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ABSTRACT 

 

The objective of this Thesis is to investigate the phenomenon of voltage 

unbalance on electrical wind power systems. A large part of this work is the literature 

review of all relative work that has been done so far. This serves first as a guideline to 

define and measure voltage unbalance and second as a tool to spot open research 

questions that can inspire future work. 

A case study is then used to investigate the voltage unbalance at a wind farm in 

Näsudden, Gotland. Using real-time measurements and a simulation of the power system 

in MATLAB/Simulink, an evaluation of the propagation of the voltage unbalance from 

the distribution to the turbine level is carried out. The effect that different transformer 

connection types have on the propagation is studied through simulations. Many 

assumptions and simplifications had to be made due to several limiting factors during 

this work, mainly related to time and data restrictions. 

The main result shows that when Delta – Wye Grounded and Wye – Wye 

Grounded transformers are used, the unbalance is halved when it passes to the turbine 

side. On the other hand, when Wye Grounded – Wye Grounded configuration was used, 

the unbalance was unaffected. The results also include a comparison of the use of 

different indices to quantify a voltage unbalance. 

 

Key words: voltage unbalance, wind power system, transformer connection, 

MATLAB/Simulink 
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NOMENCLATURE 

 

DFIG Doubly-Fed Induction Generator 

DG Distributed Generation 

FSIG Fixed-Speed Induction Generator 

GEAB Gotlands Energi AB 

GSC Grid Side Converter 

IEC International Electrotechnical Commission 

LSC Line Side Converter 

LV Low Voltage 

LVUR Line Voltage Unbalance Ratio 

MV Medium Voltage 

PCC Point of Common Connection 

PMSG Permanent Magnet Synchronous Generator 

PVUR Phase Voltage Unbalance Ratio 

RMS Root Mean Square 

VCS Vestas Controller System 

VUF Voltage Unbalance Factor 
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CHAPTER 1. INTRODUCTION  

 

During an asymmetrical or unbalanced power system operating condition, many 

of the assumptions that are used for network analysis in steady state are no longer valid. 

A wide range of factors are affected and the analysis itself becomes more complicated. 

Under the presence of an intermittent and distributed generation source, such as a wind 

farm, the scope of analysis becomes even broader. 

This Thesis aims, first of all to familiarise the reader with the concept of the 

unbalanced operating condition in power systems. The causes, the methods of analysis 

and the relative effects on the power system operation will be described. Then, a case 

study will be simulated of a wind farm in the South of the Gotland island, in the 

Näsudden area. The methodology that will be followed combines actual measurements 

as well as a simulation of the wind power system and has two main purposes. First, to 

summarise how an unbalance can be measured and studied and, second, to investigate 

the effect that different transformer connection types have on the propagation of an 

unbalance. 

To simplify the simulation and due to a lack of access to all the required 

information, a number of assumptions had to be made. These assumptions are explained 

thoroughly in the methodology description. What should be noted though is that the 

results of this Thesis are closely connected to these assumptions and case study and may 

vary, depending on the case examined. 

The structure of this Thesis is as follows. Chapter 2 compiles all the relative 

research findings that could be found in the bibliography regarding the definition of 

voltage unbalance, with a focus on wind power systems. Research work about the effects 

of two major factors, namely the transformer connection type and the converter 

configuration on the unbalance propagation, is documented as well. Chapter 3 describes 

thoroughly the methodology that will be used, and points out the assumptions that had to 

be made. Then, the main results are presented in Chapter 4 and in Chapter 5 comments 

on the results, as well as a sensitivity analysis are made. The final chapter draws 
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conclusions out of the work made, points out the limitation that this work was subject to 

and proposes ideas for further study.  
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CHAPTER 2.  LITERATURE REVIEW 

 

2.1 Unbalanced Operating Condition in Power Systems 

The ideal situation for a power system to operate at its maximum efficiency is a 

balanced operating condition and typically theoretical simulations rest on the assumption 

of a balanced and symmetrical system. As long as all the network voltages have equal 

magnitudes for each phase and a phase displacement of 120
o
 between each phase, the 

system is considered to be operating at a balanced condition (Chen, Yang and Hsieh, 

2014). 

However, this is not normally the case. There are always factors that introduce 

unbalances to the power system, at least to a certain extent. Line unbalances, either at 

transmission or at distribution level is one of these factors. The reactance of a line is 

affected by the capacitance of each of the phase lines to the ground, as well as the 

mutual coupling between phases. This leads to an uneven distribution of the three-phase 

current between the lines. To limit this effect, transmission lines are transposed at equal 

distances. According to Bellan and Pignari (2015), un-transposed or poorly transposed 

lines are a typical source of unbalances. 

In the distribution level, there are similar issues. Yan and Saha (2015) investigate 

an unbalance introduced by the mutual coupling caused by the Medium Voltage (MV) 

and Low Voltage (LV) lines, sharing the same pole and power corridor. This is a 

common practice in certain countries. 

Apart from line asymmetries, the other major source of unbalance is single phase 

loads not uniformly applied in the three phases. This situation is also associated with 

wind power production, since, typically, areas with high wind potential are situated in 

rural regions, away from the main electric grid. In this case, the weak grid in 

combination with long distribution lines make the system vulnerable to single phase 

loads (Muljadi et al., 1999). Especially in the past, when the main type of wind turbine 

used was the asynchronous machine directly connected to the grid, single phase loads 

could seriously strain the machine. Single phase loads can also cause unbalances when 

they consume significant amount of electric power, for example high-speed railway 
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systems (Bellan and Pignari, 2015) or lighting loads imposed in commercial facilities 

(Muljadi et al., 1999). 

Finally, other causes of unbalanced operation include single phase distributed 

resources, asymmetrical three-phase equipment (such as three-phase transformer banks 

with open wye – open delta connections), unbalanced faults, bad connections to 

electrical connectors and many other abnormal conditions (Chen, Yang and Hsieh, 

2014). The problem of voltage unbalance is expected to be a bigger concern in the near 

future since under high Distributed Generation (DG), for example high wind or solar 

power penetration, unbalance issues are intensified. Given the considerable increase of 

DG units in the power grids, a need of a coordinated control of all these units is 

emerging, in order to secure a safe operation and to increase the limit for renewable 

energy penetration to the grid (Vandoorn et al., 2015). 

