1.3 1,21 -7,03 

384 200 480 1.4 1,30 -7,43 

384 180 660 1.5 1,40 -6,81 

382 190 830 1.6 1,50 -6,34 

384 170 980 1.7 1,58 -6,89 

385 170 1140 1.8 1,68 -6,93 

385 180 1280 1.9 1,76 -7,45 

384 170 1440 2 1,86 -7,19 

383 110 1620 2.1 1,97 -6,32 

384 140 1760 2.2 2,05 -6,75 

 

3.6 Conclusions 

This chapter presents a new on-line protection method against turn-to-turn fault in the 
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field windings of synchronous machines. 

This protection is based on the comparison of the theoretical excitation current and the 

measured excitation current. If the excitation current measured is significantly greater than the 

theoretical in healthy condition, it can be concluded that an inter-turn fault has taken place. 

The operation of the protection method has been validated by experimental results in a 

special synchronous machine with promising results. 

 
APPENDIX 

TABLE 3-VII 

CHARACTERISTICS OF ALTERNATOR 15 

 

 

Alternator Type 10LCE-132ME1.4  

Rated Power 3.4 kVA 

rpm 1500  

Rated Voltage 400/231 Y V 

Rated Current 5 A 

Phase 3  

Rated Frequency 50 Hz 

IP 21  

Isolation Class F  

Excitation Voltage 32 V 

Excitation Current 2.9 A 
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Chapter 4: 

Rotor Inter-turn Fault Protection Method 

Based on Stray Flux 

4.1 Introduction 

Synchronous generator (SG) plays a very important role in power systems for 

frequency and voltage regulation. The frequency regulation is carried out by balancing the 

consumption and the generation. Therefore, the generators active power should be adapted to 

the consumers requirements. On the other hand, the voltage in the power system nodes should 

be close to the rated voltage, but a voltage range is admissible depending on the grid code. Due 

to all previous facts, the operating conditions of the SG can often change varying the reactive 

power and consequently the excitation current. These include not only active and reactive 

powers but also the voltage. The standard voltage fluctuation range is ± 5% according to the 

generator manufacturing standard [1] but most of the generators are designed for voltage 

fluctuations up to ± 10% or even more if requested. In any case, the field current should be 

adapted by the automatic voltage regulator (AVR) to the operating conditions. 

SG should operate uninterruptedly and in a reliable way. Despite that, the various 

stresses acting on the machine may lead to faults. Faults should always be detected at an 

incipient level in order to prevent evolution of their severity and a catastrophic machine 

breakdown [1]. Among all faults, the electrical ones may take place in the stator or rotor 

windings [2]-[2] and lead to high and hazardous currents, consequent overheating of the 

machine and degradation of the insulating materials. This will lead to even higher short current 

and thermal stress until the eventual machine breakdown.  

Despite their importance, there are some electrical faults that may not be reliably 

diagnosed online; rotor faults are amongst them, including the cases of ground faults [6]-[5] or 

inter-turn faults in the field winding. The latter produce an unbalanced magnetic field, in which 

the level of unbalance is determined by the number of shorted turns as well as by the field 

current, which depends on the operation point. If the fault severity is critical, it will lead to shaft 

oscillations and vibrations. In spite of that, typical diagnostic methods may fail to diagnose this 

fault at early levels. For example, in turbo-generators, the rotor windings are completely 

embedded in the steel and the turning insulation is not physically loaded until it is subjected to 

centrifugal forces generated by the high rotor speed [6]. 
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This chapter aims to expose the weakness of the motor current signal analyze (MCSA) 

to detect rotor inter-turn faults in 4-pole synchronous generators, while at the same time offer a 

reliable alternative. This alternative is the use of the stray magnetic flux monitoring. This 

chapter consists of analytical calculations and experimental testing under various operating 

conditions. The results are satisfying and all applied methods complement each other with 

desired success. 

4.2 State of the Art in Stray Flux Monitoring 

Stray flux monitoring for diagnostic purposes is the latest trend and has drawn an 

increased interest, which is justified by its many advantages (non-intrusiveness, online 

capabilities, simplicity, low-cost, etc...) [7]. Moreover, this method has been applied to screen 

out false positive/negative alarms with success [8]. Most papers on flux monitoring have 

focused on induction machinery so far detecting rotor faults [9]-[11], eccentricity [12]-[13], 

stator short-circuits [14]-[15] and coupling system problems [17]. The typical application in 

most of these works is the capturing of the electromotive force (emf) signals induced by the 

stray flux in external coil sensors attached to the motor frame [19].  

More recent works have proposed the analysis of the stray flux under transient 

operation (e.g. during the motor startup), as a way to enhance the reliability of rotor electrical 

faults diagnosis [20]-[20]. It has been proven that the time-frequency analysis of emf signals 

captured under starting may lead to reliable patterns that can be used as evidences of the 

presence of the fault. This new approach has been satisfactorily applied to detect rotor cage 

faults in synchronous machines [20] via the air-gap flux. On the other hand, the application of 

the stray flux monitoring for fault detection in wound rotor synchronous machines is limited 

while few authors have explored its feasibility. In [23] the stray flux monitoring is successfully 

applied for the detection of inter-turn faults in the rotor coils. Although interesting, the presented 

approach is sensitive to the operating conditions of the synchronous machine (e.g. the operation 

voltage or the generated active or reactive powers), thus complicating its applicability for real 

life applications.  

4.3 Mathematical Formulation of Produced Harmonics due 

to a Rotor Winding Inter-Turn Fault 

When a rotor winding inter-turn fault takes place on one of the poles of a salient pole 

synchronous generator, the faulty pole will produce less magnetic flux, which is a function of 

the shorted turns number. This means that the magnetic field in the air-gap contains a spatial 
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asymmetry, which moves with the mechanical speed of the rotor. As a result, the total air-gap 

periphery can be written equivalently as a superposition of the healthy air-gap and a secondary 

air-gap, which is increased by a factor that depends on the shorted turns number. By neglecting 

the air-gap variation due to saliency, the geometric slotting depth and considering only the teeth 

saturation of the slots, the air-gap can be represented as follows using Fourier series: 

𝑔 (𝜃, 𝑡) = 𝑔 − 𝑔 cos (2𝜔 𝑡 − 2𝜃) + 𝑁 (
1

2𝑝
+

2

𝑘𝜋
sin

𝜅𝜋

2𝑝
cos (𝑘𝜃 − 𝑘𝜔 𝑟)  (4-1) 

 

The resultant relative air-gap permeance at this condition can be represented by: 

 

⋀ (𝜃, 𝑡) =
𝜇

𝑔 − 𝑔 cos (2𝜔 𝑡 − 2𝜃) + 𝑁 (
1

2𝑝
+ ∑

2
𝜅𝜋

sin
𝜅𝜋
2𝑝

cos (𝜅𝜃 − 𝜅𝜔 𝑟)
 (4-2) 

 

The permeance function is modified as follows: 

 

⋀ (𝜃, 𝑡) =
𝜇

𝑔
1 −

𝜇

𝑔
𝑐𝑜𝑠(2𝜔 𝑡 − 2𝜃) +

𝑁

𝑔
(

1

2𝑝
+

2

𝜅𝜋
sin

𝑘𝜋

2𝑝
cos (𝜅𝜃 − 𝜅𝜔 𝑟)]  (4-3) 

 

If (4-3) is expanded using binomial Taylor series, the resultant air-gap due to the rotor 

winding inter-turn fault can be expressed as follows: 

 

𝛬 (𝜃, 𝑡) = 𝑎 1𝑁 + 𝛽 𝑁 cos(2𝜔 𝑡 − 2𝜃) + 𝛾 𝑁 cos(𝜅𝜃 − 𝜅𝜔 𝑡)

+ 𝛿 𝑁 [cos(𝜅 + 2)𝜃 − (𝜅 + 2)𝜔 𝑡) + cos ((κ − 2)θ − (κ − 2)𝜔 )] 

(3-4) 

 

The constants are a function of the fault severity while α(0)=μ0/g0, and β(0)=μ0gsat/g0
2, 

γ(0)=δ(0)=0. The fault has been embedded using an air-gap permeance function so it is not a 

necessity to use the resultant stator MMF for its description. Thus, the resultant MMF under 

rotor winding inter-turn fault condition can be represented using Fourier series as a summation 

of sinewaves with different amplitudes, frequencies and phase angles: 

 

𝐹(𝜃, 𝑡) = 𝐹 cos (𝜈𝑝𝜃 − 𝜈𝜔 𝑡 − 𝜑 ) (4-5) 

The qualitative air-gap magnetic field can be calculated using the following product: 

 

𝐵 = Λ · 𝐹 (4-6) 

 



Chapter 4 

53 

 

 

𝐵(𝜃, 𝑡) = 𝑎 𝑁 𝐹 cos(𝜈𝑝𝜃 − 𝜈𝜔 𝑡 − 𝜔 )
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(4-7) 

 

 

After the use of (4-6) and the execution of all algebraic calculations, the air-gap 

magnetic field can be written as the summation of four terms as follows: 

The second term of (4-7) reveals that the harmonic components due to saturation are 

influenced by the fault and their frequencies: 

 

𝑓 . = 𝜈 +
2

𝑝
𝑓  (4-8) 

The third term of (4-7) represents the harmonics that are generated purely by the fault 

without any saturation impact, which means that they would exist even if the generator didn’t 

have an iron core. The respective frequencies were extracted at: 

 

𝑓 . = 𝜈 ±
𝜅

𝑝
𝑓  (4-9) 

 

The fourth term of (4-7) expresses the harmonics that are generated due to the 

interaction of the fault and the teeth or shoe-tip saturation and their frequencies are: 

 

𝑓 .
,

= 𝜈 ±
𝜅 − 2

𝑝
𝑓  (4-10) 

 

The above harmonic components are induced by the faulty salient pole in a single stator 

coil. Despite that, the stator winding consists of multiple windings and their spatial location 

depends primarily on the number of the magnetic poles. The stator winding configuration can 

lead to cancellation of such harmonics depending on the number of poles and respective angles 

between the coils. For example, in the case of a 4-pole machine with a distributed stator winding, 

two coils of the same phase, are expected at 180 degrees spatial phase difference. The respective 
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EMFs of the two coils are then added. It becomes clear for the third and fourth terms of (4-7) 

that if a coil is taken as reference at 0 degrees and a second coil is at 𝜃 = 𝜋  then the odd 

harmonic ranks of the fault signatures disappear from the stator current leaving only the even 

ones as shown bellow: 

 

𝑓 =

⎩
⎨

⎧ 𝑓 ±
2𝜆

𝑝
𝑓

𝑓 ±
2(𝜆 ± 1)

𝑝
𝑓

,       𝜆 ∈ ℤ (4-11) 

 

Considering the case of a machine with 4 poles and equations (9) and (10), it becomes 

clear that the only fault signatures that appear in a single stator coil are: 𝜈𝑓 ± . However, 

those signatures will cancel out according to (11). The above conclusion is crucial because it 

reveals that the stator current will not sense the fault and therefore will not produce any 

signatures leading to a false negative diagnostic alarm. On the other hand, a stray flux sensor 

will contain the full signatures family as predicted by (7) due to its EMF independence from 

the machine topology and geometry. 

