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Abstract 

 

Currently, wind energy conversion systems based on doubly-fed induction generators (DFIGs) 

are the most popular configuration in the wind energy market due to their advantages such as 

reduced converter cost, variable speed operation and control capability. 

On the other hand, multilevel converters have become an attractive alternative, especially in 

high-power wind turbines, as they are able to meet the increasing demand for higher power ratings 

in this type of application. Amongst the different multilevel converters topologies, three-level 

neutral-point-clamped (3LNPC) converters are highly popular. Although they have been 

extensively used in medium-voltage AC motor drives, the large number of switches and gate 

drivers used in this converter topology increases the probability of the occurrence of a fault. 

Therefore, the use of reliable real-time diagnostic systems is able to improve the availability of the 

power converter and of the drive system as a whole.  

In addition, inter-turn short-circuit (ITSC) faults in the stator and rotor windings of DFIGs are 

one of the most common types of faults reported in the literature. To avoid unscheduled downtimes 

and to minimize the maintenance costs associated with wind turbines, it is imperative to implement 

reliable diagnostic systems for the detection of this type of faults as well. 

Having this in mind, the main goals of this thesis are twofold: the diagnosis of faults in 3LNPC 

converters used in different applications and the diagnosis of faults in the stator and rotor windings 

of DFIGs used in wind energy conversion systems. 

Regarding the first goal, open-circuit (OC) faults in 3LNPC converters, used in induction motor 

(IM) drives and DFIG systems, were investigated. For the case of IM drives, three novel real-time 

diagnostic approaches for the detection and identification of power switch OC faults in 3LNPC 

inverters were developed. The first approach is based on the average current Park’s Vector (ACPV) 

and has the capability of pinpointing the exact location of the faulty IGBT. The second diagnostic 

approach has the ability to detect and identify multiple OC IGBT faults in 3LNPC inverters. This 
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approach is based on the average values of the positive and negative parts of the output currents. 

The third diagnostic approach relies on the analysis of the pole voltages of the inverter and is able 

to detect and identify multiple OC faults in the IGBTs as well as OC fault in the clamp-diodes of 

3LNPC inverters. The significant advantages of this new technique, which makes it superior to 

their counterparts reported in the literature, are the independence of the diagnostic process with 

regard to the operating conditions of the system and a fast diagnosis, both in steady-state and in 

transient conditions. 

With regard to DFIG systems, their performance under different semiconductor OC faults in 

the rotor-side converter was investigated and a diagnostic approach with the capability of detecting 

and locating OC faults in the IGBTs as well as in the clamp-diodes of the converter was developed. 

This diagnostic approach is similar to the third diagnostic method proposed for IM drives but 

constitutes a simplified version of it, with a smaller number of diagnostic variables. This approach 

provides very fast and reliable diagnostic results for all operating conditions of the DFIG system, 

including operation in the subsynchronous and supersynchronous regions. 

As for the second main goal of this thesis, ITSC faults in the stator and rotor windings of the 

DFIG were investigated and an approach towards the detection and quantification of these types 

of faults was introduced. The diagnostic approach proposed is based on the spectrum analysis of 

the stator instantaneous reactive power. In addition, for each type of fault, a severity factor was 

defined that indicates the extension of the fault. In order to conduct a detailed analysis of the DFIG 

system, a mathematical model of the DFIG, based on the modified winding function approach 

(MWFA), was developed and implemented in Matlab/Simulink environment. This model allows 

the introduction of ITSC faults in the stator and rotor windings of the DFIG and includes 

phenomena such as the effects of the linear rise of magnetomotive force (MMF) across the slots, 

stator and rotor slotting, and magnetic saturation. 

The diagnostic methods proposed for semiconductor faults and for DFIG windings faults can 

easily be integrated into the control system of the DFIG, thus increasing their availability and 

reducing its maintenance cost. They can easily be applied in real wind generation systems, having 

a high potential for commercialization and large scale production.  
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Resumo 

 

Atualmente, os sistemas de conversão de energia eólica baseados em máquinas de indução 

duplamente alimentadas (MIDAs) são a configuração mais popular no mercado da energia eólica 

devido às suas vantagens, tais como um custo reduzido do conversor de potência, capacidade de 

operação a uma velocidade variável e grande capacidade de controlo. 

Por outro lado, os conversores multinível tornaram-se uma alternativa atraente, especialmente 

em turbinas eólicas de grande potência, sendo capazes de atender à procura crescente de geradores 

com uma potência nominal cada vez maior neste tipo de aplicação. Entre as diferentes topologias 

de conversores multinível, os conversores de três níveis na configuração NPC (3LNPC) são 

bastante populares. Embora os conversores 3LNPC sejam amplamente utilizados em 

acionamentos elétricos baseados em motores de indução de média tensão, o número elevado de 

semicondutores de potência e circuitos de comando usados nesta topologia de conversor de 

potência aumenta a probabilidade de ocorrência de uma falha. Por conseguinte, o uso de sistemas 

de diagnóstico em tempo real fiáveis permite o aumento da disponibilidade do conversor de 

potência e do acionamento elétrico como um todo. 

Adicionalmente, os curtos-circuitos entre espiras nos enrolamentos do estator e do rotor da 

MIDA são um dos tipos mais comuns de falhas relatados na literatura publicada neste domínio. 

De modo a evitar paragens não programadas e a minimizar os custos de manutenção associados às 

turbinas eólicas, é imperativo implementar sistemas de diagnóstico fiáveis também para a deteção 

deste tipo de falhas. 

Tendo isto em mente, os objetivos desta tese são duais: (i) o diagnóstico de falhas em 

conversores 3LNPC usados em diferentes aplicações e (ii) o diagnóstico de falhas nos 

enrolamentos do estator e do rotor da MIDA, usada em sistemas de conversão de energia eólica. 

Relativamente ao primeiro objetivo, foram investigadas falhas de circuito aberto em 

conversores 3LNPC usados em acionamentos elétricos baseados no motor de indução trifásico 
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(MIT) e em sistemas de conversão de energia eólica baseados na MIDA. Para o caso dos 

acionamentos baseados no MIT, foram desenvolvidas três novas estratégias de diagnóstico em 

tempo real para a deteção e identificação de falhas de circuito aberto em inversores 3LNPC. A 

primeira estratégia é baseada no Vetor de Park dos valores médios das correntes (ACPV), tendo 

esta estratégia a capacidade de localizar com exatidão o IGBT em falha. A segunda estratégia de 

diagnóstico tem a capacidade de detetar e identificar falhas múltiplas de circuito aberto em IGBTs 

usados em inversores 3LNPC. Esta segunda abordagem baseia-se na análise dos valores médios 

das alternâncias positiva e negativa das correntes de saída do inversor. A terceira estratégia de 

diagnóstico baseia-se na análise das tensões polares do inversor e é capaz de detetar e identificar 

falhas múltiplas de circuito aberto nos IGBTs bem como falhas de circuito aberto nos díodos de 

fixação usados nos inversores 3LNPC. As principais vantagens desta nova estratégia de 

diagnóstico, que a tornam superior às suas concorrentes relatadas na literatura, são a independência 

do processo de diagnóstico relativamente às condições de funcionamento do sistema e um 

diagnóstico extremamente rápido, quer em regime permanente quer em regime transitório. 

No que diz respeito aos sistemas de conversão de energia eólica baseados na MIDA, foi 

investigado o seu desempenho na presença de diferentes falhas de circuito aberto no conversor de 

potência do lado do rotor, tendo sido desenvolvida uma nova estratégia de diagnóstico com a 

capacidade de detetar e localizar falhas de circuito aberto nos IGBTs e nos díodos de fixação desse 

conversor. Esta estratégia de diagnóstico é bastante semelhante à terceira estratégia proposta para 

os acionamentos baseados no MIT, constituindo uma versão simplificada da mesma dado recorrer 

a um menor número de variáveis de diagnóstico. Esta abordagem fornece resultados de diagnóstico 

muito rápidos e fiáveis para todas as condições de funcionamento da MIDA, incluindo o 

funcionamento nas regiões subsíncrona e supersíncrona. 

Relativamente ao segundo grande objetivo desta tese, foi investigada a ocorrência de curtos-

circuitos entre espiras nos enrolamentos do estator e do rotor da MIDA, tendo ainda sido 

introduzida uma estratégia de diagnóstico com o objetivo de detetar e quantificar este tipo de 

falhas. A estratégia de diagnóstico proposta baseia-se na análise espetral da potência reativa 

instantânea total do estator, tendo ainda, para cada tipo de falha, sido definido um fator de 

severidade que indica a extensão da falha. Para realizar uma análise detalhada do comportamento 

da MIDA, foi desenvolvido e implementado em ambiente Matlab/Simulink, um modelo 
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matemático da MIDA, baseado no uso da função de enrolamento modificada. Este modelo permite 

a introdução de falhas nos enrolamentos do estator e rotor da MIDA e inclui fenómenos tais como 

o aumento linear da força magnetomotriz ao longo das ranhuras da máquina, efeitos das ranhuras 

do estator e rotor, e saturação magnética. 

Os métodos de diagnóstico propostos para as falhas nos semicondutores de potência e falhas 

nos enrolamentos da MIDA podem ser facilmente integrados no sistema de controlo da mesma, 

aumentando desta forma a sua disponibilidade e reduzindo os respetivos custos de manutenção. 

Eles poderão portanto ser aplicados em sistemas de geração eólica reais, tendo um elevado 

potencial de comercialização e utilização em grande escala. 
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Chapter 1 

1 Introduction 

 

1.1 Overview and problem motivation 

A large number of power generation systems based on renewable energy sources such as wind, 

solar, geothermal and biomass are currently being developed and installed. Among all renewable 

energy sources, wind energy is drawing a growing interest and becoming competitive with 

conventional sources of energy [1-3]. 

The global cumulative installed wind capacity for the years 2000-2015 is presented in Fig. 1.1, 

which reveals that the total wind power capacity installed by the end of 2015 has increased to 

432.4 GW [4]. Also, total wind power capacity installed in the European Union by the end of 2015 

has increased to 141.6 GW [5]. Fig. 1.2 shows a general view of the top 10 wind markets in the 

European Union by the end of 2015 [5] which is an evidence about the importance of wind energy 

in the European energy market. Additionally, the European Commission stated that wind power 

would be capable of contributing with up to 20% of the European Union electricity by 2020 and 

as much as 33% by 2030 and 50% by 2050 [6]. 
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Fig. 1.1. Global cumulative installed wind capacity 2000-2015 [4]. 

 

 

 

 

Fig. 1.2. Top 10 wind markets in the European Union by the end of 2015 [5]. 

 

 

 

There are four different dominating concepts of wind turbines in the global market [7]. These 

concepts are introduced in the following. 
 

• Type A: Fixed speed wind turbines 

This concept of wind turbines is based on a squirrel cage induction generator (SCIG), its rotor 

is driven by the turbine and its stator directly connected to the grid. A capacitor bank provides 

reactive power compensation and the grid connection is facilitated using a soft-starter (Fig. 1.3) 

[3, 7, 8]. Due to its direct grid connection, its rotation speed can only vary slightly (between 1% 

and 2%). The only speed control is through pole changing which leads to two rotation speeds. The 

advantages of this concept of wind turbines are its low cost, simplicity and robustness. However, 
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there are some limitations associated with this concept of wind turbines, i.e. uncontrollable reactive 

power consumption, higher mechanical stresses and poor power quality [3, 7, 8]. 
 

 

 

SCIG

Soft-starter

Gear Grid

Capacitor bank
 

Fig. 1.3. Type A  wind turbine configuration: fixed speed. 

 

 

 

• Type B: Variable speed wind turbines with variable rotor resistance  

The principle of this concept of wind turbines is the same as Type A. However, in Type B, 

instead of a SCIG, a wound rotor induction generator (WRIG) with external rotor resistances is 

used (Fig. 1.4). This allows variable speed operation in a limited range of 10% above synchronous 

speed [3, 7, 8]. As a drawback, herein, the external resistances increase the ohmic losses in the 

system.  
 

 

 

WRIG

Soft-starter

Gear Grid

Capacitor bankVariable resistance
 

Fig. 1.4. Type B  wind turbine configuration: limited variable speed. 

 

 

 

• Type C: Partial-scale power converter with doubly-fed induction generator 

Currently, the most common configuration of variable-speed wind turbine systems is the 

partial-scale power converter with a doubly-fed induction generator (DFIG). As shown in Fig. 1.5, 
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the stator windings of the DFIG are directly connected to the grid while the rotor windings are 

connected to the grid through a back-to-back converter [3, 7-9].  

The DFIG provides variable speed operation by means of a partial-scale frequency converter 

feeding the rotor circuit. In general, the nominal power of the converter is about 30% of the wind 

turbine nominal power, allowing a rotor speed variation in the range of about ±30% around the 

synchronous speed. This leads to a reduction of the scale and cost of the power electronic converter 

[8, 10]. Moreover, as the converter system provides a reactive power compensation and a smooth 

grid connection, this type of wind turbines needs neither a soft-starter nor a reactive power 

compensator [8].  
 

 

 

DFIG

Partial-scale 

converter

Gear Grid

 

Fig. 1.5. Type C  wind turbine configuration: partial-scale power converter with DFIG. 

 

 

• Type D: Variable speed wind turbines with full-scale frequency converter  

In type D wind turbines, the stator is connected to the grid via a full-power electronic converter 

(Fig. 1.6). The full-scale frequency converter provides variable speed operation over the entire 

speed range of the generator [3, 7]. Different types of generator, namely induction generator (IG), 

wound rotor synchronous generator (WRSG) and permanent magnet synchronous generator 

(PMSG) are proper candidates to be used [9]. If a synchronous generator with a very high number 

of poles is used, the gearbox can be omitted (see the dotted gearbox in Fig. 1.6). Since the power 

converter must be rated for 100% of the generator power, the size, cost and complexity of the 

overall system increases [3]. 
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PMSG/WRSG/IG
Full-scale 

converter

Gear Grid

 

Fig. 1.6. Type D  wind turbine configuration: full-scale power converter. 

 

 

 

 

Some examples of commercial wind turbines are listed in Table 1.1 [3]. Wind turbines based 

on the DFIG are the most popular configuration of wind turbines in European Union countries, 

representing around 55% of the installed wind turbines [6]. For this reason, this turbine concept is 

the focus of studies in the present thesis. 
 

 

 

 

Table 1.1. Commercial wind turbines. 

Type Manufacturer, name and rated power of wind turbines 

A Siemens SWT-4-130 (4 MW), Vestas V136 (3.45 MW),  

B Suzlon Energy S88 (2.1 MW), Vestas V66 (2.0 MW),  

C 

Acconica AW-100/3000 (3 MW), Alstom ECO 122/2700 (3.0 MW), Bard 5.0 (5 MW), 

Gamesa G132 (3.3 MW), GE's 3.4-137 (3.4 MW), Nordex N131/3300 (3.3 MW) 

Repower 6M (6.0 MW), Senvion 6.2M152 (6.1 MW), Vestas V90 (2.0 MW and 3.0 MW) 

D 

Enercon E126 (7.5 MW), Eno energy eno 126 (3.5 MW), Gamesa G132 (5 MW),  

Multibrid M5000 (5 MW), Siemens SWT-7-154 (7 MW), Vestas V112 (3 MW) 

 

 

The power converter is a fundamental element in modern wind turbines, acting as an interface 

between the electric generator and the power grid [9]. Multilevel converters (MLC) are more 

appropriate than conventional two-level converters for utilization in large-scale wind turbines due 

to their ability to meet the increasing demand for high power ratings in large-scale wind turbines 

https://www.google.at/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&sqi=2&ved=0ahUKEwi0k9miwsbRAhWlIsAKHZ8aAGUQFgggMAA&url=http%3A%2F%2Fwww.gamesacorp.com%2Frecursos%2Fdoc%2Fproductos-servicios%2Faerogeneradores%2Fnuevas-fichas%2Fg132-33-mw-eng.pdf&usg=AFQjCNHBnOp7GOJlhwKH9d5pKBoe3FPBlQ&sig2=f3w856J8TpLHAMjztd2x8A&bvm=bv.144224172,d.bGs
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[11-13]. The main advantages of multilevel converters, when compared to conventional two-level 

converters, are their higher voltage capability, reduction of the harmonic content, lower switching 

losses, the accomplishment of higher power quality waveforms and lower dv/dt [14-16]. The most 

common MLCs are the neutral-point-clamped (NPC) [17], flying capacitor (FC) [18], and 

cascaded H-bridge (CHB) topologies [19]. Among all types of multilevel converters, three-level 

neutral-point-clamped (3LNPC) converters are particularly verified to be used in high-power wind 

turbines [20, 21]. 3LNPC converters require a relatively small DC-link capacitor and a have simple 

power circuit topology. Additionally, 3LNPC converters have the highest converter efficiency 

compared to other MLC topologies [22, 23]. The application of 3LNPC converter for DFIG wind 

turbines is reported in [24-30]. Also, 3LNPC inverters are used more extensively in the medium-

voltage induction motor (IM) drive market compared to other MLC topologies [31]. 

By increasing the number of installed wind turbines, it becomes mandatory to force wind power 

generation to be a reliable source of energy. Also, the reliability increase of wind turbines is 

identified as a specific objection inside the Horizon 2020 work program 2016-2017 of the 

European Union [32]. 

Wind turbines are usually erected in mountainous or offshore regions with harsh environmental 

conditions. The different parts of a wind turbine system such as rotors and blades, gearboxes, yaw 

systems, generators, converters, and electrical controls are exposed to various types of faults [33-

35]. In order to avoid unscheduled downtimes and to minimize the maintenance costs associated 

with wind turbines, it is imperative to implement reliable fault diagnostic systems, able to provide 

the maintenance personnel with information about the working conditions of the different 

components of wind turbines. 

Fig. 1.7 shows the percentage of downtime for different components of wind turbines in 

Swedish wind power plants between 2000-2004 [36]. As shown in this figure, 8.9% of the 

downtime of wind turbines was due to generator faults. The database used in [36] contains old and 

small turbines. Therefore, their fault rates may be different from those obtained from modern MW-

scale turbines. 
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Fig. 1.7. Percentage of downtime due to the fault in different components of 

wind turbines in Swedish wind power plants between 2000-2004. 

 

In [37], a statistical data analysis for the Vestas V90-2MW wind generator (2MW DFIG) has 

been conducted based on fault data from 57 wind turbines located in Germany, in the period 2004–

2008 (Fig. 1.8). According to this report, 24% of the wind turbines downtime was due to generator 

and converter faults. As reported in [38], considering only generator faults, DFIGs have around 

40% more faults than PMSGs. 
 

 

Fig. 1.8. Percentage of downtime due to the fault in different components of 

DFIG wind turbines between 2004-2008. 
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Generally, generator faults can be categorized into 1) mechanical faults such as bearing faults 

[39] and eccentricity faults [40]; 2) electrical faults such as inter-turn short-circuit (ITSC) faults in 

the stator and rotor windings of generators [41]. ITSC faults in the stator and rotor windings are 

one of the most common fault modes in the generators used in WTs, being caused by many reasons 

such as high temperature in the windings or core, mechanical stress, insulation damage and 

transient overvoltages [42, 43]. ITSC faults normally begin with undetected turn-to-turn faults 

which then extend to more serious faults. Although a wide range of diagnostic techniques for this 

type of the fault has been proposed in the literature, the reliability of those techniques was not fully 

accessed yet for all conditions under which a DFIG operates in an actual wind turbine. 

On the other hand, power electronic converters contribute to ~13% of the wind turbine fault 

rate and ~ 18% of the downtime [44]. Due to the complexity of the topology and the high number 

of power semiconductor devices and gate drivers, the probability of the occurrence of faults in 

3LNPC converters is even more likely. One common type of fault in the power switches of a 

converter is an IGBT open-circuit (OC) fault. This type of fault mostly arises due to the lifting of 

wire bond in a power module upon thermal stresses. The gate driver unit or the gate firing hardware 

faults are also common OC fault sources [45, 46]. If the OC fault is not detected and the protection 

system does not actuate, the converter will continue running for long  period of time, which may 

lead to secondary faults and high repairing costs [47]. Since commercial IGBT drivers have only 

short-circuit (SC) protection (OC fault detection features are not included) [48], the use of a real-

time OC fault diagnostic algorithm is required to avoid the aforementioned problems. This 

diagnostic system can also be utilized for the inclusion of fault tolerant control strategies [49-54]. 

Additionally, in high-power applications where discrete IGBT modules are used, the identification 

of the faulty IGBT by the diagnostic system reduces the inverter repair time and the associated 

repair cost. The literature shows a significant lack of investigations on techniques for detection of 

OC faults in the 3LNPC converters used in DFIG systems. 

It should be noted that 3LNPC inverters are also being used extensively in the medium-voltage 

IM drive market compared to other MLC topologies [31]. However, fault diagnostic methods 

reported so far in the literature are not mature enough and more studies must be conducted with 

this regard in order to fully address reliable methods for the diagnosis of faults in IM drives. 
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Therefore, fault diagnosis for IM drives based on 3LNPC converters is also one of the topics 

addressed in this thesis. 

Considering all the above mentioned facts, the global objective of this thesis is to develop some 

innovative real-time diagnostic approaches for the detection of faults in 3LNPC converters 

employed in IM drives and DFIG systems as well as for the detection of faults in the windings of 

the DFIG.  

1.2 Main contributions 

In this thesis, three novel real-time diagnostic approaches for the detection and identification of 

power switch OC faults in 3LNPC converter of an IM drive are developed. The first approach is 

based on the average current Park’s Vector (ACPV) and has the capability of pinpoint the exact 

faulty IGBT after the occurrence of an OC fault in the 3LNPC inverter. The second approach has 

the capability to detect and identify of multiple OC IGBT faults in 3LNPC inverters. This approach 

is based on the average values of the positive and negative parts of the output currents. The third 

approach relies on the analysis of the pole voltages of the inverter and has the capability to detect 

and identify of multiple OC IGBT faults as well as OC clamp-diode faults in 3LNPC inverters. 

As far as the converter of DFIG systems is concerned, a fault diagnostic approach with the 

ability to detect and locate of OC faults in the IGBTs as well as in the clamp-diodes of the rotor-

side 3LNPC converter was developed. This diagnostic approach is basically an improved version 

of the method proposed for IM drives (the third approach). 

Regarding the diagnosis of fault in the DFIG, a novel approach for the detection and 

quantification of ITSC faults in the stator and rotor windings of a DFIG was developed. The 

diagnostic approach is based on the spectrum analysis of the stator instantaneous reactive power. 

Moreover, for each type of fault, a severity factor that indicates the extension of the fault was 

defined. 

Based on the obtained results, three journal papers [55-57] and three conference paper [58-60] 

were prepared and published. 
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1.3 Thesis outline 

Following this introductory chapter, Chapter 2 presents the configuration of the 3LNPC 

converter and its application in an IM drive. This chapter starts with a general overview of 

multilevel converters, followed by the presentation of the configuration of the 3LNPC converter. 

Later in Chapter 2, different modulation strategies for 3LNPC converters are presented. Finally, 

an IM drive system based on the 3LNPC inverter is presented. 

In Chapter 3, three novel approaches are developed for fault diagnosis in 3LNPC inverters. The 

chapter starts with a literature review on approaches for OC fault diagnosis in 3LNPC inverters, 

providing the state-of-the-art on this subject. Then, the behavior of the 3LNPC converters under 

different faulty conditions is analyzed. The theoretical principles of three novel diagnostic 

approaches are then presented for the real-time fault diagnosis in 3LNPC inverters. These 

approaches are appropriately tested and validated through laboratory experiments.  

The simulation model of a WRIM based on the use of the modified winding function approach 

(MWFA) is discussed in Chapter 4. In this chapter, firstly, the basic theoretical background of the 

MWFA is presented. Then, the implementation of the model of the WRIM using MWFA 

presented. This model includes several phenomena namely the effects of the linear rise of 

magnetomotive force (MMF) across the slots, stator, and rotor slotting, and magnetic saturation. 

Furthermore, the model is developed to allow the capability of introducing ITSC faults in the stator 

and rotor windings of DFIGs. Finally, the simulation model is validated experimentally. 

Chapter 5 is devoted to the control of the DFIG system. The steady-state operation of DFIG 

system is presented at first. Then, the space vector model of the DFIG system is outlined. Later on 

in this chapter, the employed control strategy for the DFIG system is presented.  

Diagnosis of faults in the windings of the DFIG is developed and discussed in Chapter 6. The 

chapter starts with a literature review on the approaches used for the detection of ITSC faults in 

the stator and rotor windings of DFIGs. Then, the theoretical principles behind the proposed 

approach for the detection and quantification of ITSC faults in the stator and rotor windings of 

DFIGs are presented. The proposed approach is entirely tested and validated through several 

simulation and experimental tests. 

Chapter 7 is devoted to the diagnosis of faults in the rotor-side converter of the DFIG system. 

The applicability and performance of the proposed diagnostic approach are demonstrated by 
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simulation and experimental results obtained for different operating conditions of the DFIG 

system. 

Finally, Chapter 8 provides a summary of the main conclusions of this thesis. Some topics for 

possible future research work in the field and potential for the extension the work here reported 

are included at the end of this chapter. 

Equation Section (Next) 
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Chapter 2 

2 Three-level neutral-point-clamped 

converter 

 

2.1 Introduction 

Power electronic converters are important components for the integration of wind power into 

power systems, in order to control voltage, frequency, active and reactive powers, guarantee fault 

ride-through capabilities, control the voltage and current harmonics, etc.  

The power rating achieved by today’s multi-MW wind turbines are best handled at the medium-

voltage level (3.3, 4.16, 6.9, 13.8 kV) compared to low-voltage level (690 V). At higher voltages, 

the current levels are lower. Hence, power losses in the generator, in the converter and in the cables 

are minimized [61]. 

Multilevel converters are one of the most important medium-voltage converter technologies, 

especially for medium-voltage applications like wind turbine systems [14]. The structures of one 

leg of the most common types of multilevel converters are schematically illustrated in Fig. 2.1. 

The CHB multilevel converter uses multiple H-bridge power cells connected in series. H-bridge 

cells have the advantages of modularity and independence the switching frequency of each module 

[19, 62]. However, each H-bridge cell requires an isolated voltage source which increases the 

complexity and cost of the converter [63]. 
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(a) Three-level CHB converter (b) Three-level FC converter (c) Three-level NPC converter 

Fig. 2.1. Schematic representation of one leg of three common types of MLCs. 

 

 

A three-level FC converter contains a total of 12 unidirectional active switches with antiparallel 

diodes and three flying capacitors. The general concept of operation is that each flying capacitor 

is charged to half of the DC-link voltage. It can be connected in series with the phase to add or 

subtract this voltage to the DC-link voltage [18]. 

3LNPC converters are used more extensively in the medium-voltage AC drive market 

compared to other MLC topologies [22, 31]. 3LNPC converters use a relatively small DC-link 

capacitor. Additionally, 3LNPC converters have the highest converter efficiency compared to 

other MLC topologies [22, 23]. Wind energy conversion systems [64-69], photovoltaic systems 

[70-72], DC-DC converters [73], multiphase AC drives [74-76], and static compensator 

(STATCOM) [77] are some of the applications of 3LNPC converters. 

2.2 3LNPC converter configuration 

Fig. 2.2 shows the topology of a three-phase, 3LNPC converter. It contains three legs, each one 

with four active switches, labeled 1 2 3 4,  ,   and x x x xS S S S , four free-wheeling diodes labeled 

1 2 3,  ,  x x xD D D  and 4xD , and two clamp-diodes labeled 5xD  and 6xD  (x means leg A, B or C). Each 

leg includes 2 IGBT pairs, 1xP  and 2xP  as shown in Fig. 2.2. Moreover, in this work, 1xS  and 4xS  

of each leg will be designated by outer switches while 2xS  and 3xS  are the inner switches. The 

DC-bus includes two identical capacitors, series-connected. The middle point of the DC-bus is 

called the neutral point “z”. 
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Each converter leg is characterized by three switching states, in this work designated by 1, 0 

and -1, according to the information listed in Table 2.1. For example, if the switching state of the 

converter is “10-1” that means the output terminal of leg A is connected to the positive terminal of 

the DC-bus through 1AS  and 2AS , the output terminal of leg B is connected to the DC-bus middle 

point z through 2BS  and 3BS  and the output terminal of leg C is connected to the negative terminal 

of the DC-bus through 3CS  and 4CS . In this switching state, the leg output pole voltages 

,   and Az Bz Czv v v  are / 2,  0,  and / 2DC DCV V  , respectively 

For each leg, there are 6 available current paths according to the current direction and coverter 

switching state, as shown in Fig. 2.3 and summarized in Table 2.1 [78]. This figure shows that 

current paths 1, 2, 5 and 6 involve IGBTs while current paths 3 and 4 use the free-wheeling diodes. 
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Fig. 2.2. Schematic representation of a 3LNPC converter. 

 

 

 

Table 2.1. State of leg x  and corresponding pole voltage and current path. 

State of leg x  

IGBTs states 

Pole voltage (vxz) 

Current path (Fig. 2.3) 

Sx1 Sx2 Sx3 Sx4 ix>0 ix<0 

1 on on off off +VDC /2 1 4 

0 off on on off 0 2 5 

-1 off off on on -VDC /2 3 6 
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Fig. 2.3. Current paths according to the leg current direction and leg state. 

 

2.3 Modulation schemes 

Regarding the modulation techniques, several options are available for 3LNPC converters. The 

most popular ones are sinusoidal pulse width modulation (SPWM) and space vector modulation 

(SVM) [22, 79]. 

2.3.1 Sinusoidal pulse width modulation 

The principle behind SPWM methods is based on the comparison of a sinusoidal modulation 

signal with a high-frequency carrier waveform to generate the gating signals. Fundamental 

component of the converter output voltage is controlled by varying the amplitude and frequency 

of the modulation signal [80, 81]. As shown in Fig. 2.4, for 3LNPC converters, two triangle carrier 
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waveforms with a unitary peak-to-peak amplitude (the positive 
+CW  and the negative 

-CW ) are 

needed.  

The normalized reference voltage for leg x is defined by [82] 
 

 

 

*
*

.

2 x

DC

x n

v
v

V
 , (2.1) 

 

 

where x is the leg index and *

xv  is the reference voltage for leg x, given by 
 

 

  * *

.max 1sinx xv v t , (2.2) 
 

 

where *

.maxxv  and 
1  are the peak value and the fundamental angular frequency of the reference 

voltage. 

According to (2.3), the control state of leg x  xCS  is given by the comparison of the 

normalized reference voltage of leg x with the two carrier waveforms, as shown in Fig. 2.4 [15, 

81, 82].  
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Fig. 2.4. Three-level sinusoidal pulse-width modulation. 
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Referring to (2.1), the maximum achievable output voltage amplitude of the 3LNPC converter 

by using the SPWM technique is / 2DCV . 

The maximum achievable output voltage amplitude of converter can be enhanced by adding a 

third harmonic component to the sinusoidal modulating voltage. This modulation technique is 

known as third harmonic injection PWM (THIPWM) [83, 84]. 

In this technique, the modulating wave of leg x is given by 
 

 

 
* * *

. 3x THI x xv v v  , (2.4) 
 

 

where *

3xv  is the third harmonic added to the reference voltage of leg x, given by 
 

 

  * *

3 3.max 1sin 3x xv v t , (2.5) 
 

 

where *

3.maxxv  is the peak value of the third harmonic added to the reference voltage of leg x. 

The principle of the THIPWM technique is shown in Fig. 2.5, where the modulating wave *

.x THIv  

is composed of a fundamental component *

xv  and a third harmonic component *

3xv  [83, 84].  

As shown in this figure, the amplitude of *

.x THIv  is smaller than the amplitude of *

xv  which makes 

it possible to increase the maximum achievable amplitude of the output voltage. The maximum 

achievable amplitude of the output voltage for THIPWM technique is / 3DCV  which is almost 

1.15 times greater than the SPWM technique. 

However, when the peak value of the reference voltage is always lower than / 2DCV , both 

modulation techniques can be used without the problems caused by overmodulation. 
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Fig. 2.5. Third harmonic injection to the reference voltage. 
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2.3.2 Space vector modulation 

SVM is one of the preferred real-time modulation techniques and is widely used in digital 

control systems of multilevel converters [14, 83, 85]. In this modulation strategy, instead of using 

a separate modulator for each converter leg, a complex reference voltage vector is processed as a 

whole. The SVM has the advantage of easily balancing the voltages of the DC-link capacitors [85, 

86]. 