Voltage unbalance is usually classified as a power quality problem as it leads to 

power losses, but it can also cause severe damage to the electrical equipment. Chen, 

Yang and Hsieh (2014) have documented the main detrimental effects.  The general 

safety profile of the power system is weakened, meaning that the probability of a fault is 

higher. In addition, the life cycle of the equipment is decreased, with the motors and the 

transformers being the most sensitive parts. As far as the motors are concerned, the 

unbalance feeding voltage will result in an unbalanced stator current, causing 

overheating at certain points. Consequently, a breakdown of the stator winding 

insulation may occur and depending on the severity of the unbalance the motor may 

have to stop. Other effects visible on the motor are mechanical strain, vibrations and 

noise. An interesting study and demonstration of the unbalanced voltage effects on an 

induction motor, as a common element in the distribution level, has been conducted by 

Kersting (2001). The same effects apply on wind turbines driven by induction 

generators. 

Disturbing effects on three-phase transformers are also observed during 

asymmetrical operation. The flux in the transformer core becomes asymmetrical, 

resulting in additional losses, increase in the temperature of the windings and even 

transformer failure. Chen, Yang and Hsieh (2014) have developed a mathematical model 
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in the Matlab/Simulink environment to simulate these effects. According to them, 

another impact of unbalanced voltages is the interference with measuring equipment. 

The asymmetrical voltage components can cause inaccurate measurements that could 

further lead to erroneous function of protective equipment, such as relay protection 

systems. 

 

2.2 Definition of Voltage Unbalance 

There are a number of different ways to measure voltage unbalance described in 

the literature. Some of these ways are validated and proposed by international standards, 

while others are the result of approximations in an attempt to reduce the complexity of 

the calculations needed. 

The most accurate and official definition of voltage unbalance, documented from 

2005 by Kim et al. as the definition used by the power community is the ratio of the 

negative sequence (or zero sequence) to the positive sequence voltage. This definition 

uses the symmetrical components transformation (explained in Appendix B for readers 

that are unfamiliar with this concept) and is known as Voltage Unbalance Factor (VUF). 

Under normal operating conditions, only the positive sequence component is present, so 

the VUF is zero in this case. The advantage and at the same time disadvantage of VUF is 

that it takes into account the voltage angle. On the one hand, this leads to more accurate 

results, but, on the other hand, sometimes the knowledge of the angle is not easy, unless 

special equipment is available (Jeong, 2002). 

All the other ways that are commonly used to measure the voltage unbalance 

have been grouped by Chen, Yang and Yang (2013). They are summarised in Table 1. 

Among the most common alternatives, the ratio of the maximum voltage deviation of 

line voltages from the average line-voltage magnitude to the average line-voltage 

magnitude is included, as well as the same ratio for phase voltages. Following the 

nomenclature used by Chen, Yang and Yang (2013), these indices are LVUR% and 

PVUR(1)% respectively. Also, sometimes the ratio of the difference between the highest 

and the lowest phase-voltage magnitude to the average phase-voltage magnitude is used, 

named PVUR(2)%. 
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Table 1: Indices Used to Quantify Voltage Unbalance 

Term Definition Standard 

LVUR%                                             

      
 

NEMA MG1-1993 

PVUR(1)%                                    

    
 

IEEE Std. 141-1993 

PVUR(2)%                             

    
 

IEEE Std. 936-1987 

VUF   

  
   or    

  

  
 IEEE Std. 1159-2009 

 

In the previous table, VL,avg is the average of the line voltages, Vavg is the average 

of the phase voltages and V1, V2, and V0 are the voltage symmetrical components. It 

should also be noted that the VUF can be calculated with or without the angles, i.e. V1, 

V2, and V0 can be either phasors or magnitudes. Similar indices can be used for current 

unbalance calculation. 

Chen, Yang and Yang (2013) have made a comprehensive comparison of all the 

above presented indices, along with some additional variations and approximation 

formulas for the measurement of voltage unbalance. They conclude that for low voltage 

unbalances, approximately up to 5%, the error remains in a relatively narrow range and 

therefore, these indices can be used interchangeably. The reference value for the 

calculation of these errors is naturally, the VUF, the general definition of voltage 

unbalance. For voltage unbalances that are extremely high, the rest definitions are 

practically of no use. 

Jeong (2002) carried out a similar analysis, introducing also the corresponding 

“effective” indices, which are a version of the LVUR and PVUR using the root of 

squared sums of voltage deviations. The concept behind these indices is again the 

alleviation of the volume of calculations, since they do not need voltage angle values. 

They were found to approximate the VUF in a satisfactory level. In the same study, 
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some relationships were extracted linking VUF with the other common indices through 

observations of the voltage vector triangle, i.e. the closed triangle that the vectors of 

three-phase line voltages form. Also, a chart is presented as a way to quickly 

approximate VUF. Using the ratios of the magnitudes of the line voltages, the 

corresponding VUF value can be mapped. Finally, another comparison of VUF 

calculation has been carried out by Kim et al. (2005). The focus was the use of line 

voltages against phase voltages for the calculation.  

 

2.3 Voltage Unbalance in Wind Power Systems 

2.3.1 Introduction 

In general, as far as wind power systems are concerned, the same causes and 

effects regarding unbalanced operating conditions that were described in Chapter 2.1 

apply. However, there are some factors and components that distinguish the wind power 

case and ought to be highlighted. 

First of all, as already mentioned, in most of the cases the areas that are 

favourable for wind power development are located far from populated areas, where 

typically the electric grid is weak. When a voltage unbalance is present, the interaction 

of the positive- and negative-sequence components triggers oscillations in the generator 

electromagnetic torque. Mechanical stress in the generator and the gearbox, as well as 

increased power losses are some of the consequences (Zeng et al., 2016), (Wu et al., 

2015). In the case of electrically weak grids, i.e. with low short-circuit power, if the 

wind turbine controller is not properly designed, a small unbalanced stator voltage could 

cause a highly unbalanced stator current (Qiao and Harley, 2008). 

Another factor that is of significant importance is the increased penetration of 

wind power in the electric grids. Especially in some European countries, the amount of 

wind power fed to the grid can pose safety issues due to the variability of the wind. In 

the past, the connection of a wind farm to the grid was planned based on the safety 

standards for the turbines. In case of a malfunction or disturbance, some of the turbines 

or the entire wind farm would be disconnected from the grid. Nowadays, stringent 

standards have been created for countries with high wind power penetration. These 
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standards require that the wind turbines remain connected to the grid for a specific 

amount of time before being disconnected, as well as provide ancillary services to the 

grid as conventional generators do. Therefore, the phenomenon of voltage unbalance has 

gained a lot of attention, since it is one of the disturbances that can cause partial or total 

disconnection of wind farms (Suppioni, Grilo and Teixeira, 2016). 