4.4 Experimental Results 

Numerous laboratory tests were performed on a specially manufactured 3.4 kVA, 400 

V, 50 Hz 4-pole synchronous generator allowing the formation of inter-turn faults of variable 

severity in the rotor. The connections between the rotor poles are accessible via a shaft hole. 

Therefore, the inter-turn rotor faults of varied severity can be emulated by the use of a rotating 

variable fault resistance RF, which is connected in parallel to one of the poles (Fig. 3.2). The 

complete experimental set-up is shown in Fig. 4.1. Moreover, the operating parameters of the 

tested synchronous machine are presented in Table 2-VII.  

The synchronous machine (1) is driven by an induction motor (2) fed by a frequency 

converter (3) through a circuit breaker (8). The synchronous machine is synchronized to the 

power system at different voltages thanks to a varivolt (4) by the use of a synchronizer (7). The 

excitation of the machine is performed by an adjustable DC power supply (5). The stray flux 

sensor (10) is placed outside the stator of the synchronous machine and the induced voltage is 

recorded with an oscilloscope (6). The fault resistance 𝑅  is connected in the field winding 

connection (9) in the end of the shaft. 

The machine is set to operate under different fault severity levels namely 5%, 10% and 

15%. The loading of the synchronous generator has been varied. Specifically, the active power 
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is varied between 0.2 kW and 0.8 kW, while the reactive power is varied between -1 kvar and 

1.5 kvar. 

A. Stator Current Measurements and Analysis 

Firstly, the stator current is monitored and analyzed. The following Fig. 4.2 depicts the 

stator current waveforms under normal excitation operation while P=0.8 kW and Q=0 kvar, 

9

1
10

2

3

8

4

7

5 6

 

Fig. 4.1.  Experimental setup. (1) Synchronous machine, (2) Asynchronous motor, (3) 

Frequency converter (4) Adjustable AC power supply, (5) Adjustable DC voltage source 

for excitation, (6) Oscilloscope, (7) Synchronizer (8) Circuit breaker, (9) Field winding 

connection and (10) search coil used as stray flux sensor. 38 
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under 5%, 10% and 15% rotor inter-turn fault severity level as well as in healthy conditions. 

The FFT of these current signals are presented in the Fig. 4.3.  

Similar results are presented in Fig 4.4. and Fig. 4.5 at overexcited conditions (P = 0.8 

kW and Q =0.5 kvar). Finally, in Fig. 4.6 and 4.7 the results corresponding to under-excited 

conditions are displayed. (P = 0.8 kW and Q =-1 kvar). 

The waveforms do not provide any noticeable telling of the machine’s health status. 

Therefore, the spectra of all current waveforms have been calculated.  

 

 

 

 

 

Fig. 4.2. Generator stator current waveforms P=0.8 kW & Q=0 kvar, under 4 different 

conditions. 39 

 

Fig. 4.3.  Generator stator frequency spectrum P=0.8 kW & Q=0 kvar, under 4 different conditions. 
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Fig. 4.4. Generator stator current waveforms P=0.8 kW & Q=0.5 kvar, under 4 different 

conditions. 41 

 

Fig. 4.5.  Generator stator frequency spectrum P=0.8 kW & Q=0.5 kvar, under 4 different conditions. 42 

 

Fig. 4.6. Generator stator current waveforms P=0.8 kW & Q=-1.0 kvar, under 4 different 

conditions. 43 

C
u

rr
en

t 
[A

]

C
u

rr
e

n
t [

A
]



Rotor Inter-turn Fault Protection Method Based on Stray Flux 

58 

 

 

 

Contrary to what has been shown in Fig. 4.2, all machines have a harmonic at 25 Hz, 

which corresponds to 𝑓 − . However, it is well-known that this signature is also caused by 

eccentricity and shaft misalignment, conditions that do not exist in the Finite Element Analysis. 

The normalized amplitude of the 25 Hz harmonic has been extracted for all measured cases and 

has been plotted in 3D as a function of the fault severity level, active and reactive power loading 

of the machine in Fig. 4.8.  

Fig. 4.7.  Generator stator frequency spectrum P=0.8 kW & Q=-1.0 kvar, under 4 different conditions. 44 

Fig. 4.8.  Generator Stator Amplitude of the 𝑓 −   (25 Hz) harmonic for different operation 

conditions and the fault severity levels.  45 



Chapter 4 

59 

It becomes evident that the amplitude of the main mechanical frequency harmonic is 

incapable of revealing the fault reliably. This is because this harmonic exists in the healthy 

generator due to inherent mechanical imbalance and its amplitude will only slightly vary 

depending on the inter-turn fault impact on the mechanical asymmetry during operation (e.g. 

Slightly more eccentricity). Thus, it becomes clear that this specific harmonic is not directly 

related to the rotor inter-turn fault, as the analytical and expermental results have revealed 

earlier in this chapter. 

B. Stray Flux Measurements and Analysis 

The stray flux waveforms of the synchronous generator operating under loading 

conditions P=0.4 kW and Q=0 kvar for all fault severity levels and healthy conditions are shown 

in Fig. 4.9. Even for the time waveforms, some information about the impact of the fault is 

noticeable through the increase in the amplitude of the signal with the fault severity level. Same 

as before, the frequency spectra of all monitored signals have been calculated and the 

normalized amplitude of the 𝑓 −  signature at 25 Hz has been extracted and presented in Fig. 

4.10.  

Fig. 4.10 demonstrates the efficacy and detection capability and superiority of the stray 

flux monitoring over the stator current one. All fault severity cases have been clearly classified 

while the amplitude difference between the healthy machine and the one with 5% of fault 

severity is approximately 12 dB while there is a monotonic increase of the amplitude of the 

mechanical frequency with the increase in the fault severity. For 15 % fault severity level the 

difference is more than 20 dB.  

Fig. 4.9. Generator stray flux waveforms P=0.4 kW & Q=0.0 kvar, under 4 different 

conditions. 46 
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In a similar way some results under over-excited conditions (P=0.4 kW and Q=0.5 kvar) 

and under-excited conditions (P=0.4 kW and Q=-1 kvar) are presented in the Fig. 4.11, Fig. 

4.12, Fig. 4.13 and Fig. 4.14. Furthermore, it is clear that the amplitude difference is 

significantly enhanced with the reduction of the power factor and the increase of the reactive 

power. This is a result to be expected since the increase in the reactive power automatically 

means an increase in the excitation current of the rotor and therefore a stronger magnetic field 

asymmetry. 

 

Fig. 4.10. Generator stray flux spectrum P=0.4 kW & Q=0.0 kvar, under 4 different conditions. 47 

Fig. 4.11. Generator stray flux waveforms P=0.4 kW & Q=0.5 kvar, under 4 different 

conditions. 48 



Chapter 4 

61 

 

 

Fig. 4.12. Generator stray flux spectrum P=0.4 kW & Q=0.5 kvar, under 4 different 

conditions. 49 

Fig. 4.13. Generator stray flux waveforms P=0.4 kW & Q=-1.0 kvar, under 4 different 

conditions. 50 
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The stray flux normalized amplitude of the 25 Hz harmonic has been extracted for all 

measured cases and has been plotted in 3D as a function of the fault severity level, active and 

reactive power loading of the machine in Fig. 4.15. It becomes evident that the amplitude of 

the main mechanical frequency harmonic allows to detect inter-turn faults in a very consistent 

way and independently from the operating conditions.  

Fig. 4.15. Generator Stray Flux Amplitude of the 𝑓 −   (25 Hz) harmonic for different 

operation conditions and the fault severity levels.  52 

.  

4.5 Conclusions 

The impact of inter-turn faults in the field winding of the rotor in 4-poles synchronous 

generators has been thoroughly investigated in this work. The analytical calculations prove that 

the stator current does not contain any harmonics related to the fault due to inter-cancellation 

between different coils of the same phase. Having proved the inefficacy of the MCSA to detect 

this fault, the chapter investigates the application of the stray flux monitoring extensive 

experimental testing. The results clearly prove that the stray flux contains fault dependent 

harmonics, the amplitude of which increases monotonically with the fault severity level. The 

proposed approach has all the desired characteristics to be applied in the field while being low 

cost, non-intrusive and fault severity sensitive to allow for appropriate remedy actions. 

Fig. 4.14. Generator stray flux spectrum P=0.4 kW & Q=-1.0 kvar, under 4 different 

conditions. 51 
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Chapter 5: 

Detection of Field Winding Faults in 

Synchronous Motors via Analysis of Transient 

Stray Fluxes and Currents 

5.1. Introduction 

In industry, Synchronous Motors (SM) are not so widespread as other rotating electrical 

machines, such as induction motors. However, they often participate in some high output 

applications (typically above 1 MW), in which they are critical elements. This is due to the fact 

that they have some interesting advantages that make them an attractive option for those power 

ranges, such as higher efficiency or possibility of power factor regulation [1]-[2]. Unexpected 

failures in such machines can lead to production downtimes due to unplanned shutdowns, which 

can yield huge economic losses for the corresponding companies [3]. Due to this fact, it is 

primordial to apply predictive maintenance techniques that are able to detect potential failures 

when these are still at their early stages of development. The problem is that the research 

devoted to these machines has been much more reduced than that focused on other machines 

such as induction motors, a fact that has led to a scarcity of available techniques for monitoring 

the condition of certain machine parts. 

One of the parts of the SM that is more sensible to potential faults is the rotor. Previous 

works have proven the possible occurrence of different failures in this part of the machine. In 

this regard, damages in the damper cage of SM were reported in several works. It was shown 

there that this element, which plays a crucial role for the starting of such machines (enabling to 

start them in an asynchronous manner), among other functions, may be deteriorated due to 

several reasons. In [4]-[5], a catastrophic failure in the damper of a critical 33MW SM was 

reported. This fault implied a plant shutdown of near four weeks as well as losses that amounted 

for several million €. 

On the other hand, field winding faults in SM have been also reported in other works. 

The field winding insulation is often subjected to hard conditions under operation (centrifugal 

forces, vibrations, contamination, switching transients [6]-[8]). 

All these factors may act together and compromise its integrity. The degradation of the 

interturn insulation may lead to shorted turns that may have negative repercussions on the motor 

performance, due to the alteration of the flux distribution and nonuniform thermal expansion, 
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together with mechanical asymmetry [9]. If the fault gets worse, it may even lead to more severe 

repercussions including forced motor outages. 

There are some off-line methods that are able to detect shorted turns in the field winding 

(impedance measurement, pole drop test, surge oscillography…) [9] but they have important 

practical limitations and must be developed when the motor is out of operation, a fact that limits 

their applicability in many machines working under continuous duty cycles. 

Taking the constraints of offline methods into consideration, online techniques have 

been also proposed over these recent years to detect developing failures in the field winding. In 

this regard, methods based on monitoring circulating currents in machines with parallel 

branches in the stator winding [10]-[11], vibration spectrum analysis [12], as well as shaft 

voltage [13] or field winding temperature analysis [14] have been also proposed, among other 

methods. However, none of these approaches has been successful enough to be adopted in real 

industrial applications due to their limited applicability or lack of reliability. 