Several SVM schemes were proposed for 3LNPC converters [87-91]. In this work, a 

conventional SVM technique for 3LNPC converters with the mechanism of even-order harmonic 

elimination [83, 91] was employed in the control system of the IM drive, as this modulation 

scheme eliminates even-order harmonics of the converter output voltages. 

The space vector diagram and the division of the complex plane into sectors and regions, 

underlying the use of the SVM technique in a 3LNPC converter is shown in Fig. 2.6 [83]. As can 

be seen, there are 6 triangular sectors  1 6 to S S , each one with 6 regions  1 6 to R R . Taking all 

three phases into account, the converter has a total of 27 possible switching states that are listed in 

Table 2.2. These 27 switching states correspond to 19 voltage vectors ( 0 18 to v v ) than can be seen 

in Fig. 2.6 and Table 2.2. 

The converter output voltage can be adjusted by choosing the reference voltage vector 

* *
.   vj

v v e  The SVM algorithm for a 3LNPC converter is based on a volt-second balancing 

principle, that is, the product of the reference voltage 
*

v  by the switching period swT  equals the 

sum of each voltage vector to be used by the SVM algorithm multiplied by the time during each 

one of these vectors is applied. For a given length and position in space, 
*

v  can be approximated 

by three nearby stationary vectors. Based on the chosen stationary vectors, switching states are 

selected, and gate signals are generated. As an example, when 
*

v  falls into region 4 of sector 1, as 

shown in Fig. 2.7, the three nearest vectors are 71 2,   and v v v , from which [91, 92] 
 

 

 
1

*

7 2 ,sw a b cT T Tv v Tv v     (2.6) 
 

 

            , a bs cwT T T T     (2.7) 
 

 

where , and  a b cT T T  are the dwell times for 71 2,   and v v v , respectively. , and  a b cT T T  are different 

values, depending on the reference voltage 
*

v , being calculated by the relations in Table 2.3 [83].  
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Fig. 2.6. Space vector diagram and division of the complex plane into sectors and regions in a 3LNPC converter. 
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Fig. 2.7. Division of sector 1 into 6 regions. 
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Table 2.2. Voltage vectors and switching states of a 3LNPC converter [83]. 

Space vector Switching state 
Vector 

classification 

Vector 

magnitude 

0
v  [111], [000], [-1-1-1] Zero Vector 0 

 P-type N-type 

Small 

vector 

1

3
DCV  

1
v  

1P
v  [100]  

1N
v   [0-1-1] 

2
v  

2 P
v  [110]  

2 N
v   [00-1] 

3
v  

3 P
v  [010]  

3N
v   [-10-1] 

4
v  

4 P
v  [011]  

4 N
v   [-100] 

5
v  

5 P
v  [001]  

5 N
v   [-1-10] 

6
v  

6 P
v  [101]  

6 N
v   [0-10] 

7
v  [10-1] 

Medium 

vector 

3

3
DCV  

8
v  [01-1] 

9
v  [-110] 

10
v  [-101] 

11
v  [0-11] 

12
v  [1-10] 

13
v  [1-1-1] 

Large 

vector 

2

3
DCV  

14
v  [11-1] 

15
v  [-11-1] 

16
v  [-111] 

17
v  [-1-11] 

18
v  [1-11] 
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Table 2.3. Calculation of dwell times. 

Region 

number 

Dwell time 

Ta Tb Tc 

1, 2  [2 sin - ]
3

a vswT m



 
 
 

 [1 2 sin( )]
3

sw a vmT


   [2 sin( )]vsw amT   

3, 4 [1 2 sin( )]aw vsT m   [2 sin  1]
3

as vw mT



 

  
 

 [1 2 sin ]
3

a vsw mT



 

  
 

 

5  [2 2 sin ]
3

sw a vT m



 

  
 

 [2 sin( )]vsw amT   [2 sin 1]
3

w a vs mT



 

  
 

 

6   [2 sin 1]a vswT m    [2 sin ]
3

a vsw mT



 

 
 

 
 [2 2 sin ]

3
sw a vT m




 
  

 
 

 

In all equations shown in Table 2.3, am  is the modulation index, given by 
 

 

 

*

3 a

DC

v
m

V
   (2.8) 

 

and v  is the angle of 
*

v  inside each sector, being given by 
 

 

  1 ,
3

v v nS


 
 

   
 

  (2.9) 

 

 

where v  is the angle of 
*

v  and nS  is the sector number where 
*

v  is located. 

Referring to (2.8), the maximum achievable amplitude of the output voltage using this 

modulation technique is / 3DCV . 

As an example, when 1 msswT  , 200 VDCV  , 
*

70 Vv   and 45v  , 
*

v  falls into region 4 

of sector 1 (Fig. 2.7) and the values of the modulation index and the dwell times for 71 2,   and v v v  

are calculated as 0.606am  , 0 143 ms, 0 171 msa bT . T .   and 0 686 mscT . . 

In order to implement the even-order harmonic elimination, the switching sequence in each swT  

should be divided into 7 segments  1 7to  Sg Sg . Table 2.4 shows the dwell times for the seven 

segments which will define the final switching sequence for the 3LNPC converter. All switching 

sequences for a reference voltage vector positioned in any region of any sector are summarized in 

Table 2.5-Table 2.10 [83]. 
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For the implementation of the modulation, the following three variables are calculated: sector 

number  nS , region number  nR  and segment number  nSg . A global schematic of the 

algorithm for the SVM of the 3LNPC converter is shown in Fig. 2.8. As can be observed in this 

figure, to obtain the required IGBT pulses corresponding to a specific 
*

v , it is necessary to 

calculate , and  n n nS R Sg . After that, by using the lookup tables (Table 2.5-Table 2.10), the 

corresponding phases states are obtained. 

 

Table 2.4. Dwell times for the seven segments. 

Segment number 1 2 3 4 5 6 7 

Dwell 

time 

For odd 

regions 
aT

4
 bT

2
 cT

2
 aT

2
 cT

2
 bT

2
 

aT

4
 

For even 

regions 
cT

4
 bT

2
 aT

2
 cT

2
 aT

2
 bT

2
 

cT

4
 

 

 

 

Table 2.5. Switching states of the converter when 
*

v  is located in sector 1. 

Segment 

number 

Region number 

1 2 3 4 5 6 

1 100 00-1 100 00-1 100 00-1 

2 000 000 10-1 10-1 10-1 10-1 

3 00-1 100 00-1 100 1-1-1 11-1 

4 0-1-1 110 0-1-1 110 0-1-1 110 

5 00-1 100 00-1 100 1-1-1 11-1 

6 000 000 10-1 10-1 10-1 10-1 

7 100 00-1 100 00-1 100 00-1 

 

Table 2.6. Switching states of the converter when 
*

v  is located in sector 2. 

Segment 

number 

Region number 

1 2 3 4 5 6 

1 00-1 010 00-1 010 00-1 010 

2 000 000 01-1 01-1 01-1 01-1 

3 010 00-1 010 00-1 11-1 -11-1 

4 110 -10-1 110 -10-1 110 -10-1 

5 010 00-1 010 00-1 11-1 -11-1 

6 000 000 01-1 01-1 01-1 01-1 

7 00-1 010 00-1 010 00-1 010 
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Table 2.7. Switching states of the converter when 
*

v  is located in sector 3. 

Segment 

number 

Region number 

1 2 3 4 5 6 

1 010 -100 010 -100 010 -100 

2 000 000 -110 -110 -110 -110 

3 -100 010 -100 010 -11-1 -111 

4 -10-1 011 -10-1 011 -10-1 011 

5 -100 010 -100 010 -11-1 -111 

6 000 000 -110 -110 -110 -110 

7 010 -100 010 -100 010 -100 

 

 

 

 

Table 2.8. Switching states of the converter when 
*

v  is located in sector 4. 

Segment 

number 

Region number 

1 2 3 4 5 6 

1 -100 001 -100 001 -100 001 

2 000 000 -101 -101 -101 -101 

3 001 -100 001 -100 -111 -1-11 

4 011 -1-10 011 -1-10 011 -1-11 

5 001 -100 001 -100 -111 -1-11 

6 000 000 -101 -101 -101 -101 

7 -100 001 -100 001 -100 001 

 

 

 

 

Table 2.9. Switching states of the converter when 
*

v  is located in sector 5. 

Segment 

number 

Region number 

1 2 3 4 5 6 

1 001 0-10 001 0-10 001 0-10 

2 000 000 0-11 0-11 0-11 0-11 

3 0-10 001 0-10 001 -1-11 1-11 

4 -1-10 101 -1-10 101 -1-10 101 

5 0-10 001 0-10 001 -1-11 1-11 

6 000 000 0-11 0-11 0-11 0-11 

7 001 0-10 001 0-10 001 0-10 
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Table 2.10. Switching states of the converter when 
*

v  is located in sector 6. 

Segment 

number 

Region number 

1 2 3 4 5 6 

1 0-10 100 0-10 100 0-10 100 

2 000 000 1-10 1-10 1-10 1-10 

3 100 0-10 100 0-10 1-11 1-1-1 

4 101 0-1-1 101 0-1-1 101 0-1-1 

5 100 0-10 100 0-10 1-11 1-1-1 

6 000 000 1-10 1-10 1-10 1-10 

7 0-10 100 0-10 100 0-10 100 
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Fig. 2.8. Schematic diagram for the implementation of the SVM. 

 

 

 

2.4 IM drives based on 3LNPC inverters 

The IM drive used in this work comprises an IM fed by the 3LNPC inverter, subjected to an 

indirect rotor field oriented control (IRFOC) strategy [93, 94].  

The IRFOC strategy is based on the decomposition of the stator currents into two components: 

a flux-producing component and a torque-producing component. The d-axis component of the 

stator currents is proportional to the rotor flux while the q-axis component is proportional to the 

electromagnetic torque. These two components are then controlled separately [83, 93]. 

This control strategy has its foundations in a dynamic model of the IM in a synchronous 

reference frame with the d-axis aligned with the rotor flux space vector, as detailed below. 
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The rotor flux-orientation is schematically represented in Fig. 2.9, where 
r

  is the rotor flux 

space vector, si  is the stator currents space vector, rf  is the rotor flux angle, s  is the 

instantaneous angular supply frequency and m  is the electrical rotor angular speed [83, 93]. 
 

 

 

 

s d

q

r


rf

m rotor

si

qsi

dsi

stator
0

 

Fig. 2.9. Reference frame orientation. Rotor flux-orientation. 

 

 

 

In a synchronous reference frame with the d-axis aligned with the rotor flux space vector, the 

dq-axes components of the rotor flux, referred to the stator side, are given by [83] 
 

 

 

0,   

dr r dr m ds r

qr r qr m qs

L i L i

L i L i

 



     


    

  (2.10) 

 

 

where dri  and qri  are the dq-axes components of the rotor currents, referred to the stator side, dsi  

and qsi  are the dq-axes components of the stator currents, r   is the magnitude of the rotor flux 

space vector referred to the stator side, mL  is the magnetizing inductance and rL  is the rotor 

inductance referred to the stator side, according to 
 

 

 ,r lr mL L L     (2.11) 
 

 

where lrL  is the rotor leakage inductance referred to the stator side. 

From (2.10), the relationship between the stator and rotor current components is given by 
 

 

 

.     

r
m

dr ds
r r

m
qr qs

r

L
i i

L L

L
i i

L

 
    



  

  (2.12) 
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The dq-axes components of the rotor voltages in the synchronous reference frame, referred to 

the stator side, are given by [83] 
 

 

 

0

0,

dr r dr dr r qr

qr r qr qr r ds

d
v R i

dt

d
v R i

dt

 

 


       




       

  (2.13) 

 

 

where rR  is the rotor resistance, referred to the stator side and r  is the rotor angular slip 

frequency, given by 
 

 

 .r s m      (2.14) 
 

 

Combining (2.13) with (2.12), one has 
 

 

 

0

0.           

r mr
r ds r

r r

r m
qs r r

r

R LR d
i

L L dt

R L
i

L

 

 


     





   

  (2.15) 

 

 

Based on the first equation in (2.15), the relationship between the rotor flux reference *
r   and 

d-axis component of stator current reference *
dsi  is given by 

 

 

 
* * *1

.r
ds r r

m r m

L d
i

L R L dt
 


  


  (2.16) 

 

 

Since *
r   is normally constant in amplitude, the derivative of *

r   is zero and therefore, 

(2.16) is simplified to 
 

 

 
* *1

.ds r
m

i
L

    (2.17) 

 

 

Based on the second equation in (2.15), the rotor angular slip frequency is given by 
 

 

 

*

qsr m
r *

r r

iR L
.

L







 
  (2.18) 
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In general, the electromagnetic torque of induction machines is given by [83] 
 

 

 
3

( ),
2

m
em dr qs qr ds

r

L
T p i i

L
   


  (2.19) 

 

 

where p is the number of pole-pairs of the machine. 

In a synchronous reference frame with the d-axis aligned with the rotor flux space vector, the 

electromagnetic torque is given by 
 

 

 
3

.
2

m
em r qs

r

L
T p i

L
 


  (2.20) 

 

 

From (2.20), the q-axis current reference *

qsi  is given by 
 

 

 
2

3

* *r
qs em*

m r

L
i T .

pL 





  (2.21) 

 

 

The equations (2.17) and (2.21) show that under the IRFOC strategy, the rotor flux and 

electromagnetic torque can be controlled independently by * * and ds qsi i , respectively.  

The entire control system of the IM drive is schematically illustrated in Fig. 2.10. The 

implementation of this control system involves the measurement of the stator currents, DC-bus 

voltage and motor rotor speed.  

The rotor flux angle rf  needed for the transformations of the stator currents to a synchronous 

reference frame is obtained by [83, 94] 
 

 

 ( ) .rf m r dt      (2.22) 

 

 

This control system comprises one outer control loop to control the rotor speed and two inner 

current control loops to control the stator currents. The reference value of the rotor speed is 

compared with the measured rotor speed and the error is passed through the PI speed controller 

whose output gives the reference value of the q component of the stator currents in a synchronous 

reference frame 
*( )qsi . Referring to (2.17), 

*

dsi  is obtained by dividing the reference value of the 

rotor flux by the motor magnetizing inductance. The values of the 
*

dsi  and 
*

qsi  are compared with 

the values of dsi  and qsi  and the errors are passed through the PI current controllers. The outputs 
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of these two controllers generate the references stator voltages in the synchronous frame ( *

dsv  and 

*

qsv ). Using the dq/αβ transformation block, these voltages are transformed to αβ-axes and with the 

aid of the SVM modulation, the gate signals of the IGBTs are finally generated.  
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Fig. 2.10. IRFOC control system of an IM drive. 

 

Equation Section (Next) 
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Chapter 3 

3 Fault diagnosis in IM drives based on 

3LNPC inverters 

 

3.1 Introduction 

Nowadays, important aspects for power converters, particularly the ones used in the high-power 

range and critical applications are fault detection and protection. Fault detection for 3LNPC 

converters is even more critical because of their complex topology, associated with a large number 

of devices and other components used in the converter, increasing the probability of the occurrence 

of a fault [95]. In order to select the best fault tolerant strategy, it is necessary to identify first the 

faulty switch. 

Several diagnostic approaches for 3LNPC inverters have been proposed in the literature. In 

[96], the error between the output voltage of each inverter leg and the corresponding reference 

value is used for the OC fault detection. This diagnostic algorithm only has the capability of 

detecting the upper or lower IGBT faulty pair. For a correct identification of the faulty IGBT, it is 

necessary to stop the normal IGBT control pulses and send appropriate test pulses for the IGBTs 

of the faulty leg. The technique suggested in [78] is based on the measurement of the pole voltages 

and their duration time. This method, however, is only able to identify the faulty leg and not to 

discriminate the faulty switch among the four candidates. The implementation of the approaches 

proposed in [78, 96] needs extra voltage sensors which increase the cost of the system. 
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In [97], an approach for fault detection and identification of the faulty switch in 3LNPC 

inverters by measuring the clamp-diode legs currents has been introduced. This method needs 6 

Rogowski coils positioned in each clamp-diode leg, in addition to the three current sensors usually 

located in the output phases of the inverter. By knowing the values of the output currents of the 

inverter and the currents in each Rogowski coil, together with the control pulses of the IGBTs, it 

is possible to identify the faulty switch. 

An approach to identify the location of a faulty switch in a grid connected 3LNPC inverter is 

proposed in [98]. According to this approach, the fault detection and identification of the faulty 

pair is based on the analysis of the radius of the output line current space vector locus. If an OC 

fault occurs, the angle of the current patterns obtained is measured. After identification of the 

faulty pair, the location of a faulty switch is met by adding an extra switching scheme to the 

conventional method.  

In [99], the effects of OC faults in a 3LNPC back-to-back converter used in PMSG wind 

turbines are investigated. Furthermore, a fault detection method based on the slope method is 

proposed. For the 3LNPC rectifier, the faulty switch can be identified using the slope method. 

However, in the case of the 3LNPC inverter, this approach is only able to identify the faulty pair 

(two upper switches or two lower switches of each leg). 

Although several techniques for diagnosis of this type of the fault have been proposed in the 

literature, the implementation of the majority of them needs extra sensors which increase the cost 

of the system. Only the technique proposed in [98] has the capability to detect and identify OC 

IGBT faults in 3LNPC inverters without using extra sensors. What’s more, the reliability of those 

techniques was not evaluated for 3LNPC inverters operating under transient operating conditions. 

Except for the two diagnostic approaches presented in this chapter, all diagnostic approaches 

proposed in the literature for 3LNPC inverters have only considered the occurrence of single IGBT 

faults without having the capability to identify simultaneous faults. For the identification of 

multiple OC faults in two-level inverters, several approaches have been proposed, which indicate 

the importance of this topic [100-103]. Due to the high number of power semiconductor devices 

and gate drivers, the probability of the occurrence of multiple faults in 3LNPC inverters is more 

significant than in two-level inverters. 
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To overcome these limitations, three novel real-time diagnostic methods are developed and 

implemented, which allow the detection and location of the faulty power switches in 3LNPC 

inverters. The performance of the 3LNPC inverter under different faulty conditions is assessed. 

Then, the proposed diagnostic approaches along with the corresponding experimental results 

supporting their applicability are reported. 

3.2 IM drives based on 3LNPC inverters under OC faults 

3.2.1 Analysis of OC faults in a 3LNPC inverter 

In order to develop an approach for fault diagnosis, it is important to know in advance how the 

system behaves under the presence of a fault. The behavior of the 3LNPC inverter under different 

faulty conditions is analyzed. 

Under an inverter OC fault, the faulty IGBT is unable to commutate in agreement with the 

output pulses generated by the modulator and remains in an off-state permanently, thus eliminating 

some current paths available before [104]. Table 3.1 shows the unavailable current paths for 12 

different fault combinations. In this table, condition 1 is for the healthy operation, conditions 2 to 

5 are for single IGBT faults, conditions 6 to 11 are for double IGBT faults, and conditions 12 and 

13 are for clamp-diode faults. This table shows that when an OC fault occurs in one of the outer 

switches ( 1xS  and 4xS ) as well as in the clamp-diodes, one current path is not available and if an 

OC fault occurs in an inner IGBT ( 2xS  and 3xS ), two current paths are not available.  

For each faulty condition, according to the control state of leg x  xCS  and the current direction, 

the current may flow through an available alternative path. These available alternative paths are 

listed in Table 3.1 according to xCS  and the current direction . For example, if an OC fault occurs 

in 1xS  (condition 2 in Table 3.1), the current path number 1 is not available. In this case, when 

xCS  is 1 and 0xi  , xi  can flow through current path number 2 as an alternative to path number 1. 

Thus, xi  will have a small positive amplitude value when compared to the normal operation. In 

this case, the output of leg x is connected to the middle point z. If an OC fault occurs in Sx2 

(condition 3 in Table 3.1), the current paths numbers 1 and 2 are not available. In this case, for the 

circulating of a positive value of xi , only the current path number 3 is available. An analogous 

analysis can be performed for other faulty conditions. 
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Table 3.1. Inverter leg situation after OC fault(s) in leg x . 

Condition 

number 

Condition of IGBTs and 

diodes located in leg x  

Unavailable 

current 

path(s) 

 

Available current paths 

CSx=1  CSx=0  CSx=-1 

Sx1 Sx2 Sx3 Sx4 Dx5 Dx6 ix>0 ix<0  ix>0 ix<0  ix>0 ix<0 

1 ok ok ok ok ok ok  ---  1 4  2 5  3 6 

2 OC ok ok ok ok ok  1  2 4  2 5  3 6 

3 ok OC ok ok ok ok  1, 2  3 4  3 5  3 6 

4 ok ok OC ok ok ok  5, 6  1 4  2 4  3 4 

5 ok ok ok OC ok ok  6  1 4  2 5  3 5 

6 OC OC ok ok ok ok  1, 2  3 4  3 5  3 6 

7 OC ok OC ok ok ok  1, 5  2 4  2 4  3 4 

8 OC ok ok OC ok ok  1, 6  2 4  2 5  3 5 

9 ok OC OC ok ok ok  1, 2, 5, 6  3 4  3 4  3 4 

10 ok OC ok OC ok ok  1, 2, 6  3 4  3 5  3 5 

11 ok ok OC OC ok ok  5, 6  1 4  2 4  3 4 

12 ok ok ok ok OC ok  2  1 4  3 5  3 6 

13 ok ok ok ok ok OC  5  1 4  2 4  3 6 

3.2.2 Experimental results  

In order to perform the experimental tests for fault diagnosis in IM drives, a test rig of an IM 

drive based on a 3LNPC inverter was prepared. It comprises an IM fed by the 3LNPC inverter 

prototype (Appendix A), subjected to an IRFOC strategy. The motor line currents, the inverter pole 

voltages, the DC-bus voltage, the mechanical torque and the rotor speed were measured by the 

sensors installed in the test rig. Further details about the test rig of the IM drive are presented in 

Appendix B. In the experiments, the OC fault was introduced by sending a zero gate signal to a 

specific IGBT.  

Fig. 3.1 shows the experimental results for the IM drive operating at a rotor speed of 750 rpm 

and a mechanical torque of 7 Nm with an OC fault in 1AS , introduced at t=1 s (indicated by the 

vertical line TF ). According to Table 3.1, for this faulty condition, the inverter current path number 

1 in Fig. 2.3 is not available. In this case, when ACS  is 1 and 0Ai  , Ai  can flow through current 

path number 2. Consequently, the output of leg A is connected to the middle point z and not to the 

positive terminal of the DC-bus.  
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As shown in Fig. 3.1(a), after the occurrence of the OC fault in 1AS , the pole voltage of leg A 

does not follow the control state. When the fault is introduced at t=1 s the positive part of Ai  is 

affected as shown in Fig. 3.1(b) and it will have small positive values when compared to a normal 

operation of the inverter.  

Fig. 3.2 shows the experimental results for the IM drive operating with an OC fault in 2AS  

(condition 3 in Table 3.1), introduced at t=1 s. After the occurrence of this fault, the current paths 

number 1 and 2 in Fig. 2.3 are not available. In this case, when ACS  is 1 and 0Ai  , Ai  can flow 

through the current path number 3. Consequently, the output of leg A is connected to the negative 

terminal of the DC-bus and Ai  decreases to zero. During this process, the pole voltage of the faulty 

leg changes to / 2DCV , until the current of the faulty leg reaches zero. After that, the output pole 

voltage of the faulty leg is defined by the operating condition of the healthy phases, while the 

current of the faulty leg is zero. 
 

 

 

 

 

 

 

(a) Control state and pole voltage of the inverter leg A (a) Control state and pole voltage of the inverter leg A 

  

(b) Output current of the inverter leg A (b) Output current of the inverter leg A 

Fig. 3.1. Results for the 3LNPC inverter operating in 

healthy conditions ( 1 s)t   and with an OC fault in 1AS  

( 1 s)t  . 

Fig. 3.2. Results for the 3LNPC inverter operating in 

healthy conditions ( 1 s)t   and with an OC fault in 2AS  

( 1 s)t  . 
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The results presented in Fig. 3.1(b) and Fig. 3.2(b) show that the behavior of the positive current 

values of Ai  depends on the condition whether the fault occurs in an outer IGBT (small positive 

current values available) or inner IGBT (no positive current values available). A similar analysis 

can be done for the behavior of the negative current values of Ai  for a fault in an inner IGBT (no 

negative current values available) or outer IGBT (small negative current values available). 

3.3 Average Current Park’s Vector  

This section presents the ACPV approach as a novel technique for the diagnosis of IGBT OC 

faults in a 3LNPC inverter. This technique was firstly presented in [58] and modified in [55].  

3.3.1 Approach description 

The ACPV approach was applied in two-level inverters and first presented in [105]. With the 

ACPV diagnostic technique, the detection of an OC fault and the localization of the faulty 

semiconductor is accomplished by examining the magnitude and position of the Park’s vector of 

the average value of each inverter output line current.  

To implement this method, first, the average value of each motor line current is calculated by 
 

 

 

    . ,

1 k

x av x k

i k N

i k i i ,
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    (3.1) 

 

 

 

where k  is the sample index, x is the leg index and N is the number of samples in one electric 

period, given by 
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  (3.2) 

 

 

 

where .i sT  is the of the motor line currents period and sT  is the sampling period. 

Afterwards, the Park’s Vector transformation is applied to those values, in order to obtain the 

average motor line current Park’s Vector .s avi , characterized by a magnitude .s avi  and a phase 

angle .s av , given by [105] 
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        .av .av s.avs.av s.avi k i k ji k i k ,        (3.3) 

 

 

 

where .avi  and .avi  are  and    components of .s avi , given by 
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Under inverter normal operation, the average value of each motor line current is almost zero 

and consequently .s avi  is also nearly zero. However, if an IGBT OC fault occurs, .s avi  will 

increase and assume a value higher than a predefined threshold value (near zero) allowing the fault 

detection. Afterwards, the faulty IGBT is identified by reading the value of .s av . 

The same ACPV approach was applied to a 3LNPC inverter in [58]. However, taking into 

account that each half of each inverter leg has two semiconductors, the diagnostic technique 

introduced in [105] is unable to locate the faulty IGBT.  

Considering the fundamentals of the ACPV diagnostic technique, a new method suitable to 

perform a complete diagnosis of IGBTs OC faults in a 3LNPC inverter is proposed in this section.  

The block diagram of the proposed diagnostic technique is shown in Fig. 3.3. In this figure, the 

block diagram is divided into three subsystems, corresponding to different tasks of the fault 

diagnostic algorithm. Subsystem 1 is used to calculate the Park’s vector modulus of the motor line 

currents that is used to obtain normalized instantaneous values of the motor line currents and also 

to normalize the ACPV magnitude . .s av ni  in order to obtain a diagnostic method independent of 

the load level and system rated power. Subsystem 2 in Fig. 3.3 is responsible for the algorithms of 

fault detection and faulty pair identification, whereas Subsystem 3 is responsible for the faulty 

switch identification.  
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Fig. 3.3. Block diagram of the diagnostic technique based on the ACPV. 

 

 

The motor line current Park’s vector si  is calculated from the motor line currents by (3.5). 
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The normalized motor line currents .x ni  are obtained by (3.6) and the normalized ACPV 

magnitude . .s av ni  is obtained by (3.7). 
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The value of . .s av ni  is used to detect the faulty IGBT. As shown in Subsystem 2, when . .s av ni  

is higher than a predefined threshold value .
th
s avI , a fault alarm corresponding to a fault detection is 

generated by the diagnostic algorithm (Fdetect signal).  

To identify the faulty pair, the angle .s av  is used. Under normal operating conditions, the value 

of .s av  is a mathematical indetermination since the ACPV αβ components are both zero. However, 

the experimental results show that in practice, these αβ components are nearly zero and angle .s av  
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is changing between 0º and 360º. Nevertheless, the exact angle value is not important before fault 

detection. When an IGBT OC fault occurs, the angle .s av  will present an almost constant value 

belonging to a predefined range, characteristic for each faulty IGBT pair. The relation between the 

value of .s av  and the faulty IGBT is shown in Table 3.2. After fault detection, this lookup table 

allows the identification of the faulty pair and faulty leg, corresponding to the output of Subsystem 

2. 
 

 

Table 3.2. Lookup table to find the faulty pair and faulty leg. 

.s av  
Faulty  

switch 

Faulty pair 
Faulty 

leg 
Number Label 

.150º 210ºs av   SA1 or SA2 1 PA1 
A 

.30º 30ºs av    SA3 or SA4 2 PA2 

.270º 330ºs av   SB1 or SB2 3 PB1 
B 

.90º 150ºs av   SB3 or SB4 4 PB2 

.30º 90ºs av   SC1 or SC2 5 PC1 
C 

.210º 270ºs av   SC3 or SC4 6 PC2 

 

 

To complete the fault diagnostic process, after fault detection and identification of both the 

faulty leg and the faulty pair, it is necessary to identify the faulty IGBT, which can be accomplished 

by the algorithm illustrated by Subsystem 3 in Fig. 3.3. As can be observed, the normalized current 

.x ni  is split into two parts, one with positive instantaneous values .x ni  and the other with negative 

instantaneous values .x ni  that are determined by (3.8) and (3.9), respectively. 
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Thus, the average values of .x ni  and .x ni  are calculated by (3.10) and (3.11), respectively, where 

N is the number of samples in one electric period (given by (3.2)), k is the index of a sample and 

x is the inverter leg index. 
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As .x ni  and .x ni  are signals which are equivalent to a half-wave rectified signal, when all IGBTs 

are healthy, the normalized current average values are . . 0.318x n avi   and . . 0.318x n avi   . If these 

variables present values different from those, then an OC fault exists in an outer or inner IGBT, as 

discussed below. 

To implement the fault diagnostic algorithm in a digital controller, the diagnostic variables 

,   and  x x xd e j  are used, as illustrated by Subsystem 3 in Fig. 3.3. The diagnostic variable xd  is 

obtained from the comparison between .x ni  and the threshold values th
posI  and th

negI . The diagnostic 

variables  and  x xe j  are obtained from the comparison of . .x n avi  and . .x n avi  with the threshold 

values th
avI  and th

avI  , respectively.  

The considered threshold values are listed in Table 3.3. These values were determined based 

on several experimental tests and are suitable to work under steady-state as well as under transient 

load conditions. 

 

Table 3.3. Thresholds values used in the ACPV system. 

Threshold label Value Description Application 

.
th
s avI  0.1 Threshold value for . .s av ni  Fault detection 

th
avI   0.05 Threshold value for . .x n avi  Calculation of xe  

th
avI   -0.05 Threshold value for . .x n avi  Calculation of  xj  

th
posI  0.15 Positive threshold value for .x ni  

Calculation of xd  
th
negI  -0.15 Negative threshold value for .x ni  

 

 

The diagnostic variables ,  x xd e  and xj  are defined by (3.12), (3.13) and (3.14), respectively.  
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The variable xd  is used to identify an outer faulty IGBT in leg x (  or )x1 x4S S , the variable xe  

is used to identify faulty IGBT x2S  in leg x  and variable xj  is used to identify faulty IGBT x3S  

in leg x . Under inverter normal operating conditions, the variable xd  is changing between -1 and 

1, while the variables  and  x xe j  present null values. After the appearance of the IGBT OC fault, 

the values of these variables are dependent on the faulty switch.  

As can be seen in Fig. 3.3, to identify the faulty switch, it is necessary to use these diagnostic 

variables together with the number of the faulty pair. Based on Table 3.4 the faulty switch is 

isolated. In this table, the symbol “--“ means that the variable value is irrelevant for the diagnosis.  

The flowchart of the proposed diagnostic technique is shown in Fig. 3.4. 
 

 

 

Table 3.4. Lookup table for identification of the faulty IGBT. 

Faulty 

pair 

Diagnostic variables Faulty switch 

dA dB dC eA eB eC jA jB jC Number Label 

PA1 
1 -- -- 0 -- -- -- -- -- 1 SA1 

0 -- -- 1 -- -- -- -- -- 2 SA2 

PA2 
0 -- -- -- -- -- 1 -- -- 3 SA3 

-1 -- -- -- -- -- 0 -- -- 4 SA4 

PB1 
-- 1 -- -- 0 -- -- -- -- 5 SB1 

-- 0 -- -- 1 -- -- -- -- 6 SB2 

PB2 
-- 0 -- -- -- -- -- 1 -- 7 SB3 

-- -1 -- -- -- -- -- 0 -- 8 SB4 

PC1 
-- -- 1 -- -- 0 -- -- -- 9 SC1 

-- -- 0 -- -- 1 -- -- -- 10 SC2 

PC2 
-- -- 0 -- -- -- -- -- 1 11 SC3 

-- -- -1 -- -- -- -- -- 0 12 SC4 
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Fig. 3.4. Flowchart of the diagnostic technique based on the ACPV. 