Furthermore, there are some case-related factors that can influence the unbalance 

severity and propagation. The two most important ones are the transformer and the 

converter configuration (or if a converter is used at all). The propagation of unbalances 

through different types of transformers varies. Additionally, the converter has a major 

influence. If no converter is used and the turbines are directly connected to the grid, the 

system is more susceptible to voltage unbalances, since the unbalances are directly 

reflected in the stator voltages and currents. The use of a converter for wind turbine grid 

connection, partially or fully, has a positive impact on the turbine safety since its control 

system monitors the key electric values and sends the appropriate remedial commands. 

However, a good knowledge of the converter control system is deemed necessary, in 

order to predict and interpret the voltage unbalance propagation. The influence of the 

transformer connection type and the converter configuration are examined in more detail 

in the next sections.  

 

2.3.2 Transformer Connection Type 

The output voltage of a wind turbine has to be raised to the distribution and/or 

the transmission level. Therefore, transformers are always used in AC wind power 

systems. The type of transformer used can have an effect on how a voltage unbalance 

propagates through a power system. A summary of the common transformer 

configurations is included in Appendix A. 

An extensive investigation in this topic has been made by Kolagar, Hamedani 

and Shoulaie (2012). In their study, they extract the impedance matrix for each 

transformer connection type, which relates system voltages to system currents. Then, 

they use it to calculate the VUF that is triggered by an asymmetrical load. The 

corresponding index for current unbalance, the current unbalance factor (IUF), is 
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calculated as well. The results indicate that for the same load, all connection types have 

the same impact in the unbalance propagation except from the wye-wye (with neutral 

wire) and the delta-wye with neutral, where the VUF and IUF were greater. The load 

itself influences the amount of unbalance propagation as well. Some other interesting 

findings include the fact that by increasing the transformation ratio of a step-down 

transformer, the VUF decreases. For step-up transformers, it was shown that there is 

certain value of the transformation ratio that causes the maximum voltage unbalance. 

Finally, a sensitivity analysis examined the variability of the unbalance propagation 

based on the value of the neutral wire impedance. 

However, the same case examined by Chindris et al. (2007) did not agree with 

the previous results. The parameters were different, but again the point of interest was 

the propagation of unbalance, triggered by an unbalanced load in distribution level 

through different transformer types. The type used in the numerical example was the 

wye-wye connection with the secondary neutral wire grounded. In contrast with the 

previous case, this connection reduced the amount of unbalance through the transformer. 

The paper also concludes that generally transformers can be categorised based on 

whether they have no effect or a positive effect (reduction) on voltage unbalance 

propagation. Some restrictions also apply on the percentage of the rated current that can 

flow through the neutral conductor for each type. 

The previous studies make it evident that additional work could provide some 

further insight in the topic. To make this possible, it is imperative that accurate 

transformer models be developed that provide faithful representation even under 

unbalanced conditions. A literature review of some existing models is performed by 

Corcoles et al. (2008). Their study, divided in two parts, suggests a new transformer 

model that is suitable for steady-state unbalanced operating conditions, such as the 

unbalanced voltage that is discussed in this work. The model is relatively simple, since it 

uses only two parameters˙ the short-circuit and the zero-sequence magnetising 

impedances. At the same time, it can be implemented for the most common transformer 

types. This two-part work by Corcoles et al. (2008) can be used as a reference to indicate 
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the main issues that arise in transformer modelling and as a guide to help the reader 

select the proper representation, depending on the case to be studied. 

 

2.3.3 Wind Turbine Converter Configuration 

The vast majority of modern wind turbines use a power converter. The converter 

enables variable speed operation by matching the torque demand with the wind speed. 

Furthermore, it regulates the voltage so that it has the frequency and amplitude 

demanded by the grid that the wind turbine is connected. Based on the way that are 

connected to the grid, wind turbines can be divided into four types. These types are also 

standardised by the International Electrotechnical Commission (IEC) for electrical 

simulations and types 3 and 4 are associated with converter use. They are shown in 

Figures 1 and 2. 

 

 

Fig. 1. Wind Turbine Generator Type 3 (IEC, 2014) 
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Fig. 2. Wind Turbine Generator Type 4 (IEC, 2014) 

Type 3 is known as Doubly-Fed Induction Generator (DFIG). As the name 

implies, an induction generator is used with two different points of connections to the 

electric grid. The stator is connected directly to the grid, while the rotor through a back-

to-back AC-DC-AC converter, as it is called. It comprises a generator side converter 

(GSC) and a line side converter (LSC). The advantage of this configuration is that the 

converter needed is smaller, but the variable speed operation is also limited. Type 4 on 

the other hand, makes use of a full converter in conjunction with either synchronous or 

asynchronous generator. The variable speed operation covers the entire range in this 

case. 

Unbalanced voltages have a detrimental effect on power quality. In the converter 

case, this is related to the creation of harmonic components. In normal operating 

conditions, there is a filter in the converter for the elimination of the harmonics. 

However, when unbalanced grid voltages are present, significant second-order 

harmonics in the converter DC link voltage are created. Third-order harmonics in the 

output line current are spotted as well (Ng, Li and Bumby, 2008). 

The control system of the converter can be configured in order to limit or 

eliminate the disturbing effects of unbalanced voltages. There has been extensive 

investigation on the different control logics that can be implemented. Wu and Stankovic 

(2011) propose a generalised inverter control that negates the harmonics caused by 

unbalances in the line voltages and impedances. The control method is developed in the 
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abc reference frame for a type 4 wind turbine generator and is compared with a more 

traditional control method using simulations in Matlab/Simulink. The results show that 

the new control secures high power quality even under extreme unbalanced conditions. 

Another proposal for the DFIG by Suppioni, Grilo and Teixeira (2016) takes 

advantage of both sides of the converter to execute different tasks. The GSC is 

controlled to compensate the negative sequence current component that flows to the 

generator, while the LSC alters the negative sequence stator voltage to damp the 

electromagnetic torque oscillations. Through this technique, the voltage unbalance level 

at the grid is also minimised, allowing for larger wind power penetration in weak grids. 

Control of the DFIG for unbalanced conditions is also examined by Shokri et al. (2014). 

The proposed control algorithm is performed by a multilevel cascaded H-bridge 

converter, thus achieving better performance. The model was simulated in 

Matlab/Simulink and the results verified the improvement of all the DFIG signals 

against voltage unbalance and small voltage sags too. 

Two other examples of improving the converter control in a way so that it 

compensates unbalanced conditions are given by Qiao and Harley (2008) and Khumtan, 

Suebkinorn and Neammanee (2012), for type 3 and type 4 wind turbine generators 

respectively. In both cases, the control system is modified in order to perform positive- 

and negative-sequence component control independently. The DFIG case utilises both 

the rotor side and the grid side converter in a 3.6 MW wind power system and a 

simulation in PSCAD/EMTDC is implemented. In the full converter case a smaller 

system of 5 kW is examined, executing control only using the LSC and with simulations 

in Matlab/Simulink. Both simulations show an improved system performance. 