The study of the airgap leakage flux to obtain valuable information for the diagnosis of 

field winding faults in SM has been proposed by several authors [15]-[18]. These approaches 

are mainly based on installing internal flux probes near the stator slots; their practical 

implementation has been mainly circumscribed to large synchronous generators and their 

reliability has been not demonstrated in a number of cases. 

More recently, the study of the airgap flux under starting has been proposed for 

detecting field winding faults in salient pole SM [9]. This method is based on tracking the 

evolutions of fault harmonics of interest in the time frequency analyses of airgap flux signals. 

Although the approach brings the advantage of detecting the failure without motor disassembly, 

still implies the intrusive installation of internal sensors for airgap flux measurement. 

The present work proposes the combined application of stray- flux signals and currents 

under starting for the detection of field winding faults in SM. The joint analysis of these 

quantities brings the additional advantage that is non-intrusive and that, in combination, they 

can enhance the diagnosis reliability. Time-frequency analyses of such quantities registered 

under the asynchronous starting of the machine is followed by the identification of 

characteristic signatures created by fault-related harmonics. Moreover, potential fault severity 

indicators relying on the evaluation of the energy density in particular time-frequency regions 

of the resulting analyses are proposed. The results show that the study of these non-invasive 

quantities under starting provides very reliable information for the diagnosis of the fault, since 

it relies on multiple components. This confirms the potential of the approach to be implemented 

in portable electric motors condition monitoring devices. 
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5.2. DETECTION OF FIELD WINDING FAULT COMPONENTS 

UNDER STARTING 

Previous works have shown that, in the case of field winding faults in SM, some 

specific components are amplified in the airgap flux [9]. More specifically, if appropriate airgap 

flux sensors are installed in the machine, components 𝑓  at frequencies given by () are induced 

in the electromotive force e signal induced by the airgap flux in those sensors, where k1 is a 

positive integer, s is the slip, p is the number of pole pairs of the motor and 𝑓  is the supply 

frequency. Following a similar reasoning to that carried out in [9], these components would also 

raise in the voltage signal induced in external stray flux sensors due to the once per rotor 

revolution fluctuation caused by the local flux that is produced by the fault loop current in the 

pole with the short circuit. 

 𝑓 = 𝑓 ± 𝑘 · 𝑓 = 𝑓 · 1 ± 𝑘 ·
1 − 𝑠

𝑝
 (5-1) 

Moreover, note that, in the case of salient pole synchronous motors, the pole saliency 

effect introduces additional components in the spectrum of the electromotive forces (emf) 

induced in the airgap flux sensors, as proven in previous works[9]. These components are due 

to the flux fluctuation that takes place every time the salient poles pass the fixed search coil (2p 

times per rotor revolution) and will be also present in the stray flux [9]. These components 𝑓  

are given by (5-2), where k 2 is another positive integer. The components 𝑓  and 𝑓  overlap 

when 𝑘 = 2 · 𝑝 · 𝑘  [9]. 

 𝑓 = [1 ± 2 · 𝑘 · (1 − 𝑠)] (5-2) 

 

Both components 𝑓  and 𝑓  are slip dependent. Therefore, during the asynchronous 

starting of a SM, as the slip s changes (between 1 when the stator winding is fed and near 0 

when the synchronization takes place after the field winding is supplied), they will vary with 

time. These evolutions yield particular time-frequency trajectories that were characterized in 

previous works [9]. These theoretical trajectories, extracted with proper time-frequency 

transforms, are represented in Fig. 5.1 for different values of 𝑘  and 𝑘  . As commented in 

[9], the components at 𝑓  that do not overlap with 𝑓  would be only observed at startup, 

while the current is induced in the shorted loop of the field winding (i.e. when the rotor speed 

is different from the synchronous speed). 

Note that the time-frequency trajectories depicted in Fig. 5.1 correspond to the 

components present in the emf signals induced in internal airgap flux sensors. One of the 

objectives of the present work is to analyze which of these components are present in the emf 
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induced by the stray flux in external sensors attached to the motor frame. The advantage of 

considering stray flux sensors is that they do not require an intrusive installation, as the airgap 

flux sensors do, and they can be attached at any time. 

 

On the other hand, some of the components depicted in Fig. 5.1 are also present in the 

time-frequency analysis of the stator startup current demanded by the SM during the 

asynchronous startup. In this regard, in previous works [5], it was shown that the saliency 

components present at f·(1±2·𝑘 ) will appear. This may be also amplified by other faults as 

damper damages [5]. 

On the other hand, the components given by (5-1) will also appear in these time-

frequency maps in the case of field winding faults but, in this case, they are also particularly 

sensitive to other mechanical problems in the own machine (e.g. misalignments) or in the driven 

load (unbalances) [19]. Several tests were carried out in the laboratory in a salient pole 

synchronous machine with the characteristics specified in Table 3-VII. The complete 

experimental setup can be seen in Fig. 5.2. 

The synchronous machine was used as a motor and it was started by supplying it 

directly from the grid by a 3-phase adjustable voltage source through a contactor (the own rotor 

Fig. 5.1. Theoretical time-frequency evolutions of the airgap flux components linked to 

field winding faults 𝑓  and saliency effect 𝑓
𝑠𝑎

 during the asynchronous starting of a SM. 

53 
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core assumed the function of the damper, enabling the synchronous starting). The motor was 

mechanical coupled to an induction machine, used as generator. The simplified diagram of the 

experimental setup is displayed in Fig. 5.3. 

In order to limit the current in the field winding during the starting of the synchronous 

motor, a starting resistor 𝑅  is connected to the field winding through a slip ring and brushes 

system (Fig. 5.3). 

Moreover, this synchronous machine has four poles and the connections between them 

are accessible in a shaft hole. Therefore, the inter-turn rotor faults of various severities can be 

performed by the use of a rotating variable fault resistance 𝑅 . Three different cases where 

performed: healthy machine, a complete pole short-circuited and a partial interturn fault in one 

pole. So, in the first case no resistor was connected (𝑅 = ∞) while in the second case, the 

value of the resistor is zero (𝑅 = 0). In the last case, a resistor with the same resistance as one 

the pole was used (𝑅 = 2.7Ω). The connection of the resistor 2.7Ω can be seen in Fig. 5.4. 

Fig. 5.2. Experimental bench for the test of the SM.  54 
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Fig. 5.3. Experimental bench simplified electric diagram.  55 

Fig. 5.4. Added resistances 𝑅  for the field winding fault and stray flux coil sensors. 56 
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During the starting of the machine the stray flux was recorded by two different stray 

flux sensors (Fig. 5.4). Both sensors were attached to the motor frame, close to the stator iron 

core area (see Fig. 5.4). The selected positions were taken as optimum for stray flux 

measurement, considering that the motor had a fan in the drive end and the exciter in the non-

drive end. 

The first sensor (Fig. 5.4 Coil sensor 1) is an air core coil with N1 =1000 turns, round 

shaped, which had an external diameter of 80mm and an internal diameter of 39mm. The second 

one (Fig. 5.4. Coil sensor 2) is an iron core coil, the core of which was manufactured with 

standard E laminations of type EI-60. The total dimensions are 60x25x40 mm (length x width 

x height) and it had 200 turns. Further information about this flux sensor is detailed in [20]. 

The first set of starting tests were performed with the machine unloaded, that is the 

induction machine stator was disconnected. Consequently, the induction machine only add 

inertia and demands mechanical losses during the starting process. The inertia of the motor is 

0.015 kgm² and the mechanical losses of the test bench are 325 W at 1500 rpm. Furthermore, a 

set of loaded starting test was performed. In this last case, the induction machine terminals were 

connected to a resistive-capacity load and operated as an asynchronous generator. In this 

operation mode, the induction machine is magnetized by the capacitors connected in the stator. 

Therefore, there are induced voltages in the stator windings. The generated power is controlled 

by the resistors placed in parallel to the capacitors. 

5.3 Results: Time-Frequency Plots 

Fig. 5.5 shows the time-frequency analyses of different quantities that were registered 

during the starting (unloaded motor) for three faulty conditions of the tested SM: healthy field 

winding, field winding fault with an added resistance of 2.7 Ω and short-circuited pole. For 

each fault case, the depicted analyses correspond to four different quantities: 1) emf force 

induced by the stray flux in an external air-core flux sensor (coil sensor 1), 2) emf force induced 

by the stray flux in an iron-core flux sensor (coil sensor 2), 3) stator startup current and 4) rotor 

current, all of them under starting. The Short Time Fourier Transform (STFT) was employed in 

this work due to the simplicity of the tool and its availability in conventional software packages. 

An optimized window size was adjusted to be able to track all expected harmonic evolutions 

predicted in Fig. 5.1. Note that, at first sight, the durations of the experimental startups can look 

rather, long but this is not a requirement of the proposed methodology; previous works have 

proven that, provided by the startup duration is longer than 1 second, the methodology is 

perfectly valid [21] and most industrial motors startups have longer durations.  

A detailed analysis of these time-frequency graphs enables to reach the following 
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conclusions: 

- With regards to the time-frequency analyses of the emf signal induced under 

starting in the air-core flux sensor, note that the differences between the healthy 

condition and the faulty ones are very evident even at first sight. 

As observed, additional components appear in these latter two cases, in 

comparison with the healthy case. For the healthy field winding, note that only the 

evolutions of the family of harmonics caused by the rotor saliency (given by (2)) are 

observed. These are the components whose theoretical evolutions were depicted in 

blue color in Fig. 5.1. Especially clear are the components raising for 𝑘 =-1, 𝑘 =+1 

and 𝑘  =-2. Also, other rotor saliency components such as 𝑓 ∙ (1 + 2𝑠)  are clearly 

observed (decreasing from 150 Hz to near 50 Hz). Note that for the healthy field 

winding, there are very slight traces of the components given by (5-1) and depicted in 

red in Fig. 5.1.  

Only the component 𝑓  for 𝑘 =1 is observable. The absence of most of the 

fault components given by (5-1) is logical, taking into account that the winding is 

heathy; the presence of traces of 𝑓   for 𝑘  =-1 is justified by the fact that this 

component can be slightly amplified due to misalignments or small eccentricities in 

the machine. 

For the faulty cases (added resistance of 2.7 Ω and short-circuited pole), much 

more additional evolutions appear in the time-frequency maps. Interestingly, many 

components linked with the fault appear and evolve according to the theoretical 

starting evolutions depicted in Fig. 5.1 (red color). More specifically, the evolutions of 

the components obtained from (1) for values of 𝑘  =±1, 𝑘  =±2, 𝑘  =±3, 𝑘  =±4, 

𝑘  =±5, 𝑘  =±6, 𝑘  =±7 and 𝑘  =±8 are observable. The fact of detecting so many 

evolutions caused by the field winding failure, all of them following the predicted 

evolutions, is a robust evidence of the presence of the fault. Note how the intensity of 

these components seems higher for the short-circuited pole case, which is indeed the 

highest fault severity. 