 

 

 

 

3.3.2 Experimental validation 

This subsection presents fault diagnostic results obtained for some IGBT OC faults in a single 

inverter leg. Similar results were obtained for the other inverter legs. Considering the schematic 

representation shown in Fig. 2.2, a 3LNPC inverter has six IGBT pairs, each one with an inner and 

outer IGBT. The inverter legs A, B and C have upper pairs of IGBTs identified with the numbers 

1, 3 and 5, and lower IGBT pairs identified with the numbers 2, 4 and 6, respectively. 

As presented before (Fig. 3.3), the fault diagnostic algorithm is developed in two steps. In the 

first step, the OC fault is detected and the faulty pair is isolated. When the first step is completed, 

it is necessary to know the diagnostic variable values listed in Table 3.4 in order to identify the 

faulty IGBT. 



Chapter 3. Fault diagnosis in IM drives based on 3LNPC inverters 

43 

 

3.3.2.1 Results for steady-state operation 

The results shown in this subsection are for the steady-state condition of the IM drive with a 

reference speed of 750 rpm and a mechanical torque of 7 Nm.  

Fig. 3.5(a) and Fig. 3.5(b) show the behavior of motor speed and mechanical torque when an 

OC fault affects IGBTs 1AS  and 2AS , respectively. These figures show that the motor is operating 

with a mechanical speed of 750 rpm and a mechanical torque of 7 Nm when the fault occurs at t=1 

s. After this moment, the motor is unable to follow the speed reference of 750 rpm and torque 

oscillations are generated, particularly for the OC fault in IGBT 2AS , as illustrated in Fig. 3.5(b).  

 

 
 

  

(a) OC fault in SA1 (b) OC fault in SA2 

Fig. 3.5. Operation of the IM drive before and after an OC fault. 

 

Fig. 3.6 and Fig. 3.7 show the diagnostic results for an OC fault in IGBT 1AS  and 2AS , 

respectively. The motor mechanical behavior is also accompanied with motor line currents 

oscillations and current profile changes after the fault as can be observed in Fig. 3.6(a) for the OC 

fault in 1AS . These oscillations that appear after t=1 s are the result of inverter operation with a 

permanent switch-off state in one IGBT of inverter leg A.  

As shown in Fig. 3.6(a), before the fault, the current Ai  presents an almost sinusoidal shape 

with a fundamental period around 39 ms. When the fault is introduced at t=1 s the positive part of 

Ai  is affected. Therefore, as can be observed in Fig. 3.6(b), after the fault, . .s av ni  starts increasing 

from nearly zero, and 6 ms later this value is higher than the threshold value . 0.1th
s avI  which 
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triggers the fault detection. At the same instant, Fig. 3.6(b) shows that . 204ºs av  . Based on Table 

3.2, this angle allows identifying the faulty pair number 1, that belongs to the inverter leg A. 
 

 

  

(a) Motor line current waveforms (a) Motor line current waveforms 

  

  

(b) Magnitude and angle of ACPV (b) Magnitude and angle of ACPV 

  

(c) Diagnostic variables (c) Diagnostic variables 

  

(d) Diagnostic result (d) Diagnostic result 

Fig. 3.6. Diagnostic results for the IM drive operating 

with an OC fault in 1AS .. 

Fig. 3.7. Diagnostic results for the IM drive operating 

with an OC fault in 2AS . 

 



Chapter 3. Fault diagnosis in IM drives based on 3LNPC inverters 

45 

 

Based on Fig. 3.6(c) it can be observed that for the corresponding instant of faulty pair detection 

(Fig. 3.6(b)) the condition .
th

A n posi I  is verified and consequently 1Ad  . At the same instant, the 

condition . .
th

A n av avi I   is verified which leads to 0Ae  . Taking into account that 1pairF  , 1Ad   

and 0Ae  , the diagnostic result is shown in Fig. 3.6(d), which shows that the faulty pair is the 

number 1 and the faulty IGBT is also number 1, which corresponds to 1AS  (according to Table 

3.4). The fault detection and identification is accomplished in 6 ms. 

The motor line currents presented in Fig. 3.7(a) correspond to a different faulty IGBT. After 

the introduction of the fault at t=1 s, the motor line current Ai  starts decreasing to zero. The 

corresponding . .s av ni  and .s av  values are represented in Fig. 3.6(b). As can be noticed, the fault 

is detected when . . 0.1s av ni   which occurs at 1 006 st . . At this instant, the angle . 181ºs av  , 

which in conjunction with Table 3.2 leads to 1pairF  .  

After knowing the faulty pair, it is necessary to identify the faulty IGBT. As observed in Fig. 

3.7(c), after fault detection, the condition .
th

A n posi I  is confirmed thereby imposing a value 0 to 

the diagnostic variable Ad  which, according to Table 3.4, none IGBT can be identified as the 

faulty one. Thus, in these cases, it is necessary to verify if the condition . .
th

A n av avi I   is met which 

happens at 1 013 st .  and consequently 1Ae  . Knowing that 1pairF  , 0Ad   and 1Ae  , 

Table 3.4 lets to identify 2AS  as the faulty IGBT. Fig. 3.7(d) resumes the timeline corresponding 

to the diagnostic result where the IGBT pair number 1 is detected at t=1.006 s, and the faulty IGBT 

number 2 is isolated at t=1.013 s.  

3.3.2.2 Results for transient conditions 

To evaluate the performance of the proposed diagnostic approach under transient conditions, 

several load and speed variations were tested. The results presented in this subsection are for a 

predefined reference speed profile, starting with 500 rpm. Then, an acceleration ramp until 800 

rpm is imposed during 5 s. Thereafter, the speed reference used was 800 rpm during 1 s followed 

by a deceleration ramp until 500 rpm.  

The behavior of motor speed and mechanical torque under this transient condition and when an 

OC fault affects IGBTs 
1AS  and 

2AS  are shown in Fig. 3.8(a) and Fig. 3.9(a), respectively. As 

shown in these figures, the load torque starts with 5 Nm and then changes during the transient, 

proportionally to speed. After t≥9 s, both results show that the motor is unable to follow the speed 
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reference and the mechanical torque has oscillations. It was verified that with a 2AS  OC fault, 

there are larger mechanical speed and torque oscillations than with a 1AS  OC fault.  
 

 

 

 

 

  

  

(a) Reference and mechanical motor speeds and mechanical 

torque 

(a) Reference and mechanical motor speeds and mechanical 

torque 

  

(b) Motor line current waveforms (b) Motor line current waveforms 

  

(c) ACPV magnitude (c) ACPV magnitude 

Fig. 3.8. Transient operation of the IM drive under speed 

and torque variations, without any fault ( 9 s)t   and after 

OC fault in 1AS  ( 9 s)t  . 

Fig. 3.9. Transient operation of the IM drive under speed 

and torque variations, without any fault ( 9 s)t   and after 

OC fault in 2AS  ( 9 s)t  . 
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The motor line current waveforms with an OC fault in the IGBTs 
1AS  and 

2AS  are represented 

in Fig. 3.8(b) and Fig. 3.9(b), respectively. As can be observed in these figures, the oscillations of 

the motor line current waveforms due to 2AS  fault are larger than those with 
1AS  fault.  

Despite this dynamic speed profile, until fault occurrence at t=9 s, no false fault detection was 

triggered as can be observed in Fig. 3.8(c) and Fig. 3.9(c) where the normalized modulus of the 

average output current Park’s Vector is represented. Until the fault occurrence, the value of . .s av ni  

is near zero, but after that instant, its value increases above the threshold .
th
s avI  allowing the fault 

detection. 

Fig. 3.10 and Fig. 3.11 show the diagnostic results for these two faulty conditions. A zoom of 

the motor supply currents centered at t=9 s for an OC fault in IGBT 
1AS  and 

2AS  are shown in Fig. 

3.10(a) and Fig. 3.11(a), respectively. As shown in Fig. 3.10(b) and Fig. 3.11(b), when . .s av ni  is 

higher than the threshold value 0.1, the fault is detected (t=9.006 s) and at the same instant, the 

values of .s av  for both tests are within the range 150-210º which corresponds to IGBT pair 1 (see 

Table 3.2). 

As mentioned before, to identify the faulty IGBT of pair 1, the diagnostic variables  and A Ad e  

should be evaluated. From Fig. 3.10(c) and Fig. 3.11(c) it can be observed that after fault 

occurrence .A ni  presents a different behavior. In Fig. 3.10(c), .A ni  has the half positive waveform 

affected, with only a few positive values while the half negative waveform is almost normal. In 

Fig. 3.11(c) the motor supply current waveform .A ni  has no positive values and the half negative 

waveform is also almost normal. Therefore, after the faulty pair identification, Fig. 3.10(c) shows 

that .
th

A n posi I  and thus 0Ad  , but a few milliseconds later .
th

A n posi I  and consequently 1Ad  .  

Fig. 3.11(c) shows that after the faulty pair identification, the condition .
th

A n posi I  is always 

verified and subsequently 0Ad  . With 1pairF   and 0Ad   it is not possible to identify the 

faulty IGBT. For this case is necessary to confirm if the condition . .
th

A n av avi I   is met which 

happens at 9 013 st .  and, as a consequence, 1Ae  . 

Based on these two working conditions, Fig. 3.10(d) and Fig. 3.11(d) indicate the final 

diagnostic results. Fig. 3.10(d) shows that both fault detection and faulty pair 1 are reached at 

t=9.006 s and the faulty IGBT 1 is isolated at t= 9.013 s. Fig. 3.11(d) shows that both fault detection 

and faulty pair 1 occurs at t=9.006 s and the faulty IGBT 2 is isolated at t= 9.014 s. 

 



Chapter 3. Fault diagnosis in IM drives based on 3LNPC inverters 

48 

 

  

(a) Motor line current waveforms (a) Motor line current waveforms 

  

  

(b) ACPV magnitude and angle (b) ACPV magnitude and angle 

  

(c) Diagnostic variables (c) Diagnostic variables 

  

(d) Diagnostic result (d) Diagnostic result 

Fig. 3.10. Diagnostic results for the IM drive operating 

with an OC fault in 1AS . 

Fig. 3.11. Diagnostic results for the IM drive operating 

with an OC fault in 2AS . 
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Compared with the fundamental current period of 39 ms, these fault diagnostic times are less 

than half period. The time taken by the diagnostic algorithm to identify the faulty pair and faulty 

IGBT  and  pair switchT T  in the experimental tests is summarized in Table 3.5. As can be seen, for 

all faulty operating conditions, the diagnostic is performed within half period of the fundamental 

motor line currents  .i sT . 
 

 

Table 3.5. Diagnostic times for the diagnostic approach based on the ACPV. 

Faulty IGBT(s) .i sT  

Identification time after OC fault occurrence 

Faulty pair Faulty switch 

pairT  
.

pair

i sT

T
 switchT  

.

switch

i sT

T
 

SA1 (Steady-state) 39 ms 6 ms 0.15 6 ms 0.15 

SA2 (Steady-state) 39 ms 6 ms 0.15 13 ms 0.33 

SA1 (Transient) 45 ms 6 ms 0.13 13 ms 0.29 

SA2 (Transient) 45 ms 6 ms 0.13 14 ms 0.31 

 

3.4 Average value of positive and negative parts of inverter output currents 

According to the previous diagnostic approach, the normalized modulus and the phase angle of 

the average output current Park’s Vector was used for the detection of an OC fault and 

identification of the faulty pair, respectively. Then, the average value of the positive and negative 

parts of the inverter output currents along with the normalized inverter output currents were used 

for the identification of the faulty IGBT. This approach is very useful and reliable for the 

identification of a single IGBT OC fault in the 3LNPC inverter, but it has a limitation to identify 

the faulty pairs (and consequently faulty IGBTs) after the occurrence of double IGBT OC faults. 

To overcome this limitation, this section presents a fault diagnostic approach that allows the 

detection and location of multiple OC faults in all IGBTs [56]. On the contrary to the approach 

based on the ACPV, this new approach uses the average values of the positive and negative parts 

of the inverter output currents for the detection of IGBT OC faults and identification of the faulty 

pair. 
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3.4.1 Approach description  

Similarly to the previous approach, the inverter output currents are normalized and the 

normalized values are split into positive and negative parts . .(  and )x n x ni i  . Thus, the average values 

of the positive and negative parts . . . .(  and )x n av x n avi i   are calculated. 

As mentioned before, under healthy conditions, 
. . 0.318x n avi   and 

. . 0.318x n avi   . After the 

occurrence of an OC fault in one of the IGBTs located in 1xP  ( 1xS  or 2xS ), . .x n avi  decreases. In the 

presence of an OC fault in one of the IGBTs located in 2xP  (Sx3 or Sx4), . .x n avi  increases. Hence, the 

evolution of . .x n avi  and . .x n avi  under IGBT OC faults can be used for fault detection and 

identification of the faulty pair. 

The diagnostic variables xe  and xe  are obtained by comparing . .x n avi  and . .x n avi  with the 

corresponding threshold values 1th
avI  , 2th

avI  , 1th
avI   and 2th

avI  , according to (3.15) and (3.16). The 

diagnostic variable xf  is obtained by comparing .x ni  with the threshold values thI  and thI   

according to (3.17).  
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According to (3.15) and (3.16), if the inverter operates with no faults the diagnostic variables 

xe  and xe  present null values. Also, in normal conditions, the variable xf  is changing between 1, 

0 and -1.  

Details of the threshold values used in this approach are listed in Table 3.6. For fault detection 

and identification of the faulty pair, . .x n avi  and . .x n avi  are compared with two threshold values  

1 0.1th

avI    and 1 0.1th

avI    , respectively. These threshold values represent 31% of the values of 
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. .x n avi  and 
. .x n avi  under healthy conditions. Therefore, there is a sufficient safety margin to avoid 

false alarms due to more severe or unusual working conditions such as during transient operation 

or unbalanced load conditions. 

For discrimination between the outer and inner IGBT faults in an IGBT pair, .x ni  is compared 

with two threshold values 0.1thI    and 0.1thI     (10% of the maximum value of .x ni  under 

healthy conditions), while 
. .x n avi  and 

. .x n avi  are compared with two threshold values 2 0.01th

avI    

and 2 0.01th

avI     (3.1% of the values 
. .x n avi  and 

. .x n avi , under healthy conditions).  

Since .x ni , . .x n avi  and . .x n avi  are normalized values, the employed threshold values are 

independent of the operating conditions of the inverter and do not need to be adjusted for each 

specific operating condition. 

 

Table 3.6. Thresholds values used in the diagnostic approach based on the average value of the positive and negative 

parts of inverter output currents. 

Threshold label Value Description Application 

1th
avI 

 0.1 First threshold value for . .x n avi  

Calculation of xe  
2th

avI 
 0.01 Second threshold value for . .x n avi  

1th
avI 

 -0.1 First threshold value for . .x n avi  

Calculation of xe  
2th

avI 
 -0.01 Second threshold value for . .x n avi  

thI   0.1 Positive threshold value for .x ni  

Calculation of xf  
thI   -0.1 Negative threshold value for .x ni  

 

In order to address the detection and identification of the faulty pair, the values of xe  and xe  

are used, as presented in Table 3.7. If any of the variables xe  or xe  presents a value higher than 

1, a fault is detected and both the faulty pair and the faulty leg are immediately identified. The 

symbol “--“ in Table 3.7 means that the variable value is irrelevant for the diagnostic process. 

After the faulty pair identification, the faulty pair number together with the values of Af , xe  

and xe  are necessary to identify switchF  number, as shown in Table 3.8. For example, if a fault 

occurs in the IGBT pair 1AP , based on Table 3.8, the values of Af  and xe  are necessary to identify 

switchF . If Af  takes the value 1, then 1switch AF S , and if xe  takes the value 2, 2switch AF S .  
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Table 3.7. Lookup table for the fault detection and faulty pair identification. 

Diagnostic variables Faulty pair  Faulty leg 

Ae  Ae  Be  Be  Ce  Ce  Number Label  Number Label 

≥1 -- -- -- -- -- 1 PA1  

1 A 

-- ≥1 -- -- -- -- 2 PA2  

-- -- ≥1 -- -- -- 3 PB1  

2 B 

-- -- -- ≥1 -- -- 4 PB2  

-- -- -- -- ≥1 -- 5 PC1  

3 C 

-- -- -- -- -- ≥1 6 PC2  

 

 

Table 3.8. Lookup table for identification of the faulty IGBT(s). 

Faulty 

pair 

Diagnostic variables Faulty switch 

fA Ae  Ae  fB Be  Be  fC Ce  Ce  Number Label 

PA1 

1 -- -- -- -- -- -- -- -- 1 SA1 

-- 2 -- -- -- -- -- -- -- 2 SA2 

PA2 

-- -- 2 -- -- -- -- -- -- 3 SA3 

-1 -- -- -- -- -- -- -- -- 4 SA4 

PB1 

-- -- -- 1 -- -- -- -- -- 5 SB1 

-- -- -- -- 2 -- -- -- -- 6 SB2 

PB2 

-- -- -- -- -- 2 -- -- -- 7 SB3 

-- -- -- -1 -- -- -- -- -- 8 SB4 

PC1 

-- -- -- -- -- -- 1 -- -- 9 SC1 

-- -- -- -- -- -- -- 2 -- 10 SC2 

PC2 

-- -- -- -- -- -- -- -- 2 11 SC3 

-- -- -- -- -- -- -1 -- -- 12 SC4 
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The block diagram and flowchart of the proposed OC fault diagnostic procedure are shown in 

Fig. 3.12 and Fig. 3.13, respectively. 
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Fig. 3.12.  Block diagram of the diagnostic technique based on the average values of the 

positive and negative parts of the inverter output currents. 
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Fig. 3.13. Flowchart of the diagnostic technique based on the average values of the 

positive and negative parts of the inverter output currents. 
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3.4.2 Experimental validation  

To evaluate the performance of the proposed diagnostic approach, several IGBT OC faults were 

introduced in the inverter. In this subsection, results for different inverter faulty conditions, with 

single and double IGBT OC faults are presented. 

3.4.2.1 Results for a single IGBT OC fault 

Results for two different single IGBT OC faults are analyzed in this subsection. The employed 

reference speed profile of the IM drive for these tests is shown in Fig. 3.14. In both tests, at t=3 s, 

an OC fault is introduced in the inverter. In the first test, an OC fault is introduced in IGBT 1AS . 

In the second test, the fault is introduced in IGBT 2AS . 

The motor speed for these faulty conditions is shown in Fig. 3.15. As can be noticed, before the 

fault occurrence, the motor speed follows the reference value closely. After t=3 s, the motor speed 

is unable to follow the reference value and exhibits oscillations. This figure also shows that the 

oscillations of the motor speed due to the 2AS  fault are higher than those with a 1AS  fault.  

 

600

800

1 5 6 10 Time (s)

nref (rpm)

 

Fig. 3.14. The used profile of the reference speed. 

 

 

 

 

  

(a) with OC fault in SA1. (b) with OC fault in SA2. 

Fig. 3.15. IM drive speed variations. 
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The diagnostic results for an OC fault in IGBT 1AS  and 2AS  are shown in Fig. 3.16 and Fig. 

3.17, respectively. The motor line current waveforms for the IM drive operating with an OC fault 

in 1AS  are shown in Fig. 3.16(a). Fig. 3.16(b) shows the normalized current of leg A together with 

the average values of positive and negative parts of the normalized current of leg A. As can be 

noticed, before the fault occurrence, .A ni  has a sinusoidal shape with an amplitude of 1 and 

therefore . . 0.318A n avi   and . . 0.318A n avi   . After the appearance of the fault, almost all positive 

values of .A ni  are eliminated and the value of . .A n avi  decreases. When . .A n avi  is below the threshold 

value 1th
avI   (Fig. 3.16(b)), Ae  takes the value 1 (at t=3.0115 s) as shown in Fig. 3.16(c). 

Considering these results, Table 3.7 allows the identification of the 1legF   and 1pairF  . 

Knowing that Fpair=1, based on Table 3.8, the values of Ae  and Af  are necessary to identify the 

faulty switch. The first time that Af  takes the value 1 after the faulty pair 1 identification, Table 

3.8 allows identifying 1AS  as the faulty IGBT. As can be seen in the diagnostic timeline 

represented in Fig. 3.16(d), the IGBT pair number 1 1( )AP  and the faulty switch number 1 1( )AS  

are identified by the diagnostic algorithm. 

For the second test with an OC in 2AS , the motor line current waveforms are shown in Fig. 

3.17(a). The results for . . .,  A n A n avi i , and . .A n avi  are shown in Fig. 3.17(b). After the fault occurrence 

at t=3 s, the positive part of .A ni  is completely eliminated and therefore, . .A n avi  decreases to zero. 

As observed in Fig. 3.17(b), . .A n avi  decreases to a value below 1th
avI   at t=3.0115 s. At this point 

  1Ae k   (Fig. 3.17(c)) and the fault is detected. Using these diagnostic variable values as entries 

in Table 3.7, the identification of the faulty pair as the number 1 is met (Fig. 3.17(d)). After fault 

detection, considering that 1pair AF P , to identify the faulty IGBT is necessary to check the values 

of Ae  and Af . Fig. 3.17(c) shows that after fault occurrence, Af  is changing between -1 and 0 and 

Ae  assumes the value 2 at t=3.0175 s. Considering these values, Table 3.8 allows the identification 

of 2AS  as the faulty IGBT. The timeline of the diagnostic process is shown in Fig. 3.17(d).  
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(a) Motor line currents (a) Motor line currents 

  

  

(b) Normalized and average currents of leg A (b) Normalized and average currents of leg A 

  

(c) Diagnostic variables of leg A (c) Diagnostic variables of leg A 

  

(d) Final diagnostic result. (d) Final diagnostic result 

Fig. 3.16. Diagnostic results for the IM drive operating 

with an OC fault in 1AS . 

Fig. 3.17. Diagnostic results for the IM drive operating 

with an OC fault in 2AS . 
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3.4.2.2 Results for multiple IGBT OC faults 

Several tests were also conducted for different combinations of double OC faults. Results for 

two different double IGBT OC faults under transient operating conditions are presented. The 

employed reference speed profile for all the results represented in this subsection is similar to the 

one already shown in Fig. 3.14. 

In the first test, the first OC fault is applied to IGBT 4AS  at t=8 s and the second one is applied 

to IGBT 1CS  at t=8.01 s. The motor line current waveforms are shown in Fig. 3.18(a). Two vertical 

lines labeled 1
TF  and 2

TF  indicate the instants in time when the faults in 4AS  and 1CS  are 

introduced.  

For the OC fault in leg A, . . .,  A n A n avi i  and . .A n avi  are shown in Fig. 3.18(b). Following the 

procedures mentioned before, at t=8.0115 s, 1Ae   (Fig. 3.18(c)) which allows the identification 

of the faulty pair 2AP . Fig. 3.18(c) also shows that after fault detection, Af  takes the value -1 at 

t=8.012 s. With these collected values for the faulty pair and Af , the identification of 4AS  is 

accomplished. 

For the OC fault in leg C, .C ni , . .C n avi  and . .C n avi  are shown in Fig. 3.18(d). Fig. 3.18(e), shows 

that at t=8.017 s Ce  takes the value 1 and Table 3.7 allows the identification of 1pair CF P . Since 

at the fault detection moment 1Cf  , 1CS  is identified as the second faulty IGBT. 

Now, a different combination of double OC faults is analyzed. The first OC fault is applied to 

4AS  at t=8 s (similarly to the previous example) and the second one is applied to SC2 at t=8.01 s. 

The motor line current waveforms are shown in Fig. 3.19(a).  

The procedure to identify the first faulty IGBT is similar to the previous example. To analyze 

the second OC fault, .C ni , . .C n avi  and . .C n avi  are shown in Fig. 3.19(d). This figure shows that after 

the fault in SC2, . .C n avi  decreases bellow 1th
avI   at t=8.017 s. Therefore, Ce  takes the value 1 and 

Table 3.7 allows the identification of 1CP  as the second faulty pair. To identify the IGBT in OC, 

Ce  and Cf  are shown in Fig. 3.19(e), at the moment that Ce  takes the value 2 (t=8.023 s), Table 

3.8 give the results of 2CS  as the second faulty IGBT. Fig. 3.19(f) represents the summary of 

diagnostic result for this double OC fault. 
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(a) Motor line currents (a) Motor line currents 

  

(b) Normalized and average currents of leg A (b) Normalized and average currents of leg A 

  

(c) Diagnostic variables of leg A (c) Diagnostic variables of leg A 

  

(d) Normalized and average currents of leg C (d) Normalized and average currents of leg C 

  

(e) Diagnostic variables of leg C (e) Diagnostic variables of leg C 

  

(f) Final diagnostic results (f) Final diagnostic results 

Fig. 3.18. Diagnostic results for the IM drive operating 

with two OC faults in 4 1 and CAS S . 

Fig. 3.19. Diagnostic results for the IM drive operating 

with two OC faults in 4 2 and CAS S . 
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Table 3.9 summarizes the time taken by the diagnostic algorithm to detect and identify the 

faulty IGBTs in the experimental tests. As can be seen, for all faulty conditions, the diagnostic 

process was performed within half the period of the fundamental motor line currents. 
 

 

Table 3.9. Diagnostic times for the diagnostic approach based on the average values of the positive and negative 

parts of the inverter output currents. 

Faulty  

IGBT(s) .i sT  

Identification time after OC fault(s) occurrence 

First faulty pair First faulty switch Second faulty pair Second faulty switch 

pairT  
.

pair

i sT

T
 switchT  

.

switch

i sT

T
 pairT  

.

pair

i sT

T
 switchT  

.

switch

i sT

T
 

SA1 42 ms 11.5 ms 0.27 16.6 ms 0.4 --- --- --- --- 

SA2 42 ms 11.5 ms 0.27 17.5 ms 0.42 --- --- --- --- 

SA4, SC1 42 ms 11.5 ms 0.27 12 ms 0.29 7 ms 0.17 7 ms 0.17 

SA4, SC2 42 ms 11.5 ms 0.27 12 ms 0.29 7 ms 0.17 13 ms 0.31 

3.5 Pole voltages analysis 

The diagnostic approaches presented in the previous subsections are only able to diagnose OC 

faults in the IGBTs of the 3LNPC inverter but they are unable to diagnose OC faults in the clamp-

diodes.  

Moreover, as it will be shown in this section, when the 3LNPC inverter operates with a low 

modulation index, the effects of the fault in an outer IGBT 1 4(  or )x xS S  is almost imperceptible in 

the inverter output currents. This makes impractical to use diagnostic approaches based on the 

analysis of the output currents of the inverter (including the two approaches presented in the 

previous sections) to detect OC faults in the outer IGBTs if the inverter is operating with a low 

modulation index.  

This section presents a novel fault diagnostic approach that allows the detection and location of 

multiple OC faults in all IGBTs as well as in all clamp-diodes of a 3LNPC inverter in an IM drive 

[57]. This method is also able to detect and identify OC faults in the outer IGBTs under inverter 

operating conditions with very low modulation indexes. 



Chapter 3. Fault diagnosis in IM drives based on 3LNPC inverters 

60 

 

3.5.1 Approach description 

This approach is based on the deviation between the real inverter output pole voltage of each 

leg and the corresponding reference voltage imposed by the respective leg control state. Therefore, 

three inverter output pole voltages measured between the inverter terminals A, B, C and the DC-

bus middle point “z” (  , and )Az Bz Czv v v  are required.  

For the explanation of the proposed diagnostic approach, the components of each 3LNPC 

inverter leg are classified into four groups 1 2 3 4,  ,  and , x x x xg g g g  as shown in Fig. 3.20. 
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Fig. 3.20. Schematic representation of a 3LNPC IM drive. 

 

To obtain a diagnostic approach independent of DCV , the sample values of the output pole 

voltages xzv  are normalized according to (3.18). 
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The diagnostic variables xLS  are defined by (3.19). These variables are defined to identify the 

range of the normalized real pole voltage. Considering the possible DCV  variations and to clearly 

identify the output pole voltages range, some threshold values are used. 
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In the experimental tests, the measured pole voltage signal and the corresponding control state 

have a delay equal to one sampling period (in this tests 50 sT µs ). Therefore, to compensate this 

delay, the normalized pole voltage of leg x at sample k   .( )xz nv k  should be compared to the 

control state of leg x at sample 1k    ( 1 )xCS k  . 

Under healthy operating conditions,  xLS k  is equal to  1xCS k  . With an OC fault in one of 

the IGBTs or clamp-diodes,  xLS k will no longer be identical to  1xCS k  . The group where the 

faulty power device is located will depend not only on the value of  1xCS k   but also on the value 

 xLS k : 

   1 1 and 1 x x kCS k LS     there is a fault in 1xg . 

   1 0 and 1 x x kCS k LS     there is a fault in 2xg .  

   1 0 and 1 x x kCS k LS     there is a fault in 4xg . 

   1 1 and 1 x x kCS k LS     there is a fault in 3xg . 
 

 

Diagnostic variables ,  x x    and x  are now defined in (3.20)-(3.22).  
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The diagnostic process is developed in two steps. The first step involves the OC fault detection 

and faulty group identification. Table 3.10 shows how the faulty group and the potential faulty 

devices can be identified using the diagnostic variables. Moreover, in this table, the symbol “--“ 

means that the variable is irrelevant for the diagnostic process. 
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The variables x
  and x

  show the condition of the power devices located in groups 

1 3an d x xg g , respectively. The variables x  indicate the condition of the power devices in groups 

2 4an d x xg g . When the inverter operates in healthy conditions, x
  and x

 change between -1 and 

0 while x  presents a null value. 
 

 

Table 3.10. Lookup table for identification of the faulty group(s). 

Diagnostic variables 
 

Faulty 

leg 

Faulty group 
Faulty 

devices 
A
  A

  A  B
  B

  B  C
  C

  C  Name Number 

1 -- -- -- -- -- -- -- -- 

 A 

1Ag  1 1 2 or A AS S  

-- -- -1 -- -- -- -- -- -- 2Ag  2 2 5 or A AS D  

-- 1 -- -- -- -- -- -- -- 3Ag  3 3 4 or A AS S  

-- -- 1 -- -- -- -- -- -- 4Ag  4 3 6 or A AS D  

-- -- -- 1 -- -- -- -- -- 

 B 

1Bg  5 1 2 or B BS S  

-- -- -- -- -- -1 -- -- -- 2Bg  6 2 5 or B BS D  

-- -- -- -- 1 -- -- -- -- 3Bg  7 3 4 or B BS S  

-- -- -- -- -- 1 -- -- -- 4Bg  8 3 6 or B BS D  

-- -- -- -- -- -- 1 -- -- 

 C 

1Cg  9 1 2 or C CS S  

-- -- -- -- -- -- -- -- -1 2Cg  10 2 5 or C CS D  

-- -- -- -- -- -- -- 1 -- 3Cg  11 3 4 or C CS S  

-- -- -- -- -- -- -- -- 1 4Cg  12 3 6 or C CS D  

 

 

In the second step, to identify the faulty power device among the two potential candidates given 

by Table 3.10, additional variables z
x  and x  are needed, being defined by (3.23) and (3.24). 
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The variables x  indicate the direction of the motor line currents xi . 1x   indicates a positive 

current while 1x    indicates a negative current xi . Considering the existence of noise in the 

current measurements, the threshold values of -0.1 and 0.1 are used in (3.24).  

The faulty power device(s) can now be finally identified based on the knowledge of the faulty 

group provided by Table 3.10 and the values of the diagnostic variables, according to Table 3.11. 
 

 

Table 3.11. Lookup table for the identification of the faulty power device(s). 