The large literature that exists in relation to wind turbine converter control 

systems highlights the number of capabilities and scope of applications there is. 

Actually, as the amount of wind power injected to the grid is increasing, a coordinated 

control of all wind farms is fundamental. New wind turbines can even help old turbines 

retrofit according to the grid code requirements. Zeng et al. (2016) present a case where 

a control of a permanent magnet synchronous generator (PMSG) – based wind turbine is 

controlled to inject negative sequence current to compensate the voltage unbalance. The 
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wind farm is hybrid, comprising also fixed-speed induction generators (FSIG). By 

effectively controlling the PMSG turbine, the FSIG turbine, which is sensible to 

unbalance conditions, can safely be operated. In this case, the VUF at the wind farm 

point of common connection (PCC) is measured to evaluate the degree of unbalance. 

The converter can also assist in alleviating the turbine from transient unbalanced 

phenomena, like an asymmetrical grid fault. The literature is rich for this topic as well. 

Ng, Li and Bumby (2008) implement converter control to improve the fault capability of 

a full converter turbine and reduce the harmonics at the same time, while Flannery and 

Venkataramanan (2009) control a DFIG turbine withstand asymmetrical voltage sags. 

Nevertheless, as the focus of this Thesis is steady-state unbalanced conditions, dynamic 

phenomena will not be elaborated further. 

Overall, based on the existing literature regarding this complex electric 

phenomenon, it is evident that there is plenty of space for new research. Despite the 

abundance of publications, the dependence and effect that each component has on 

voltage unbalance offer numerous opportunities for novel case studies.   
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CHAPTER 3. METHODOLOGY AND DATA 

 

3.1 Description of Experiment 

The objective of this Thesis is to provide an insight of the voltage unbalance 

propagation phenomenon using the Näsudden wind farm in the south of the island of 

Gotland, Sweden, as a case study. An overview of the 70 kV electric grid of Gotland is 

shown in Figure 3. 

 

Fig. 3. The Gotland Power Network (Margossian, 2010) 

The main wind power production on the island is spotted in the south where 

Näsudden can be seen (Näs II). The power is then transferred to Visby, the major load 
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centre of Gotland, via a HVDC Light connection. There are also three synchronous 

condensers for assistance in frequency regulation, two in Ygne, near Visby and one in 

Slite, where the other large load of Gotland is spotted, the Cementa factory. The island 

shares an interconnection with the mainland via a 90 km HVDC Classic bi-pole of 

2*130MW and there is a planned construction for a second AC interconnection 

(Larsson, 2013).  

Gotland is one of the very first places in the world that wind turbines were 

installed into.  In Näsudden, the first wind turbines started to be installed in the early 

1980’s. The owners included private individuals, wind power cooperatives, local 

businesses and the state utility Vattenfall. The first turbines ranged in size by 55 kW to 3 

MW and repowering has been ongoing since 2003. Right now, in Näsudden there are 

four wind farms and totally seven operators (Wickman, 2016): 

 Näsudden ÖST: 

 Vattenfall (11 MW) 

 Näsvind (7 MW) 

 Näsudden Väst: 

 Slitevind (6 MW) 

 NVA (30 MW) 

 Vindpark Stugyl: 

 Stugyl (27 MW) 

 Gansparken: 

 GEAB (6 MW) 

 HR Vind AB (3 MW) 

 The reason that Näsudden wind farm was chosen as a case study was mainly the 

proximity of the farm, but also the interest of a contact person at Gotlands Energi AB 

(GEAB) to investigate the observed voltage unbalance. The whole experiment is 

composed of two parts: the setup of physical measurements at the Näsudden wind farm 

and the simulation of the system in the Matlab/Simulink software. The use of different 
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indices for measuring the voltage unbalance and the effect of the transformer will be the 

main focus of the experiment. 

 

3.2 Description of Mathematical Modelling 

3.2.1 Introduction 

The mathematical modelling of the system under study will be carried out using 

the Matlab software. Specifically, the Simulink environment and the Simscape Power 

Systems toolbox will be used for this Thesis’ simulations. They are both developed by 

MathWorks. Simulink is a graphical programming environment used for mathematical 

modelling of physical systems, while Simscape Power Systems offers a variety of 

component libraries and analysis tools for modelling and simulating electrical power 

systems. They can be used in conjunction, for example the control system of the 

simulated power system can be materialised in Simulink. The use of embedded Matlab 

code is also possible, making the software as a whole a powerful tool that can be used 

for a faithful representation of the actual system. 

The modelling of the system under study was decided after consulting GEAB. It 

is shown in Figure 4 and comprises the following components. 

 

 

Fig. 4. Simulated Power System 
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3.2.2 Electric Grid 

The 70kV transmission grid is modelled as a three-phase voltage source with an 

internal series RL branch. The grid parameters according to GEAB are: 

 

Table 2: Grid Parameters 

Short Circuit Power 556 MVA 

X/R Ratio 3.27 

 

3.2.3 Transmission Lines 

The 11kV lines were modelled as series impedances per phase. The unbalance is 

generated at this block by altering the value of one of the phase’s reactance. The values 

that correspond to normal operating conditions for this simulation are: 

 

Table 3: Transmission Line Parameters 

Per-Phase Resistance 0.2794 Ω 

Per-Phase Inductance 0.03688 H 

 

It has to be noted that these values differ from the ones provided by GEAB. This 

was considered necessary since Simulink is not able to represent the detailed unbalanced 

conditions in such detail. Therefore, larger values had to be selected in order for these 

phenomena to be more visible. The choice of a more professional power system 

simulation tool, such as PSCAD, could be a more accurate approach. 

 

3.2.4 Transformers 

The Simscape Power System block for three-phase transformer with two 

windings was used. The transformer parameters for the two transformers used are listed 

below. 
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Table 4: Wind Farm Transformer Parameters 

Nominal Power 25 MVA 

Primary Winding Connection Wye 

Primary Winding Nominal Voltage 70 kV 

Secondary Winding Connection Wye Grounded with High Impedance 

Secondary Winding Nominal Voltage 11 kV 

Transformer Resistance 0. 00055785 per unit 

Transformer Inductance 0.0989669 per unit 

 

Table 5: Wind Turbine Transformer Parameters 

Nominal Power 7 MVA 

Primary Winding Connection Delta 

Primary Winding Nominal Voltage 11 kV 

Secondary Winding Connection Wye Grounded 

Secondary Winding Nominal Voltage 690 V 

Transformer Resistance 0. 00055785 per unit 

Transformer Inductance 0.0989669 per unit 

 

In this case too, some of the parameters were approximated as access to the actual data 

was not available. Especially for the wind turbine transformer, such data has to be 

provided by the manufacturer. 