- The graphs corresponding to the time-frequency analyses of the emf signal 

induced under starting in the iron-core flux sensor are very similar to those of the 

air-core sensor. The main difference relies on the better observability of most of 

the fault components evolutions. These are much clearer in comparison with the 

graphs obtained for the air-core sensor. Note, for instance, how in healthy 

condition not only the 𝑓 component for 𝑘 =-1 but also that for 𝑘 =+1 (created 

by inherent misalignments/eccentricities) are clearly observable. In faulty 

conditions, the evolutions of all 𝑓   components for different values of 𝑘   are 

better identifiable than for the previous sensor. This reveals the better suitability 

of this sensor for the tracking of fault related harmonics. 
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- -Regarding the analyses of the stator current under starting, the first aspect that 

should be pointed out is the less rich harmonic content of the time-frequency maps 

compared to that of the previous stray flux maps. Much fewer harmonic evolutions 

are detectable both under healthy and under faulty conditions, since only some of 

the airgap flux harmonics induce corresponding harmonics in the stator current 

signal. The lower harmonic content of the current analyses implies a lower amount 

of information for the diagnosis of the fault, in comparison with that obtained from 

the stray flux analyses. 

On the other hand, note that in the stator current time-frequency analyses, the 

saliency components are clearly observable for all fault conditions. In this regard, the 

V-shaped evolution of 𝑓 ∙ (1 − 2𝑠)  and the decreasing trajectory of 𝑓 ∙ (1 + 2𝑠) 

(from 150 Hz to 50 Hz) are clearly observable in all cases. The main difference 

between the healthy and fault cases relies on the evolutions of the components deduced 

from (5-1) for 𝑘 =±1 that are visible under faulty condition. However, note how the 

amplitudes of these components (denoted by the color intensity) is much lower than 

the equivalent in the stray-flux maps. On the other hand, note that the evolutions of the 

other components obtained from (5-1) for higher values of 𝑘  are not clearly visible 

in the stator current time-frequency maps. 

In general terms it can be concluded that the analyses of the emf signals 

induced by the stray flux (either in air-core or iron-core sensors) yield much more 

information for the diagnosis of field winding faults than the analysis of the starting 

stator current. 

- Finally, the visualization of the time-frequency maps of the rotor current under 

starting also leads to very interesting conclusions. On the first hand, the evolution 

of the fundamental component of the rotor current (s·f) is clearly visible for all 

cases: it decreases from the supply frequency (f) to almost zero under starting. On 

the other hand, there are two main components that appear in the faulty cases but 

that are absent in the healthy case. These are the components obtained from (5-1) 

for 𝑘 = ±1 but referred to the rotor reference frame.  

These two components are given by expressions (5-3) and(5-4), respectively. Note that, 

under a direct online starting, the component 𝑓 𝑓𝑠𝑝𝑢 𝑓 = [𝑘 = 1(−)]  given by (3) 

decreases from f s (when s=1) to zero (when s=1/3) and increases again to f s /2 (when s0). 

On the other hand, the component 𝑓 = [𝑘 = 1(+)] given by (4) evolves between f s (when 

s=1) and 𝑓 /2 (when s0). These evolutions are clearly visible in the graphs and are clear 

evidences of the presence of the field winding fault. 
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𝑓 = [𝑘 = 1(−)] =

𝑓

2
∙ (3 ∙ 𝑠 − 1) (5-3) 

   

 
𝑓 = [𝑘 = 1(−)] =

𝑓

2
∙ (3 ∙ 𝑠 − 1) (5-4) 

 

Fig. 5.5. Time-frequency analyses of the emf induced in air-core sensor, emf induced in 

iron-core sensor, stator current and rotor current, all of them under an asynchronous 

starting of an unloaded SM, for: healthy motor (left column), faulty field winding with 

added resistance=2.7 ohm (middle column) and shorted pole (right column). 57 
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Fig. 5.6. Areas for computation of proposed indicators in the time-frequency analyses of 

the: emf induced in air-core sensor, emf induced in iron-core sensor, stator current and 

rotor current, all of them for an unloaded SM under: healthy motor (left ) and shorted pole 

(right). 58 
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5.4 Fault Severtiy Indicators 

In order to determine the severity of the failure, fault indicators based in the time-

frequency analyses of each of the considered quantities are proposed in this section. The fault 

indicators are defined on the same basis: a certain area was specified in the corresponding time-

frequency map and the indicator was calculated as the maximum energy density (related to that 

of the fundamental component) detected in that area. The definition of the indicator for a generic 

area A of the time-frequency map is given by (5) (where 𝐸𝑛  is the energy density at the (i, j) 

coordinate of the time-frequency map, 𝑡   and 𝑡   are, respectively, the initial and final x-

samples defining the considered t-f area and 𝑓  and 𝑓  are, respectively, the initial and final 

y-samples defining to the considered t-f area. 

 𝛾 = 𝑀𝑎𝑥 𝐸𝑛     𝑖 = 𝑡 … 𝑡 ;    𝑗 = 𝑓 … 𝑓  (5-5) 

The areas of the time-frequency maps that are considered in this work for the 

calculation of the indicators are those shadowed in Fig. 5.6 for the case of the unloaded SM in 

healthy condition and with short-circuited pole, respectively. Note that the specified area is 

trespassed, in each graph, by some of the harmonics amplified by the failure and, more 

particularly, the fault component obtained for 𝑘 = 1(−) in the case of flux signals and stator 

current and 𝑘 = 1(+) for the case of rotor currents. 

In this work, the proposed indicator is applied to both stray flux and current signals. 

The results of computing the proposed indicator considering the different quantities (emf 

induced in stray-flux sensors, stator current and rotor current) and for the different fault 

conditions (healthy motor, faulty with added 𝑅 = 2.7Ω and short-circuited pole) are specified 

in Table 5-I for the case of the unloaded SM and Table 5-I (for the loaded SM). In both tables, 

it is observed a clear increment in the value of the proposed indicators when comparing between 

healthy and faulty conditions. Note that the increments are very high when the indicator is based 

on stray-flux signals (increments above 50%), whereas they are not so high when the indicator 

relies on stator or rotor currents. This proves the higher sensitivity of the indicator based on the 

stray flux regardless of the type of flux sensor that is employed. 

Figs. 5.7 and 5.8 graphically represent the evolution of the indicators based on the four 

quantities for the unloaded SM and for the loaded SM, respectively. Note the clear increments 

of all four indicators when comparing between healthy and fault conditions. Note that the 

variation between the values of the indicator for the 2.7Ω fault and the shorted pole is not so 

significant. The reason is that, under steady-state, the fault condition 1 (added R=2,7 ohm) 

would be equivalent to the short-circuit of half pole, since half of the current would flow 

through the added resistance. However, under starting (that is the regime considered in this 

chapter), the rotor inductance yields a current through the resistance that is much higher than 
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half of the current. This causes that the fault severity level 1 (added R=2,7 ohm) approaches the 

fault severity level 2 (shorted pole). 

Even though, the method is clearly able between healthy and faulty conditions and even 

some slight differences are observed in the value of the fault indicator for the faulty cases. For 

all load conditions, the indicators based on stray fluxes (iron core flux sensor and air core flux 

sensor) are the most reliable, whereas those based on stator or rotor currents are less sensitive. 

This is logical looking at the time-frequency graphs depicted in Fig. 5.5 since the fault 

components derived from (5-1) for 𝑘 = 1 are much more evident in the maps corresponding 

to the stray flux analyses. 

 

TABLE 5-I 

COMPUTATION OF FAULT SEVERITY INDICATORS BASED ON EACH QUANTITY FOR 

DIFFERENT F AULT CONDITIONS (UNLOADED SM)  16 

 

HEALTHY 

Quantity 
Time 

Interval 

Frequency 

Interval 
IDICATOR 

Air core flux sensor 8-10s 30-40Hz -32.48 

Iron core flux 

sensor 
8-10s 30-40Hz -29.92 

Stator current 8-10s 30-40Hz -61.44 

Rotor Current 8-10s 30-40Hz -57.7 

FIELD WINDING FAULT (ADD R=2.7Ω) 

Air core flux sensor 8-10s 30-40Hz -13.5(+58.4%) 

Iron core flux 

sensor 
8-10s 30-40Hz -14.99(+49.9%) 

Stator current 8-10s 30-40Hz -45.3(26.3%) 

Rotor Current 8-10s 30-40Hz -38.49(+33.3%) 

SHORTED POLE 

Air core flux sensor 8-10s 30-40Hz 
-

13.37(+58.84%) 

Iron core flux 

sensor 
8-10s 30-40Hz -14.45(+51.7%) 

Stator current 8-10s 30-40Hz -44.74(+27.2%) 

Rotor Current 8-10s 30-40Hz -38.28(+33.6%) 
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TABLE 5-II 

COMPUTATION OF FAULT SEVERITY INDICATORS BASED ON EACH QUANTITY FOR 

DIFFERENT FAULT CONDITIONS (LOADED SM)  17 

 

HEALTHY 

Quantity 
Time 

Interval 

Frequency 

Interval 
IDICATOR 

Air core flux sensor 8-12s 30-40Hz -30.88 

Iron core flux 

sensor 
8-12s 30-40Hz -27.04 

Stator current 8-12s 30-40Hz -60.27 

Rotor Current 8-12s 30-40Hz -58.43 

FIELD WINDING FAULT (ADD R=2.7Ω) 

Air core flux sensor 8-12s 30-40Hz -8.37(+72.9%) 

Iron core flux 

sensor 
8-12s 30-40Hz -10.51(+61.1%) 

Stator current 8-12s 30-40Hz -46.46(22.9%) 

Rotor Current 8-12s 30-40Hz -39.33(+32.7%) 

SHORTED POLE 

Air core flux sensor 8-12s 30-40Hz -7.43(+75.9%) 

Iron core flux 

sensor 
8-12s 30-40Hz -10.35(+61.7%) 

Stator current 8-12s 30-40Hz -45.81(+24.0%) 

Rotor Current 8-12s 30-40Hz -38.36(+34.3%) 
 

 

 

Fig. 5.7. Evolution of the proposed indicator for the four different quantities under 

different fault conditions for the unloaded SM.  59 
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5.5 Conclusions 

This chapter compares the analysis of different quantities under starting for the 

detection of field winding faults in SM. More specifically, the analysis of stray fluxes under 

transient conditions is compared with that of stator and rotor currents. The idea beyond the 

proposed approach relies on analyzing the aforementioned transient quantities using time-

frequency decomposition tools, which enable tracking the characteristics evolutions of 

particular harmonics that are amplified by the fault. 

Some of the conclusions that are obtained from the application of the proposed 

methodology are explained next: 

 First, the time-frequency maps resulting from the analyses of stray fluxes under 

starting are much richer that those corresponding to stator or rotor currents. This 

logical fact implies that the analyses of stray fluxes can provide much more 

information for the diagnosis of the fault, in comparison with other quantities. 

 In line with the previous fact, the proposed fault severity indicators based on stray 

fluxes under starting are much more sensitive than those based on currents. This 

 

Fig. 5.8. Evolution of the proposed indicator for the four different quantities under 

different fault conditions for the loaded SM.  60 
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also gives a higher attractive to this quantity. 