Faulty 

group 

Diagnostic variables 

 

Faulty device 

z
A  A  A

  A
  z

B  B  B
  B

  z
C  C  C

  C
  Name number 

1Ag  
0 1 -- -- -- -- -- -- -- -- -- -- 1AS  1 

1 -- -- -- -- -- -- -- -- -- -- --  2AS  2 

2Ag  
-- -- 1 -- -- -- -- -- -- -- -- --  2AS  2 

-- 1 0 -- -- -- -- -- -- -- -- --  5AD  5 

3Ag  
1 -- -- -- -- -- -- -- -- -- -- --  3AS  3 

0 -1 -- -- -- -- -- -- -- -- -- --  4AS  4 

4Ag  
-- -- -- 1 -- -- -- -- -- -- -- --  3AS  3 

-- -1 -- 0 -- -- -- -- -- -- -- --  6AD  6 

1Bg  
-- -- -- -- 0 1 -- -- -- -- -- --  1BS  7 

-- -- -- -- 1 -- -- -- -- -- -- --  2BS  8 

2Bg  
-- -- -- -- -- -- 1 -- -- -- -- --  2BS  8 

-- -- -- -- -- 1 0 -- -- -- -- --  5BD  11 

3Bg  
-- -- -- -- 1 -- -- -- -- -- -- --  3BS  9 

-- -- -- -- 0 -1 -- -- -- -- -- --  4BS  10 

4Bg  
-- -- -- -- -- -- -- 1 -- -- -- --  3BS  9 

-- -- -- -- -- -1  0 -- -- -- --  6BD  12 

1Cg  
-- -- -- -- -- -- -- -- 0 1 -- --  1CS  13 

-- -- -- -- -- -- -- -- 1 -- -- --  2CS  14 

2Cg  
-- -- -- -- -- -- -- -- -- -- 1 --  2CS  14 

-- -- -- -- -- -- -- -- -- 1 0 --  5CD  17 

3Cg  
-- -- -- -- -- -- -- -- 1 -- -- --  3CS  15 

-- -- -- -- -- -- -- -- 0 -1 -- --  4CS  16 

4Cg  
-- -- -- -- -- -- -- -- -- -- -- 1  3CS  15 

-- -- -- -- -- -- -- -- -- -1 -- 0  6CD  18 

 



Chapter 3. Fault diagnosis in IM drives based on 3LNPC inverters 

64 

 

A summary of the implementation process and the flowchart of this new diagnostic technique 

are shown in Fig. 3.21 and Fig. 3.22, respectively. 
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Fig. 3.21. Block diagram of the diagnostic technique based on the pole voltage analysis. 
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Fig. 3.22. Flowchart of the diagnostic technique based on the pole voltage analysis. 
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3.5.2 Experimental validation  

To evaluate the proposed diagnostic approach, several OC faults in the IGBTs and clamp-diodes 

were introduced individually and simultaneously in the 3LNPC inverter. The results are presented 

in three subsections. Subsection 3.5.2.1 shows the results for two different conditions of single OC 

faults. Subsection 3.5.2.2 presents the results for double OC faults. Finally, the results for OC fault 

in a clamp-diode are presented in Subsection 3.5.2.3. All results presented in this subsection are 

obtained under transient operating conditions. 

3.5.2.1 Results for a single IGBT OC faults 

The diagnostic results obtained for two different single IGBT OC faults in leg A are shown in 

Fig. 3.23 and Fig. 3.24.  

The first test is performed with the system operating under transient conditions with an OC fault 

in 
1AS  introduced at t=3 s. The reference speed profile, the real motor rotor speed and the inverter 

modulation index are shown in Fig. 3.23(a). The motor line current waveforms (inverter output 

currents) are shown in Fig. 3.23(b). 

In this test, the inverter is operating with a low modulation index. Under these conditions, the 

switching state zero is applied most of the time, while the leg switching states 1 and -1 are applied 

only for very short periods of time. Hence, the leg current, most of the time, is flowing through 

current paths 2 and 5 (see Fig. 2.3). As all power switches involved in these paths are healthy, the 

effect of the fault in 1AS  is almost imperceptible in the motor currents.  

The control state of leg A and the normalized pole voltage are shown in Fig. 3.23(c). The 

diagnostic variables ,  ,  ,  and z
A A A A     are shown in Fig. 3.23(d). As shown in these figures, 

after the occurrence of the fault, the positive parts of .Az nv  and ACS  are different and this 

difference is reflected in A
  ( A

  changed to 1). The first time that A
  takes value 1 (t=3.00005 s), 

Table 3.10 allows the identification of the faulty group as 1Ag . 

In the next step, knowing that the faulty device is located in 1Ag , according to Table 3.11, it is 

necessary to read the value of z
A  and A , presented in Fig. 3.23(d). Since the faulty device is 

located in 1Ag  and 1A  , the first time that 0z
A   (t=3.0002 s), Table 3.11 allows to identify 

1AS  

as the faulty device. The diagnostic timeline presented in Fig. 3.23(e) shows that the algorithm 

identifies the faulty group number 1 and the faulty device number 1.  
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(a) Rotor speed and inverter modulation index (a) Rotor speed and inverter modulation index 

  

(b) Motor line current waveforms (b) Motor line current waveforms 

  

(c) Normalized pole voltage and control state of leg A (c) Normalized pole voltage and control state of leg A 

 

 

 

 

(d) Diagnostic variables of leg A (d) Diagnostic variables of leg A 

 
 

(e) Diagnostic results (e) Diagnostic results 

Fig. 3.23. Results under normal ( 3 s)t   and faulty 

operation ( 3 s)t   with an OC fault in 1AS . 

Fig. 3.24. Results under normal ( 3 s)t   and faulty 

operation ( 3 s)t   with an OC fault in 2AS . 
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Another faulty condition was carried out at a high value of the modulation index and with an 

OC fault in 2AS , introduced at t=3 s. The evolution of the reference and actual motor speeds, as 

well as the modulation index for this faulty condition are shown in Fig. 3.24(a). The fault was 

applied when the inverter modulation index was about 0.85. Fig. 3.24(b) shows the motor line 

currents waveforms, which demonstrates that after the fault occurrence at t=3 s, the positive part 

of 
Ai  is completely eliminated.  

As presented in Fig. 3.24(c), after the fault, .Az nv  is different from ACS . This difference is 

shown by A
 , presented in Fig. 3.24(d). The first time that A

  takes value 1 (t=3 s), the faulty 

group is identified as 1Ag  from Table 3.10. Taking into account that the faulty device is located in 

1Ag , the first time that z
A  takes value 1 (t=3.0008 s), Table 3.11 allows to identify 

2AS  as the faulty 

device, as shown in Fig. 3.24(e). 

3.5.2.2 Results for multiple IGBTs OC faults 

Several tests were also conducted for different combinations of double OC faults. Results for 

two different combinations of double IGBT OC faults are shown in Fig. 3.25 and Fig. 3.26.  

The first OC fault is applied to IGBT 
1AS  at t=3 s and the second one is applied to IGBT 

3BS  

at t=3.001 s, being these time instants labeled as 1
TF  and 2

TF . The motor line current waveforms 

for this faulty condition are represented in Fig. 3.25(a) which shows that after the occurrence of 

the faults some positive values of Ai  and all negative values of Bi  are eliminated. 

The control state and the normalized inverter pole voltage and the diagnostic variables of leg A 

are shown in Fig. 3.25(b) and Fig. 3.25(c), respectively. 

Considering the results of the first fault (Fig. 3.25(c)), the first time that A
  takes value 1 

(t=3.0004 s), Table 3.10 allows to identify the first faulty group as gA1. Then, knowing that the 

faulty device is located in 1Ag , it is necessary to know z
A . As shown in Fig. 3.25 (c), while 1A  , 

0z
A   at t=3.00065 s. Thus, Table 3.11 allows identifying 

1AS  as the first faulty device. 
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(a) Motor line current waveforms (a) Motor line current waveforms 

  

(b) Normalized pole voltage and control state of leg A (b) Normalized pole voltage and control state of leg A 

 

 

 

(c) Diagnostic variables of leg A. 

 

(c) Diagnostic variables of leg A 

 

(d) Normalized pole voltage and control state of leg B 

 

 

(d) Normalized pole voltage and control state of leg B 

 

(e) Diagnostic variables of leg B (e) Diagnostic variables of leg B 

  

(f) Final diagnostic results (f) Final diagnostic results 

Fig. 3.25. Results for the IM drive operating with an OC 

in 1 3 and BAS S . 

Fig. 3.26. Results for the IM drive operating  with an OC 

in 3 1 and BAS S . 
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The control state and the normalized inverter pole voltage and the diagnostic variables of leg B 

are shown in Fig. 3.25(d) and Fig. 3.25(e), respectively. Looking now to the second fault, Fig. 

3.25(e) shows the first time that B
  takes value 1 is at t=3.001 s. Using this value in Table 3.10, it 

is possible to identify the second faulty group as 
3Bg . Afterwards, combining this information with 

the fact that at t=3.00105 s 1z
B  , and using Table 3.11, it is possible to identify 

3BS  as the second 

faulty device. 

The diagnostic timeline is shown in Fig. 3.25(f), where the diagnostic algorithm identifies the 

first faulty group as number 1, the first faulty device as number 1, the second faulty group as 

number 7 and the second faulty device as number 9.  

Fig. 3.26 shows the results for another example of double OC faults, applied to 
3AS  at t=3 s and 

to 
1BS  at t=3.001 s. In this situation, the reference speed was initially set to 800 rpm, then 

decreased to 600 rpm following a deceleration ramp with a duration of 2 s. The inverter modulation 

index before the first fault was about 0.85. 

As observed in Fig. 3.26(a), after the occurrence of the faults, all negative values of 
Ai  and 

some positive values of Bi  are eliminated. The control state and the normalized pole voltage of 

legs A and B are shown in Fig. 3.26(b) and Fig. 3.26(d), respectively. As observed in Fig. 3.26(b), 

after the occurrence of the fault in leg A at t= 3 s, .Az nv  is different from ACS . The same behavior 

is observed in Fig. 3.26(d) for the faulty IGBT located in leg B, after t= 3.001 s. 

The diagnostic variables ,  ,  ,   and z
A A B B B      , defined for legs A and B, are shown in Fig. 

3.26(c) and Fig. 3.26(e), respectively. As represented in Fig. 3.26(c), the first time that A  takes 

value 1 (t=3 s), the first faulty group is identified as 4Ag , according to Table 3.10. Then, the first 

time that 1A
   (t=3.00005 s), Table 3.11 allows to identify 3AS  as the first faulty device. 

The same procedure is applied to Fig. 3.26(e). When B
  takes value 1 (t=3.001 s), 1Bg  is 

identified as the second faulty group. In Fig. 3.26(e), it is observed that 0B
   while 1B   at 

t=3.00165 s. This result and Table 3.11 allows to identify 1BS  as the second faulty device. 

The diagnostic timeline is shown in Fig. 3.26(f), where the diagnostic algorithm identifies the 

first faulty group as number 4, the first faulty device as number 3, the second faulty group as 

number 5 and the second faulty device as number 7.  
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3.5.2.3 Results for clamp-diode OC fault 

The diagnostic results obtained for an OC fault in clamp-diode 
5AD  are shown in Fig. 3.27. To 

introduce OC faults in the clamp-diodes, extra mechanical switches were connected in series with 

these power switches. 

 

 

(a) Inverter modulation index 

 

(b) Motor line current waveforms 

 

(c) Normalized pole voltage and control state of leg A 

 

 

(d) Diagnostic variables of leg A 

 

(e) Diagnostic results 

Fig. 3.27. Results for the IM drive operating with an OC in 5AD . 
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When the inverter operates with a high modulation index, the dwell time of states 1 and -1 is 

higher than the dwell time of state 0, and the leg current most of the time flows through current 

paths 1 and 6 (see Fig. 2.3). Therefore, the effect of the OC fault in the clamp-diodes under such 

operating conditions is insignificant. 

The motor line current waveforms are shown in Fig. 3.27(b). As can be observed, the positive 

part of Ai  is slightly affected by the OC fault in 
5AD . To analyze the fault, ACS  and .Az nv  are 

shown in Fig. 3.27(c). As shown in this figure, after the occurrence of the fault, the zero parts of 

ACS  and .Az nv  are different and this difference is reflected in A , presented in Fig. 3.27(d). The 

first time that A  takes value -1 (t=3.00045 s), Table 3.10 allows the identification of 2Ag  as the 

faulty group. 

In the next step, since the faulty device is located in 2Ag , the first time that 0A
   while 1A   

(t=3.0006 s), Table 3.11 allows to identify the faulty device as 5AD  (Fig. 3.27(d)). As shown in 

the diagnostic timeline presented in Fig. 3.27(e), the faulty group number 2 and the faulty device 

number 5 are identified by the diagnostic algorithm. 

A summary of the diagnostic process time is presented in Table 3.12. 

 

 

Table 3.12. Diagnostic times for the diagnostic approach based on the pole voltages analysis. 

Faulty device(s) 

Identification time after the OC fault(s) 

First faulty group First faulty device Second faulty group Second faulty device 

SA1 0.05 ms 0.2 ms ---  ---  

SA2 0 0.8 ms ---  ---  

SA1, SB3 0.4 ms 0.65 ms 0 0.05 ms 

SA3, SB1 0 0.05 ms 0 0.65 ms 

DA5 0.45 ms 0.6 ms ---  ---  
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3.6 Final remarks 

In this chapter, an extensive literature survey on fault diagnostic approaches for 3LNPC 

inverters was presented. The behavior of the IM drive operating with IGBT OC faults was 

investigated and three novel real-time diagnostic approaches were developed and implemented, 

which allow the detection and identification of the faulty power switches in the 3LNPC inverter.  

The first approach is based on the ACPV and has the capability to detect and identify single OC 

IGBT faults in 3LNPC inverters. The second one is based on the average values of the positive 

and negative parts of the normalized inverter output currents. The approach is able to diagnose 

multiple OC faults in all IGBTs of the inverter. The implementation of the first and second 

approaches only requires the inverter output currents already used by the IM drive controller, thus 

guaranteeing a low implementation cost and easiness of integration into the motor drive control 

system. Typically, in both approaches, the faulty IGBT is identified within half of the fundamental 

inverter output period. However, the required time for detection of the fault and identification of 

the faulty pair for the approach based on the ACPV is smaller than the second one. 

The third approach is based on the deviation of the normalized real pole voltages of each 

inverter leg and the corresponding reference leg states, which means that its implementation 

requires the measurement of each inverter leg pole voltage. The capability of the detection and 

identification of multiple OC fault in all IGBTs and clamp-diodes, the capability of the detection 

and identification of OC faults in outer IGBTs under operating conditions with very low 

modulation indexes as well as a quick and reliable performance are the main advantages of the 

third approach. Typically, the faulty IGBT can be identified within one modulation period (1 ms 

in this work). 

These three diagnostic approaches present independence to the system operating conditions and 

reliable performance under transient working conditions. Their implementation requires basic 

mathematical operations and there is no need to use complex algorithms such as pattern 

recognition. Therefore, they are suitable to be easily integrated into the drive control system 

without great effort.  

All developed approaches were tested and validated through various experimental tests. The 

experimental results show that the diagnostic approaches work well under all conditions without 

any incorrect result.  
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The main features of the fault diagnostic approaches proposed in this chapter are compared with 

the state-of-the-art in this field and the results are summarized in Table 3.13.  

 

 

Table 3.13. Comparison of the proposed fault diagnostic approaches with others available in the bibliography. 

Ref. 

System 

Operating 

condition 

Extra 

hardware 
Application 

Capabilities 

Identification 

of faulty switch 

Identification 

of double faults 

Identification of 

clamp-diode faults 

[96] Steady-state 
3 voltage 

sensors 
IM drive yes no no 

[78] Steady-state 
3 voltage 

sensors 
RL load no no no 

[97] Steady-state 
6 current 

sensors 
IM drive yes no yes 

[98] Steady-state -- 

RL load yes no no 

Grid-

connected 
yes no no 

[99] Steady-state -- PMSG no no no 

Approach 1 

[55] 
Transients -- AC drive yes no no 

Approach 2 

[56] 
Transients -- AC drive yes yes no 

Approach 3 

[57] 
Transients 

3 voltage 

sensors 
AC drive yes yes yes 

Equation Section (Next) 
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Chapter 4 

4 Modeling of a wound rotor induction 

machine 

 

4.1 Introduction 

With the aim of performing a detailed analysis of the DFIG system, it is necessary to develop 

and implement a suitable mathematical model of the WRIM that allows to characterize its behavior 

and analyze different quantities both in healthy and in faulty conditions. 

Electric fault diagnosis often requires analysis of harmonics in several machine quantities like 

line currents, flux, torque, or speed. One possible way to analyze these signatures is to obtain the 

electromagnetic field distribution inside the machine with field solvers, which is time-consuming 

[106]. 

The modified winding function approach (MWFA) provides another way of obtaining the 

operating characteristics of the machine. The MWFA provides way to effective calculate the 

inductances of the machine windings. With the MWFA, the non-sinusoidal distribution of the 

windings can easily be considered, and the effects of space harmonics can easily be taken into 

account. Even slotting and magnetic saturation can be modeled by suitably modifying the air-gap 

permeance. The analysis of internal faults such as rotor eccentricity and inter-turn short-circuits 

(ITSCs) is also possible using this method [106]. 

In this chapter, a simulation model of a WRIM using the MWFA, is developed and implemented 

in Matlab/Simulink environment. The model includes phenomena such as the effects of the linear 

rise of magnetomotive force (MMF) across the slots, stator and rotor slotting, and magnetic 
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saturation. Furthermore, the model was developed to allow the introducing of ITSC faults in the 

stator and rotor windings of the machine. 

The following assumptions were initially made for the development of the model: 
 

• The eddy currents and hysteresis effects in the magnetic materials were neglected. 

• The magnetic flux lines are considered to cross the air-gap radially. 

• The capacitive coupling between the windings was neglected. 

• Skin effect was not considered in the model. 

• As the stator and rotor slots of the machine employed in the experimental tests are 

straight, the stator and rotor skewing was not considered in the model. 

4.2 Basic concepts of modified winding function approach 

The fundamentals of the MWFA are given in [106]. We will start by considering an elementary 

WRIM as shown in Fig. 4.1. The machine contains two windings in the stator (winding A and 

winding B) and two windings in the rotor (winding a and winding b). The quantities ρ and θ are 

the angular position in a stator reference frame and the angular position of the rotor with respect 

to the stator axis Sref, respectively. 
 

 

 

A

A´

B

B´

a

b

a´

b´

refS





 

Fig. 4.1. Elementary WRIM. 
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The function n(ρ,θ) is called the turns function and represents the number of turns of the 

winding at the angular position ρ in the stator frame. In general, for a stationary coil, the turns 

function is only a function of ρ while for a rotating coil it is a function of ρ and θ. 

The function g-1(ρ,θ) is the inverse air-gap function of the machine and represents the inverse 

of the air-gap length at an angular position ρ in the stator frame. Ignoring slotting of the rotor and 

stator, the function g-1(ρ,θ) is constant. Taking into account the stator and rotor slotting, g-1(ρ,θ) 

becomes a function of ρ and θ. 

The modified winding function is the MMF drop across the air-gap for a current circulating in 

the winding, being defined as [106] 
 

 

 ( , ) ( , ) ( , )M n M       , (4.1) 
 

 

where ( , )M    is the average value of the modified winding function, defined as 
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


    (4.2) 

 

 

and 1( , )g    is the average value of the inverse air-gap function, defined as 
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The mutual inductance between windings B and A is defined as [106] 
 

 

 

2
1

0
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( , ) ( , ) ( , ) ,BA B AL rl n M g d


           (4.4) 

 

 

where 0 , r and l are the free space permeability, stator inner radius and axial stack length of the 

machine, respectively. 

Replacing ( ( , ))AM    in (4.4) by its definition given by (4.1) leads to [106] 
 

 

  
2

1

0
0

( , ) ( , ) ( , ) ( , ) ,BA B A AL rl n n M g d


             (4.5) 

 

 

which is equivalent to 
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2 2
1 1

0
0 0

( , ) ( , ) ( , ) ( , ) ( , ) ( , ) .BA B A B AL rl n n g d n M g d
 

                 
      (4.6) 

 

 

 

In (4.6), ( , )AM    is a constant and therefore, it is taken outside the integral, thus obtaining 
 

 

 

 

2 2
1 1

0
0 0

( , ) ( , ) ( , ) ( , ) ( , ) ( , ) ,BA B A A BL rl n n g d M n g d
 

                 
      (4.7) 

 

 

which is equivalent to 
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     (4.8) 

 

 

4.3 Development of the machine model 

In this subsection, the implementation of the simulation model of the machine that will be used 

later on in the experimental tests is discussed. The details of the machine can be found in Appendix 

C. 

The developed model takes into account phenomena such as the linear rise of the MMF across 

the slots, stator and rotor slotting effects and magnetic saturation in the machine core. 

The subscripts used in the turns function and inductances are A, B, C for the three windings of 

the stator while a, b and c refer to the three windings of the rotor. 

The equations (4.1)-(4.8) consider the continuous variations of the signals. However, for the 

computer implementation, it is necessary to discretize these equations. Therefore, it is considered 

a finite number of samples and, for that purpose, the stator frame is divided into N sections (in this 

study N=720). It will give an angular resolution of 
 

 

 
2

.N
N


    (4.9) 

 

 

With the aim of implementing the model, the turns functions and the inverse air-gap function 

are discretized. Then, the rectangular integration is used to calculate the inductances. 
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4.3.1 Turns and winding functions 

The distribution of the stator and rotor windings are presented in Fig. 4.2 and Fig. 4.3, 

respectively. Each phase of the stator windings has 6 series-connected coils with a total of 180 

turns per phase (each coil of the stator windings has 30 turns). Each phase of the rotor windings 

has 4 series-connected coils with a total of 108 turns per phase (each coil of the rotor windings has 

27 turns). Fig. 4.4 shows the layout of the stator and rotor windings of the WRIM at 0   rad (  

is the angle between the rotor axis and the stator axis Sref ). 

 
 

 

 

 

Fig. 4.2. Stator winding distribution of the WRIM. 

 

 

 

 

 

 

 

 

Fig. 4.3. Rotor winding distribution of the WRIM. 
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Fig. 4.4. Layout of the windings in the stator and rotor of the WRIM (at 0   rad). 

 

 

The turns functions of the stator windings ( ( ),  ( ) and ( ))A B Cn n n    are only a function of   

while those for the rotor windings ( ( , ),  ( , ) and ( , ))a b cn n n       are a function of   and  . 

From the windings arrangements of the machine, presented in Fig. 4.2, Fig. 4.3 and Fig. 4.4, 

the turns function of the three windings of the stator and rotor are illustrated in Fig. 4.5 and Fig. 

4.6, respectively. As can be seen in these figures, the effects of the linear rise of the MMF across 

the slots are included in the turns functions. 

Fig. 4.7 shows the winding functions of the stator winding A and the rotor winding a. 
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Fig. 4.5. Turns function of the stator windings. 

 

 

Fig. 4.6. Turns function of the rotor windings (at 0 rad  ). 

 

 

Fig. 4.7. Winding functions of phase A  of stator and phase a  of the rotor windings (at 0   rad). 

 

4.3.2 Inverse air-gap function 

The position of the stator and rotor slots when θ=0 rad is shown in Fig. 4.8, where g0 is the 

minimum value of the air-gap of the machine, and hs and hr are the stator and rotor teeth height, 

respectively.  and s r   are the angles corresponding to the stator and rotor slot pitch and are given 

by 
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  (4.10) 
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where 36sS   is number of the stator slots and 24rS   is number of the rotor slots. 

Initially, for the definition of the air-gap function, the real dimensions of the stator and rotor 

slots (hs=20 mm and hr=18 mm) and the real value of the air-gap (g0=0.6 mm) were considered in 

the model. However, the simulation results were not in agreement with the experimental results 

because the slotting effect was too pronounced. 

In order to have a better matching between the simulation and experimental results, it was 

necessary to consider a smoother variation of the air-gap in the model. Therefore, using a trial and 

error procedure, the effective depths of the stator and rotor slots are obtained, as marked in Fig. 

4.8. The minimum value of the air-gap is also considered as g0=1.1 mm. With these modifications, 

the simulation results were in agreement with the experimental ones, thus improving this modeling 

procedure. 

The stator air-gap function ( )sg  , which is the distance between the effective depth of the 

stator slots and the stator surface, is independent of the rotor position. The rotor air-gap function 

( , )rg   , which is the distance between the effective depth of the rotor slots and the rotor surface, 

rotates with the rotor. 

The total air-gap function is defined as 
 

 

 0( , ) ( ) ( , ).s rg g g g         (4.11) 
 

 

The inverse air-gap function is given by 
 

 

 
1 1
( , ) .

( , )
g

g
 

 

    (4.12) 

 

 

Fig. 4.9 shows the values of 
1( ),  ( , ),  ( , ) and ( , )s rg g g g      

 at 0 rad  . As can be 

seen in Fig. 4.9, ( ) and ( , )s rg g    are a periodic function of   with a repetition period of one 

stator slot pitch (0.1745 rad) and one rotor slot pitch (0.2618 rad), respectively. Therefore, the 

repetition period of the total air-gap function is 0.5236 rad (the least common multiple of 0.1745 

and 0.2618). 
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Fig. 4.8. Position of the stator and rotor slots at 0   rad. 

 

 

 

 
(a) Stator air-gap function 

 
(b) Rotor air-gap function 

 
(c) Total air-gap function, considering g0=1.1 mm 

 
(d) Inverse air-gap function 

Fig. 4.9. Effective air-gap and inverse air-gap functions at 0   rad. 
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4.3.3 Inclusion of magnetic saturation 

Until this point, the magnetic permeability of the iron was considered infinity. Therefore the 

effects of magnetic saturation were ignored. 

The non-linear behavior of the magnetic circuit influences the amplitude of currents drawn by 

the machine and produces additional currents and torque harmonics [107]. In order to improve the 

accuracy of the obtained simulation results, the magnetic saturation was included in the developed 

model. 

In the model, it is assumed that the stator and rotor teeth have reluctance. This magnetic 

reluctance changes with the magnetic saturation. Hence, the saturation is emulated by a proper 

decrease of the height of the teeth which results in an increase of the air-gap length in front of the 

teeth. This procedure is equivalent to consider the teeth with infinite permeability and introduce a 

proper increase of the air-gap length in front of the teeth [108].  

In a first step, the magnetic flux in all stator and rotor teeth should be calculated. In this work, 

for the calculation of the magnetic flux in the teeth, a single-turn open-circuit search coil was 

added around each stator and rotor tooth. The mutual inductances between these search coils and 

the stator and rotor windings are calculated using the MWFA. The magnetic flux crossing the 

search coil in tooth i is calculated by1 
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  (4.13) 

 

where 
 

     
T

s A B CI i i i   (4.14) 
 

 

     
T

r a b cI i i i   (4.15) 
 

 

  is iA iB iCL L L L      (4.16) 
 

 

   ,ir ia ib icL L L L      (4.17) 
 

 

                                                 
1 As the search coil has only one turn, flux and flux linkage associated for the search coils is identical. 



Chapter 4. Modeling of wound rotor induction machine 

85 

 

where ,  iA iBL L  and iCL  are the mutual inductances between the search coil of tooth i and the three 

stator windings and ,  ia ibL L  and icL  are the mutual inductances between the search coil and the 

three rotor windings. 

The flux density in tooth i is calculated by 
 

 

 ,i
i

i

B
A


   (4.18) 

 

where iA  is cross-section of tooth i. 

The magnetic permeability of tooth i is calculated by 
 

 

 ,i
i

i

B

H
    (4.19) 

 

 

where iH  is the magnetic field intensity of tooth i, which is obtained from the magnetization curve 

(B–H curve) of the core material of the machine. Fig. 4.10 shows the magnetization curve of the 

core material of the machine that later on will be used in the experimental tests. Fig. 4.11 shows 

the variation of the magnetic permeability as a function of the flux density in the core material. 

Since the flux distribution in the machine is non-uniform, each tooth will have a different μ 

compared to others, and due to rotation of the magnetic field inside the machine, each tooth will 

also have a time-varying μ. 
 

 

 

 

 

Fig. 4.10. Magnetization curve of the core material used in the experimental WRIM. 
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Fig. 4.11. Magnetic permeability versus flux density of the core material. 

 

 

 

 

 

The magnetic reluctance of tooth i is calculated by 
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where ih  is the height of tooth i. 

Now, the magnetic reluctance of tooth i is emulated by a proper decrement of its height. The 

height decrement of tooth i is given by 
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   (4.21) 

 

 

 

The equivalent height of tooth i is given by 
 

 

 

 .i i ih h h     (4.22) 
 

 

 

The equivalent height of all stator and rotor teeth is updated at the end of every simulation step. 

The decrement of the height of the saturated teeth is schematically illustrated in Fig. 4.12.  
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Fig. 4.12. Decrease of the height of the saturated teeth. 

 

4.3.4 Inductances calculation using rectangular integration 

According to the rotor position, at the end of every simulation step, the turns functions of the 

rotor windings as well as the inverse air-gap function are updated. Then, the definite integrals 

presented in (4.3), (4.2) and (4.8) are calculated by 
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The self-inductance of winding A is given by 
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where LlA is the leakage inductance of winding A. 
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For a given value of θ (θ is the rotor angular position), two nearby sample positions, floor 

sample ( )F  and ceil sample ( )C  are given by 
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 .C F N      (4.28) 
 

 

The definition of F  and C  for a given θ is schematically illustrated in Fig. 4.13. 
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Fig. 4.13. Definition of F  and C  for a given  . 

 

 

 

 

At the end of each simulation step, all inductances are calculated for both rotor angular positions 

F  and C . Then, the partial derivative of inductances with respect to the rotor angular position is 

given by 
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Finally, the inductances for the position θ are given by 
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Fig. 4.14 shows the inductances of the machine obtained with the simulation model. 

 

 

(a) Mutual inductance between the stator winding A and the rotor winding a 

 

(b) Self-inductance of the stator winding A 

 

(c) Self-inductance of the rotor winding a 

Fig. 4.14. Inductances of the machine obtained with the developed simulation model. 

 

4.3.5 Modeling of ITSC faults 

For the purpose of the mathematical modeling of ITSC faults in the windings of the machine, 

the affected winding is divided into two parts, healthy part and faulty part. Then, according to the 

position and number of the short-circuited turns, the turns function, resistance and inductances of 

the healthy and faulty parts of the affected winding are recalculated. 

As an example, according to Fig. 4.15, 15 turns out of 180 turns of the stator winding A are 

short-circuited through an external short-circuit resistance Rsc. The turns function of the healthy 

and faulty parts of the stator winding A are shown in Fig. 4.16. The subscripts h and f are used for 

the healthy and faulty parts of the winding. 
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Fig. 4.15. Schematic representation of stator winding A  with 15 short-circuited turns. 

 

 

 

 

Fig. 4.16. Turns function of the healthy and faulty parts of the stator winding A . 

 

 

According to the number of short-circuited turns, the resistance of the healthy and faulty parts 

of the affected winding is calculated by 
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where AR  is the total resistance of winding A, AN  is the total number of turns of winding A and 

AfN  is the number of turns of the faulty part of winding A. 

The leakage inductance of the healthy and faulty parts of the affected winding is calculated by 

[109] 
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After the recalculation of the turns function and the leakage inductance of the healthy and faulty 

parts of the affected winding, the MWFA is used to compute the self-inductances of the healthy 

and faulty parts of the affected winding as well as the mutual inductances between these parts and 

the rest of the stator and rotor windings of the machine. 

The equivalent electric circuit of the stator winding A with an ITSC fault is presented in Fig. 

4.17, where Ah  and Af  are the flux linkages of the healthy and faulty parts of the affected 

winding and Au  is the voltage applied to winding A. 

From Loop 1 and Loop 2, marked in Fig. 4.17, the voltage equations of the windings healthy 

and faulty parts are given by 
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Replacing sc A Afi i i   in (4.33) leads to 
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  (4.34) 

 

 

 

AfR

Afd

dt



Au

+

-

+

-

AhR

Ahd

dt


+

-

Afi

Ai

sci

scR

Loop 1

Loop 2

 

Fig. 4.17. Equivalent electric circuit of the stator winding A  with an ITSC fault. 
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4.3.6 State-space model 

The voltage equations for the stator and rotor circuits are expressed in the state-space form by 

[109] 
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where, for the healthy machine, 
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where ,  A Bu u  and Cu  are the voltages of the stator windings, ,  a bu u  and cu  are the voltages of 

the rotor windings, ,  A Bi i  and Ci  are the stator currents, ,  a bi i  and ci  are the rotor currents, 
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,  A B   and C  are the stator fluxes linkages, ,  a b   and c  are the rotor flux linkages, 

,  A BR R  and CR  are the resistance of the stator windings, and ,  a bR R  and cR  are the resistance of 

the rotor windings. 