 

3.2.5 Wind Turbine 

For this simulation the wind turbine is treated as a controlled three-phase 

dynamic load. The input of this block is the active and reactive power that the load 

consumes. By setting negative active and reactive power, the load “generates” power, 

thus simulating the behaviour of the wind turbine. Since the turbines used are converter-

controlled, this is considered a reasonable representation for the scope of this study. The 

Näsudden wind farm comprises different types of turbines, but after a recent re-powering 
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most of them are DFIG Vestas V90 3-MW that are equipped with the Vestas Controller 

System (VCS). The PQ-capability of this converter is shown in the following figure. 

 

Fig. 5. PQ-Capability Chart for Vestas V90 (Larsson, 2013) 

Table 6: Parameters for the PQ-Capability Chart for Vestas V90 3MW 

Parameter Units V90 3MW VCS 

Mbase MW 3.0 

[X1, X2, X3, X4] Per unit [0.1021, 0.700, 1.0, 0.884] 

[Y1, Y2, Y3, Y4] Per unit [0.5, 0.203, -0.292, -0.5] 

PF_Cap_Max (Full Load) - 0.98 

PF_Ind_Max (Full Load) - 0.96 

PF_Cap_Min (Partial Load) - 0.2 

PF_Ind_Min (Partial Load) - 0.2 
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The PQ-chart shows the reactive power capability of the turbine based on its 

active power and terminal voltage. In the simulations carried out in this study, nominal 

operation will be considered, thus 3 MW active power and zero reactive power output. 

Also, only one turbine will be in operation, in order to show the voltage unbalance at its 

terminals, something that would not be visible if an aggregation took place. However, 

this is a limitation of this study in simulating the actual behaviour of the wind farm. 

 

3.3. Description of Data Sources 

The data used to compare and validate the model against were acquired through 

physical measurements at the Näsudden wind farm. Access to the site was granted by 

GEAB, while the measurement equipment was provided by Cleps AB. The Blackbox 

G3500 power quality analyser by Elspec was used while the edit of the data was carried 

out in the Elspec Investigator software. Elspec is a company that has been active in 

providing power quality analysers for many years and its products are certified by the 

international standards. 

Two Elspec blackboxes were set up at the Näsudden wind farm on the 11
th

 of 

December 2015 at 12:00. One was put in the substation that steps down the 70 kV 

transmission network voltage to the 11 kV terminals, while the other was connected to 

the grid connection point of an individual turbine, i.e. the other end of the 11 kV 

network, just after the turbine transformer has stepped up the voltage from the 690 V 

level. Unfortunately, it was not possible to set up measurements on the 690 V side, since 

all the turbines were running. This is another limitation of this study, as measurements at 

this point would have enabled the simulation model validation. The measurement 

equipment was collected back on the 28
th

 of January 2016 at 21:00. However, since the 

blackbox that was put in the turbine had smaller memory capacity, the data available for 

this point start from the 19
th

 of January 2016, 00:00. 

The data provided by the Elspec blackbox range from instantaneous root-mean-

square (RMS) values of phase / line voltages and currents and active and reactive power 

to symmetrical components, VUF, total harmonic distortion, etc. Apart from the wide 
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range of the data type, the resolution is sufficient as well, i.e. up to the order of one 

minute. The final measurements in the Elspec Investigator provide average, minimum 

and maximum values for every sampling period. 

 

3.4 Description of the Methodological Framework 

The methodology followed in this study was developed in accordance with its 

focus, i.e. the use of different indices for assessing the voltage unbalance and the effect 

of the transformer connection type on the voltage unbalance propagation. Consequently, 

it can be divided in two parts. 

For the first part, the on-site measurements are used. To quantify the voltage 

unbalance, a period during which the unbalance was maximised was chosen for each 

voltage level. These periods coincide with the periods during which the wind farm 

produces full power output as it can be verified by the measurements. However, these 

periods are not necessarily the same for the two voltage levels, as the 11 kV refers to one 

turbine, while the 70 kV to the entire wind farm. For the 70 kV, the sampling period 

chosen was 19 December 2015 06:48 – 25 December 21:36, while for the 11 kV 27 

January 2016 02:12 – 28 January 2016 02:24. Using the measurement from these time 

periods, the voltage unbalance is calculated with all the ways presented in Table 1. The 

definition of voltage unbalance was measured directly by the Elspec investigator and the 

final value is an average of all the VUFs throughout the whole sampling period. The 

PVUR1 [%], PVUR2 [%] and LVUR [%] were calculated for each sampling period 

which was around 8.5 minutes for the 70-kV measurements and around 1 minute for the 

11-kV measurements. In the same way as with the VUF, the final values are averages of 

all the instantaneous values. 

The waveforms for both the line and phase voltages for the whole measuring 

period are presented in Appendix C. It can be observed there, that the periods of the 

highest voltage unbalance coincide with the periods of full power output. 

The second part of the methodology is based on the experimental data, extracted 

by the simulations. In this part, the effect of the transformer is examined. Based on the 

mathematical modelling described in Chapter 3.2, the Näsudden wind farm was 
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simulated in Simscape Power Systems. Simulations were carried out for three commonly 

used transformer configurations for the 11/0.69 kV transformer: 

 Delta – Wye Grounded 

 Wye Grounded – Wye Grounded 

 Wye – Wye Grounded 

Simscape Power Systems provides a feature that enables the user to directly 

extract the steady state voltages and currents in all the system buses. These values are 

then transformed into symmetrical components, using an Excel-file, provided for free on 

the internet by Schweitzer Engineering Laboratories, Inc. The VUF is calculated for 

each case using the amplitudes of the symmetrical components, V0, V1 and V2. 

The methodology is also illustrated in Figure 6. The results are presented in the 

next chapter and then Chapter 5 contains a discussion and analysis of all the cases, as 

well as a sensitivity analysis. 

 

Fig. 6. Thesis Methodology 
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3.5 Reflections on the Methodology 

The methodology described above is the result of a compromise between time 

and quality. Ideally, measurements on the low-voltage side should have been acquired, 

so that a validation and a sound comparison with the simulated values could have been 

made. This would in turn be a measure of the model accuracy. Without these 

measurements, the study remains partly theoretical. 