 -The results concerning analyses of stray fluxes are quite similar for both sensor 

configurations used in this work (air core vs. iron core), both with regards to the 

content of the time-frequency maps and the sensitivity of the stray-flux based 

indicators. This aspect that confers generality to the obtained results. 

 -The proposed approach is quite robust since it can be based on the detection of 

the evolutions of the multiple components amplified by the fault. In particular, the 

components derived from (5-1) for 𝑘 = ±1 seem the most reliable since they 

yield the clearest evolutions under faulty conditions and are the components which 

suffer the highest amplification when the fault is present. 

The proposed methodology is intended to be useful in those applications in which the 

motor is started with certain frequency. In these cases, the analyses of the considered quantities 

under starting may be useful to inform on the presence of field winding fault. The application 

of time-frequency tools to such quantities can be carried out in very short times, provided the 

high computation capabilities of the microprocessors that are available nowadays, which are 

much greater than years ago, when the computation of these transforms yielded too long 

computational times. 
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Chapter 6: 

Stray Flux Sensor Core Impact on the 

Condition Monitoring of Electrical Machines 

6.1 Introduction 

Detection of electrical machine faults via the stray flux has become a very modern and 

active research topic, as many early faults that create a magnetic asymmetry in the machines 

have become possible to detect [1].  

In the case of induction machines, many different cases, such as broken rotor bars [2], 

inter-turn faults [3], problems in the bearings [4] and even the insulation's health and ageing 

can be detected [5]. For these purposes, several techniques have been applied to analyze the 

stray flux, such as the bispectrum and covariance [6], the correlation coefficients [7] and the 

frequency extraction [8]. In some cases, two or more flux sensors are used [3,7,8]. The 

mechanical speed frequency also has an important role in rotor electrical and eccentricity fault 

detection [9]. Additionally, finite element method (FEM) studies have been performed studying 

the impact of different faults on the stray flux in induction machines [10,11]. 

In cases of permanent magnet synchronous machines, the stray flux has been used not 

only for fault detections [12] but also to measure the rotation speed [13]. 

Conventional rotor-wounded synchronous machines are the most important machines 

in power generation. The stray flux analysis may be a reliable method to detect early faults in 

such electrical machines. Past works suggest that inter-turn faults in both the rotor and the stator 

can be detected reliably [14,15]. 

Throughout the literature, the most frequently used flux sensors to measure the stray 

flux in electrical machines are coreless coils, normally known as research coils [1,2,4–9]. Some 

authors use rectangular-shaped coils [14,15]. Only a few authors use other types of sensors such 

as giant magneto resistive (GMR) [1] or tunneling magneto resistive sensors (TMR) [12,13]. 

The general operation principle dictates that the sensors supply an induced voltage, 

which is proportional to the derivative of the flux. The induced voltage is then recorded and 

analyzed with appropriate signal processing methods. The positioning of the sensor on the 

machine is also important as it can lead to the measurement of either the axial or the radial 

component of the  

stray flux. 
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Other industrial sensors, not often used for electrical machine monitoring, are the flux 

gate sensors or the hall effect sensor [16]. However, many researchers design their own sensors 

adapted to the size of the machine. 

In other industrial applications the development of new magnetic field sensors is an 

ongoing research field. The use of microwires [17], the delta-E effect [18] and the magnetic 

flux leakage sensor [19] are some of the recent novelties in the area. 

The most widespread sensor for electrical machine monitoring is the air core type, 

mainly for two reasons. This sensor type does not modify the stray flux of the machine, and the 

measurements are not influenced by the nonlinear behavior of the iron core due to the 

permeability, saturation, hysteresis or eddy currents. On the other hand, as the stray flux may 

have a low amplitude, the voltage induced in the sensor may also be small. Therefore, a large 

number of turns is required.  

In this chapter, two different topologies of iron core stray flux sensors are presented 

and tested in the laboratory with a special synchronous machine. The magnetic core of the 

machine is modified by the iron of the sensor, and consequently the stray flux changes. The 

main advantage of the iron core sensors is that the induced voltage is significantly higher than 

in an air core sensor. 

After a thorough experimental investigation, the conclusion is that the operation of the 

iron core stray flux sensor is appropriate, and the faults are detected more accurately than with 

conventional sensors. 

6.2. Materials and Methods 

6.2.1 Air and Iron Core Stray Flux Sensors 

The sensors used in this work were manufactured with a rectangular shape and 

comprise 200 turns of copper wire. The coils were placed in similar dielectric supports. Then 

at a second stage, the three individual coils were further discriminated by the use or not of an 

iron core. The first coil formed a coreless flux sensor. For the other two sensors, the coils were 

mounted on iron cores, with U and E shapes, respectively. The iron cores were built by standard 

magnetic steel laminations used in small transformers. The sensor coil supports are shown in 

Fig. 6.1.  
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The dimensions of the sensors are presented in Fig. 6.2. The dimensions of the 

laminations are displayed in Fig. 6.3. All the geometrical data of the sensors are presented in 

Table 6-I. The measurement system was just an oscilloscope which recorded the induced 

voltage in the sensors. Afterwards, the records were analyzed with MATLAB software in a 

computer. 

 

Fig. 6.1. Flux sensors: Air, iron core U and iron core E.  61 
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Fig. 6.2. Side and top views of the coil support.  62 
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TABLE 6-I 

SENSOR DATA  18 

 

Type of Sensor Iron E Iron U Air 

Copper Turns 200 200 200 

Box Length (mm) 45 45 45 

Box Width (mm) 40 40 40 

Box Height (mm) 25 25 25 

Hollow Length (mm) 26 26 26 

Hollow Width (mm) 20 20 20 

Iron U Length (mm)  40  

Iron U Width (mm)  30  

Iron U Foot Width (mm)   10  

Iron E Length (mm) 40   

Iron E Width (mm) 60   

Iron E Right and Left Foot Width (mm) 10   

Iron E Middle Foot Width (mm) 20     

 

The stray fluxes in the three sensors were different. In the case of the air core sensor, 

the stray flux was not distorted in any way. On the other hand, the iron cores increased the 

magnetic flux density due to the low permeability of the new flux path. Consequently, the 

sensors' output voltage amplitude was significantly greater with iron core sensors. 

6.2.2 Laboratory Experimental Setup 

This section describes the experimental setup for testing the three stray flux sensors. 

The tests were performed in a specially reconfigured synchronous machine where it was 

possible to carry out different electrical faults in the rotor and the stator. 
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Fig 6.3. Dimension of magnetic steel lamination shape U and E.  63 
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In Fig 6.4 and Fig. 3.2, the electrical connection schemes of the stator and rotor are 

shown, respectively. The stator phase C has partial windings taps, which make it possible to 

perform inter-turn faults of variable severity in the stator (Fig. 6.4). Additionally, the salient 

pole connections were reachable through a hole in the shaft, so inter-turn rotor faults of varied 

severity could be emulated by the use of the variable fault resistance RF (Fig. 3.2). 

The complete experimental test bed is shown in Fig 6.5. The synchronous machine (1) 

was driven by an induction motor (2) fed by a frequency converter (3). The excitation of the 

machine was connected to an adjustable DC voltage source (4). The machine was connected to 

the power system by a panel (5) featuring a synchronizer. In this particular test, an iron core 

stray flux sensor with an E shape was placed in the upside part of the machine (6). Other tests 

were performed with the sensor placed in the right side of the machine. The induced voltage in 

the sensor was recorded in an oscilloscope (7). 

As explained before, the pole connections were accessible in the shaft (8). In the 

connections, different resistances RF were connected to emulate inter-turn faults. On the other 

hand, there were additional terminals with the taps of the stator phase C (9). The rated 

parameters of the special synchronous machine are shown in the Table 2-VII. 

The synchronous machine was synchronized and connected to the grid. The active and 

reactive powers were controlled by the frequency converter (3) and the DC-adjustable voltage 

source (4), respectively. 

 

Fig. 6.4. Synchronous machine stator connections.  64 
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6.3. Results 

In this section, the results of the different tests under different conditions are presented. 

The first set of tests was performed with the healthy machine. The second set of tests 

corresponds to the machine with rotor inter-turn fault with different fault severities. This fault 

produced an imbalance related to the mechanical frequency, which in this case was 25 Hz. 

Finally, the third set of tests corresponds to inter-turn fault in the stator. This fault normally 

produces a signature at 850 Hz and 950 Hz. These frequencies (fSISC) are related to the electrical 

frequency (f1) multiplied by number of stator slots (k) divided by the pair poles (p), according 

Fig. 6.5. Experimental setup. (1) Synchronous machine, (2) Asynchronous motor, (3) 

Frequency converter (4) DC adjustable voltage source for excitation, (5) Connection 

panel with synchronizer, (6) Iron core E type Flux sensor, (7) Oscilloscope, (8) Poles 

connections and (9) stator taps terminals.  65 
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to Equation (6-1). In this case, the stator slots were 36 and the pole pairs were 2, while the 

electrical frequency was 50 Hz.  

𝑓 =  
𝑘

𝑝
± 1 𝑓  (6-1) 

6.3.1. Healthy Condition 

This section presents the results of the three sensors measuring stray flux in a laboratory 

synchronous machine in healthy conditions in two different positions, one in the upper part of 

the machine and the other in one side, as explained in the previous section. 

 

Fig. 6.6. Induced voltage measurement in healthy conditions, in the right-side position.  

66 

Fig. 6.7. Frequency analysis of the induced voltage measurement in healthy conditions, in the right-

side position. 67 
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In Fig. 6.6, the induced voltages in the three flux sensors are presented. In the case of 

the healthy machine, the main component of the voltage corresponds to the 50 Hz frequency 

harmonic, as shown in Fig. 6.7. As it can be clearly observed in Fig. 6.6 and 6.7, the signals and 

their respective harmonic components were similar. However, the voltage amplitudes offered 

by the iron core sensors were between four and seven times greater than those offered by the 

air core sensor.  

The measurements were taken in a laboratory where there were some electronic power 

converters in operation. Consequently, the three sensors had a high noise floor. However, the 

noise influenced the case of the air core sensor the most (Fig. 6.8 and 6.9). In Fig. 6.8 and 6.9, 

the induced voltages and the harmonics analysis are presented for the case of the healthy 

machine with the flux sensors placed in the upside position. 

 

Fig. 6.8. Induced voltage measurement in healthy conditions, in the upside position.  68 

Fig. 6.9. Frequency analysis of the induced voltage measurement in healthy conditions, in the upside 

position. 69 
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Table 6-II shows the results obtained by the three sensors under healthy conditions at 

different positions. A comparison between the 50 Hz, the 25 Hz and the 850 Hz components 

are presented, as these frequencies are typical in the rotor and stator inter-turn faults. 