The stator and rotor flux linkages are calculated by 
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where, for the healthy machine, 
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where ,  AA BBL L  and CCL  are the self-inductances of the stator windings, ,  AB BA AC CAL L L L   

and BC CBL L  are the mutual inductances between the stator windings, ,  aa bbL L  and ccL  are the 

self-inductances of the rotor windings, ,  ab ba ac caL L L L   and bc cbL L  are the mutual 

inductances between the rotor windings, and ,  ,  ,  ,  ,  ,  ,  Aa Ab Ac Ba Bb Bc Ca CbL L L L L L L L  and CcL  are 

the mutual inductances between the stator and rotor windings. 

Replacing (4.44) in (4.35) leads to 
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To introduce the ITSC fault in the stator windings, taking into account the voltage equations of 

the healthy and faulty parts of the affected winding presented in (4.34), the matrices 

       , , ,s s s ssU  I  R  L  and  srL  should be modified. As an example, to introduce the ITSC fault 

in the stator winding A, (4.36), (4.38), (4.42), (4.45) and (4.47) are modified as 
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where AhAhL  and AfAfL  are the self-inductances of the healthy and faulty parts of winding A, 

AhB BAhL L  and AhC CAhL L  are the mutual inductances between the healthy part of winding A 

and the stator windings B and C, AfB BAfL L  and AfC CAfL L  are the mutual inductances between 

the faulty part of winding A and the stator windings B and C, AhAf AfAhL L  are the mutual 

inductances between the healthy and faulty parts of winding A, ,  Aha AhbL L  and AhcL  are the 

mutual inductances between the healthy part of winding A and the rotor windings, and ,  Afa AfbL L  

and AfcL  are the mutual inductances between the faulty part of winding A and the rotor windings. 

To introduce the ITSC fault in the rotor winding a, (4.37), (4.39), (4.43), (4.46) and (4.47) are 

modified as 
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where ahahL  and afafL  are the self-inductances of the healthy and faulty parts of rotor winding a, 

ahb bahL L  and ahc cahL L  are the mutual inductances between the healthy part of winding a and 

the rotor windings b and c, afb bafL L  and afc cafL L  are the mutual inductances between the 

faulty part of winding a and the rotor windings b and c, ahaf afahL L  are the mutual inductances 

between the healthy and faulty parts of winding a, AahL , BahL  and CahL  are the mutual 

inductances between the healthy part of winding a and the stator windings, and ,  Aaf BafL L  and 

CafL  are the mutual inductances between the faulty part of winding a and the stator windings. 

To introduce simultaneous ITSC faults in the stator winding A and the rotor winding a, (4.36), 

(4.38), (4.42) and (4.45) are modified as (4.49)-(4.52); (4.37), (4.39), (4.43) and (4.46) are 

modified as (4.54)-(4.57); and (4.47) is modified as 
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where AhahL  is the mutual inductance between the healthy part of stator winding A and the healthy 

part of rotor winding a, AfafL  is the mutual inductance between the faulty part of stator winding A 

and the faulty part of rotor winding a, AhafL  is the mutual inductance between the healthy part of 

stator winding A and the faulty part of rotor winding a and AfahL  is the mutual inductance between 

the faulty part of stator winding A and the healthy part of rotor winding a. 

The second term on the second hand of (4.48) is equivalent to 
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Replacing (4.60) in (4.48) leads to 
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The electromagnetic torque of the machine is calculated by [109] 
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The mechanical equation of the system is given by 
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where LT  is the load torque, mJ  is the moment of inertia of the rotating parts of the machine, mB  

is the viscous friction coefficient and m  is the mechanical angular speed, given by 
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Combining the voltage equations presented in (4.61) with the mechanical equations presented 

in (4.63) and (4.64), the final set of equations of the machine model is given by 
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The equation (4.65) is implemented in the Matlab/Simulink environment using an S-function 

block. The block diagram of the developed model of the WRIM is schematically represented in 

Fig. 4.18. As observed in this figure, the inputs of the S-function block are the stator and rotor 

voltages, the difference value between  and em LT T , and the time derivative of the inductances. The 
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outputs of the S-function block consist of electrical quantities (stator and rotor currents) and 

mechanical quantities (position and mechanical speed of the rotor). 
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Fig. 4.18. Block diagram of the developed model of WRIM. 

 

4.4 Model validation 

To experimentally validate the developed model of the WRIM, an experimental test rig was 

prepared. In this test rig, a WRIM, with the specifications given in Appendix C, is mechanically 

coupled to a 7.5 kW three-phase IM drive as the mechanical load. Both the stator and rotor 

windings of the WRIM are star-connected with an isolated neutral point. The stator windings are 

connected to the grid, while the rotor windings are short-circuited. To compare the results obtained 

with the simulation model of the WRIM with the experimental ones, the stator and rotor currents, 

the short-circuit current, the grid voltages and the rotor speed were measured by the sensors 

mounted in the test rig. 

Before presenting the results, the harmonic components in the stator and rotor currents and 

electromagnetic torque of the machine are analyzed. Then, the results obtained by the experimental 

tests along with the simulation results for both healthy and faulty conditions of the WRIM are 

presented.  
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4.4.1 Harmonic analysis 

For the healthy operation of the WRIM, considering the grid voltage harmonics, the expected 

frequency components in the stator currents are given by [110] 
 

 

 
,
. 6 (1 ) ,i k

s c sf i k s f     (4.71) 
 

 

where sf  is the fundamental supply frequency, s is rotor slip, i=1, 2, 3,… is the order of the grid 

supply induced current harmonic components, and k=0, 1, 2, 3... 

The expected frequency components in the electromagnetic torque are given by [110] 
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where   is the supply harmonic order. 

According to the simulation and experimental results obtained for different operating conditions 

of the WRIM, which will be presented in the next subsections, the magnetic saturation gives rise 

to some new components in the stator current at frequencies given by 
 

 

 . (1 6 ) .sat
s c sf s f    (4.73) 

 

 

These frequencies can also be obtained by considering i=5, k=1 and i=7, k=1 in (4.71) which 

confirms that the origin of these components is also related with the 5th and 7th grid voltage 

harmonics. However, if these grid voltage harmonics were not included in the simulation model 

of the WRIM, these components still found in the stator currents. When these grid voltage 

harmonics were not included in the model and magnetic saturation was not included as well, these 

components did not appear in the spectra of the stator currents. Therefore, these simulation tests 

confirm that the dominant origin of these current harmonics is the interaction between supply 

harmonics and magnetic saturation. However, the theory behind such analysis is still unknown and 

beyond the main scope of this work. 

The magnetic saturation gives rise to the appearance of some components in the rotor currents 

at frequencies of 
 

 

 . ,   5, 7, 11.sat
r c sf ksf k    (4.74) 
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Finally, the frequency of the dominant component related to the magnetic saturation in the 

electromagnetic torque is given by 
 

 

 torque 6 .sat
sf sf   (4.75) 

 

 

Besides, ITSC faults (or any electrical asymmetry) in the stator and rotor windings of WRIMs 

induce a series of harmonic components in the stator currents, rotor currents, and electromagnetic 

torque. The frequency of the components produced in the stator currents, rotor currents, and 

electromagnetic torque due to stator ITSC faults are given by (4.76), (4.77) and (4.78), 

respectively [111]. 
 

 

 . ,   1, 3, 5, ...sf
s c sf kf k     (4.76) 

 

 

 . (2 ) ,   1, 2, 3, ...sf
r c sf k s f k     (4.77) 

 

 

 torque 2 ,   1, 2, 3, ...sf
sf kf k    (4.78) 

 

 

The frequency of the components produced in the stator currents, rotor currents, and 

electromagnetic torque due to rotor ITSC faults are given by (4.79), (4.80) and (4.81), respectively 

[111]. 
 

 . (1 2 ) ,   1, 2, 3, ...rf
s c sf ks f k     (4.79) 

 

 

 . ,   1, 3, 5, ...rf
r c sf ksf k     (4.80) 

 

 

 torque 2 ,   1, 2, 3, ...rf
sf ksf k    (4.81) 

 

 

4.4.2 Healthy conditions 

The simulation and experimental results concerning the operation of the WRIM in healthy 

conditions and for three levels of the mechanical load are presented in this subsection. Fig. 4.19 

shows the waveforms and spectrum of the grid voltages in the experimental tests. The amplitudes 

of the fundamental component, the 5th and 7th harmonics of the grid voltages were 347 V, 4.8 V 

and 4.7 V, respectively. 
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Due to the influence of the grid voltage harmonics on the spectra of currents [110], the 5th and 

7th harmonics were also considered in the simulation model. 

 

(a) Time waveforms 

 

(b) Spectrum  

Fig. 4.19. Grid voltages in the experimental tests. 

 

The simulation and the experimental results for the operation of the WRIM in healthy 

conditions, when the stator is supplied with the rated voltage and the WRIM running at no-load, 

are presented in Fig. 4.20 and Fig. 4.21, respectively. As shown in Fig. 4.20(a), Fig. 4.20(b), Fig. 

4.21(a) and Fig. 4.21(b), the stator and rotor currents are distorted. The main reason for the 

distortion of the stator and rotor currents is the structure of the WRIM under study that has non-

skewed open slots in both stator and rotor sides. This leads to a severe non-uniform path for the 

air-gap flux which generates the currents distortions [41]. As seen in these figures, the stator and 

rotor currents waveforms are balanced and the amplitude and period of the stator and rotor currents 

obtained with the simulation model are identical to the experimental results.  

As presented in Fig. 4.20(c) and Fig. 4.21(c), the rotor speed at no-load is 1490 rpm, which 

corresponds to a rotor slip of s=0.006. The waveform of the machine electromagnetic torque from 

simulation model (obtained by (4.62)) is shown in Fig. 4.20(d). The reason for the torque 

oscillations is by the non-skewed open slots in both stator and rotor sides of the WRIM under 

study, in addition to the big space harmonics generated by the stator and rotor windings. 

It is worthy to mention that the fundamental values of the stator and rotor currents for this 

operating conditions of WRIM are listed in Table 4.1, at the end of this subsection.  
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(a) Stator currents waveforms 

 

(b) Rotor currents waveforms  

 

(c) Rotor speed waveform 

 

(d) Electromagnetic torque waveform 

Fig. 4.20. Simulation results for the healthy operation 

of the WRIM at no-load condition. 

 

 

(a) Stator currents waveforms 

 

(b) Rotor currents waveforms  

 

(c) Rotor speed waveform 

Fig. 4.21. Experimental results for the healthy operation 

of the WRIM at no-load condition. 

 

 

 

 

 

A zoom of the spectra for the operation of the WRIM in healthy conditions and running at no-

load is presented in Fig. 4.22 and Fig. 4.23. From now on, all components related to faults are 

labeled with arrows in red color in the spectra, while all other components are indicated in blue. 

According to (4.71), the components at frequencies of 250 Hz (i=5, k=0) and 350 Hz (i=7, k=0) 

are observed in the stator current spectra presented in Fig. 4.22(a) and Fig. 4.23(a). The amplitudes 

of these components in the stator currents obtained with the simulation model are in good 

agreement with the experimental results. 
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(a) Spectrum of the stator current iA 

 

(b) Spectrum of the rotor current ia 

 

(c) Spectrum of the electromagnetic torque 

Fig. 4.22. Simulation spectra for the healthy operation 

of the WRIM at no-load condition. 

 

 

(a) Spectrum of the stator current iA 

 

(b) Spectrum of the rotor current ia 

Fig. 4.23. Experimental spectra for the healthy operation 

of the WRIM at no-load condition. 

 

 

 

 

 

 

Due to the addition of the extra taps in the stator and rotor windings, there is a small degree of 

inherent electrical unbalance in the stator and rotor of the WRIM which it is not considered in the 

simulation model. Therefore, unlike the simulation result presented in Fig. 4.22(b), two 

components related to the stator fault at frequencies of 99.7 Hz   2 ss f  and 100.3 Hz 

  2 ss f  are observed in the experimental rotor current spectrum, presented in Fig. 4.23(b). 

The spectrum of the electromagnetic torque is presented in Fig. 4.22(c), where the component 

at a frequency of 300 Hz [(ϑ=5, i=1, k=0) and (ϑ=7, i=1, k=0)] is labeled. 

The simulation and experimental spectra for the healthy operating of the WRIM at half-load 

(13.5 Nm) are presented in Fig. 4.24 and Fig. 4.25, respectively. For this operating condition of 

the WRIM, the rotor speed is 1457 rpm that leads to a rotor slip of s=0.029. According to (4.71), 
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the components at frequencies of 250 Hz (i=5, k=0), 350 Hz (i=7, k=0), 242 Hz and 342 Hz (i=1, 

k=1) are observed in the stator current spectra presented in Fig. 4.24(a) and Fig. 4.25(a). The 

amplitude of the components at frequencies of 250 Hz and 350 Hz are almost identical in the 

simulation and experimental results while the amplitude of the components at frequencies of 242 

Hz and 342 Hz in the experimental results are larger than in the simulation results. According to 

(4.73), the components related to the magnetic saturation at frequencies of 41.5 Hz   1 6 ss f  

and 58.5 Hz   1 6 ss f  are also labeled in these figures.  

In Fig. 4.24(a), the components related to the faults do not appear in the stator current spectrum, 

which is revealing the fact that the WRIM has no faults. However, as shown in Fig. 4.25(a), due 

to the inherent electrical unbalance of the WRIM, the components related to rotor fault, at 

frequencies of 47.2 Hz and 52.8 Hz, exist in the stator current spectrum obtained in the 

experimental test. 

The components related to the magnetic saturation in the rotor currents spectra (7.2 Hz, 10 Hz 

and 15.8 Hz) are labeled in Fig. 4.24(b) and Fig. 4.25(b). As shown in Fig. 4.25(b), due to the 

inherent electrical unbalance of the WRIM, the components related to the stator fault, at 

frequencies of 98.6 Hz and 101.4 Hz (referring to (4.77)), and the component related to the rotor 

fault, at a frequency of 4.3 Hz (referring to (4.80)), are not zero. 

The spectrum of the electromagnetic torque is presented in Fig. 4.21(c). As shown in this figure, 

two components at frequencies of 292 Hz (ϑ=1, i=1, k=1) and 300 Hz [(ϑ=5, i=1, k=0) and (ϑ=7, 

i=1, k=0)] - referring to (4.72) - and the component related to the magnetic saturation at a frequency 

of 8.4 Hz - referring to (4.75) - are labeled. 

The simulation and experimental results for the healthy operating of the WRIM at full-load (27 

Nm) are presented in Fig. 4.26 and Fig. 4.27, respectively. As seen in these figures, the stator and 

rotor currents waveforms are balanced. Moreover, the amplitude and the period of the stator and 

rotor currents obtained with the simulation model are in good agreement with the experimental 

results. 

As presented in Fig. 4.26(c) and Fig. 4.27(c), the rotor speed at full-load condition is 1428 rpm, 

which corresponds to a rotor slip of s=0.048. The waveform of the electromagnetic torque obtained 

with the simulation model is shown in Fig. 4.26(d). 
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(a) Spectrum of the stator current iA 

 

(b) Spectrum of the rotor current ia 

 

(c) Spectrum of the electromagnetic torque 

Fig. 4.24. Simulation spectra for the healthy operation of 

the WRIM at half-load condition. 

 

 

(a) Spectrum of the stator current iA 

 

(b) Spectrum of the rotor current ia 

Fig. 4.25. Experimental spectra for the healthy operation 

of the WRIM at half-load condition. 

 

 

 

 

 

 
 

 

The simulation and experimental spectra under these circumstances are presented in Fig. 4.28 

and Fig. 4.29, respectively. Fig. 4.28(a) and Fig. 4.29(a) show the stator current spectra. According 

to (4.71), the components at frequencies of 250 Hz (i=5, k=0), 350 Hz (i=7, k=0), 236 Hz and 336 

Hz (i=1, k=1) are labeled in the stator current spectrum presented in Fig. 4.28(a) and Fig. 4.29(a). 

According to (4.73), the components related to the magnetic saturation at frequencies of 35.5 Hz 

  1 6 ss f  and 64.5 Hz   1 6 ss f  are also labeled in these figures. As shown in Fig. 4.29(a), 

due to the inherent electrical unbalance of the WRIM, the components related to the rotor fault at 

frequencies of 45.1 Hz   1 2 ss f  and 54.9 Hz   1 2 ss f  exist in the stator current spectrum 

obtained in the experimental test. 
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(a) Stator currents waveforms  

 

(b) Rotor currents waveforms  

 

(c) Rotor speed waveform 

 

(d) Electromagnetic torque waveform 

Fig. 4.26. Simulation results for the healthy operation 

of the WRIM at full-load condition. 

 

 

(a) Stator currents waveforms  

 

(b) Rotor currents waveforms  

 

(c) Rotor speed waveform 

Fig. 4.27. Experimental results for the healthy operation 

of the WRIM at full-load condition. 

 

 

 

 

 

The components related to the magnetic saturation in the rotor currents spectra (12 Hz, 16.8 Hz 

and 26.2 Hz) are labeled in Fig. 4.28(b) and Fig. 4.29(b). Due to the inherent electrical unbalance 

of the WRIM, the components related to the stator fault (97.6 Hz and 102.4 Hz) and the component 

related to the rotor fault (7.2 Hz) exist in the rotor current (see Fig. 4.29(b)). 

The spectrum of the electromagnetic torque is presented in Fig. 4.28(c). Referring to (4.72), 

two components at frequencies of 286 Hz (ϑ=1, i=1, k=1) and 300 Hz [(ϑ=5, i=1, k=0) and (ϑ=7, 

i=1, k=0)] are labeled in this figure. The component related to the magnetic saturation at a 

frequency of 14.5 Hz (6 )ssf  is also labeled in this figure.
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(a) Spectrum of the stator current iA 

 

(b) Spectrum of the rotor current ia 

 

(c) Spectrum of the electromagnetic torque 

Fig. 4.28. Simulation spectra for the healthy operation 

of the WRIM at full-load condition. 

 

 

(a) Spectrum of the stator current iA 

 

(b) Spectrum of the rotor current ia 

Fig. 4.29. Experimental spectra for the healthy 

operation of the WRIM at full-load condition. 

 

 

 

 

 

 

For a complete comparison of the simulation and experimental results, the amplitude of the 

fundamental component of the stator and rotor currents under the three operating conditions of the 

WRIM are listed in Table 4.1. The simulation and experimental results are similar, demonstrating 

the good agreement between the simulation and experimental results. 
 

 

Table 4.1. Comparison of the amplitude of the fundamental component of the 
currents obtained with the simulation model and by the experimental tests. 

 No-load Half-load Full-load 

 (A)si  
Simulation 7.2 9 12.1 

Experimental 7.1 9.1 12.3 

 (A)ri  
Simulation 1.8 9.5 16.2 

Experimental 1.7 9.6 16.2 
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4.4.3 Faulty conditions 

4.4.3.1 Stator fault 

According to Fig. 4.15, 15 turns out of 180 turns of the stator phase A are short-circuited. To 

avoid any damage to the windings, the short-circuit current ( )sci  is limited by a resistor Rsc=1.1 

Ω. The simulation and experimental results under this faulty operating condition of the WRIM at 

full-load are presented in Fig. 4.30 and Fig. 4.31, respectively. As seen in Fig. 4.30(a) and Fig. 

4.31(a), due to the fault in the stator winding of phase A, the stator currents are slightly unbalanced. 

In this case, the faulty phase A has a maximum current followed by the currents in phases B and 

C. 
 

  

(a) Stator currents waveforms (a) Stator currents waveforms 

  

(b) Currents waveforms in the faulty winding (b) Currents waveforms in the faulty winding 

  

(c) Rotor currents waveforms (c) Rotor currents waveforms 

Fig. 4.30. Simulation results for the operation of the 

WRIM at full-load and with 15 turns short-circuited in 

phase A  of the stator windings. 

Fig. 4.31. Experimental results of the operation of the 

WRIM at full-load and with 15 turns short-circuited in 

phase A  of the stator windings. 
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The time waveforms of the current in stator phase A ( )Ai  along with the short-circuit current 

( )sci  and the current of the faulty turns  are presented in Fig. 4.30(b) and Fig. 4.31(b). As seen in 

these figures, the amplitude of sci  and Afi  as well as the phase shift between , A sci i  and Afi  

obtained with the simulation model are identical to the experimental results. 

As seen in in Fig. 4.30(c) and Fig. 4.31(c) ( )Afi , in the presence of the stator fault, the rotor 

currents waveforms are still balanced.  

The simulation and experimental spectra under these circumstances are presented in Fig. 4.32 

and Fig. 4.33, respectively. Referring to (4.71) and for s=0.048, the components at frequencies of 

250 Hz (i=5, k=0), 350 Hz (i=7, k=0), 236 Hz and 336 Hz (i=1, k=1) are labeled in the stator 

current spectra presented in Fig. 4.32(a) and Fig. 4.33(a). The components related to the magnetic 

saturation at frequencies of 35.5 Hz   1 6 ss f  and 64.5 Hz   1 6 ss f  are also labeled in these 

figures. Referring to (4.76), the presence of the stator fault gives rise to the component at the 

frequency of 150 Hz (k=3) in the stator currents, as labeled in Fig. 4.32(a) and Fig. 4.33(a). 

The spectra of the rotor current are presented in Fig. 4.32(b) and Fig. 4.33(b). The components 

related to the magnetic saturation in the rotor currents spectra (12.8 Hz, 17.9 Hz and 28 Hz) are 

labeled in these figures. According to (4.77), the presence of the stator fault gives rise to two 

components at frequencies of 97.5 Hz and 102.5 Hz (k=1) in the rotor current. Due to the inherent 

electrical unbalance of the WRIM, the amplitude of these components in the experimental result 

is larger than in simulation. 

The spectrum of the electromagnetic torque is presented in Fig. 4.32(c). Referring to (4.72), 

two components at frequencies of 285 Hz (ϑ=1, i=1, k=1) and 300 Hz [(i=5, ϑ=1, k=0) and (i=7, 

ϑ=1, k=0)] are labeled in this figure. The component related to the magnetic saturation at a 

frequency of 14.5 Hz (6 )ssf  is also labeled in this figure. Referring to (4.78), the presence of the 

stator fault gives rise to two components at frequencies of 100 Hz (k=1) and 200 Hz (k=2) in the 

electromagnetic torque.  
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(a) Spectrum of the stator current iA 

 

(b) Spectrum of the rotor current ia 

 

(c) Spectrum of the electromagnetic torque 

Fig. 4.32. Simulation spectra for the operation of the 

WRIM at full-load condition and with 15 turns 

short-circuited in phase A  of the stator windings. 

 

 

(a) Spectrum of the stator current iA 

 

(b) Spectrum of the rotor current ia 

Fig. 4.33. Experimental spectra for the operation of the 

WRIM at full-load condition and with 15 turns short-

circuited in phase A  of the stator windings. 

 

 

 

 

 

4.4.3.2 Rotor fault 

According to Fig. 4.34, 17 turns out of 108 turns of the rotor phase a are short-circuited where 

0.1 scR    is the total resistance of the slip ring, brushes and current sensor involved in the short-

circuit loop.  

 

Fig. 4.34. Schematic representation of an ITSC fault in phase a  of the rotor windings. 
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Fig. 4.35 and Fig. 4.36 show the simulation and experimental results for the operation of the 

WRIM at rated load with 17 turns short-circuited in the rotor phase a. As shown in these figures, 

the impact of the rotor ITSC fault upon the stator and rotor currents is not significant. Fig. 4.35(c) 

and Fig. 4.36(c) show the time waveforms of the rotor phase a current ( )ai  along with sci  and afi  

which show the current of the short-circuited turns has no significant difference compared the rotor 

phase current.  

 

 

  

(a) Stator currents waveforms (a) Stator currents waveforms  

  

(b) Rotor currents waveforms  (b) Rotor currents waveforms  

  

(c) Currents waveforms of the faulty winding (c) Currents waveforms of the faulty winding 

Fig. 4.35. Simulation results for the operation of the 

WRIM at full-load and with 17 turns short-circuited in 

phase a  of the rotor windings. 

Fig. 4.36. Experimental results for the operation of the 

WRIM at full-load and with 17 turns short-circuited in 

phase a  of the rotor windings. 
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This phenomenon is explained by the fact that the induced voltage in the rotor windings is 

proportional to the rotor slip. Therefore, since the value of the slip in induction motors is small, 

e.g. in the WRIM under study at full-load s=0.048, the induced voltage in the short-circuited turns 

of the rotor is small. This low voltage means a low short-circuit current [41]. Another factor that 

contributes for this situation is the fact that the three rotor phases are short-circuited at the rotor 

terminals of the WRIM. Hence, in the ideal conditions, the fault current would be zero. In practice, 

due to several phenomena, the short-circuit current is not null but very small. Fig. 4.37 and Fig. 

4.38 show the spectra for this operating condition of the WRIM. The stator current spectra are 

presented in Fig. 4.37(a) and Fig. 4.38(a), where the components at frequencies of 250 Hz, 350 

Hz, 236 Hz, 336 Hz, 35.5 Hz and 64.5 Hz are labeled. Referring to (4.79), the presence of the rotor 

fault gives rise to two components at frequencies of 45.1 Hz   1 2 ss f  and 54.9 Hz   1 ,2 ss f  

as labeled in Fig. 4.37(a) and Fig. 4.38(a). 

The simulation and experimental spectra of the rotor current are presented in Fig. 4.37(b) and 

Fig. 4.38(b), respectively. According to (4.77), the presence of the rotor fault gives rise to a 

component at a frequency of 7.5 Hz in the rotor current. Due to the inherent electrical unbalance 

of the WRIM, the amplitude of this component in the experimental result is larger than in the 

simulation result. 

The spectrum of the electromagnetic torque obtained with the simulation model is presented in 

Fig. 4.37(c). Similarly to the healthy operating condition (see Fig. 4.28(c)), the components at 

frequencies of 285 Hz, 300 Hz and 14.5 Hz are labeled in this figure. Referring to (4.81), the 

presence of the rotor fault gives rise to a component at a frequency of 5 Hz in the electromagnetic 

torque.  
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(a) Spectrum of the stator current iA 

 

(b) Spectrum of the rotor current ia 

 

(c) Spectrum of the electromagnetic torque 

Fig. 4.37. Simulation spectra for the operation of the 

WRIM at full-load condition and with 17 turns short-

circuited in phase a  of the rotor windings. 

 

 

(a) Spectrum of the stator current iA 

 

(b) Spectrum of the rotor current ia 

Fig. 4.38. Experimental spectra for the operation of the 

WRIM at full-load condition and with 17 turns short-

circuited in phase a  of the rotor windings. 
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Chapter 5 

5 Doubly-fed induction generator 

 

This chapter starts with the steady-state analysis of the doubly-fed induction generator (DFIG) 

system. Then, the space vector model of the DFIG system is outlined. Finally, the employed 

control strategy for the DFIG system is presented. 

5.1 Steady-state analysis of the DFIG 

The stator angular supply frequency is given by 2s sf  . The relation between the stator 

angular supply frequency and the rotor angular supply frequency ( )r  is given by 
 

 

 ,r s m      (5.1) 
 

 

where m  is the electrical angular speed of the machine, which is given by 
 

 

 ,m mp     (5.2) 
 

 

where m  and p  are the mechanical angular speed of the machine and the number of pole-pairs, 

respectively. 

The rotor slip is given by 
 

 
s m

s
s

 




 . (5.3) 

 

Replacing (5.3) into (5.1), the rotor angular frequency is given by 
 

 

 .r ss    (5.4) 
 

 



Chapter 5. Doubly-fed induction generator 

116 

 

Three different operating regions for the DFIG can be defined: 
 

• Subsynchronous operation (   0)m s s     

• Synchronous operation (   0)m s s     

• Supersynchronous operation (   0)m s s     
 

The active power balance of the DFIG is given by [84] 
 

 

 . . ,s r mec cu s cu rP P P P P     (5.5) 
 

 

where . .,  ,  ,   and s r mec cu s cu rP P P P P  are stator active power, rotor active power, mechanical power, 

stator copper losses and rotor copper losses, respectively. 

The active power balance of the DFIG is schematically represented in Fig. 5.1 [84]. 
 

 

PsPr

Pmec

Pcu.sPcu.r

 

Fig. 5.1. Schematic representation of the DFIG active power balance. 

 

 

The mechanical power is given by 
 

 

 ,m
mec em m emP T T

p


    (5.6) 

 

 

where Tem is electromagnetic torque developed by the DFIG. 

The approximate relation between the stator and rotor powers (neglecting the stator and rotor 

copper power losses in the stator and rotor windings) is given by [84] 
 

 

 .r sP sP   (5.7) 
 

 

Replacing (5.7) into (5.5) and neglecting the stator and rotor copper losses in the stator and 

rotor windings leads to 
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 (1 ) .mec s s sP P sP s P      (5.8) 
 

 

Table 5.1 presents the direction of the mechanical power, the stator active power and the rotor 

active power in the three different operating regions of the DFIG [84]. This table shows that at 

supersynchronous speeds, the DFIG delivers active power through the rotor while at 

subsynchronous speeds, the DFIG receives active power through the rotor. 

In the real application of the wind turbine, the slip is confined to a range of ±30%. According 

to (5.7), this slip range indicates that the rated rotor active power exchange is ±30% of the rated 

stator active power.  

 

Table 5.1. Different operating conditions of DFIG attending to the speed and powers. 

Speed 
Mechanical 

power 

Stator 

active power 

Rotor 

active power 

m s   

(Supersynchronous) 

0mecP   

(Machine receives 

mechanical power) 

0sP   

(Machine delivers active 

power through the stator) 

0rP   

(Machine delivers active 

power through the rotor) 

m s   

(Synchronous) 

0mecP   

(Machine receives 

mechanical power) 

0sP   

(Machine delivers active 

power through the stator) 

0rP   

m s   

(Subsynchronous) 

0mecP   

(Machine receives 

mechanical power) 

0sP   

(Machine delivers active 

power through the stator) 

0rP   

(Machine receives active 

power through the rotor) 

 

 

5.2 Space vector model of the DFIG 

This subsection explains the model of the DFIG based on the space vector theory. The space 

vector model is needed for the purpose of the presentation of the vector control system of the 

DFIG, which is presented in the next subsection. 

Fig. 5.2 shows the space vector model of the DFIG in synchronous coordinates, with the 

quantities of the rotor-side referred to the stator side [84]. 
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Fig. 5.2. dq model of the DFIG in synchronous coordinates. 

 

 

The description of the parameters of the model is as bellow. 

 and :ds qsv v dq components of the stator voltage. 

 and dr qrv v  : dq components of the rotor voltage, referred to the stator side. 

 and :ds qsi i  dq components of the stator current. 

 and dr qri i  : dq components of the rotor current, referred to the stator side. 

 and :ds qs   dq components of the stator flux. 

 and dr qr   : dq components of the rotor flux, referred to the stator side. 

sR : Stator resistance. 

rR : Rotor resistance, referred to the stator side. 

lsL : Stator leakage inductance. 

lrL : Rotor leakage inductance, referred to the stator side. 

mL : Magnetizing inductance. 
 

 

 

 

In the synchronous reference frame, the stator and rotor fluxes are given by [84] 
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where sL  and rL  are the stator and rotor inductances according to 
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The stator and rotor voltages in the dq reference frame rotating at s  are given by 
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The active and reactive powers of the stator and rotor windings of the DFIG are given by 
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The electromagnetic torque is given by [112] 
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5.3 Control system for the DFIG system 

DFIGs are usually controlled using vector control techniques [84, 113-115]. Vector control 

techniques allow a decoupled control of both the active and reactive powers of the DFIG. These 

techniques use a dq model of DFIG, in the synchronous reference frame, where the current and the 

voltage are decomposed into distinct components related to the active and reactive powers of the 

DFIG [116].  

In the category of vector control techniques, there are two methods for the orientation of the 

synchronous reference frame: (1) the stator flux-orientation, where the d-axis of the synchronous 

reference frame is aligned with the stator flux vector [116, 117]; (2) the grid voltage-orientation, 

where the q-axis of the synchronous reference frame is aligned with the grid voltage space vector 

[118, 119]. The stator flux-orientation and the grid voltage-orientation are schematically 

represented in Fig. 5.3 [84]. 