As far as the modelling part is concerned, the equivalent models for each system 

component should reflect reality in a satisfactory accuracy. The fact that causes 

uncertainty is the use of a single turbine instead of the whole wind farm. The 

representation of the whole farm would have led to more accurate results. However, 

many issues regarding the modelling part had to be discussed, as well as access to more 

data, and this needed a bigger investment in time. 

Taking everything into account, the methodology presents a number of 

limitations and since it could not be validated by actual measurements, should be 

considered theoretical. However, it can serve as a basis for a more detailed analysis in 

the future.  
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CHAPTER 4.  APPLICATION OF THE METHODOLOGY AND RESULTS  

 

4.1. Experimental Results  

The next table shows the average values for V2/V1 [%], V0/V1 [%] and VUF [%], 

according to the Blackbox G3500 measurements. The measuring period is 19 December 

2015 06:48 – 25 December 21:36 for the 70 kV and 27 January 2016 02:12 – 28 January 

2016 02:24 for the 11 kV. Based on these values, the LVUR [%], PVUR1 [%] and 

PVUR2[%] were then calculated according to their definitions as shown in Table 1. 

 

Table 7: Voltage Unbalance According to Experimental Results 

Voltage Level [kV] V2/V1 [%] V0/V1 [%] VUF [%] LVUR [%] PVUR1 [%] PVUR2[%] 

70 0.1890 4.1688 4.3578 0.1695 4.2731 7.2098 

11 0.1243 0.7945 0.9188 0.1074 0.7466 1.3073 

 

4.2. Mathematical Results 

A 10% increase of phase B reactance of the 11 kV line is introduced in order to 

imitate the system’s observed voltage unbalance. The resulting voltages (phase and 

symmetrical components) using different transformer connections are presented in 

Tables 8-10. 

 

Table 8: Voltages for Delta-Wye Grounded Transformer with 110% line 

reactance 

11 kV 690 V 

Phase Voltages abc 

[V] 

Symmetrical 

Components 012 [V] 

Phase Voltages abc 

[V] 

Symmetrical 

Components 012 [V] 
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Table 9: Voltages for Wye Grounded -Wye Grounded Transformer with 110% 

line reactance 

11 kV 690 V 

Phase Voltages abc 

[V] 

Symmetrical 

Components 012 [V] 

Phase Voltages abc 

[V] 

Symmetrical 

Components 012 [V] 

                                                          

                                                                  

                                                              

 

Table 10: Voltages for Wye-Wye Grounded Transformer with 110% line reactance 

11 kV 690 V 

Phase Voltages abc 

[V] 

Symmetrical 

Components 012 [V] 

Phase Voltages abc 

[V] 

Symmetrical 

Components 012 [V] 

                                                            

                                                                 

                                                               

 

Using the voltages in symmetrical components of the tables 8-10, the VUF and 

the corresponding voltage unbalance propagation for each transformer and voltage level 

were calculated. 

 

Table 11: VUF at 11 kV for Different Transformer Connections 

Transformer Type 

11 kV 

V0/V1 [%] V2/V1 [%] (V0+V2)/V1 

[%] 

Delta – Wye Gr. 0.7944 0.7935 1.5879 

Wye Gr. – Wye Gr. 0.6737 0.8723 1.5460 

Wye – Wye Gr. 0.8753 0.8739 1.7492 
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Table 12: VUF at 690 V for Different Transformer Connections 

Transformer Type 
690 V 

V0/V1 [%] V2/V1 [%] (V0+V2)/V1 [%] 

Delta – Wye Gr. 0.001993 0.7950 0.798993 

Wye Gr. – Wye Gr. 0.6735 0.8725 1.5460 

Wye – Wye Gr. 0.004373 0.8659 0.870273 

 

 

 

Table 13: Voltage Unbalance Propagation for Different Transformer Connections 

Transformer Type Voltage Unbalance Propagation [%] 

Delta – Wye Gr. 50.32 

Wye Gr. – Wye Gr. 100 

Wye – Wye Gr. 49.75 

  



 27 

CHAPTER 5.  DISCUSSION AND ANALYSIS 
 

5.1 Result Discussion 

As far as the experimental results are concerned, there is some variance in the 

results. Considering the percentile VUF as the reference value, the voltage unbalance at 

the 70-kV level is more than 4 times than the one at the 11-kV, with a VUF of 4.17%. 

This is not surprising, since if we assume that each turbine terminal presents 

approximately the same degree of unbalance, then all of them will be superimposed at 

the 70-kV level. However, the point of interest is the variance between the different 

indices. It is seen that in both cases, the index that is closer to the VUF value is the 

PVUR1 [%]. 

By increasing the reactance of one of the lines, the phase voltage decreases. Also, 

two of the line voltages decrease, the ones that are connected with the unbalanced phase. 

Based on the phasors diagram though, it is easily concluded that the difference in the 

phase voltage will result in a smaller difference in the phase voltages. Especially when 

they are expressed in their percentage values, as the line voltages have a magnitude of 

phase voltages multiplied by the square root of three. This is the main reason that the 

LVUR [%] values are smaller and that the difference is even bigger in the 70-kV voltage 

level. As far as the PVUR2 [%] is concerned, by definition it should be bigger, as it uses 

the maximum difference between the voltages. Therefore, it cannot be compared directly 

with the other indices. 

Finally, one last thing that can be observed about the measurement data results is 

that in both cases the dominant component is the zero-sequence for this type of 

unbalance. 

From the simulation results, it is seen how the voltage alters as it ‘passes 

through’ the different kinds of transformers. The main result is that the unbalance is not 

affected in the Wye Grounded – Wye Grounded case. The voltages at both sides of the 

transformer have practically the same VUF. On the other hand, in the Delta – Wye 

Grounded and Wye – Wye Grounded case, the VUF is halved, in the first case with a 

propagation factor a little more than 50% and in the second with a little less than 50%. 
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Having a closer look into the results, it is also observed that it is the zero-

sequence component that is reduced to almost zero when it passes through the Delta – 

Wye and Wye – Wye Grounded case. This shows that this is the component that makes a 

difference and determines the actual unbalance propagation. In the simulated example, 

the zero-sequence component accounted for more or less half of the total VUF and that 

is the reason that the VUF is halved in the corresponding cases. In the actual case of 

Näsudden though, the measurements indicated that the major contribution in the VUF 

was the zero-sequence component. Consequently, in that case, the unbalance would 

practically be eliminated after passing the Delta – Wye and Wye – Wye Grounded 

transformers. 