 

TABLE 6-II 

RESULTS OF HEALTHY CONDITION.  19 

 

Condition Healthy Upside Healthy Right side 

Type of Sensor Iron E Iron U Air Iron E Iron U Air 

Max Voltage [V] (Abs value) 3.6 3.12 0.824 3.52 2.88 0.888 

Amplitude at 50 Hz [dB] 0 0 0 0 0 0 

Amplitude at 25 Hz [dB] -26 -26 -24 -25 -26 -23 

Amplitude at 850 Hz [dB] -46 -44 -32 -40 -44 -33 

6.3.2. Rotor Inter-Turn Faulty Conditions 

This subsection presents the results from the three sensors measuring stray flux analysis 

in the case of rotor inter-turn faults with 5% and 15% of fault severity. 

In the case of an inter-turn fault, one of the poles of the machine had a lower number 

of winding turns in operation. Consequently, a magnetic imbalance was created, as one of the 

poles produced a lower magnetomotive force than the others. Under such conditions, a 

harmonic corresponding to the rotating frequency is expected to appear in the stray flux of the 

stator [[14],[15]]. 

 

Fig. 6.10 Induced voltage measurement with a 5% inter-turn rotor fault severity, in the 

upside position.  70 
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In Fig. 6.10, the induced voltages recorded by the three sensors are presented for 

operation under 5% rotor inter-turn fault. While the machine had four poles, the rotating 

mechanical frequency was 25 Hz. The corresponding harmonic analysis is displayed in Fig. 

6.11 for all sensor cases. 

The induced voltage amplitude was greater in the case of iron core sensors than it was 

for air core sensors, especially in the E-shape type. Moreover, the calculated spectra were 

similar. It could be clearly seen that the 25 Hz harmonic, corresponding to the inter-turn fault 

in the field winding, presented an increased amplitude compared to the healthy machine. In Fig. 

6.12 and 6.13, the induced voltage and the harmonics analysis in the three sensors are presented, 

respectively, for a 15% rotor inter-turn fault. The results were close to those presented above, 

but the amplitudes of the 25 Hz components were greater than in previously studied cases. 

 

Fig. 6.11. Frequency analysis of the induced voltage measurement with a 5% inter-turn 

rotor fault severity, in the upside position.  71 

Fig. 6.12. Induced voltage measurement with a 15% inter-turn rotor fault severity, in the 

upside position.  72 
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From Table 6-III, it can be clearly seen that the 25 Hz component could be detected by 

the three sensors. Furthermore, the amplitude differences between the fundamentals at 50 Hz 

and the 25 Hz signatures were similar. However, the induced voltage amplitude in the iron core 

E shape was eight time greater than in the case of the air core. 

 

TABLE 6-III 

RESULTS OF ROTOR INTER-TURN FAULT.  20 

 

Condition Rotor Inter-Turn 5% Rotor Inter-Turn 15% 

Type of Sensor Iron E Iron U Air Iron E Iron U Air 

Max Voltage [V] (Abs value) 4.08 2.64 0.56 5.68 3.76 0.72 

Amplitude at 50 Hz [dB] 0 0 0 0 0 0 

Amplitude at 25 Hz [dB] -17 -17 -17 -7 -9 -10 

 

6.3.3. Stator Inter-Turn Fault Conditions 

This section presents the results from the three sensors measuring stray flux analysis in 

a laboratory synchronous machine in the case of stator inter-turn faults. The severity level of 

the fault was set to 2% and 4% of the winding. In both cases, a 3 Ω limiting resistor was 

connected with the shortened loop in order to limit the developed short current of high 

amplitude, so that the machine was kept safe from overheating and catastrophic damage. 

Fig. 6.13. Frequency analysis of the induced voltage measurement with a 15% inter-turn rotor 

fault severity, in the upside position.  73 
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Fig. 6.14 and 6.15 present the induced voltage waveforms in both the time domain and 

frequency domain under operation with 2% stator inter-turn fault. The synchronous machine 

tested had 36 stator slots and 2 pole pairs. Therefore, the 17th and the 19th harmonics were 

raised in the case of an inter-turn fault in the stator. In the case of iron core sensors, these 

harmonics were quite clear. However, the same harmonics were hidden in the noise floor for 

the case of the coreless sensor.  

In Fig. 6.16 and 6.17, the induced voltage waveforms and the respective harmonics 

analysis for the three sensors are presented, respectively, for machine operation with a 4% stator 

inter-turn fault. The results were close to those presented above. The amplitudes of the 17th and 

Fig. 6.14. Induced voltage measurement with a 2% inter-turn stator fault severity, in the 

upside position.  74 

Fig. 6.15. Frequency analysis of the induced voltage measurement with a 2% inter-turn 

stator fault severity, in the upside position.  75 
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19th harmonics components were similar to those obtained for 2% fault severity, and the non-

monotonous behavior was similar to the case of the induction machines [20]. 

 

 

The results analyses for machine operation under stator inter-turn faults are summarized 

in Table 6-IV for all used sensors and fault severity levels.  

6.4. Analysis of the results  

Air core sensors have been the usual solution in past works. The sensors consist of rigid 

coils with different shapes, either round or rectangular. The coils should have a high number of 

turns to increase the sensor's sensitivity, since the stray flux amplitude is very low due to the 

high magnetic reluctance between the stator iron core and the exterior of the machine. As a 

Fig. 6.16. Induced voltage measurement with a 4% inter-turn stator fault severity.  76 

Fig. 6.17. Frequency analysis of the induced voltage measurement with a 4% inter-turn 

stator fault severity.  77 
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result, only a small fraction of the flux radiates outside the machine. 

In this chapter, two different iron core stray flux sensors are presented and compared to 

an air core flux sensor with a similar number of turns. The iron core shapes used are U and E, 

typically found in small transformers. At the beginning of this research, two different problems 

were expected. On one hand, the iron core of the sensor would modify the magnetic circuit 

when placed close to the machine. Consequently, the stray flux in this part of the machine would 

be different than in the rest. It was not certain that the assessment of the flux under such 

conditions could identify the faults. After the tests, we can conclude that the iron core stray flux 

sensor can identify the faults in exactly the same way as the conventional coreless one. 

 

TABLE 6-IV 

RESULTS OF STATOR INTER-TURN FAULT  21 

 

Condition Stator Inter-Turn 2% Stator Inter-Turn 4% 

Type of Sensor Iron E Iron U Air Iron E Iron U Air 

Max Voltage [V] (Abs value) 3.8 2.4 0.84 4.32 3.56 0.664 

Amplitude at 50 Hz [dB] 0 0 0 0 0 0 

Amplitude at 850 Hz [dB] -25 -29 -21 -36 -35 -25 

 

On the other hand, the saturation and the nonlinear behavior of the iron can modify the 

induced voltage in the sensor coil. According to the performed tests, the waveforms in the iron 

core sensor and in the air core sensor are similar for frequencies up to 300 Hz. For frequencies 

above 300 Hz, the iron core sensors have lower gains. But in the case of stator inter-turn faults, 

the 17th and 19th harmonics are better detected than in the case of the air core sensor. 

The use of iron presents an important advantage. The induced voltages in the coil are 

greater than in the case of the air core sensor. In the executed tests, the obtained amplitudes are 

between four and seven times higher.  

In Table 6-V, a summary of the results is presented. To evaluate the sensibility of the 

sensors, the amplitude differences of the various harmonics from their respective fundamentals 

are compared. 

In the case of the E-shape sensor, if an inter-turn fault happens in the rotor, the 

amplitude of the 25 Hz harmonic increases by 9 dB (from -26 dB to -17 dB) for 5% and 19 dB 

(from -26 dB to -7dB) for 15% fault severity respectively. The obtained results by using the U 

shape are similar, increasing by 9 dB and 17 dB for 5% and 15% inter-turn rotor faults, 

respectively. For the air core sensor, the increases are 7 dB and 14 dB, respectively. 



Chapter 6 

97 

 

 

 

TABLE 6-V 

SUMMARY OF THE RESULTS.  22 

 

Type of Sensor Iron E Iron U Air 

Healthy   

Amplitude [dB] (25 Hz) -26 -26 -24 

Rotor Inter-Turn 5%    

Amplitude [dB] (25 Hz) -17 -17 -17 

Rotor Inter-Turn 15%    

Amplitude [dB] (25 Hz) -7 -9 -10 

Healthy    

Amplitude [dB] (850 Hz) -46 -44 -32 

Stator Inter-Turn 2%    

Amplitude [dB] (850 Hz) -25 -29 -21 

Stator Inter-Turn 4%    

Amplitude [dB] (850 Hz) -36 -35 -25 

 

The inter-turn stator faults are undoubtedly better observed by using the iron core 

sensors. The amplitude increase of the 17th and 19th harmonics is remarkable when compared 

to the adjacent harmonics. This can be clearly seen in Figures 16 and 18. On the other hand, 

these harmonics are not so easily detected when the air core sensor is applied. 

6.5 Conclusions 

The normal practice in electrical machine monitoring is the use of air core flux sensors. 

After being mounted outside of the monitored machine, the induced voltage is recorded and 

analyzed. In this way, the stray flux of the machine is not perturbed, and there are no problems 

due to saturation or nonlinear behavior of the iron. However, the induced voltage may be weak, 

mainly due to the high reluctance between the actual stator iron core and the sensors. 

Instead, this chapter proposes iron core stray flux sensors with E and U shapes for the 

same task. These sensors have been built with standard iron lamination used for small 

transformers. Although the magnetic circuit of the machine is slightly modified, as is the stray 

flux, the faults can be easily detected. The characteristic frequencies of the rotor and stator inter-

turn fault can be clearly observed in the performed tests. On the other hand, the nonlinear 

behavior of the iron due to the permeability, saturation, hysteresis or eddy currents does not 

affect the fault detection. 
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Two different types of iron core stray flux sensors and an air core flux sensor were 

tested and compared. All sensors have the same geometry and number of turns in the rigid coil. 

The correct operation of the iron core stray flux sensors was validated by experimental results 

in a specially reconfigured synchronous machine where inter-turn faults were performed in the 

rotor and in the stator windings.  

The analysis results suggest that the use of iron core flux sensors is advantageous. The 

main advantage is a significantly greater amplitude of the induced voltage for the same stray 

flux. This feature can be crucial for the case of large machines in noisy environments. 

Furthermore, the sensitivity of the iron core flux sensors to the signatures related with stator 

inter-turn faults was significantly greater than that of air core ones. Finally, in the case of rotor 

inter-turn faults, the use of the iron core sensor with an E shape offered slightly better results. 
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Chapter 7: 

Exciter Axial and Radial Stray Flux Analysis 

for Rotating Diodes Supervision 

7.1 Introduction 

Synchronous machines are key elements of power systems as medium and large size 

generators. The protection systems of synchronous machines are very important for the 

reliability not only of the machine but also of the power system. There are some minimum 

requirements for the protection [1]. 

The Automatic Voltage Regulators (AVRs) control the field current in the rotor of the 

synchronous machines. Thanks to the AVRs, the terminal voltage, the power factor or the 

reactive power are adjusted depending on the power system requirements to maintain the 

voltages in the nodes under a certain range. The AVR is closely related to the excitation system. 

Nowadays there are two types of excitation systems: static and brushless excitation systems.[2] 

The static excitation system is based on a controlled rectifier which supplies the DC 

field current directly to the field winding through slip rings and brushes. The power supply of 

the controlled rectifier is normally taken from the generator terminals. This excitation system 

has several advantages as the fast response in case of transient operation [3] or the fast de-

excitation in case of internal fault [4]. But the presence of slip rings and brushes can produce 

sparks. Consequently, this excitation system is not allowed in many industrial generation 

facilities, as oil refineries, chemical plants or paper production plants. 