When the stator flux-orientation is employed, the control system becomes unstable when the d-

axis component of the rotor current is high. Such stability problem does not exist when the grid 

voltage-orientation is employed [84, 113, 120]. Moreover, if the stator flux-oriented reference 

frame is employed, the performance of the vector control system will be highly dependent on the 

accurate estimation of the stator flux position. This can be a critical problem under distorted supply 

voltage conditions or varying machine parameters [115]. 
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Fig. 5.3. Reference frame orientation. 
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Therefore, in this work, the grid voltage-oriented vector control scheme is employed to control 

the DFIG. This control system comprises two outer control loops, one to control the stator active 

power (injected into the grid) and the other one to control the stator reactive power. By using these 

loops, the rotor reference currents can be obtained from the reference values of the stator active 

and reactive powers. The control system also comprises two inner rotor current control loops which 

generate the reference voltages that will be applied to the rotor of the DFIG by the rotor-side 

converter. 

To explain the control system, firstly the relationship between the stator powers and the rotor 

current components in a synchronous reference frame is obtained. Then, the closed control loops 

for the currents and powers are presented. Finally, the general overview of the employed control 

system is presented. 

5.3.1 Analysis of the DFIG in the synchronous reference frame 

In a synchronous reference frame with the q-axis aligned with the grid voltage, one has 
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where gv  is the magnitude of the grid voltage space vector. 

Since the q-axis of the reference frame is aligned with the grid voltage, and by neglecting the 

stator windings resistance, the stator flux is aligned with the d-axis. Therefore, 
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where 
s

  is the magnitude of the stator flux space vector. 

Combining (5.9) with (5.18), the relationship between the stator and rotor current components 

is given by 
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Combining (5.10) with (5.19), the relationship between the rotor flux and the rotor currents is 

given by 
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where σ is the leakage coefficient of the machine, being given by 
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Combining (5.13) with (5.20), the relationship between the rotor voltages and the rotor currents 

is given by 
 

 

 

.

m
dr r dr r r qr r dr ds

s

m
qr r qr r r dr r qr r ds

s

Ld d
v R i L i L i

dt L dt

Ld
v R i L i L i

dt L

   

    


         




         



  (5.22) 

 

 

Equation (5.22) is equivalent to 
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where 
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When the grid voltage is constant in amplitude, the derivative of ds  is zero and therefore, the 

last term of the first equation in (5.24) disappears. 

The active and reactive powers of the stator windings will then be given by 
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Combining (5.25) with (5.17), (5.18) and (5.19), one obtains 
 

 

 
2

3                
2

3 3 .
2 2

m
gs qr

s

gm
gs dr

s s s

L
P v i

L

vL
Q v i

L L

  





  


  (5.26) 

 

 

The above equations show that under the grid voltage-oriented vector control, the stator active 

and reactive powers are decoupled and can be controlled independently by  and qr dri i , 

respectively.  

5.3.2 Rotor current control loops 

The control system comprises two inner rotor current control loops of high bandwidth 

(hundreds of Hertz). The current control loops must be incorporated to ensure that the rotor 

currents effectively follow their reference values. Proportional-integral (PI) controllers are 

employed in these control loops.  

Based on the relationship between the rotor voltage and the rotor currents presented in (5.23) 

and (5.24), the transfer functions of the rotor current loops are given by 
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To obtain an effective system response to transients, the compensation terms in (5.24) have to 

be calculated and included in the control loops. 

The rotor current control loops of the DFIG are graphically represented in Fig. 5.4, where u is 

the ratio between the stator and rotor effective turns number of the DFIG and Kpi and Tii are the 

proportional gain and integral time of the employed PI controllers, respectively. 
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Fig. 5.4. Rotor current control loops of the DFIG. 

 

 

The implementation of the control system implies several delays namely the analog to digital 

conversion (ADC) time, the zero-order hold (ZOH) considered in the sampling of the analog 

quantities and the time taken by the processor to run the control system and also in the power 

converter feeding the rotor of the DFIG. All these delays affect the dynamic behavior of the 

system. Since all added delays are much smaller compared to the dominant time constant of the 

system, they are considering as a single delay block, as shown in Fig. 5.4. 

In this work, the Amplitude Optimum method is used to tune the parameters of the PI controllers 

of the control system [121, 122]. According to this tuning procedure, for a transfer function given 

by 
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the integral time and proportional gain of the PI controller are given by 
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The parameters of the transfer function of the rotor current loops are given by  
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where delayT  is the total delay time considered in the employed control system. 

Referring to (5.29)-(5.31) and considering 0.00013 sdelayT  , the parameters of the PI 

controllers of rotor current control loops are obtained as 0.0002 siiT   and 75piK  . 

5.3.3 Stator active and reactive powers control loops 

According to (5.26), the stator active and reactive powers can be controlled independently by 

regulating qri  and dri , respectively. The control system of the DFIG comprises two outer control 

loops to control the stator active and reactive powers. By using these loops, the rotor reference 

currents can be obtained from the reference values of both stator powers. 

The transfer functions of the stator active and reactive powers control loops can be obtained by 

(5.26). The power control loops are presented in Fig. 5.5. In this figure, i  is the bandwidth of the 

rotor current control loops, being given by 
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rt

    (5.32) 

 

where tr is the rise time of the rotor current control loops subjected to a unit step function, as shown 

in Fig. 5.6 [112]. In the control system employed in this work, 0.0008 srt   and 2250 rad/s.i   
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Fig. 5.5. Stator power control loops. 
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Fig. 5.6. Rotor current control loop dynamic response. 

 

 

The parameters of the transfer function of the power loops are given by 
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where p  is the expected bandwidth of the power control loops. 

Combining (5.30) with (5.33) and considering 100 rad/sp   and 350 2 / 3 Vgv  , the 

parameters of the parameters of the PI controllers of power control loops are obtained as 

5.8 sipT   and 0.000083.ppK   
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5.3.4 Overview of the employed control system 

The entire control system of the DFIG is schematically illustrated in Fig. 5.7. The 

implementation of the control system involves the measurement of the stator voltages and currents, 

the rotor currents and the DC-bus voltage, according to the diagram shown in Fig. 5.7. 

The angle of the fundamental component of the grid voltages (θg) is obtained with a phase 

locked loop (PLL). The angle needed for the transformations of the stator voltages and currents to 

the synchronous reference frame (θs) is calculated as θs=θg - π/2. The angle of the rotor position 

(θ) is measured by an encoder mounted on the shaft of the DFIG. The angle needed for the 

transformations of the rotor currents to the synchronous reference frame is calculated by θr=θs - θ. 

The reference values of the stator active and reactive powers are compared to the respective 

calculated values and the corresponding errors are passed through the PI controllers of the power 

control loops. The dq components of the rotor currents references in the synchronous frame (
*

dri

and *

qri ) are obtained from these PI controllers. The values of 
*

dri  and *

qri  are then compared with 

the values of dri  and qri  and the errors are passed through the PI controllers of the current control 

loops. The values of the rotor voltage references in the synchronous frame (
*

drv  and *

qrv ) are 

obtained by adding the compensation terms in (5.24) to the output values of these PI controllers. 

Using the dq/abc transformation block, the values of the rotor reference voltages in the abc 

reference frame (
* * *,   and a b cv v v ) are obtained from the values of 

*

drv  and *

qrv . According to the 

values of 
* * *,   and a b cv v v , the modulator generates the gating signals for the 12 IGBTs of the 3LNPC 

converter. 

Concerning the modulation technique, despite the numerous advantages of the space vector 

modulation (SVM) technique (covered in Chapter 2), its implementation needs a huge number of 

calculations that would increase the required sampling time for running the control system. 

Nevertheless, the SVM technique was initially implemented in the control system, which led to a 

not satisfactory performance. Consequently, in the control system of the DFIG, the sinusoidal 

pulse width modulation (SPWM) technique 2  (presented in Chapter 2) was adopted for the 

modulator. This technique resulted in very satisfying results for DFIG systems in the whole 

operating range. 
 

                                                 
2 Since the value of VDC was high enough, the peak value of the reference voltage was always lower than VDC/2 and, therefore, it was not 

necessary to use the THIPWM technique. 
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Fig. 5.7. Schematic diagram of the control system of the DFIG system. 

 

 

 

 

5.4 DFIG model validation 

The DFIG system, including the model of the generator (presented in Chapter 4), the model of 

the 3LNPC converter along with its modulator, and the control system of the DFIG that was 

previously presented in Subsection 5.3, was implemented in Matlab/Simulink environment. The 

aspects regarding the implementation of the DFIG model are presented in Appendix D. 

To validate experimentally the simulation model of the entire DFIG system, an experimental 

test rig was prepared. In this test rig, the machine with specifications given in Appendix C was 

mechanically coupled to a variable speed drive based on an IM that emulates the wind turbine 

(Fig. 5.8). The stator windings were connected to a three-phase autotransformer (whose output 

emulates the grid) through a circuit breaker, while an L-filter (Lfilter=2.6 mH) was used between 

the connection of the 3LNPC converter (with the specifications given in Appendix A) to the rotor 

windings of the DFIG.  
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In a real DFIG system, there is a rotor-side converter and a grid-side converter in a back-to-

back configuration. Since the purpose of this work is the analysis and diagnosis of ITSC faults in 

the DFIG windings as well as the diagnosis of OC faults in the rotor-side 3LNPC converter, the 

grid-side converter was not included neither in the simulation model nor in the experimental test 

rig.  

Since the grid-side converter is usually used with the purpose of the DC-bus voltage regulation, 

instead of a grid-side converter, two three-phase diode rectifiers were employed to supply the DC-

bus of the rotor-side converter. Furthermore, to dissipate the energy sent by the DFIG to the DC-

bus when it runs at supersynchronous speeds, a load resistance was connected in parallel with the 

DC-bus. With this test rig, the DFIG can operate at both subsynchronous and supersynchronous 

speeds. 

The stator and rotor currents, the short-circuit current, the grid voltages, the converter pole 

voltages and the DC-bus voltage were measured by appropriate sensors built-in the test rig. The 

rotor position was measured by an incremental encoder with 2048 pulses per revolution. The data 

acquisition was performed with ControlDesk software. The control strategy of the DFIG system 

was implemented in a dSPACE 1103 digital controller board, with a sampling frequency of 18 

kHz. 
 

 

 

 

Fig. 5.8. DFIG mechanically coupled to an IM drive. 
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For the evaluation of the simulation model of the DFIG system, several experimental tests were 

performed at different DFIG operating conditions. The different operating conditions were based 

on different values of the active and reactive power injected into the grid and different values of 

the rotor speed when the generator operates in subsynchronous, synchronous and 

supersynchronous modes.  

The machine employed in the experimental test is essentially a WRIM and it was designed to 

be used as a single-fed induction motor. When this machine was used as a DFIG, it was not possible 

to supply the stator windings with the rated voltage (400 V) because at this voltage level, the rotor 

currents were above the nominal value. Therefore, due to the limitation of the rotor current, the 

grid voltage was set to 350 V. Considering the maximum modulation rotor voltages, the DC-bus 

voltage was set to 200 V. 

For the healthy operation of the DFIG, considering the grid voltage harmonics, the expected 

frequency components in the stator currents are given by [110] 
 

 

 
,
. 6 (1 ) ,i k

s c sf i k s f     (5.34) 
 

 

where i=1, 2, 3,… is the order of the grid supply induced current harmonic components and k=0, 

1, 2, 3... 

As presented in Chapter 4, the magnetic saturation gives rise to some new components in the 

stator current at frequencies given by 
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The expected frequency components in the stator active and reactive powers are given by [123] 
 

 

 
, ,

power [ 6 (1 )] ,i k
sf i k s f       (5.36) 

 

 

where   is the supply harmonic orders and k=0, 1, 2, 3... 

Moreover, the interaction of the stator current components related to the magnetic saturation 

given by (4.73) and the fundamental component of the supply voltage gives rise to a component 

in both the stator active and reactive powers, at a frequency given by 
 

 

 power 6 .sat
sf sf   (5.37) 
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Fig. 5.9 shows the waveforms and spectrum of the grid voltages used in the experimental tests. 

The amplitudes of the fundamental component, the 5th and 7th harmonics of the grid voltages were 

302 V, 7.2 V and 4.2 V, respectively. These harmonics were also considered in the simulation tests 

performed in this subsection to compare the results obtained under identical operating conditions 

of the DFIG. 

Fig. 5.10 and Fig. 5.11 show the simulation and experimental results obtained for the DFIG 

operating in healthy conditions, with a rotor speed of 1350 rpm, and with the reference values for 

the stator active and reactive powers * *(  and )s sP Q  of -2000 W and 0 VAr, respectively. The spectra 

obtained are presented in Fig. 5.12 and Fig. 5.13. From now on, all components related to the faults 

are highlighted in red in the spectra, while the other components are indicated in blue. 

 

 

(a) Waveforms 

 

(b) Spectrum  

Fig. 5.9. Grid voltages of the experimental tests. 

 

 

As seen in these figures, the stator and rotor currents waveforms are balanced and the amplitude 

and period of the stator and rotor currents obtained with the simulation model are identical to those 

obtained in the experimental tests. 

According to (5.34) and for s=0.1, the components at frequencies of 220 Hz and 320 Hz (i=1, 

k=1), 250 Hz (i=5, k=0) and 350 Hz (i=7, k=0) are observed in the stator current spectra. Referring 

to (4.73), two components related to the magnetic saturation at frequencies of 20 Hz and 80 Hz 

are also labeled in the stator current spectra. Due to the addition of the extra taps in the stator and 
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rotor windings, there is a small degree of inherent electrical unbalance in the machine that it is not 

considered in the simulation model. Therefore, unlike the simulation result presented in Fig. 5.12 

(a), two components related to the rotor fault at frequencies of 40 Hz   1 2 ss f  and 60 Hz 

  1 2 ss f  are observed in the stator current spectrum, as presented in Fig. 5.13 (a). The results 

match well with the exception of the amplitude of the components at frequencies of 20 Hz, 80 Hz 

and 320 Hz that are slightly different in the simulation results compared to the experimental results.  
 

 

 

  

(a) Stator currents waveforms  (a) Stator currents waveforms  

  

(b) Rotor currents waveforms  (b) Rotor currents waveforms 

  

  

(c) Time waveforms of the stator active and reactive 

powers 

(c) Time waveforms of the stator active and reactive 

powers 

Fig. 5.10. Simulation results for the DFIG system in 

healthy conditions 

* *( 20001350  W,  0rpm,  VAr)s sn P Q    . 

Fig. 5.11. Experimental results for the DFIG system in 

healthy conditions 

* *( 20001350  W,  0rpm,  VAr)s sn P Q    . 
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The interaction of the aforementioned components in the stator currents and the fundamental 

component of the supply voltage leads to significant oscillations in both the stator active and 

reactive power waveforms. However, the average values of the stator active and reactive powers 

follow the corresponding reference values.  

Fig. 5.12 (b), Fig. 5.12 (c), Fig. 5.13 (b) and Fig. 5.13 (c) show the spectra of the stator active 

and reactive powers. Referring to (5.36), the components at frequencies of 270 Hz (i=1, ϑ=1, k=1) 

and 300 Hz [(i=5, ϑ=1, k=0) and (i=7, ϑ=1, k=0)] are labeled in these figures. Referring to (5.37), 

the component related to the magnetic saturation at the frequency of 30 Hz is also labeled in both 

the stator active and reactive power spectra. Furthermore, due to the inherent electrical unbalance 

of the machine, two components, at frequencies of 10 Hz and 100 Hz, appear in the spectra of the 

stator active and reactive powers (obtained by experimental test) whose origin will be discussed 

in the next chapter. In general, these simulation and experimental results match very well. 
 

  

(a) Spectrum of stator current iA (a) Spectrum of stator current iA 

  

(b) Spectrum of stator active power (b) Spectrum of stator active power 

  

(c) Spectrum of stator reactive power (c) Spectrum of stator reactive power 

Fig. 5.12. Spectra for the DFIG system in healthy 

conditions, obtained with the simulation model

* *( 20001350  W,  0rpm,  VAr)s sn P Q    . 

Fig. 5.13. Spectra for the DFIG system in healthy 

conditions, obtained by experimental test

* *( 20001350  W,  0rpm,  VAr)s sn P Q    . 
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Fig. 5.14 and Fig. 5.15 show the results for the DFIG operating at a supersynchronous speed of 

1650 rpm (s=-0.1), and when the reference values of the active and reactive powers were set to -

2000 W and 0 VAr, respectively. As seen in these figures, the stator and rotor currents waveforms 

are balanced and the amplitude and period of the stator and rotor currents obtained with the 

simulation model are identical to the experimental results. Due to the negative slip, the rotor 

currents now constitute a negative sequence component. 

  

(a) Time waveforms of stator currents (a) Time waveforms of stator currents 

  

(b) Time waveforms of rotor currents  (b) Time waveforms of rotor currents 

  

  

(c) Time waveforms of stator active and reactive powers (c) Time waveforms of stator active and reactive powers 

Fig. 5.14. Simulation results for the DFIG system in 

healthy conditions

* *( 20001650  W,  0rpm,  VAr)s sn P Q    . 

Fig. 5.15. Experimental results for the DFIG system in 

healthy conditions 

* *( 20001650  W,  0rpm,  VAr)s sn P Q    . 
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The spectra of the stator current and stator active and reactive powers, for the same operating 

conditions are presented in Fig. 5.16 and Fig. 5.17. Referring to (5.34) and for s=-0.1, the 

components at frequencies of 250 Hz (i=5, k=0), 350 Hz (i=7, k=0), 220 Hz and 320 Hz (i=1, 

k=1) are labelled in the stator current spectra. Referring to (4.73), two components related to the 

magnetic saturation at frequencies of 20 Hz and 80 Hz are also observed in the stator current 

spectra.  

Referring to (5.36), the components at frequencies of 300 Hz [(i=5, ϑ=1, k=0) and (i=7, ϑ=1, 

k=0)] and 330 Hz (i=1, ϑ=1, k=1) are observed in the stator active and reactive powers spectra. 

The component related to the magnetic saturation at a frequency of 30 Hz is also labeled in these 

figures. The amplitudes of these components in the results obtained with the simulation model 

match well with the experimental results. 
 

 

  

(a) Spectrum of stator current iA (a) Spectrum of stator current iA 

  

(b) Spectrum of stator active power (b) Spectrum of stator active power 

  

(c) Spectrum of stator reactive power (c) Spectrum of stator reactive power 

Fig. 5.16. Spectra for the DFIG system in healthy 

conditions, obtained with the simulation model

* *( 20001650  W,  0rpm,  VAr)s sn P Q    . 

Fig. 5.17. Spectra for the DFIG system in healthy 

conditions, obtained by experimental tests 

* *( 20001650  W,  0rpm,  VAr)s sn P Q    . 
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Similar results were obtained for other operating speeds, and different values of the active and 

reactive powers injected into the grid. For comparison of the simulation and experimental results, 

the fundamental values of the stator and rotor currents under various operating conditions of the 

DFIG (different rotor speeds and different values of the active and reactive powers injected into 

the grid) are listed in Table 5.2. It should be mentioned that for the DFIG operating at synchronous 

speed, since the rotor currents are dc quantities, the average value of the space vector of the rotor 

currents was used in the table. The simulation and experimental results are similar, thus validating 

the simulation model of the DFIG system. 
 

 

 

 

 

Table 5.2. Amplitudes of the stator and rotor currents, in different DFIG operating conditions. 

 (rpm)n  1350 1500 1650 

*  (W)sP  -2000 -1000 -2000 -1000 -2000 -1000 

*  (VAr)sQ  0 -500 0 -500 0 -500 

 (A)si  

Simulation 4.43 2.47 4.5 2.53 4.44 2.48 

Experimental 4.46 2.48 4.42 2.5 4.41 2.51 

 (A)ri  

Simulation 13.43 13.41 13.46 12.95 13.5 13.44 

Experimental 13.26 13.13 13.22 12.78 13.19 13.03 
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Chapter 6 

6 Fault diagnosis of inter-turn short-circuit 

faults 

 

6.1 Introduction 

Winding ITSC faults are one of the common faults in electric machines, being caused by many 

reasons such as high temperature in the windings or core, mechanical stress, insulation damage 

and transient overvoltages [124-126].  

ITSC faults normally begin with an undetected turn-to-turn fault which then progresses to a 

more serious fault [125, 127]. In this type of fault, the short-circuited turns create an additional 

circuit loop coupled to the other windings of the machine. Since the impedance of the short-

circuited turns is small, a large current flows there. Consequently, this current generates heat which 

will generally lead to the damage of the insulation system of the adjacent conductors [128, 129]. 

When the windings of a machine are fed from a power electronic converter, the insulation 

lifetime decreases due to an increase of the thermal and electrical stresses to which the turns 

insulation material is subjected to [130-132]. Hence, ITSC faults are a probable fault in rotor 

windings of DFIGs [133]. 

Several techniques can be found in the literature for the detection of faults in the windings of 

DFIGs. In [134], the detection of ITSC faults in the stator windings of DFIGs operating under 

time-varying operating conditions was achieved by using the rotor current signals in conjunction 

with the voltage of a rotor mounted search coil. In this case, the installation of the rotor search coil 

is an invasive procedure, hence limiting the applicability of this diagnostic approach. 
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In [135], the cumulative sum algorithm has been proposed for the detection of ITSC faults in 

the stator windings of DFIGs. The implementation of this method is easy and provides a rapid fault 

detection capability. However, it is necessary to study the method for different operating points to 

select the proper threshold value for fault detection. 

Another method for the detection of ITSC faults in the stator and rotor windings of DFIGs is 

proposed in [136]. In this method, when the stator windings of the DFIG are short-circuited, short 

voltage pulses, with a duration of around hundreds of μs, are applied to the rotor windings. 

Measuring the rotor current response provides the knowledge of the transient leakage inductance 

of the DFIG. Then, using a special signal processing procedure, a fault indicator is developed to 

identify ITSC faults. However, since a short-circuited stator is needed, this method can not be 

applied during the normal operation of the DFIG. 

In some research works, ITSC faults have been emulated by an additional resistance connected 

in series with one phase of the stator or rotor windings of the DFIG, called increased phase 

resistance (IPR) faults. 

To identify IPR faults in the stator and rotor of a DFIG, different techniques such as the 

spectrum analysis of the stator currents, rotor currents, and rotor modulating signals inside the 

DFIG control system are investigated in [111]. The presented results show that the performance 

of the rotor modulating signals analysis is better than the analysis of both rotor and stator currents. 

The embedment of this method in the control system is easy and does not need any additional 

equipment. 

For the detection of rotor IPR faults, two different techniques, the spectrum analysis of the 

stator currents and the spectrum analysis of the instantaneous stator active power has been 

investigated in [137]. The results presented in [137] reveal that the instantaneous active power 

spectrum contains more potential fault-specific information than the stator current spectrum. 

For the detection of IPR faults in the rotor windings of DFIGs, in [138], the frequency analysis 

of the dq components of the rotor error current signals inside the DFIG control system is used. 

According to the presented results, the spectral component at the frequency of 2sf in the dq 

components of the rotor error current signals is an indicator for the detection of rotor IPR faults. 

This diagnostic technique is simple and embedding it in the DFIG system is easy. 
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In [139], fault in the stator windings of a DFIG was emulated by placing a resistor in parallel 

with the stator winding. The fast Fourier transform (FFT) and the Extended Park’s Vector 

Approach (EPVA) of the stator currents are used in a first stage for the detection of ITSC faults in 

the stator windings of the DFIG operating in steady-state. For the detection of that specific fault 

under time-varying load conditions, the authors proposed a technique based on the combination of 

the EPVA and the wavelet transform (WT).  

Although a wide range of diagnostic techniques is proposed in the literature, in the majority of 

those studies, the faults in the windings of the DFIG are emulated by inserting an additional 

resistance in series with the rotor phase windings [111, 137, 138]. Although it creates a winding 

unbalance, this does not emulate the true condition of the generator due to ITSC faults. As clarified 

in Chapter 4, for the modeling of ITSC faults, the structure of the equations is changed by 

increasing the number of state variables. Only two authors developed a simulation model that 

allow the capability of introducing ITSC faults in the windings of DFIG [134, 135]. What’s more, 

in the majority of the published works, the experimental setup was not adapted to introduce the 

ITSC faults in the stator and rotor windings of the DFIG. 

In the current work, a technique based on the spectrum analysis of the stator instantaneous 

reactive power is introduced to detect ITSC faults in the stator and rotor windings of DFIG. As it 

will be further clarified in the following, both the active and reactive powers can be used for the 

detection of ITSC faults in the stator and rotor windings of DFIG. The use of the active power for 

the detection of ITSC faults has already been proposed in [137]. However, considering the fact 

that compared to the reactive power, the stator active power changes in a much wider range and in 

a faster way, in this work the spectrum analysis of the stator reactive power is used for fault 

diagnostic purposes. 
 

6.2 Analysis of the stator reactive power for the diagnosis of ITSC faults 

6.2.1 Analysis of an ITSC fault in the stator windings 

In ideal conditions and with no faults the three stator and rotor impedances are identical. Hence, 

neglecting stator and rotor slots harmonics, saturation harmonics and high-frequency harmonics, 

only the normal frequency components at sf  and ssf  exist in stator and rotor current spectra.  
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In the presence of an ITSC fault in the stator windings of the DFIG, due to the resulting 

asymmetry, the stator currents will contain a positive and a negative sequence component, at 

frequencies of sf  and sf , respectively [111]. 

The positive sequence component of the stator currents is given by 
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where mI   is the peak value of the positive sequence component of the stator currents and 
i

   is 

the initial phase angle of Ai
 . 

The negative sequence component of the stator currents is given by 
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where mI   is the peak value of the negative sequence component of the stator currents and 
i

   is 

the initial phase angle of Ai
 . 

The three-phase current components presented before can be transformed to a synchronous 

reference frame, according to [140] 
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where s  is the angle between the d-axis of the synchronous reference frame with respect to the 

stationary reference frame, given by 
 

 

 .s st    (5.41) 
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Using (5.40) and (5.41), the d-axis component of the positive sequence component of the stator 

currents is calculated by 
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which is equivalent to 
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The q-axis component of the positive sequence component of the stator currents is calculated 

by 
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which is equivalent to 
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The d-axis component of the negative sequence component of the stator currents is calculated 

by 
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which is equivalent to 
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The q-axis component of the negative sequence component of the stator currents is calculated 

by 
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which is equivalent to 
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Therefore, in a synchronous reference frame,  and ds qsi i 
 are dc quantities, while  and ds qsi i 

 are 

ac quantities with a frequency of 2 sf .  

Replacing the dq-axis components of the positive sequence component of the stator currents 

into (5.25), the positive sequence component of the active and reactive powers of the stator are 

given by 
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Since ,   and qs ds qsv i i 
 are dc quantities,  and s sP Q 

 are dc quantities and represent the active and 

reactive power injected by the stator of the DFIG into the grid.  

The negative sequence component of the stator currents and the stator voltages will give rise to 

a new spectral component in both the stator active and reactive powers, given by  
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Taking into account the fact that  and ds qsi i   are ac quantities with a frequency of 2 sf , 

 and sf sf

s sP Q   are ac quantities with a frequency of 2 sf  and they are a direct consequence of the 

stator fault. Therefore, the appearance of  and sf sf

s sP Q   in the stator active and reactive powers 

spectra can be used as an indicator of stator faults in the DFIG.  

In theory, in the considered reference frame, both the active and reactive powers could be used 

for the detection of the stator fault, because the stator currents  and ds qsi i 
 have the same amplitude. 

Considering that the stator active power changes in a much wider range and in a faster way when 

compared to the reactive power, in this study, the spectrum analysis of the stator reactive power is 

used for diagnostic purposes. 

In the fault diagnostic field, it is important not only to detect the faults but also to quantify their 

extension. For this purpose, severity factors (SFs) are usually defined, giving a measure of how 

serious those faults are. 

For the case of a stator fault, a possible severity factor sfSF  is obtained as [60] 
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where sf

sQ  is the amplitude of the oscillating component in the stator reactive power at a 

frequency of 2 sf  and Qn is the rated reactive power of the DFIG. 
 

6.2.2 Analysis of an ITSC fault in the rotor windings 

In case the DFIG develops a rotor fault and considering for now that s>0, an inverse sequence 

component appears in the rotor currents, at the frequency of -sf. This component produces a 

primary fault-related spectral component (lower sideband) in all stator currents, at a frequency of 

[111] 
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The interaction of this stator current component with the fundamental component of the stator 

flux will originate torque oscillations in the generator at a frequency of 2 ssf  which, in turn, will 

create speed oscillations at the same frequency. These speed oscillations will give rise to the 

appearance of a second spectral component (upper sideband) in the stator currents, at a frequency 

given by [111] 
 

 

  1 2 .usb sf s f    (5.54) 
 

 

Due to the high inertia of the drive train associated with a wind generator, which includes the 

gearbox, rotor hub and rotor blades, these speed oscillations will be reduced and, consequently, 

the amplitude of the current spectral component given by (5.54) will be smaller than the amplitude 

of the stator current component given by (5.53). 

The lower sideband component of the stator currents is given by 
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where lsb
mI  is the peak value of the lower sideband component of the stator currents and 

i

lsb  is the 

phase angle of lsb
Ai  with respect to d-axis of the synchronous reference frame at t=0 s. 

The upper sideband component of the stator currents is given by 
 

 

 

 

  

 

 

1 2

2
1 2

3

2
1 2

3

usb usb usb
A m s i

usb usb usb
B m s i

usb usb usb
C m s i

i I cos s t            

i I cos s t  

i I cos s t ,

 


 


 

   


        


      
  

  (5.56) 

 

 

 

where usb
mI  is the peak value of the lower sideband component of the stator currents and 

i

usb  is 

the phase angle of 
usb
Ai  with respect to d-axis of the synchronous reference frame at t=0 s. 

The d-axis component of the lower sideband component of the stator currents is calculated by 
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which is equivalent to 
 

 

 

    

    

      

2 1
[ cos 2 2 cos 2

3 2

1 4
              cos 2 2 cos 2

2 3

1 4
              cos 2 2 cos 2 ] cos 2 .

2 3

lsb lsb lsb lsb
ds m s s i s i

lsb lsb
s s i s i

lsb lsb lsb lsb
s s i s i m s i

i I s s

s s

s s I s

    

    

      

     

      

         

  (5.58) 

 

 

The q-axis component of the lower sideband component of the stator currents is calculated by 
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which is equivalent to 
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The d-axis component of the upper sideband component of the stator currents is calculated by 
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which is equivalent to 
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  (5.62) 

 

 

The q-axis component of the upper sideband component of the stator currents is calculated by 
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which is equivalent to 
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According to (5.57)-(5.64), in a synchronous reference frame, the stator current components at 

frequencies given by (5.53) and (5.54) appear as spectral components at a frequency of 2 ssf .  

The lower sideband component of the stator currents and the stator voltages will give rise to a 

spectral component in both the stator active and reactive powers, given by 
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Taking into account the fact that  and lsb lsb

ds qsi i  are ac quantities with a frequency of 2 ssf , 

 and lsb lsb

s sP Q  are also ac quantities with a frequency of 2 ssf .  

The upper sideband component of the stator currents and the stator voltages will give rise to a 

spectral component at a frequency of 2 ssf  in both the stator active and reactive powers, given by 
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Hence, the total rotor fault-related components in the stator active and reactive powers are given 

by 
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In the general case, where s may be positive or negative, the quantities  and rf rf

s sP Q   are ac 

quantities with a frequency of | 2 |ssf . The rotor fault can then be detected by the identification of 

a spectral component at a frequency of | 2 |ssf  in the total stator active and reactive powers of the 

DFIG.  

A word of caution should be given: if the DFIG operates exactly at synchronous speed, the 

possibility of detection of the rotor fault will be compromised. In that case, the fault may remain 

unnoticed until the generator operates at speed different from this value.  

It can be shown that the stator and rotor reactive powers of a DFIG operating in healthy 

conditions and in steady-state (neglecting the copper losses) are given by [60] 
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  (5.68) 

 

 

where rQ  is the reactive power injected into the rotor of the DFIG, gv  is the magnitude of the 

grid voltage space vector and Ls is the self-inductance of the stator windings. Since the grid 

voltages are imposed by the grid, QK  will be a constant value. 