Finally, another interesting fact illustrated by the results is the phase distortion 

created by the Delta – Wye Configuration. A typical characteristic of delta – wye 

connected transformers is that they create a 30-degree phase shift between the primary 

and secondary voltage, which is seen in the results. However, this leads to a phase 

unbalance between the symmetrical components in the two voltage cases. The indices 

that were used in this analysis took into account only the magnitudes of the symmetrical 

components, thus the phase unbalance did not contribute to the VUF. If phasors were 

used instead of magnitudes though, most probably the phase unbalance would increase 

the VUF. 

 

5.2 Sensitivity Analysis 

In this section a sensitivity analysis of the simulation results will be carried out. 

A sensitivity analysis intends to illustrate how the results change in response to a change 

of the input data. In the current case study, the main input was the increase of the 

reactance at phase B of the 11 kV line. The value used was 1.1 times the nominal value 

(10% increase). The simulated voltage unbalance for all the transformer connections and 

for reactance values of 5 to 20 % with a 5% step is presented in the following graphs. 
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Fig. 7. VUF for Different Values of Line Reactance at 11 kV 

 

 

Fig 8. VUF for Different Values of Line Reactance at 690 V 

Generally, the output changes uniformly to the input change. For the three 

configurations, the total VUF increase from the 5% increased reactance to the 15% is 

297.79%, 296.63% and 296.44% correspondingly as mentioned in the legend and for the 

11-kV case. For the 690-V case, the same values are 290.6%, 296.56% and 296.13%.  

 



 30 

Table 14. Voltage Unbalance Propagation   

 5% 10% 15% 20% 

Delta – Wye (g) 50.84% 50.19% 49.93% 49.93% 

Wye (g) – Wye (g) 99.99% 100% 99.91% 99.98% 

Wye – Wye (g) 49.97% 49.75% 50.05% 49.93% 

 

Table 14 shows the voltage unbalance propagation factor for the different values 

of reactance. The results, as it can be seen, remain unaffected by the input change. In all 

cases of the examined system, the Delta – Wye Grounded and Wye – Wye Grounded 

configuration will reduce the unbalance by half, while the Wye Grounded – Wye 

Grounded configuration will not have any effect. It is noted that the small difference in 

the values for the 10% case, relevant to the values presented in Chapter 4, are due to the 

use of more decimals in the calculation of the propagation factor in this case. 

 

5.3 Comparison with Similar Studies 

According to the study conducted by Chen, Yang and Yang (2013), the different 

indices, along with some approximation formulas should be able to be used 

interchangeably for voltage unbalances of a VUF of less than 5%. In the Näsudden case, 

the voltage unbalance is below 5% and the only index that seems to map the actual value 

is the PVUR1 [%]. The aforementioned study, however, specifies that in the case of 

zero-sequence components, this statement is not always valid, and the use of more than 

one index is recommended. This study’s results, therefore, cannot be directly compared 

with the Näsudden case, although the latter shows that the PVUR1 [%] is a good 

approximation. 

Regarding the transformer connection, the simulated results seem to align more 

with the study of Chindris et al. (2007), who showed that the Wye – Wye Grounded 

configuration had a positive result on the voltage unbalance. The same study concluded 

that transformers could either have a positive or no effect on voltage unbalance 

propagation, which seemed to apply in the simulated case too. On the other hand, the 

simulated results contradict completely Kolagar’s, Hamedani’s and Shoulaie’s stuy 
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(2012). Nevertheless, each case constitutes a different study. In the current case, the 

presence of a grid-connected power source and the unbalance propagation through a 

step-down transformer differentiate the results. In any case, more research should help in 

drawing a broader conclusion. 
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CHAPTER 6. CONCLUSIONS 
 

6.1 Conclusions Based on the Results 

After setting up measurements set at the Näsudden wind farm, it was found out 

that the voltage of this farm presents a degree of unbalance, which is greatest at the 

transmission level. The Elspec investigator shows that this unbalance is maximised 

during periods of full production. The reason for the unbalance, according to GEAB 

representatives, is most probably poor line transposition that leads to different line 

capacitance to the ground. 

The unbalance was quantified using different indices that were suggested in the 

bibliography. In the Näsudden case, the index that had the smallest deviation of the 

definition of the voltage unbalance was the PVUR1 [%]. However, the different indices 

provide different kinds of information. 

After a simulation was carried out, it was shown that the Delta – Wye Grounded 

and Wye – Wye Grounded transformer configurations had a positive impact on reducing 

the voltage unbalance, as they blocked the zero-sequence component. The Wye 

Grounded – Wye Grounded configuration had no effect on the unbalance propagation. In 

addition, the Delta – Wye Grounded configuration introduced a phase unbalance. 

The simulation results would have probably been a little different, if the same 

unbalance had been modelled, i.e. an unbalance with a dominant zero-sequence 

component, as the one in Näsudden. For the simulated case, an increase in the unbalance 

results in a proportionate increase in the VUF, but in the same unbalance propagation 

factor. Finally, the scarce amount of research work in the bibliography regarding this 

quite specific topic indicates that it can offer many opportunities of future work. 

 

6.2 Limitations of the Thesis 

The work conducted in the current Thesis has various limitations. Most of them 

are due to the fact that the research topic was quite broad and required bigger investment 

in time than the allotted one. In addition, the work had to be adapted to a 15-credit 
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Master Thesis. Therefore, it serves more as a first approach in investigating a relatively 

complex topic. Recommendations on how it can be continued are given in Chapter 6.3. 

First of all, the major limitation of this work was the absence of measurements at 

the 690-V side. This was essential in order to verify the simulated results with actual 

values. However, as this required the turbine to be stopped, it was a task that would 

require extra costs. Although the day the measurements were set one turbine was 

disconnected, some repairs were taking place and access to the nacelle was not available. 

Therefore, the unbalance propagation through the transformer could only be assessed 

theoretically through the simulations. 

There were also many limitations regarding the simulations. The use of Simulink 

as a tool to investigate unbalanced power system operation is probably not the best 

practice. Instead, a more professional simulation tool, such as the PSCAD, would have 

been more appropriate. However, access to the specific software could not be achieved 

on time. 

As for the simulation itself, there were also many restrictions and simplifications. 

Some of the parameters required for an accurate simulation could not be provided on 

time and consequently, were approximated. Furthermore, data related to the wind turbine 

is highly proprietary and cannot be dispersed easily. This led to an overly simplified 

model of a turbine as a controlled-load. For the scope of this study, this can be 

considered adequate. However, if more details on the voltage unbalance propagation are 

to be investigated, for example, the effect of the converter, a more precise model would 

have to be implemented. 