On the other hand, the brushless excitation system does not have slip rings and brushes. 

(Fig. 7.1) But it has additional rotating components as the rotating diodes and another low 

power synchronous machine call exciter. The exciter has its field winding in its stator and its 

armature winding in its rotor, just the opposite as the main synchronous machine. It is placed 

in the same shaft and rotates at the same speed of the main synchronous machine. 

If the field winding of the exciter is fed with a DC current (𝐼 ), AC voltages appear in 

the armature winding (𝑈 ). These AC voltages are rectified by the rotating diodes and feed the 

field winding of the main synchronous machine (𝑈  , 𝐼 ). 
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Fig. 7.1 Simplified layout of a brushless excited synchronous machine. 78 

 

It is a common practice to build the exciter with a higher number of poles compared to 

that of the main synchronous machine. In this way, its rated frequency is greater than the main 

synchronous machine. This is normally done to reduce the ripple of the field current supplied 

to the field winding of the main machine. In large generators it is also common the use of exciter 

with a great number of phases and consequently numerous diodes [5]. However, other 

manufacturers use three-phase exciters with numerous branches also several diodes per phase 

are required [6]. 

The most common failures in the rotating diodes rectifying system are open and short-

circuited diodes. In these cases, the generator can continue in operation for a limited time. Other 

failures, as two diodes of the same branch short-circuited by an induced overvoltage, don’t 

allow the operation of the machine.  

A failure in the rotating diodes implies an increase in the exciter field current to 

maintain the same excitation current in the main field winding. Additionally, in the case of an 

open diode, an unbalance appears between the currents supplied by the exciter armature. This 

unbalance produces additional losses in the exciter and in some cases serious damages if the 

machine is long time under operation with the undetected fault. On the other hand, in case of 

one diode in short-circuit condition, there will be a two-phase short circuit between the phase 

with the faulty diode and the other two phases alternatively.  

The most common protection technique for rotating diodes is based on the supervision 

of the ripple of the exciter field current [7]. However, the ripple is also affected by the topology 

of the AVR. This protection function is currently integrated in the AVR. This technique has 

some problems, and some researchers work in new solutions [8].   

Under normal operation conditions, the currents supplied by the armature of the exciter 

are balanced (Fig. 7.2). The magnetic field produced by these currents induces a small voltage 

in the exciter field winding. In this case, the ripple of the exciter field current is small. 
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Fig. 7.2 Rotating diodes’ currents under healthy operation conditions. 79 

 

In case of an open diode fault, the currents supplied by the exciter are not balanced 

anymore (Fig. 7.3). The magnetic field induces a higher voltage in the exciter field winding. 

Consequently, the ripple of the current increases in comparison to the healthy operation and its 

waveform is distorted. 

 

Fig. 7.3 Rotating diodes’ currents under one open diode fault. 80 

 

There are other techniques to supervise the correct operation of the rotating diodes, 

such as the spectral analysis of the no-load voltage [8]-[11] or the current [12] of the main 

synchronous machine. Other research line proposes the use of tailor-made search coils installed 

in the stator iron core of the exciter. The use of a search coil for a 39 phases exciter is proposed 

in [5] and the use of two diametral search coil in a three-phase exciter is proposed in [6]. Some 
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authors propose the use of the total harmonic distortion and polarity of the exciter armature 

current [13].    

The analysis of the stray flux is a non-invasive technique very used lately [14]. An 

alternative diode monitoring method is presented in this paper, where the radial and axial stray 

flux of the exciter, alone or combined, are used to detect faults in the rotating diodes. For this 

purpose, numerous experimental tests have been performed in a special laboratory synchronous 

machine setup, where faults in the diodes can be easily created. The proposed method is very 

sensitive, and it can be used as back up protection. 

7.2 Experimental Setup 

A modified brushless synchronous machine has been used in the laboratory for 

measuring the stray flux under healthy conditions and under an open diode fault. The simplified 

layout of the machine is presented in Fig. 7.4. 

Fig. 7.4 Simplified layout of the laboratory synchronous machine. 81 

The experimental setup is displayed in Fig. 7.5. The synchronous machine (1) has five 

slip rings and brushes (2) for testing. In this way it is possible to place the “rotating” diodes 

outside the machine (3). There a flux sensor (4) in the exciter. 

The generator is driven by an induction motor (5) fed by a frequency converter. The 

active power of the generator is controlled by modifying the output frequency of the converter. 

On the other hand, the exciter field winding is fed by an adjustable DC power source. The 

generator is connected to the 400 V power system. 
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The generator and exciter ratings are displayed in Table 7-I and Table 7-II respectively. 

The rated speed is 1500 rpm. The main synchronous machine has four poles while the exciter 

has eight poles, therefore the rated frequencies are 50 and 100 Hz, respectively.  

The ripple of the output voltage of the 6 pulse diodes bridge is 6 time the frequency of 

the input voltage, that is 600 Hz. In case of an open diode, a 100 Hz frequency is also expected 

to appear in the main machine’s excitation voltage. 

Fig.7.5. Experimental setup 82 

 

TABLE 7-1 

CHARACTERISTICS OF THE GENERATOR USED IN THE EXPERIMENTAL TESTS 23 

ALTERNATOR TYOE SYNCHRONOUS 3 PHASE 

RATED POWER 5 KVA 

RATED SPEED 1500 RPM 

RATED VOLTAGE 400 Y V 

RATED CURRETN 7.2 A 

POLE PAIRS 4  

RATED FREQUENCY 50 HZ 

RATED EXCITATION VOLTAGE 45 V 

RATED EXCITATION CURRENT 3.1 A 
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TABLE 7-II 

CHARACTERISTICS OF THE EXCITER USED IN THE EXPERIMENTAL TESTS 24 

EXCITER TYPE SYNCHRONOUS  3 PHASE  

RATED POWER 277 VA 

RATED SPEED 1500 RPM 

RATED VOLTAGE 40 V 

RATED CURRENT 4 A 

POLE PAIRS 4  

RATED FREQUENCY 100 HZ 

RATED EXCITATION VOLTAGE 33 V 

RATED EXCITATION CURRENT 0.61 A 

 

The stray flux sensor is a search coil with 100 turns and a small iron core (Fig. 7.6-a). 

The sensor is mounted on a bar and can be placed near the exciter. The angle between the sensor 

and the machine shaft varies in the test, between 0º and 90º. In case of 0º the sensor is exposed 

to the radial stray flux. On the other hand, in case of 90º the sensor will measure solely axial 

stray flux. (Fig. 7.6-b). The intermediate cases correspond to different vector combinations of 

the two perpendicular flux components, depending on the sensor’s placement angle. The 

voltage induced in the coil is recorded by an oscilloscope and analyzed afterwards. 

 

         

Fig. 7.6. Stray flux sensor. a) outside the machine b) mounted on the exciter at 90º degrees 

(axial stray flux monitoring). 83 
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7.3 Experimental Results 

The synchronous machine is connected to the power system at different active and 

reactive power loadings. The stray flux of the exciter is recorded under healthy and open diode 

fault operating conditions. 

The sensor was positioned at different angles between the machine shaft and the sensor 

front part. The presented tests correspond to 0º (purely radial), 45º (radial and axial) and 90º 

(purely axial).  

A. Radial Flux Monitoring 

In the first set of tests, the flux sensor is positioned parallel to the machine shaft (angle 

0º), therefore the radial flux is measured. 

In Fig. 7.7, the radial fluxes correspond to healthy and faulty conditions are presented. 

In these cases, the machine is under-excited and the reactive power is consumed. Specifically, 

P=1 kW and Q=-1 kvar. Moreover, Fig. 7.8 displays the stray flux frequency spectra for both 

conditions. In the case of open diode, the 2𝑘𝑓 , 𝑘 ≠ 3𝑙 components (e.g. 100 Hz, 200 Hz, etc...) 

are clearly observed to significantly increase in amplitude. 

In a similar way, Fig. 7.9 and Fig. 7.10 present the same cases, but the machine is over-

excited, generating active and reactive power P=1 kW and Q=-1 kvar. The stray flux 

components patterns are almost similar with the only difference that the 300 Hz harmonic also 

increases in the faulty case.  

 

Fig.7.7. Exciter radial stray flux (0º) at under-excitation. 84 
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Fig.7.8. Exciter radial stray flux spectra (0º) at under-excitation. 85 

 

Fig.7.9. Exciter radial stray flux (0º) at over-excitation. 86 

 

Fig.7.10. Exciter radial stray flux spectra (0º) at over-excitation. 87 
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B. Axial Flux Monitoring 

In this second set of tests, the flux sensor is installed perpendicular to the machine shaft 

(angle 90º), therefore axial flux is measured. 

The synchronous machine is again on line at under-excited and over-excited conditions, 

in healthy condition and with one open diode. Fig. 7.11 and Fig. 7.12 correspond to the under-

excited conditions, while the Fig. 7.13 and 7.14 display the results at over-excited conditions. 

The spectra reveal exactly the same pattern as the radial stray flux cases.  

 

Fig.7.11. Exciter axial stray flux (90º) at under-excitation. 88 

 

Fig.7. 12. Exciter axial stray flux spectra (90º) at under-excitation. 89 
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Fig. 7.13. Exciter axial stray flux (90º) at over-excitation  90 

 

 

Fig. 7.14. Exciter axial stray flux spectra (90º) at over-excitation. 91 

 

 

C. Vector Sum of Axial and Radial Flux Monitoring 

In this case, the sensor is at an angle of 45º with respect to the shaft, therefore 

monitoring the vector sum between the radial and axial stray flux components. The synchronous 

machine operates again under over- (Fig. 7.15-7.16) and under- (Fig. 7.17-7.18) excitation 

conditions. The harmonic patterns match the previous two cases. 

 

 

 

V
o

lta
g

e
 [V

]
A

m
p

lit
u

de
 [d

B
]



Chapter 7 

111 

Fig.7.15. Exciter axial+radial stray flux (45º) at under-excitation. 92 

 

Fig.7.16. Exciter axial+radial stray flux spectra (45º) at under-excitation. 93 

 

Fig.7.17. Exciter axial+radial stray flux (45º) at over-excitation. 94 
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Fig.7.18. Exciter axial+radial stray flux spectra (45º) at over-excitation. 95 

D. Sensibility of the sensor position 

The positioning of the sensor with respect to the shaft directly affects the induced sensor 

voltage amplitude. A comparison of the sensor voltage waveforms between the three relative 

positions is shown in Fig. 7.19. It is shown that, the maximum induced voltage is obtained at 

45º, for the case of under-excited operation. However, an open diode can be reliably detected 

independently of the sensor’s orientation.  