Neglecting the rotor transient inductance, if there is a variation in the rotor reactive power, the 

following relation will apply 
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For the case of a rotor fault, and inspired in the relation (5.69), the severity factor rfSF  is given 

by [60] 
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  (5.70) 

 

 

where rf

sQ  is the oscillating component in the stator reactive power at a frequency of 2 ssf . 

6.3 Diagnostic results 

6.3.1 Diagnosis of ITSC faults in the stator windings 

To evaluate the proposed diagnostic approach, several simulation and experimental tests for 

various operating conditions of the DFIG system and with different severity levels of the ITSC 

fault in the stator windings were carried out. 

Fig. 6.1 and Fig. 6.2 show the simulation and experimental results for the DFIG operating at a 

subsynchronous speed of 1350 rpm, with the reference values of the active and reactive powers 

set to -2000 W and 0 VAr, respectively. In this test, 1 turn out of 180 turns of the stator winding 

of phase A is short-circuited through a resistance 0.08 scR   . The spectra obtained are presented 

in Fig. 6.3 and Fig. 6.4. 

The time waveforms of the current in stator phase A  along with the short-circuit current (isc) 

and the current of the faulty turns ( )Afi  are presented in Fig. 6.1(a) and Fig. 6.2(a). As seen in these 

figures, the amplitudes of  ,  and A sc Afi i i  as well as the phase shift between  ,  and A sc Afi i i  obtained 

with the simulation model are identical to the experimental results. 

Despite the stator fault, the time waveforms and spectra of the stator currents are almost 

identical to the results obtained for the healthy machine, presented in Fig. 5.10 and Fig. 5.11.  

As shown in Fig. 6.1(c) and Fig. 6.2(c), the waveforms of both the stator active and reactive 

powers for this faulty condition have no significant differences when compared to the results 

obtained for the DFIG operating in the healthy condition. However, as shown in Fig. 6.3(c) and 

Fig. 6.4(c), the presence of the stator fault causes a component at a frequency of 2 sf  (100 Hz) in 

the spectra of the stator active and reactive powers. These results show that even with the limited 
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short-circuit current, the proposed diagnostic method is able to detect a ITSC fault involving 1 

shorted turn. 

 

 

  

(a) Currents waveforms of the faulty winding (a) Currents waveforms of the faulty winding 

  

(b) Stator currents waveforms (b) Stator currents waveforms  

  

  

(c) Time waveforms of the stator active and reactive 

powers 

(c) Time waveforms of the stator active and reactive 

powers 

Fig. 6.1. Simulation results for the DFIG operating with 1 

short-circuited turn in phase A  of the stator windings 

* *( 20001350  W,  0rpm,  VAr)s sn P Q    . 

Fig. 6.2. Experimental results for the DFIG operating 

with 1 short-circuited turn in phase A  of the stator 

windings * *( 20001350  W,  0rpm,  VAr)s sn P Q    . 
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(a) Spectrum of stator current iA (a) Spectrum of stator current iA 

  

(b) Spectrum of stator active power (b) Spectrum of stator active power 

  

(c) Spectrum of stator reactive power (c) Spectrum of stator reactive power 

Fig. 6.3. Simulation spectra for the DFIG operating with 1 

short-circuited turn in phase A  of the stator windings

* *( 20001350  W,  0rpm,  VAr)s sn P Q    . 

Fig. 6.4. Experimental spectra for the DFIG operating 

with 1 short-circuited turn in phase A  of the stator 

windings * *( 20001350  W,  0rpm,  VAr)s sn P Q    . 

 
 
 
 

Table 6.1 contains experimental results covering the amplitudes of the stator active and reactive 

power components at a frequency of 2 sf  (  and )sf sf
s sQ P   for the DFIG operating with 1 short-

circuited turn in stator phase A and for various values of * *,  s sP Q  and rotor speed. The values of 

 and sf sf
s sQ P   for the DFIG operating with 1 short-circuited turn in phase A of the stator 

windings and for different values of the rotor speed are listed in Table 6.2. These results show that 

for these operating conditions, the values of 
sf
sQ  are larger than 

sf
sP . Therefore, the value of 

sf
sQ  is more appropriate for the detection of ITSC faults in the stator windings of the DFIG. 

According to (5.52), and taking into account that Qn=4294 VAr, the severity factor related to 

the stator fault was calculated and the obtained results are also listed in Table 6.1 and Table 6.2. 

These results reveal that this severity factor is highly independent of the different operating 
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conditions of the DFIG, thus being a good indicator about the presence of ITSC faults in the stator 

windings of the DFIG. 
 

 

 

Table 6.1. Evolution of  and sf sf
s sQ P   for different values of * * and s sP Q , 

obtained by experimental tests (  a1350 rpm 1)nd SCn N  . 

*  (W)sP  0 0 -1000 -2000 

*  (VAr)sQ  0 -1000 -500 0 

sf
sP  (W) 10 8.5 9 9 

sf
sQ  (VAr) 19 18 18 21 

 (%)sfSF  0.44 0.42 0.42 0.49 

 
 

 

 

Table 6.2. Evolution of  and sf sf
s sQ P   for different values of rotor speed, 

obtained by experimental tests * *( =-2000 W,  0 VAr and 1)s Ss CP NQ   . 

n (rpm) 1350 1500 1650 

sf
sP  (W) 9 10.5 11 

sf
sQ  (VAr) 21 23 24 

 (%)sfSF  0.49 0.53 0.55 

 

 

 

 

Fig. 6.5 and Fig. 6.6 show the results for the DFIG operating at a subsynchronous speed of 1350 

rpm, when 7 turns out of 180 turns of the stator phase A are short-circuited through a limiting 

resistor 0.6 scR   . The reference values of the active and reactive powers were set to -2000 W 

and 0 VAr, respectively. The spectra obtained are presented in Fig. 6.7 and Fig. 6.8.  

The time waveforms of the stator phase A current along with the short-circuit current and the 

current of the faulty turns are shown in Fig. 6.5(a) and Fig. 6.6(a). It is worthy to mention that in 

both the simulation and experimental tests Afi  was limited to almost 150% of the machine rated 

current. Without the limitating resistance, Afi  would be around 800% of rated current, very likely 

damaging permanently the machine.  
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(a) Currents waveforms of the faulty winding (a) Currents waveforms of the faulty winding 

  

(b) Stator currents waveforms (b) Stator currents waveforms  

 
 

  

(c) Time waveforms of stator active and reactive powers (c) Time waveforms of stator active and reactive powers 

Fig. 6.5. Simulation results for the DFIG operating with 7 

short-circuited turns in phase A  of the stator windings 

* *( 20001350  W,  0rpm,  VAr)s sn P Q    . 

Fig. 6.6. Experimental results for the DFIG operating 

with 7 short-circuited turns in phase A  of the stator 

windings * *( 20001350  W,  0rpm,  VAr)s sn P Q    . 

 
 
 
 

As shown in Fig. 6.5(b) and Fig. 6.6(b), due to the stator fault, the stator current waveforms 

become slightly unbalanced. The spectrum of the stator current shows that the stator fault leads to 

the appearance of a third harmonic in the stator currents. Analyzing the phase of the third harmonic 

in the stator currents proves that they have a negative sequence component. However, this 

harmonic may exist even in the healthy machine when it is fed by an unbalanced supply system. 

Furthermore, it is very difficult to quantify the extension of the fault using this spectral component, 

because there is not a direct relationship between this component and the extension of the fault 
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[131]. Therefore, in this work, the third harmonic of the stator currents is not used for diagnostic 

purposes. 

Comparing the results for the healthy operation of the DFIG (see Fig. 5.10 and Fig. 5.11) with 

the results herein under analysis, the waveforms of both the stator active and reactive powers have 

more oscillations. These oscillations also manifest themselves in the spectra of the stator active 

and reactive powers as a component at the frequency of 2 sf  (100 Hz), as presented in Fig. 6.7(b), 

Fig. 6.7(c), Fig. 6.8(b) and Fig. 6.8(c). Moreover, the interaction of the third harmonic with a 

negative sequence component present in the three stator currents with the fundamental component 

of stator supply voltages gives rise to a component at a frequency of 200 Hz in both the stator 

active and reactive powers. 
 
 
 
 
 

  

(a) Spectrum of stator current iA (a) Spectrum of stator current iA 

  

(b) Spectrum of stator active power (b) Spectrum of stator active power 

  

(c) Spectrum of stator reactive power (c) Spectrum of stator reactive power 

Fig. 6.7. Simulation spectra for the DFIG operating with 7 

short-circuited turns in phase A  of the stator windings

* *( 20001350  W,  0rpm,  VAr)s sn P Q    . 

Fig. 6.8. Experimental spectra for the DFIG operating 

with 7 short-circuited turns in phase A  of the stator 

windings * *( 20001350  W,  0rpm,  VAr)s sn P Q    . 
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The spectra of the stator active and reactive powers for the DFIG operating at a 

supersynchronous speed of 1650 rpm and with 7 short-circuited turns in phase A of the stator 

windings are presented in Fig. 6.9 and Fig. 6.10, respectively. Similarly to the subsynchronous 

operation of the DFIG, the stator fault gives rise to the component at the frequency of 2 sf  in the 

spectra of the stator active and reactive powers. In addition, the interaction of the fundamental 

component of the supply voltage and the third harmonic component of the stator currents generates 

a component at a frequency of 200 Hz in both the stator active and reactive powers.  
 
 
 
 
 
 
 

  

(a) Spectrum of stator active power (a) Spectrum of stator active power 

  

(b) Spectrum of stator reactive power (b) Spectrum of stator reactive power 

Fig. 6.9. Simulation spectra for the DFIG operating with 7 

short-circuited turns in phase A  of the stator windings

* *( 20001650  W,  0rpm,  VAr)s sn P Q    . 

Fig. 6.10. Experimental spectra for the DFIG operating 

with 7 short-circuited turns in phase A  of the stator 

windings * *( 20001650  W,  0rpm,  VAr)s sn P Q    . 

 

 

 

Several experimental tests were also carried out for other DFIG operating conditions, namely 

for different values of the injected active and reactive powers and different values of the rotor 

speed. The values of  and sf sf
s sQ P   for the DFIG operating with 7 short-circuited turns in 

phase A of the stator windings and for various values of * * and s sP Q , obtained by experimental 

tests, are listed in Table 6.3. Table 6.4 presents the values of  and sf sf
s sQ P   for the DFIG 



Chapter 6. Fault diagnosis of inter-turn short-circuit faults 

 

155 

 

operating with 7 short-circuited turns in phase A of the stator windings and for different values of 

the rotor speed. These results show that the values of  and sf sf
s sQ P   are highly independent for 

different operating conditions of the DFIG. In all tests, the variation of  and sf sf
s sQ P   was in 

the range [73.5  83.1] VAr and [65.6  79.3] W. 

According to the data listed in these tables, both the active and reactive powers can be used for 

the detection of ITSC faults in the stator windings of DFIG. However, considering the fact that 

compared to the active power, the stator reactive power changes in a much narrower range and in 

a slower way, the spectrum analysis of the stator reactive power is more suitable for fault 

diagnostic purposes. 

 

 
Table 6.3. Evolution of  and sf sf

s sQ P   for various values of * * and s sP Q , obtained by experimental tests 
(  a1350 rpm 7)nd SCn N  . 

*  (W)sP  0 0 0 -500 -1000 -1000 -1500 -2000 -2500 

*  (VAr)sQ  0 -500 -1000 0 0 -500 0 0 0 

sf
sP  (W) 76.4 76.3 76.6 78 79.3 76.7 74 74.9 72.8 

sf
sQ  (VAr) 80.2 78 81.2 80.5 81.2 75.3 73.5 74.1 77.2 

 

 
Table 6.4. Evolution of  and sf sf

s sQ P   for various values of rotor speed, obtained by experimental tests 
* *( 7)=-2000 W, 0 VAr and s Ss CP NQ   . 

n (rpm) 1275 1350 1425 1500 1575 1650 1725 

sf
sP  (W) 72.5 74.9 67.7 71.6 66.3 65.6 70.4 

sf
sQ  (VAr) 73.7 74.1 73.7 79.2 75.9 80.5 83.1 

 

 

 

 

 

 

 

According to (5.52), the severity factor related to the stator fault was calculated for these 

operating conditions of the DFIG. The evolution of the severity factor as a function of different 

generator operating conditions, namely, active and reactive powers injected into the grid and rotor 



Chapter 6. Fault diagnosis of inter-turn short-circuit faults 

 

156 

 

speed is shown in Fig. 6.11. These results clearly show that this severity factor is highly 

independent of all operating conditions of the DFIG, thus constituting a good indicator about the 

presence of stator ITSC faults in the DFIG. 

 

 

 

(a) As a function of the stator active power *( 1350 rpm and =0 A )V rsn Q  

 

(b) As a function of the stator reactive power *( 1350 rpm and 0 ) Wsn P   

 

(c) As a function of the rotor speed * *( 2000 W and =0 VAr)s sP Q   

Fig. 6.11. Evolution of sfSF  with 7 short-circuited turns in phase A  of the 

stator windings, obtained from the experimental tests. 
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The evolution of  and sf sf
s sQ P   as a function of the number of stator short-circuited turns, 

when * *2000 W and =0 VArs sP Q   and for three different values of the rotor speed, is listed in 

Table 6.5. It is worthy mentioning that the current in the short-circuited turns for all results in this 

table was limited to around 150% of rated current. The value of Rsc for each severity of the fault is 

inserted in this table. The results show that by increasing the severity of the fault, the amplitudes 

of the faulty components also increase.  

 

 
Table 6.5. Evolution of  and sf sf

s sQ P   as a function of SCN , 
obtained by experimental tests * *( 2000 W and =0 VAr)s sP Q  . 

Short-circuited turns number 0 1 2 4 7 15 

Rsc (Ω) -- 0.08 0.16 0.31 0.6 1.4 

n=1350 rpm 

(s=0.1) 

sf
sP  (W) 10.3 9 16.2 42.6 74.9 152.2 

sf
sQ  (VAr) 13.8 21 31 45.2 74.1 165 

n=1500 rpm 

(s=0) 

sf
sP  (W) 9 10.5 19.7 41.9 71.6 148.6 

sf
sQ  (VAr) 9.1 23 33.8 58 79.2 167 

n=1650 rpm 

(s=-0.1) 

sf
sP  (W) 6.9 11 21.1 42.1 65.6 150.6 

sf
sQ  (VAr) 17 24 36.2 59 80.5 179 

 

 

 

 

The evolution of the severity factor as a function of the number of short-circuited turns and for 

three different values of the rotor speed is shown in Fig. 6.11. These results substantiate that the 

obtained severity factor is a good indicator for detection and qualification of ITSC faults in the 

stator windings of the DFIG.  
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(a) n=1350 rpm 

 

(b) n=1500 rpm 

 

(c) n=1650 rpm 

Fig. 6.12. Evolution of the severity factor for stator ITSC faults as a function of 

SCN , obtained from the experimental tests * *( 2000 W and =0 VAr )s sP Q  . 

 

6.3.2 Diagnosis of ITSC faults in the rotor windings 

In this subsection, diagnostic results for ITSC faults in the rotor windings of the DFIG are 

presented. On the contrary to the stator windings, the induced voltage in the rotor windings is 

proportional to the rotor slip. Taking into account that in the real application of the DFIG system, 

0.0

1.0

2.0

3.0

4.0

5.0

0 3 6 9 12 15

S
F

sf
 
(%

)

NSC

0.0

1.0

2.0

3.0

4.0

5.0

0 3 6 9 12 15

S
F

sf
 
(%

)

NSC

0.0

1.0

2.0

3.0

4.0

5.0

0 3 6 9 12 15

S
F

sf
 
(%

)

NSC



Chapter 6. Fault diagnosis of inter-turn short-circuit faults 

 

159 

 

the slip is confined to a range of ±0.3, the induced voltage in the short-circuited turns in the case 

of a rotor fault is smaller than that for a stator fault. This will also lead to significant changes in 

the amplitude of the short-circuit current which will have a huge influence on the detectability of 

the fault in the rotor windings. 

In the experimental tests, with the DFIG operating with 1 short-circuited turn in the rotor 

windings, due to the resistance of the ring and brushes 0.1 ( )scR   , the amplitude of sci  was 

small. Therefore, the amplitudes of the components related to the rotor fault in both the stator 

active and reactive power spectra at a frequency of | 2 |ssf  (  and rf rf
s sP Q  ) were negligible. Of 

course, the values of ,   and s
f f

sc
r r

sP Qi    are dependent on the value of scR . For example, 

when 0 scR    (in the simulation model) and with the DFIG operating at a speed of 1350 rpm, 

the values of ,   and s
f f

sc
r r

sP Qi    were estimated as 39 A, 21 W and 22 VAr, respectively.  

Fig. 6.13 and Fig. 6.14 show the results for the DFIG operating at a subsynchronous speed of 

1350 rpm, when 7 turns out of 108 turns of rotor phase a were short-circuited. The reference values 

of the active and reactive powers were set to -2000 W and 0 VAr, respectively. The spectra 

obtained for this circumstances are presented in Fig. 6.15 and Fig. 6.16. As shown in these figures, 

despite the presence of the rotor ITSC fault, the stator and rotor currents waveforms are almost 

balanced. Since the DFIG is operating at a rotor speed of 1350 rpm (s=0.1), the induced voltage in 

the short-circuited turns in the rotor is small making the short-circuit current in the affected turns 

much lower than the one corresponding to a stator fault, at identical situation. 

As shown in Fig. 6.15(a) and Fig. 6.16(a), the existence of the rotor ITSC fault gives rise to two 

components at frequencies of  1 2 ss f  (40 Hz) and  1 2 ss f  (60 Hz) in the stator current 

spectrum. The waveforms of the stator active and reactive powers for this faulty condition have 

more oscillations when compared to the results obtained for the DFIG operating in healthy 

conditions. As shown in these figures, the existence of the rotor ITSC fault produces a component 

related to the rotor fault in both the stator active and reactive power spectra at a frequency of | 2 |ssf  

(10 Hz). Once again, the simulation results are in good agreement with the experimental results. 
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(a) Stator currents waveforms  (a) Stator currents waveforms  

  

(b) Rotor currents waveforms  (b) Rotor currents waveforms 

  

(c) Currents waveforms of the faulty winding (c) Currents waveforms of the faulty winding 

  

 
 

(d) Time waveforms of stator active and reactive powers (d) Time waveforms of stator active and reactive powers 

Fig. 6.13. Simulation results for the DFIG operating with 

7 short-circuited turns in phase a  of the rotor windings 

* *( 20001350  W,  0rpm,  VAr)s sn P Q    . 

Fig. 6.14. Experimental results for the DFIG operating 

with 7 short-circuited turns in phase a  of the rotor 

windings * *( 20001350  W,  0rpm,  VAr)s sn P Q    . 

 

 



Chapter 6. Fault diagnosis of inter-turn short-circuit faults 

 

161 

 

  

(a) Spectrum of stator current iA (a) Spectrum of stator current iA 

  

(c) Spectrum of stator active power (c) Spectrum of stator active power 

  

(d) Spectrum of stator reactive power (d) Spectrum of stator reactive power 

Fig. 6.15. Simulation spectra for the DFIG operating with 

7 short-circuited turns in phase a  of the rotor windings

* *( 20001350  W,  0rpm,  VAr)s sn P Q    . 

Fig. 6.16. Experimental spectra for the DFIG operating 

with 7 short-circuited turns in phase a  of the rotor 

windings * *( 20001350  W,  0rpm,  VAr)s sn P Q    . 

 

 

 

 

The spectra for the DFIG operating at a supersynchronous speed of 1650 rpm, obtained from 

the simulation model and experimental tests, are presented in Fig. 6.17 and Fig. 6.18, respectively. 

Similarly to the subsynchronous case, the presence of the rotor fault gives rise to the appearance 

of the component at a frequency of | 2 |ssf  (10 Hz) in the spectra of both stator powers.  
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(a) Spectrum of stator active power (a) Spectrum of stator active power 

  

(b) Spectrum of stator reactive power (b) Spectrum of stator reactive power 

Fig. 6.17. Simulation spectra for the DFIG operating with 

7 short-circuited turns in phase a  of the rotor windings

* *( 20001650  W,  0rpm,  VAr)s sn P Q    . 

Fig. 6.18. Experimental spectra for the DFIG operating 

with 7 short-circuited turns in phase a  of the rotor 

windings * *( 20001650  W,  0rpm,  VAr)s sn P Q    . 

 

 

 

 

Various experimental tests were also carried out for other DFIG operating conditions, namely 

for different values of the injected active and reactive powers and different values of the rotor 

speed and with different fault severity.  

Table 6.6 presents the values of  and rf rf
s sP Q   for the DFIG operating with 7 short-

circuited turns in phase a of the rotor windings and for various values of * * and s sP Q , obtained by 

experimental tests. As can be seen, the values of  and rf rf
s sP Q   are almost independent of the 

values of active and reactive power injected into the grid. Table 6.4 presents the values of 

 and rf rf
s sP Q   for the DFIG operating with 7 short-circuited turns in the rotor winding and for 

different rotor speeds. As stated before, the values of  and rf rf
s sP Q   at rotor speeds close to 

the synchronous speed are very small. Therefore, the rotor speed influences the values of 

 and rf rf
s sP Q  .  
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Table 6.6. Evolution of  and rf rf
s sQ P   for various values of * * and s sP Q , obtained by experimental 

tests (  a1350 rpm 7)nd SCn N  . 

*  (W)sP  0 0 0 -500 -1000 -1000 -1500 -2000 -2500 

*  (VAr)sQ  0 -500 -1000 0 0 -500 0 0 0 

rf
sP  (W) 48 45.8 47.4 48.2 46.5 47.1 47.1 44.7 44.6 

rf
sQ  (VAr) 61.4 62 66 63 62.1 64.6 64.2 62 63.1 

 

 
Table 6.7. Evolution of  and rf rf

s sQ P   for various values of rotor speed, obtained by experimental tests 
* *( =-2000 W, 0 VAr and 7)s Ss CP NQ   . 

n (rpm) 1275 1350 1425 1575 1650 1725 

rf
sP  (W) 66.9 44.7 25.7 21.1 46.4 65.9 

rf
sQ  (VAr) 87 62 50 41 63.7 89.5 

 

 

The behavior of the severity factor defined by (5.70), as a function of different DFIG operating 

conditions, namely rotor speed and active and reactive powers injected into the grid, is shown in 

Fig. 6.19. As can be seen, this severity factor is almost independent of the values of active and 

reactive power injected into the grid. Nevertheless, as stated before, the rotor speed influences the 

obtained results. The closer the rotor speed is of the synchronous speed, the minor are the effects 

of the rotor ITSC faults in all stator quantities (currents, active power, reactive power, etc.). 

Therefore, in such operating conditions of the DFIG, the ITSC fault in the rotor windings cannot 

be detected by the proposed method. Considering that the value of |iaf| in such operating conditions 

is small, the rotor ITSC fault does not pose any serious heat for the rotor windings of the DFIG 

when it operates close to the synchronous speed. Hence, the diagnosis of the rotor fault can be 

performed when the DFIG is operating at a speed different from the synchronous one, thus not 

invalidating the use of the proposed diagnostic approach. 
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(a) As a function of the stator active power *( 1350 rpm and =0 A )V rsn Q  

 

(b) As a function of the stator reactive power *( 1350 rpm and 0 ) Wsn P   

 

(c) As a function of the rotor speed * *( 2000 W and =0 VAr)s sP Q   

Fig. 6.19. Evolution of the severity factor for rotor ITSC faults with 7 short-

circuited turns in phase a , obtained from experimental tests. 

 

 

Table 6.8 presents the values of  and rf rf
s sP Q   for different numbers of rotor short-circuited 

turns, for two different values of the rotor speed. According to the results presented in this table, 

by increasing the severity of the fault, the amplitudes of these components also increase.  
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The behavior of the severity factor defined in (5.70), as a function of the number of the short-

circuited turns and for three different values of the rotor speed, is shown in Fig. 6.20. These results 

substantiate that the severity factor defined is a good indicator of ITSC faults in the rotor windings 

of the DFIG.  
 

 
Table 6.8. Evolution of  and rf rf

s sQ P   as a function of SCN  * *( 2000 W and =0 VAr)s sP Q  . 

Short-circuited turns number 0 1 7 17 

n=1350 rpm 

(s=0.1) 

rf
sP  (W) 9.3 9.4 44.7 139.8 

rf
sQ  (VAr) 21.6 21.8 62 172.3 

n=1650 rpm 

(s=-0.1) 

rf
sP  (W) 16.3 17.3 46.4 113.3 

rf
sQ  (VAr) 26 29.2 63.7 156 

 

 

 

 

(a) n=1350 rpm 

 

(b) n=1650 rpm 

Fig. 6.20. Evolution of rfSF  as a function of SCN , obtained from 

experimental tests * *( 2000 W and =0 VAr )s sP Q  . 
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6.4 Final remarks 

In this chapter, a literature review related to the existing methods for detection of ITSC faults 

in the stator and rotor windings of DFIG systems was presented.  

Then, the stator reactive power was proposed as a diagnostic method for the detection and 

identification of ITSC faults in the stator and rotor windings of a DFIG. For the case of a stator 

fault, the detection of a spectral component at two times the grid frequency ( 2 sf ) is an indicator 

of the presence of this type of the fault, while a rotor fault can be detected by the identification of 

a spectral component at a frequency of | 2 |ssf . Furthermore, for each type of fault, a severity factor 

that indicates the extension of the fault was defined.  

The effectiveness of the proposed diagnostic method to detect ITSC faults in the stator and rotor 

windings of a DFIG was evaluated by extensive experimental tests that were performed for 

different DFIG operating conditions, namely for different values of the active and reactive power 

injected into the grid and different values of the rotor speed. 

The results obtained from the simulation model and experimental tests prove that the value of 

the severity factor related to the stator fault is highly independent of several DFIG operating 

conditions namely active and reactive power injected into the grid and rotor speed. The simulation 

and experimental results also show that by increasing the number of the short-circuited turns in 

the stator windings, the value of the severity factor value related to the stator fault increases. 

Furthermore, the obtained  results demonstrate that this severity factor is a good indicator for 

detection and quantification of ITSC faults in the stator windings of the DFIG.  

In the case of an ITSC fault in the rotor windings of the DFIG, the results obtained from the 

simulation model and experimental tests prove that the value of the severity factor related to the 

rotor fault is highly independent of the values of active and reactive power injected into the grid. 

The simulation and experimental results also show that by increasing the number of short-circuited 

turns in the rotor windings, the value the severity factor related to the rotor fault increases. The 

only exception is the detection of the rotor fault in the vicinity of the synchronous speed which 

was not possible by using this approach. Considering that the amplitude of the current on the 

affected turns in such DFIG operating conditions is very small, the rotor ITSC fault would not 

impose any serious problem to the rotor windings of the DFIG. Hence, the diagnosis of a rotor 

fault can be performed when the DFIG is operating at a speed different and, preferably, far apart, 

the synchronous speed.Equation Section (Next) 
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Chapter 7 

7 Fault diagnosis in the 3LNPC rotor-side 

converter of the DFIG system 

 

7.1 Introduction 

The state-of-the-art in the field of fault diagnosis in 3LNPC converters (presented in Chapter 

3) shows that there is no systematic previously report on OC fault diagnosis in 3LNPC converters 

used in DFIG systems.  

The operating conditions of the 3LNPC converter in the DFIG system are different from those 

in the IM drive system. These differences rely on the fact that the converter delivers active power 

to the motor (inverter mode), whereas in the DFIG system, the direction of active power is 

bidirectional. At subsynchronous speeds, the converter delivers active power to the rotor while at 

supersynchronous speeds, the converter receives active power from the rotor (see Table 5.1). 

Furthermore, as it was already demonstrated in this study, the employed modulation techniques 

used in the IM drive system and in the DFIG system are different. 

In this chapter, OC faults in the IGBTs and clamp-diodes of the rotor-side 3LNPC converter of 

a DFIG system are investigated. A fault diagnostic approach with the capability to detect and locate 

OC faults in the IGBTs, as well as in the clamp-diodes of the converter is developed. It provides a 

very fast and reliable diagnostic result for different operating conditions of the DFIG system, 

including the subsynchronous and supersynchronous regions. This diagnostic approach is similar 

to the method proposed for IM drives (in Section 3.5). However, for the simplification of the 

method, a smaller number of diagnostic variables are used (in this approach, diagnostic variables 

o
x  are used instead of diagnostic variables  and z

x x  ).  
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7.2 Diagnostic approach 

The topology of the DFIG rotor-side 3LNPC converter under analysis is shown in Fig. 7.1. For 

the explanation of the proposed diagnostic approach, the components of each inverter leg are 

classified into four groups 1 2 3 4,  ,   and x x x xg g g g .  
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Fig. 7.1. Schematic representation of the rotor-side 3LNPC converter of the DFIG system. 

 

 

 

For the implementation of the diagnostic approach, three converter pole voltages are measured 

between the converter output terminals a, b, c and the DC-bus middle point “z” , ,( ) ,xzv x a b c . 

Similarly to the diagnostic approach presented in Section 3.5, the values of the pole voltages are 

normalized according to (3.18) and the variables xLS  are defined by (3.19).  

The diagnostic process is developed in two steps. The first step involves the detection of the 

OC fault and identification of the group where the faulty power device is located, while the second 

step involves the identification of the faulty power device among the two potential candidates 

located in the faulty group. 

For both steps, diagnostic variables x
 , x

  and o
x  are needed, being defined by (6.1), (6.2) 

and (6.3), respectively. 
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The variables x
  and x

  show the condition of the power devices located in groups 

1 3an d x xg g , respectively. The variables o
x  indicate the condition of the power devices in groups 

2 4an d x xg g . When the inverter operates in healthy conditions, diagnostic variables x
 , x

  and 

o
x  change between -1 and 0. 

After obtaining these diagnostic variables, Table 7.1 allows the identification of the faulty group. 

In this table, the symbol “--“ means that the variable is irrelevant for the diagnostic process. 
 

 

 

Table 7.1. Lookup table for identification of the faulty group. 
 

Diagnostic variables  
Faulty 

leg 

Faulty group 
Faulty 

devices 
a
  a

  o
a  b

  b
  o

b  c
  c

  o
c  Name Number 

1 -- -- -- -- -- -- -- -- 

 a 

ga1 1 Sa1 or Sa2 

-- -- 1 -- -- -- -- -- -- ga2 2 Sa2 or Da5 

-- 1 -- -- -- -- -- -- -- ga3 3 Sa3 or Sa4 

-- -- 2 -- -- -- -- -- -- ga4 4 Sa3 or Da6 

-- -- -- 1 -- -- -- -- -- 

 b 

gb1 5 Sb1 or Sb2 

-- -- -- -- -- 1 -- -- -- gb2 6 Sb2 or Db5 

-- -- -- -- 1 -- -- -- -- gb3 7 Sb3 or Sb4 

-- -- -- -- -- 2 -- -- -- gb4 8 Sb3 or Db6 

-- -- -- -- -- -- 1 -- -- 

 c 

gc1 9 Sc1 or Sc2 

-- -- -- -- -- -- -- -- 1 gc2 10 Sc2 or Dc5 

-- -- -- -- -- -- -- 1 -- gc3 11 Sc3 or Sc4 

-- -- -- -- -- -- -- -- 2 gc4 12 Sc3 or Dc6 
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Once the faulty group is identified by Table 7.1 and stored in the variable faulty group, the 

second step of the diagnostic procedure is applied. In this step, the diagnostic variables x  (given 

by (3.24)), ,   and o
x x x   

 are calculated. Finally, Table 7.2 allows the identification of the faulty 

device, based on the knowledge of the faulty group and the values of the diagnostic variables.  
 

 

 

Table 7.2. Lookup table for the identification of the faulty device. 
 