The exact unbalance could not be depicted in the model either. This was because 

it is the result of complex electric phenomena, possibly more than one combined, and 

therefore in the simulation a simpler unbalance was generated by increasing the 

impedance of one line. Also, in the simulation only one turbine was simulated, instead of 

the whole farm. Simulating the whole farm would require detailed information about 

each turbine, along with transformer data, etc. Since the Näsudden farm comprises 

different kinds of turbines, the assembly of the data would be quite cumbersome. An 

approximation could have been made by using an aggregated turbine model, but then the 
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unbalance propagation through one turbine would not be visible. Nevertheless, as by 

using only one turbine the whole resulting power system is different, this is a limitation 

of the current work. 

 

6.3 Proposals for Further Research 

The work conducted in this Thesis paves the way for numerous research ideas. 

The concept of unbalance in wind power systems is complex and its covers a wide range 

of other concepts. 

The current work intended to give an insight on the effect of the transformer 

connection type on the unbalance propagation. As a first proposal, the current work 

could be continued, in order to extract a more valid model for the simulation, with more 

accurate data and possibly a more suitable simulation tool. Also, measurements on the 

low-voltage side should be included and the simulation results should be validated 

against them. 

Furthermore, the converter effect on the unbalance propagation could be 

investigated. A literature review on this topic has already been carried out in this Thesis 

and it is concluded that such a work would be quite novel. To do that, a detailed 

converter model must be implemented. The propagation of the unbalance, using the 

conventional converter control system can be compared with the propagation under the 

operation of different control logics that are presented in the bibliography. 

In the case study of this Thesis, the turbine was assumed to produce maximum 

active power output and zero reactive power. The size of the unbalance would differ in 

any other case, as indicated by the measurements. An interesting work would map all the 

points in the turbine’s PQ capability curve with the corresponding unbalance indices. A 

valid simulation model is essential for that. Then, active power variations could be 

mapped to wind speed variations so that a wind speed – voltage unbalance relation is 

extracted. 

Finally, another interesting research topic would be fault analysis. As it is normal 

and can also be observed by the measurements, many grid interruptions take place that 

create transients. These interruptions could be grid faults, transients created by 
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disconnecting a unit, etc. Fault analysis is also conducted using the symmetrical 

components and the presence of an asymmetrical situation would have an effect on the 

fault. This effect could be investigated for different kinds of unbalances. For this kind of 

analysis, it is highly recommended that a simulation tool such as PSCAD is used. 
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APPENDIX A. THREE-PHASE CONNECTIONS 

The vast majority of today’s electric power generation, transmission and 

distribution systems use three-phase electric power. This basically means that three 

conductors are used that carry the same current in magnitude, but with a phase 

displacement of 120 degrees between each phase. The three-phase system offers a 

number of advantages over the alternative choices. Some of them are the constant 

delivery of power, since each phase reaches its peak value at a different point, and the 

creation of a rotating magnetic field, which is fundamental for the function of rotating 

electric machines. The advances that have been made in the power electronics area 

though, have made the DC alternative an attractive choice for electric power 

transmission. 

In a three-phase system, there are two ways to connect the conductors: the wye 

(or star) configuration and the delta configuration. They are shown in Figure 9. It is also 

shown in the same Figure that in the wye case the voltages are separated in Line-to-Line 

voltages and Line-to-Neutral (or phase) voltages. Similarly, in the delta case the current 

is separated to line and phase current. The line values are square-root-of-three times the 

phase values. 

 

Fig. 9. Three-Phase Connections 

A transformer includes two windings: the primary and secondary. When a three-

phase transformer is used, each winding can be connected by one the three-phase 

configurations. Furthermore, in the wye case, the neutral point (which is the common 
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point of connection of the three phases) is accessible and can be connected to the 

ground, either directly or through a resistance or impedance. In that way, the possible 

ways to connect the windings of a three-phase transformer are: 

- Wye Grounded – Wye Grounded 

- Wye Grounded – Wye Ungrounded 

- Delta – Delta 

- Wye Grounded – Delta 

- Wye Ungrounded – Delta 

where grounding can be done either directly or through a resistance or impedance. The 

Wye Ungrounded – Wye Ungrounded configuration has no practical use, since it is very 

sensible to load unbalances and presents large third harmonic components. Therefore, it 

is not listed here. 

 

APPENDIX B. SYMMETRICAL COMPONENTS  

The term symmetrical components refers to a mathematical transformation that is 

commonly used in power system analysis to facilitate the study during unbalanced and 

fault conditions. It was first discovered by Charles Legeyt Fortescue in 1913. The main 

concept of symmetrical components is to provide a way of visualising unbalanced 

conditions and also to make calculations during this state easier. This is achieved 

through the symmetrical components themselves, which constitute a decomposition of 

the unbalanced set of signals (typically voltage or current). According to the theory of 

symmetrical components, the unbalanced signal can be broken up into three sets of 

signals: 

1. Positive-sequence component: a balanced set with phase shifts of 120 

degrees. 

2. Negative-sequence component: a balanced set with phase shifts of -120 

degrees. In other words, it is rotating in the opposite direction than that of the 

positive-sequence component. 

3. Zero-sequence component: A set of signals with no phase shifts. 
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The phasors representation of the symmetrical components is shown below: 

 

Fig. 10. Phasor Diagrams of the Symmetrical Components 

In order to express the transformation mathematically, the unity complex phasors 

α is used. It is defined as      
  

 , which, in the complex plane, represents a phasor of 

a unity magnitude and an angle displacement of 120 degrees. When multiplied with a 

phasor, it shifts that phasor by 120 degrees counter-clockwise. Using this notation, the 

symmetrical components for an unbalanced set of voltages can be defined as follows: 

 Positive-Sequence Component: 

   
 

 
                            (1) 

 Negative-Sequence Component: 

   
 

 
                (2) 

 Zero-Sequence Component: 

   
 

 
             (3) 

Inversely, the phase components can be recovered using the equations: 

               (4) 

                              (5) 

                              (6) 
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It has to be noted that all the above quantities refer to phasor components. During 

balanced or symmetrical states, only the positive-sequence component exists, since the 

vector sum in the case of the negative-sequence and zero-sequence case results to zero as 

it can be proven mathematically or illustrated in Figure 11. 

 

Fig. 11. Symmetrical Components During a Symmetrical State 
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APPENDIX C. VOLTAGE WAVEFORMS FOR MEASURED DATA 

 

 

Fig. 12. 70-kV line voltages and one-phase active power 
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Fig. 13. 70-kV phase voltages and 3-phase active power 
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Fig. 14. 11-kV line voltages and one-phase active power 

 



 47 

 
 
Fig. 15. 11-kV phase voltages and one-phase active power 
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Fig. 16. 70-kV phase voltages used for the experimental VUF calculation 
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Fig. 17. 11-kV phase voltages used for the experimental VUF calculation 

 