 

Fig.7.19. Exciter axial/ radial /axial+radial stray flux while at under-excitation for the generator with 

an open diode. 96 

 

After the analysis of the results, it can be concluded that if one diode is open (Fig. 7.20), 

the amplitudes of the harmonics related to the rated frequency of the exciter f1 (100 Hz), are 

similar or greater than that of the harmonic of the frequency of the ripple of the diode bridge 

voltage 6×f1 (600 Hz). On the other hand, the f1 harmonic is considerably lower than the 6×f1 

one in the case of healthy operation (Fig. 7.21). 
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Fig.7.20. Exciter axial/ radial /axial+radial stray flux spectra while at under-excitation for the 

generator with an open diode. 97 

 

Fig. 7.21. Exciter axial/ radial /axial+radial stray flux spectra while at under-excitation for the healthy 

generator. 98 

7.4 Conclusions 

The supervision of the rotating diodes and early fault detection is important in brushless 

synchronous machines to avoid severe damages in the exciter. This paper presents the detection 

of one open diode through the analysis of the axial and radial stray flux of the exciter. 

Numerous tests have been carried out in a specially configured synchronous machine 

operated as a generator, synchronized to the power system at different loads, while in healthy 

condition and with one open diode. 

Under normal operation, the currents supplied by the armature windings of the exciter 
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are balanced. The most representative harmonic in the stray flux corresponds to the ripple of 

the diode bridge voltage. This frequency is the product of the diode bridge pulses and the 

frequency of the exciter. 

On the other hand, if one diode is open, the currents supplied by the armature windings 

of the exciter are unbalanced. This unbalance’s direct effect is that the stray flux of the exciter 

changes notably with respect to the healthy condition. In all the faulty cases, a series of 

harmonics, multiples of the exciter frequency appear and with significant amplitudes. The 

results show that the detection of one open diode is reliably accomplished by the harmonic 

analysis of the exciter’s stray flux. The reliability of the method is not affected by the flux vector 

component, therefore no special relative spatial positioning between the sensor and the shaft is 

required.  
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Chapter 8: 

Conclusions and Future Works 

8.1 Conclusions 

The Thesis is mainly focused on improving the diagnosis and protections of 

synchronous machines for different faults as wrong synchronization, rotor interturn faults or 

rotating diodes faults.  

Most of the Thesis is based on the analysis of the stray flux of the machine. Moreover, 

in the field of stray flux monitoring new iron-core sensors have been built and tested. 

The rotor inter-turn faults have been studied in steady state and transient operation 

during the starting process of a synchronous motor. Additionally, a machine model-based 

protection has been also developed for the interturn fault detection and evaluation. 

Thanks to the thesis, some of the contributions about the control strategies that are 

presented in this doctoral thesis have been presented and published in different IEEE journals 

and conferences while some others are under review. The journal articles that have been 

published are listed below: 

Journal 

Tian, P.; Platero, C.; Gyftakis, K.; Guerrero, J. Stray Flux Sensor Core Impact on the Condition Monitoring 

of Electrical Machines. Sensors 2020, 20(3), 749; https://doi.org/10.3390/s20030749. 

https://www.mdpi.com/1424-8220/20/3/749. 

 

P. Tian, J. M. Guerrero, K. Mahtani and C. A. Platero, "Instantaneous Specific Protection Method Against 

Faulty Synchronizations of Synchronous Machines," in IEEE Access, vol. 9, pp. 88868-88878, 2021. doi: 

10.1109/ACCESS.2021.3089853 

 

P. Tian, J. Antonino-Daviu, C. A. Platero and L. Dunai, "Detection of Field Winding Faults in Synchronous 

Motors via Analysis of Transient Stray Fluxes and Currents," in IEEE Transactions on Energy Conversion, 

vol. 36, no. 3, pp. 2330-2338, Sept. 2021. doi: 10.1109/TEC.2020.3041643 
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Conferences 

P. Tian, C. A. Platero and F. Blàzquez, "Protection Method for Synchronous Machine During 

the Paralleling Connection Process," 2018 XIII International Conference on Electrical 

Machines (ICEM), Alexandroupoli, Greece, 2018, pp. 2385-2390. 

 

P. Tian, B. del Rio, C. A. Platero and F. Blázquez, "Experience on a 362 MVA Turbogenerator 

pressplates cracks evolution at underexcited conditions," 2019 IEEE 12th International 

Symposium on Diagnostics for Electrical Machines, Power Electronics and Drives 

(SDEMPED), Toulouse, France, 2019, pp. 141-146. 

 

P. Tian, C. A. Platero and K. N. Gyftakis, "On-line Turn-to-Turn Protection Method of the 

Synchronous Machines Field Winding," 2019 IEEE 12th International Symposium on 

Diagnostics for Electrical Machines, Power Electronics and Drives (SDEMPED), Toulouse, 

France, 2019, pp. 69-74. 

 

Patent 

PLATERO GAONA, Carlos Antonio (ES); TIAN, Pengfei (CN); MARTÍNEZ CID, 

José María (ES)， "SISTEMA Y MÉTODO DE PROTECCIÓN ANTE FALTAS ENTRE 

ESPIRAS EN DEVANADOS DE EXCITACIÓN DE MAQUINAS SÍNCRONAS DE POLOS 

SALIENTES" , Patente Española ES2738649 B2 , (11.06.2020 

 

 

After all, the conclusions can be drawn as: 

A. 50-Synchro 

Afterwards, the usual practice is to increase the active and reactive power up to the 

rated or desired operating point of the synchronous generator. This is considered to be a correct 

synchronization, but it depends on the accuracy of the automatic synchronizer, or on the 

operator performance, if the synchronization is carried out manually. 

In contrast, during a faulty synchronization, generator currents attain greater values due 

to the voltage, frequency or phase differences. In some cases, such as 150° or 180° out-of-phase 

synchronizing in large short-circuit capacity power systems, the mentioned currents exceed by 

far the short-circuit current.  
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Even if efforts are made to prevent faulty synchronizations, this situation can be 

produced by various factors. The most frequent case is a wiring error produced during 

commissioning or maintenance, most commonly at the secondary side of the voltage 

transformers.  

This new method is designed to provide generator protection when the generator is 

synchronizing. It is based on an instantaneous overcurrent protection, which is only enabled 

during the synchronization process. The setting of the instantaneous overcurrent protection 

parameter ISET should be adjusted above the normal synchronization current (<1 p.u.). The 

protection is disabled in an adjustable time TSET (around 1–2 s) after the generator breaker is 

closed in order to allow the power output increase. In this way, reliable necessary protection is 

provided through rapid detection and tripping in case of faulty synchronization 

The 50synchro can provide the protection during the synchronization process, although 

it does not avoid the rush current, it can disconnect the loop and minimize the damage in a short 

time, hence, protect both the synchronous generator and power system. 

 

B. Rotor Inter-Turn Fault Protection Method Based on Stray Flux 

This chapter aims to expose the weakness of the motor current signal analyze (MCSA) 

to detect rotor inter-turn faults in 4-pole synchronous generators, while at the same time offer a 

reliable alternative. This alternative is the use of the stray magnetic flux monitoring. This 

chapter consists of analytical calculations and experimental testing under various operating 

conditions. The results are satisfying and all applied methods complement each other with 

desired success. 

The impact of inter-turn faults in the field winding of the rotor in 4-poles synchronous 

generators has been thoroughly investigated in this work. The analytical calculations prove that 

the stator current does not contain any harmonics related to the fault due to inter-cancellation 

between different coils of the same phase. Having proved the inefficacy of the MCSA to detect 

this fault, the chapter investigates the application of the stray flux monitoring using finite 

element analysis and extensive experimental testing. The results clearly prove that the stray flux 

contains fault dependent harmonics, the amplitude of which increases monotonically with the 

fault severity level. The proposed approach has all the desired characteristics to be applied in 

the field while being low cost, non-intrusive and fault severity sensitive to allow for appropriate 

remedy actions. 
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C. Stray Flux Sensor Core Impact on the Condition Monitoring of Electrical 

Machine  

The most widespread sensor for electrical machine monitoring is the air core type, 

mainly for two reasons. This sensor type does not modify the stray flux of the machine, and the 

measurements are not influenced by the nonlinear behavior of the iron core due to the 

permeability, saturation, hysteresis or eddy currents. On the other hand, as the stray flux may 

have a low amplitude, the voltage induced in the sensor may also be small. Therefore, a large 

number of turns is required.  

In this chapter, two different topologies of iron core stray flux sensors are presented 

and tested in the laboratory with a special synchronous machine. The magnetic core of the 

machine is modified by the iron of the sensor, and consequently the stray flux changes. The 

main advantage of the iron core sensors is that the induced voltage is significantly higher than 

in an air core sensor. 

After a thorough experimental investigation, the conclusion is that the operation of the 

iron core stray flux sensor is appropriate, and the faults are detected more accurately than with 

conventional sensors. 

 

D. Exciter Axial and Radial Stray Flux Analysis for Rotating Diodes 

Supervisions 

if one diode is open, the currents supplied by the armature windings of the exciter are 

unbalanced. This unbalance’s direct effect is that the stray flux of the exciter changes notably 

with respect to the healthy condition. In all the faulty cases, a series of harmonics, multiples of 

the exciter frequency appear and with significant amplitudes. The results show that the detection 

of one open diode is reliably accomplished by the harmonic analysis of the exciter’s stray flux. 

The reliability of the method is not affected by the flux vector component, therefore no special 

relative spatial positioning between the sensor and the shaft is required. 

By analyzing the harmonic of the exciter’s stray flux can detect the diode open-loop 

fault. The reliability of the method is not affected by the flux vector component. 
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8.2 Future Works 

 Rotor and stator winding fault and protection methods based on stray flux tests are 

still not completed, thus, more research can be done in the future works for the 

better diagnosis of the electrical machine: 

Rotor winding inter-turn fault based on comparing the theorical and real-time 

excitation current has been evaluated in the former discussion. However, in 

nowadays production, the micro-processor is wide used, hence, the idea could be 

realized in the future that with the sampling of those data and calculating by a 

micro-processor, after this, compare with the real-time excitation current output 

the signal whether there is a fault or not.  

Of course, it requires many more tests in the lab and one single chip that can co-

operate with this method. But it can be realized in the future, could be a new AI 

diagnosis. 

 

 Stray flux is also the new aim in the future works, it can detect not only the field 

winding turn-to-turn fault, but also is used in others machine diagnosis. The 

advantages of stray flux tests are: non-invasive, easy operation, quick and can get 

more information compare with the traditional method. For rotor field winding 

fault, it can be told the difference even in time domain spectrum, for stator winding 

fault, the fault sign can be seen clearly in FFT spectrum. 

Moreover, the stray flux sensor core is researched as well. For most tests are using 

an air-core sensor, which might not provide more information and get more 

accuracy results compare with the steel-sheet core. It has been proved that core 

with more sheet could get the results better.  

Meanwhile, the numbers of the turns and the shape, size, position, or even the 

angle could influence the test results. The stray flux sensor is getting popular in 

nowadays diagnosis, the conditions that influenced the sensor. Thus, research 

about how these conditions influence the stray flux sensor during measurement is 

next step works. 

Totally, the future works for machine diagnosis will allow the conditions such as: non-

invasive, on-line, quick-detected, hence, the stray flux further research could be more useful in 

the future works. 