Faulty 

group 

Diagnostic variables 

 

Faulty device 

o
a  a  a

  a
  o

b  b  b
  b

  o
c  c  c

  c
  Name Number 

ga1 
0 1 -- -- -- -- -- -- -- -- -- -- 1aS  1 

≥1 -- -- -- -- -- -- -- -- -- -- --  2aS  2 

ga2 
-- -- 1 -- -- -- -- -- -- -- -- --  2aS  2 

-- 1 0 -- -- -- -- -- -- -- -- --  5aD  5 

ga3 
≥1 -- -- -- -- -- -- -- -- -- -- --  3aS  3 

0 -1 -- -- -- -- -- -- -- -- -- --  4aS  4 

ga4 
-- -- -- 1 -- -- -- -- -- -- -- --  3aS  3 

-- -1 -- 0 -- -- -- -- -- -- -- --  6aD  6 

gb1 
-- -- -- -- 0 1 -- -- -- -- -- --  1bS  7 

-- -- -- -- ≥1 -- -- -- -- -- -- --  2bS  8 

gb2 
-- -- -- -- -- -- 1 -- -- -- -- --  2bS  8 

-- -- -- -- -- 1 0 -- -- -- -- --  5bD  11 

gb3 
-- -- -- -- ≥1 -- -- -- -- -- -- --  3bS  9 

-- -- -- -- 0 -1 -- -- -- -- -- --  4bS  10 

gb4 
-- -- -- -- -- -- -- 1 -- -- -- --  3bS  9 

-- -- -- -- -- -1 -- 0 -- -- -- --  6bD  12 

gc1 
-- -- -- -- -- -- -- -- 0 1 -- --  1cS  13 

-- -- -- -- -- -- -- -- ≥1 -- -- --  2cS  14 

gc2 
-- -- -- -- -- -- -- -- -- -- 1 --  2cS  14 

-- -- -- -- -- -- -- -- -- 1 0 --  5cD  17 

gc3 
-- -- -- -- -- -- -- -- ≥1 -- -- --  3cS  15 

-- -- -- -- -- -- -- -- 0 -1 -- --  4cS  16 

gc4 
-- -- -- -- -- -- -- -- -- -- -- 1  3cS  15 

-- -- -- -- -- -- -- -- -- -1 -- 0  6cD  18 
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The block diagram and flowchart of the diagnostic process is schematically illustrated in Fig. 

7.2 and Fig. 7.3, respectively.  
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Fig. 7.2. Block diagram of the diagnostic technique. 
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Fig. 7.3. Flowchart of the diagnostic technique. 
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7.3 Simulation and experimental results 

The results obtained for the DFIG operating with different OC faults introduced in the power 

switches of the rotor-side converter as well as the fault diagnostic results are presented in this 

section. Each faulty situation was conducted at different values of the injected power into the grid 

and at different rotor speeds, including subsynchronous and supersynchronous speeds. The results 

presented in this section were obtained for a DC-bus voltage of 200 V. In order to avoid any 

damage to the DFIG system during the operation with OC faults in the converter, the value of the 

stator (grid) voltage was set to 200 V. 

7.3.1 Subsynchronous operation of the DFIG 

This subsection presents the diagnostic results obtained under DFIG subsynchronous operation 

and for four different faulty conditions, including two single IGBT OC faults, one clamp-diode 

OC fault and one double IGBT OC fault. The rotor speed for all results presented in this subsection 

is 1350 rpm. 

The first test is performed for the DFIG operating with an OC fault in IGBT 1aS , and when the 

values of the stator active and reactive power were set to -2000 W and 0 VAr, respectively. The 

simulation and the experimental results for this test are shown in Fig. 7.4 and Fig. 7.5, respectively. 

The time instant when the fault was applied (t=2 s) is marked with a vertical line labeled TF . The 

results presented in this figure are for both healthy operating condition (t<2 s) and with a fault in 

1aS  (t≥2 s). 

As shown in Fig. 7.4(a) and Fig. 7.5(a), after the occurrence of the OC fault in IGBT 1aS , the 

rotor currents waveforms are slightly distorted. These distortions in the rotor currents are reflected 

in the dq-axes components of the rotor currents in the synchronous reference frame ( ,  )dr qri i , 

presented in Fig. 7.4(b) and Fig. 7.5(b). Referring to (5.26), the variations in  and dr qri i  are 

converted into stator active and reactive power variations, as presented in Fig. 7.4(c) and Fig. 

7.5(c). It is not shown here, but the stator currents and electromagnetic torque are also affected by 

the OC fault. 

These results show that despite that the effect of the fault on the rotor currents are not 

significant, the stator active and reactive powers are significantly affected by this fault. If the DFIG 

system continues to run with the OC fault in 1aS , this malfunction can then be the source of 
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secondary problems in other components of the DFIG system. These results also show that the 

diagnostic approaches based on the rotor currents analysis are unable to detect OC faults in the 

outer IGBTs. This limitation does not exist in the proposed diagnostic approach as shown in the 

following. 

 
 

  

(a) Rotor currents waveforms (a) Rotor currents waveforms 

  

  

(b) dq-axes components of rotor currents (b) dq-axes components of rotor currents 

  

  

(c) Stator active and reactive powers (c) Stator active and reactive powers 

Fig. 7.4. Simulation results for the DFIG operating in 

healthy conditions ( 2 s)t   and with an OC fault in 1aS  

( 2 s)t   * *1350 rpm,  2000 W, 0 VA( r).s sn P Q     

Fig. 7.5. Experimental results for the DFIG operating in 

healthy conditions ( 2 s)t   and with an OC fault in 1aS  

( 2 s)t   * *1350 rpm,  2000 W, 0 VA( r).s sn P Q      
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The diagnostic results for this faulty condition, obtained with the simulation model are shown 

in Fig. 7.6. The normalized pole voltage and the control state of the leg a are shown in Fig. 7.6(a) 

while the variables and diagnostic results are presented in Fig. 7.6(b). After the occurrence of the 

fault, the positive parts of .az nv  and aCS  are different and therefore, a
  changed to 1. As shown 

in Fig. 7.6(b), once a
  takes value 1 (t=2 s), Table 7.1 allows the identification of 1ag  as the faulty 

group. 

To identify the faulty device, according to Table 7.2, it is necessary to read the value of a
  and 

a , presented in Fig. 7.6(b). Since 1a  , the first time that 0o
a   (t=2.000278 s), Table 7.2 

allows to identify 1aS  as the faulty device. 

A similar analysis can be conducted for the experimental diagnostic results presented in Fig. 

7.7. 
 

 

  

(a) Normalized pole voltage and control state of leg a (a) Normalized pole voltage and control state of leg a 

  

  

(b) Diagnostic results (b) Diagnostic results 

Fig. 7.6. Diagnostic results for the DFIG operating with 

an OC fault in 1aS , obtained with the simulation model 

* *1350 rpm,  2000 W, 0 VA( r).s sn P Q     

Fig. 7.7. Diagnostic results for the DFIG operating with 

an OC fault in 1aS , obtained by experimental test 

* *1350 rpm,  2000 W, 0 VA( r).s sn P Q     
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Another faulty condition was considered with an OC fault in 2aS , introduced at t=2 s. For this 

faulty condition, due to the limitation of the rotor currents, the values of the stator active and 

reactive powers were set to -800 W and 0 VAr, respectively. The simulation and experimental 

results for this circumstances are presented in Fig. 7.8 and Fig. 7.9, respectively.  
 

 

  

(a) Rotor currents waveforms  (a) Rotor currents waveforms  

  

  

(b) dq-axes components of rotor currents (b) dq-axes components of rotor currents 

  

  

(c) Stator active and reactive powers (c) Stator active and reactive powers 

Fig. 7.8. Simulation results for the DFIG operating in 

healthy conditions ( 2 s)t   and with a 2aS  OC fault 

( 2 s)t   * *1350 rpm,  800 W, 0 VA( r).s sn P Q     

Fig. 7.9. Experimental results for the DFIG operating in 

healthy conditions ( 2 s)t   and with a 2aS  OC fault 

( 2 s)t   * *1350 rpm,  800 W, 0 VA( r).s sn P Q     
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As shown in Fig. 7.8(a) and Fig. 7.9(a), after the fault occurrence at t=2 s, the positive part of 

ai  is eliminated and therefore, a huge distortion appears in both  and dr qri i . Consequently, these 

distortions lead to the appearance of large oscillations in the stator active and reactive powers of 

the DFIG. The oscillations of the stator active and reactive powers in this faulty condition are 

much higher than in a 1aS  fault. Once more, there is a good agreement between the simulation and 

experimental results. 

Fig. 7.10 shows the simulation diagnostic results obtained for OC fault in 2aS . To analyze the 

fault, . and a az nCS v  are presented in Fig. 7.10(a). After the occurrence of the fault, .az nv  is different 

from aCS  and this difference is shown by a
 , presented in Fig. 7.10(b). According to Table 7.1, 

once a
  takes value 1 (t=2 s), the faulty group is identified as 1ag . As shown in Fig. 7.10(b), the 

first time after the faulty group identification that o
a  takes value 1 (t=2.0000556 s), Table 7.2 

allows identifying the faulty device as 2aS . A similar analysis can be conducted for the 

experimental diagnostic results presented in Fig. 7.11. 
 

  

(a) Normalized pole voltage and control state of leg a (a) Normalized pole voltage and control state of leg a 

  

  

(b) Diagnostic results (b) Diagnostic results 

Fig. 7.10. Diagnostic results for the DFIG operating with 

an OC fault in 2aS , obtained with the simulation model 

* *1350 rpm,  800 W, 0 VA( r).s sn P Q     

Fig. 7.11. Diagnostic results for the DFIG operating with 

an OC fault in 2aS , obtained by experimental test 

* *1350 rpm,  800 W, 0 VA( r).s sn P Q     

 



Chapter 7. Fault diagnosis in the 3LNPC rotor-side converter of the DFIG system 

 

177 

 

Fig. 7.12 and Fig. 7.13 show the results for the DFIG operating with an OC fault in the clamp-

diode 5aD  and when the values of the stator active and reactive power injected into the grid were 

set to -2000 W and 0 VAr, respectively. As can be observed in Fig. 7.12(a), the positive part of ai  

is slightly affected by the OC fault in 5aD . The effect of the fault is also observable in the d-axis 

and q-axis components of the rotor currents, presented in Fig. 7.12(b). Consequently, according to 

(5.26), the stator active and reactive powers are affected by the OC fault in the clamp-diode 5aD . 
 

  

(a) Rotor currents waveforms (a) Rotor currents waveforms 

  

  

(b) dq-axes components of rotor currents (b) dq-axes components of rotor currents 

  

  

(c) Stator active and reactive powers (c) Stator active and reactive powers 

Fig. 7.12. Simulation results for the DFIG operating in 

healthy conditions ( t <1.581 s) and with an  OC fault in 5aD  

( t 1.581 s) * *1350 rpm,  2000 W, 0 VA( r).s sn P Q     

Fig. 7.13. Experimental results for the DFIG operating in 

healthy conditions ( t <1.581 s) and with an  OC fault in 5aD  

( t 1.581 s) * *1350 rpm,  2000 W, 0 VA( r).s sn P Q     
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The diagnostic results for an OC fault in clamp-diode 5aD , obtained by simulation, are 

presented in Fig. 7.14. As shown in Fig. 7.14(a), after the occurrence of the fault, the zero parts of 

. and a az nCS v  are different and this difference is reflected in o
a , presented in Fig. 7.14(b). The 

first time that o
a  takes value 1 (t=1.581 s), Table 7.1 allows the identification of 2ag  as the faulty 

group. 

After the identification of the faulty group, the first time that 0a
   while 1a   (t=1.5810556 

s), Table 7.2 allows to identify the faulty device as 5aD  (Fig. 7.14(b)). The diagnostic timeline is 

presented in Fig. 7.14(b), where the faulty group number 2 and the faulty device number 5 are 

identified by the diagnostic algorithm. 

The analysis performed to the simulations results is also valid for the experimental diagnostic 

results presented in Fig. 7.15. 
 

 

  

(a) Normalized pole voltage and control state of leg a (a) Normalized pole voltage and control state of leg a 

  

  

(b) Diagnostic results (b) Diagnostic results 

Fig. 7.14. Diagnostic results for the DFIG operating with 

an OC fault in 5aD , obtained with the simulation model 

* *1350 rpm,  2000 W, 0 VA( r).s sn P Q     

Fig. 7.15. Diagnostic results for the DFIG operating with 

an OC fault in 5aD , obtained by experimental test 

* *1350 rpm,  2000 W, 0 VA( r).s sn P Q     
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To evaluate the capability of the diagnostic approach for the detection of double IGBT OC 

faults, simulation and experimental results for a combination of double IGBT OC faults are 

presented in Fig. 7.16 and Fig. 7.17, respectively. The first OC fault is applied to IGBT 4bS  at t=2 

s and the second one is applied to IGBT 2cS  at t=2.001 s, being these time instants labeled as 

1 2 and T TF F .  

The rotor current waveforms presented in Fig. 7.16(a) and Fig. 7.17(a) show that after the 

occurrence of the faults, some negative values of bi  and all positive values of ci  are eliminated. 

The control state and the normalized converter pole voltage together with the diagnostic 

variables of legs b and c are presented in Fig. 7.16(b) and Fig. 7.16 (c), respectively. 

Considering the results of the first fault (Fig. 7.16(b)), the first time that b
  takes value 1 

(t=2.00017 s), Table 7.1 allows to identify the first faulty group as 3bg . Then, knowing that the 

faulty device is located in 3bg , it is necessary to know the values of o
b  and b . As shown in Fig. 

7.16(b), while 1b   , 0o
b   at t=2.000278 s. Thus, Table 7.2 allows to identify 4bS  as the first 

faulty device. 

As far as the second fault is concerned, after the occurrence of the fault, the zero parts of 

. and c cz nCS v  are different and this difference is reflected in o
c , presented in Fig. 7.16(c). 

According to Table 7.1, the first time that o
c  takes value 1 (t=2.001 s), it is possible to identify 

the second faulty group as 2cg . Afterwards, combining this information with the fact that at 

t=2.001111 s 1c
  , and using Table 7.2, it is possible to identify Sc2 as the second faulty device. 

The diagnostic timeline is shown in Fig. 7.16(d), where the diagnostic algorithm identifies the 

first faulty group as number 7, the first faulty device as number 10, the second faulty group as 

number 10 and the second faulty device as number 14.  

The experimental diagnostic results for this combination of double IGBT OC faults are shown 

in Fig. 7.17. The procedure of the identification of the faulty device for the first fault is similar to 

the one already presented for the simulation results. For the second fault, as shown in Fig. 7.17(c), 

the positive parts of . and c cz nCS v  are different and this difference is reflected in c
 . According to 

Table 7.1, once c
  takes value 1 (t=2.001 s), the faulty group is identified as 1cg . Then, the first 

time that o
a  takes value 1 (t=2.001222 s), Table 7.2 allows to identify the faulty device as 2cS . 
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(a) Rotor current waveforms (a) Rotor current waveforms 

  

  

(b) Diagnostic variables of leg b (b) Diagnostic variables of leg b 

  

  

(c) Diagnostic variables of leg c (c) Diagnostic variables of leg c 

  

(d) Final diagnostic results (d) Final diagnostic results 

Fig. 7.16. Simulation results for the DFIG operating with 

OC faults in 4 2an d b cS S

* *1350 rpm,  800 W, 0 VA( r).s sn P Q     

Fig. 7.17. Experimental results for the DFIG operating 

with OC faults in 4 2an d b cS S

* *1350 rpm,  800 W, 0 VA( r).s sn P Q     
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7.3.2 Supersynchronous operation of the DFIG 

This subsection presents results for the DFIG operating at a supersynchronous speed of 1650 

rpm. Fig. 7.18 and Fig. 7.19 show the results for the DFIG operating with an OC fault in 1aS , and 

the values of the stator active and reactive power are set to -2000 W and 0 VAr, respectively.  

As seen in these figures, the effect of the OC fault in 1aS  is almost indistinguishable in the rotor 

currents and the stator active and reactive powers. 
 

 

 

 

  

(a) Rotor currents waveforms  (a) Rotor currents waveforms  

  

  

(b) Stator active and reactive powers  (b) Stator active and reactive powers  

Fig. 7.18. Simulation results for the DFIG operating in 

healthy conditions ( 2 )t s  and with an OC fault in 1aS  

( 2 )t s  * *1650 rpm,  2000 W, 0 VA( r).s sn P Q     

Fig. 7.19. Experimental results for the DFIG operating in 

healthy conditions ( 2 )t s  and with an OC fault in 1aS  

( 2 )t s  * *1650 rpm,  2000 W, 0 VA( r).s sn P Q     

 

Fig. 7.20 shows the diagnostic results for this faulty condition, obtained with the simulation 

model. As shown in Fig. 7.20(a), after the occurrence of the fault, the positive parts of .az nv  and 

aCS  are different and therefore, a
  changed to 1. As shown in Fig. 7.20(b), once a

  takes value 

1 (t=2.0000556 s), Table 7.1 allows the identification of the faulty group as 1ag . 
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In the next step, since the faulty device is located in 1ag , it is necessary to read the value of o
a  

and a , presented in Fig. 7.20(b). Since 1a  , the first time that 0o
a   (t=2.000278 s), Table 

7.2 allows to identify 1aS  as the faulty device. A similar analysis can be done for the experimental 

diagnostic results, presented in Fig. 7.21. 

 

  

(a) Normalized pole voltage and control state of leg a (a) Normalized pole voltage and control state of leg a 

  

  

(b) Diagnostic results (b) Diagnostic results 

Fig. 7.20. Diagnostic results for the DFIG operating with 

an OC fault in 1aS , obtained with the simulation model 

* *1650 rpm,  2000 W, 0 VA( r).s sn P Q     

Fig. 7.21. Diagnostic results for the DFIG operating with 

an OC fault in 1aS , obtained by experimental test 

* *1650 rpm,  2000 W, 0 VA( r).s sn P Q     

 

 

 

 

 

Another faulty condition was carried out for the supersynchronous operation of the DFIG and 

with an OC fault in 2aS , introduced at t=2 s. Fig. 7.22(a) and Fig. 7.23(a) show the rotor currents 

waveforms, which show that after the fault occurrence at t=2 s, the positive part of ai  is eliminated. 

As a consequence, the waveforms of the stator active and reactive powers shown in Fig. 7.22(b) 

and Fig. 7.23(b) exhibit a large oscillation. 
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(a) Rotor currents waveforms  (a) Rotor currents waveforms  

  

  

(b) Stator active and reactive powers (b) Stator active and reactive powers 

Fig. 7.22. Simulation results for the DFIG operating in 

healthy conditions ( 2 )t s  and with an OC fault in 2aS  

( 2 )t s  * *1650 rpm,  800 W, 0 VA( r).s sn P Q     

Fig. 7.23. Experimental results for the DFIG operating in 

healthy conditions ( 2 )t s  and with an OC fault in 2aS  

( 2 )t s  * *1650 rpm,  800 W, 0 VA( r).s sn P Q     

 

 

 

 

 

The diagnostic results for this faulty condition, obtained with the simulation model, are 

presented in Fig. 7.24. As presented in Fig. 7.24(a), after the occurrence of the fault, .az nv  is 

different from aCS . This difference is shown by o
a , presented in Fig. 7.24(b). The first time that 

O
a  takes value 1 (t=2 s), the faulty group is identified as 2ag  from Table 7.1.  

Taking into account that the faulty device is located in 2ag , the first time that a
  takes value 1 

(t=2.000167 s), Table 7.2 allows to identify 2aS  as the faulty device, as shown in Fig. 7.24(b). 

The analysis performed for the simulations results is also valid for the experimental diagnostic 

results presented in Fig. 7.25. 
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(a) Normalized pole voltage and control state of leg a (a) Normalized pole voltage and control state of leg a 

  

  

(b) Diagnostic results (b) Diagnostic results 

Fig. 7.24. Diagnostic results for the DFIG operating with 

an OC fault in 2aS , obtained with the simulation model 

* *1650 rpm,  800 W, 0 VA( r).s sn P Q     

Fig. 7.25. Diagnostic results for the DFIG operating with 

an OC fault in 2aS , obtained by experimental test 

* *1650 rpm,  800 W, 0 VA( r).s sn P Q     

 

7.4 Final remarks 

The performance of the DFIG system under different semiconductor OC faults in the rotor-side 

converter was analyzed. It was demonstrated that the DFIG rotor currents are slightly affected by 

the OC faults in the outer IGBTs as well as in the clamp-diodes of the rotor-side converter. 

Consequently, these current distortions reduce the system performance and lead to distortions in 

the injected power into the grid.  

Since in this particular application the effect of OC faults in the outer IGBTs, as well as in the 

clamp-diodes, is barely visible in the rotor currents, the analysis of the rotor currents is not 

effective for diagnostic purposes. Therefore, a diagnostic approach based on the analysis of the 

pole voltages of the 3LNPC converter was developed. 
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The capability of detection and identification of multiple OC fault in all IGBTs and clamp-

diodes of the 3LNPC converter, under all operating conditions of the DFIG system, as well as a 

quick and reliable performance are the main advantages of the proposed approach. The 

applicability and performance of the proposed diagnostic approach were demonstrated by various 

simulation and experimental results obtained for different operating conditions of the DFIG 

system. 

Equation Section (Next) 
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Chapter 8 

8 Conclusions and future work 

 

8.1 Conclusions 

The work reported in this thesis has been focused in two major topics: 

• Diagnosis OC faults in 3LNPC converters for two applications: IM drives and DFIG systems; 

• Diagnosis of inter-turn short-circuit faults in the stator and rotor windings of DFIGs. 

With the aim to diagnose faults in 3LNPC converters used in IM drives, three novel algorithms 

for the real-time diagnosis of OC faults in the 3LNPC converter were developed: 

• Approach I: Average Current Park’s Vector; 

• Approach II: Average values of positive and negative parts of output currents; 

• Approach III: Pole voltage analysis. 

The approach I is able to detect and identify the faulty IGBT while the approach II has the 

capability to diagnose multiple OC faults in all IGBTs of the converter. The diagnostic approaches 

I and II only need the converter output currents already used by the IM drive controller. Therefore, 

their implementation cost is low and their integration into the motor drive control system is easy. 

Typically, in both approaches, the faulty IGBT is identified within half of the fundamental 

converter output period. However, the diagnostic approaches I and II have a limitation for the 

diagnosis of OC faults in the outer IGBTs of 3LNPC converter, when the converter operates with 

a low modulation index. 

The diagnostic approach III has several advantages such as the capability of detection and 

identification of multiple OC fault in all controlled power switches and clamp-diodes, the 

capability of detection and identification of OC faults in the outer IGBTs when the power converter 
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operates with a very low modulation index and it exhibits a reliable performance. Typically, the 

fault diagnostic process with this approach is accomplished within one modulation period (1 ms 

in this study). However, the implementation of this diagnostic approach requires the measurement 

of each converter leg pole voltage, which increases the overall system costs. 

Thanks to the use of normalized quantities, the final diagnostic results obtained with the three 

diagnostic approaches are independent of the converter operating conditions. Furthermore, all 

these diagnostic methods present a reliable performance in steady-state and in transient conditions. 

Moreover, they just require basic mathematical operations as there is no need to use complex 

algorithms. Therefore, they are suitable to be easily integrated into the drive control system without 

significant effort. 

Overall, as long as the implementation cost of the diagnostic approach is concerned and only 

diagnosis of the faulty IGBTs is required, the approach II would be the optimum choice. On the 

other hand, when the diagnosis of OC faults in IGBTs and clamp-diodes in very short period of 

time is concerned, the approach III is recommended.  

In the context of generator faults, a method based on the spectrum analysis of the stator reactive 

power for the detection and identification of ITSC faults in the stator and rotor windings of the 

DFIG was proposed. Furthermore, for each type of fault, a severity factor that indicates the 

extension of the fault was defined. 

The simulation and experimental results showed that the value of the severity factor defined for 

the stator fault is highly independent of the various operating conditions of the DFIG, namely rotor 

speed and active and reactive power injected into the grid. 

The simulation and experimental results obtained for the DFIG operating with rotor ITSC faults 

showed that the value of the severity factor defined for this type of fault is highly independent of 

the values of the active and reactive powers injected into the grid. The only limitation of the 

proposed method is the detection of the rotor fault when the DFIG operates near synchronous 

speed. Considering that the amplitude of the current on the affected turns in such DFIG operating 

conditions is very small, the rotor ITSC fault cannot impose any serious threat to the integrity of 

the rotor windings. Hence, the diagnosis of an ITSC fault in the rotor windings can be 

accomplished when the DFIG is operating at a speed different than the synchronous speed. 



Chapter 8. Conclusions and future work 

189 

 

At the end, the performance of the DFIG system, based on a 3LNPC converter, under different 

semiconductor OC faults in the rotor-side converter was analyzed. It was shown that OC faults in 

the IGBTs and clamp-diodes of the rotor-side converter reduce the system performance and lead 

to distortions in all stator quantities (active power, reactive power, etc.). It was also shown that the 

effects of OC faults in the outer IGBTs and clamp-diodes of the 3LNPC converter on the rotor 

currents is inappreciable and, consequently, the analysis of the rotor currents is not an effective 

solution for diagnostic purposes. A diagnostic approach based on the analysis of the pole voltages 

of the rotor-side converter was presented, which possesses the capability of diagnosing OC faults 

in all IGBTs and clamp-diodes of the 3LNPC converter.  

As a concluding remark, it can be stated that the diagnostic methods proposed in this thesis for 

semiconductor faults and for DFIG winding faults can be readily integrated into the control system 

of the DFIG, therefore leading to an increase of the availability as well as a reduction of the 

maintenance cost of wind energy conversion systems based on DFIGs. 

8.2 Future work 

Following the investigations and developed work, some suggestions for future research are 

summarized in this subsection. 

Firstly, this work can be extended by investigating of the OC faults in the DFIG grid-side 

converter. To do that, the DFIG test rig should be expanded in order to include the 3LNPC grid-

side converter.  

In addition, further work can be conducted to develop some methods for the diagnosis of faults 

in the DC bus capacitors and feedback sensors (namely current sensors). 

Another research idea with this regard is to improve the reliability of the DFIG system by 

adding a fault-tolerant control strategy to the 3LNPC converters. The development and integration 

of a fault-tolerant technique for the two 3LNPC converters allows the DFIG system to keep 

running after the occurrence of a fault in its power switches, although with a degraded 

performance. 

Regarding the method developed for the detection of ITSC, the proposed approach has a 

limitation in the detection of a rotor fault when the DFIG operates in the vicinity of the 

synchronous speed. Therefore, further study to improve the applicability of this diagnostic 
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approach to overcome this limitation is needed. In that case, the detection of the rotor fault should 

rely on second-order effects, like the use of space harmonics created by the currents circulating in 

the stator and rotor windings. 

Finally, the development of some diagnostic methods for other types of faults in the generator 

such as rotor eccentricity and slip ring faults can also be other interesting topics for future research. 

Equation Section (Next) 
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Appendix A 

A. Details of the 3LNPC converter prototype 

 

Since there is no commercial available 3LNPC converter with the required specifications for 

this study, a 3LNPC converter prototype of an appropriate power was developed and constructed, 

so that faults (OC in all power switches of the converter) can be introduced in a controlled way 

(Fig. A.1). The constructed prototype comprises 6 Semix IGBT modules (each module includes 2 

IGBTs), 6 SKYPER 32 PRO drivers, which constitute an interface between the IGBT modules 

and the controller, and 3 diode modules (each one includes two power diodes) as shown in Fig. 

A.2. 

 

 

Fig. A.1. 3LNPC converter prototype. 
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Fig. A.2. IGBT modules with the corresponding drivers and diode modules of the 3LNPC converter. 

 

 

In order to provide an appropriate interface between the dSPACE terminals and the IGBT 

modules, three interface boards, including isolation board, delay board, and distribution board are 

used. The connection sequence of the interface boards is schematically shown in Fig. A.3. 

The isolation board (Fig. A.4) is used to isolate the dSPACE terminals and also to increase the 

voltage level of the control signals. In order to generate the dead-time for the IGBTs of a given 

leg, the delay board (Fig. A.5) is employed. The distribution board (Fig. A.6) is used to distribute 

the control signals for the IGBT modules.  

In addition, the prototype also includes several current and voltage sensors in order to measure 

the DC-bus voltage, converter pole voltages and converter output currents (Fig. A.7). 
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Fig. A.3. Connection of the gate signals, generated by the control platform, to the IGBTs. 
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Fig. A.4. Isolation board. 

 

 

 

Fig. A.5. Delay board. 

 

 

 

Fig. A.6. Distribution board. 

 

 

 



Appendix A 

206 

 

 

Fig. A.7. Measurement board. 
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Appendix B 

B. IM drive test rig 

To validate the techniques proposed for the diagnosis of the OC fault in the 3LNPC converter, an 

IM drive test rig was built, according to the block diagram shown in Fig. B.1. It comprises an IM 

fed by the 3LNPC converter, subjected to an IRFOC strategy. The mechanical load of the IM was 

a WEG 4 kW PMSG feeding a variable load resistor. The global overview of the experimental 

setup is shown in Fig. B.2. The main parameters of the IM under study are shown in Table B.1.  

The whole control system was implemented in a dSPACE 1103 platform, where all quantities 

are measured and processed. A user interface was also developed in the ControlDesk environment 

from dSPACE, thus allows the real-time monitoring and control of the system (Fig. B.3). 

In the experiments, the OC fault(s) were introduced by sending the zero state to a specific 

IGBT(s). To introduce OC faults in the clamp-diodes, extra mechanical switches were connected 

in series with these power switches. 
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Fig. B.1. Schematic diagram of the IM drive test rig. 
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Fig. B.2. Global overview of the 3LNPC IM drive test rig. 

 

 

 

 

 

 

 

Table B.1. Parameters of the IM used in the experimental tests. 

Rated power 4 kW 

Rated voltage  380 V  

Rated frequency 50 Hz 

Rated current 8.35 A 

Rated speed 1435 rpm 

Magnetizing inductance 163 mH 

Stator leakage inductance 9.1 mH 

Rotor leakage inductance 9.1 mH 

Stator resistance 1.45 Ω 

Rotor resistance 1.5 Ω 
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Fig. B.3. Screenshot of the user interface panel for real-time monitoring and control of the IM drive system. 
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Appendix C 

C. Details of the WRIM used in the 

experimental tests 

 

The specifications of the WRIM used in the experimental tests are listed in Table C.1. Both the 

stator and the rotor windings are star connected with an isolated neutral.  
 

Table C.1. Specifications of the WRIM used in the experimental tests. 

4 kW Rated Power 

50 Hz Rated frequency 

400 V Rated stator voltage 

230 V Rated rotor voltage 

9.4 A Rated stator current 

11.5 A Rated rotor current 

1420 rpm Rated speed 

4 Number of poles 

36 Number of stator slots 

24 Number of rotor slots 

136 mm Inner diameter of stator 

135.4 mm Outer diameter of rotor 

114 mm Core length 

One layer Stator winding type 

One layer Rotor winding type 

6 Number of stator coil per phase 

4 Number of rotor coil per phase 

30 Stator conductors per coil 

27 Rotor conductors per coil 

180 Stator conductors per phase 

108 Rotor conductors per phase 

1.28 Ω Stator resistance per phase 

0.5 Ω Rotor resistance per phase 
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To introduce the ITSC faults in the machine in a controlled manner, the stator and rotor 

windings were rewound with the necessary modifications in the machine (Fig. C.1).  

For the stator windings, according to Fig. C.2(a), five extra taps from 1st, 3rd, 7th, 15th, and 30th 

turns of the first coil of stator phase A are expelled. Using these additional taps along with the 

stator terminal U, 11 different fault scenarios (1, 2, 3, 4, 6, 7, 8, 12, 14, 15, and 30 turns) can be 

easily accomplished by connecting some of these taps.  

For the rotor windings, by adding three extra slip rings and brushes to the machine, three extra 

accessible taps from 17th, 24th, and 25th turns of the first coil of rotor phase a are provided (Fig. 

C.2(b)). Therefore, 6 different faulty cases (1, 7, 8, 17, 24 and 25 turns) for the rotor are available. 

The detail of the terminals of the machine is presented in Fig. C.3. 

 

 

 

(a) Stator 

 

(b) Rotor 

Fig. C.1. The rewound WRIM. 
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(a) Stator phase A with five extra taps 

 

(b) Rotor phase a with three extra taps 

Fig. C.2. Schematic representation of the windings of the machine. 

 

 

 

 

 

 

Fig. C.3. Detail of the machine terminals. 
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Appendix D 

D. Details of the DFIG simulation model 

 

This appendix presents some pictures regarding the implementation of the DFIG model using the 

software Matlab/Simulink. The general overview of the model of the DFIG system is shown in 

Fig. D.1. The model of the generator and the DFIG control system are presented in Fig. D.2 and 

Fig. D.3, respectively. 

 

 

 

Fig. D.1. Overview of the model of the DFIG system. 
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Fig. D.2. Model of the Machine. 

 

 

 

Fig. D.3. DFIG control system. 
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