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Abstract 
A voltage dip is a short duration reduction in voltage magnitude due to a short duration increase in 
current magnitude. Causes of dips are, among others, electrical faults, large motor starting, transformer 
energizing and failure of power-electronic converters.  

Voltage dips are considered as a very important power quality issue because they lead to trip or 
malfunction of sensitive loads especially in industrial process installations and subsequently they lead 
to high costs. More recently, voltage dips have become a concern as well because of their ability to 
cause mass tripping of distributed generation. 

In this thesis the overall aim is extracting additional information from large voltage dip monitoring 
databases. An important step to this end is providing efficient characterization methods for voltage 
dips. Voltage dip characterization aids by describing voltage dip events (a set of voltage waveforms 
with high time resolution) as a limited number of values such that this set gives as much as possible 
information about the dip. This thesis contributes to the voltage dip characterization development 
through three different methods.  

The first method consists of a systematic way for comparison different sets of voltage dip 
characteristic. With this method, both measured and synthetic voltage dips are applied to generic 
models of sensitive loads. The best set of characteristics, for representing the voltage dip, is the one 
that best enables the reproduction of the behavior of equipment when exposed to measured voltage 
dips.  

The second method compares 12 different sets of characteristics for describing three-phase single-
event characteristics. The method determines the most efficient and feasible way that gives more 
realistic characteristics as well as comparable with existing standard methods. The proposed set of 
characteristics has been proposed for inclusion in international standard documents.  

The third method enables the extraction of dip characteristics based on machine learning 
approaches. It is applicable for characterization of multi-stage voltage dips in particular and for single-
stage (normal) voltage dips as well. The proposed method uses the space phasor model of three-phase 
voltages as an input data for a k-means clustering algorithm. Then the calculated data are modeled as a 
general form of an ellipse by exploiting a logistic regression algorithm. Finally the optimized obtained 
ellipse parameters are applied to calculate single-segment characteristics for each individual stage of a 
multi-stage voltage dip.  

Further, all proposed methods are implemented in a Matlab environment and validated by 
applying them to a large number of measured voltage dips in actual HV and MV power networks and 
some suitable synthetic voltage dips. 

Keywords: Electric power systems, power quality, power-quality measurements, voltage dips, 
voltage dip characterization, machine learning applications, logistic regression, K-means clustering.  
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Chapter 1

1 INTRODUCTION

1.1 Background 
Voltage dip characterization aims at qualification and quantification of voltage dips through several 
characteristics so that the calculated characteristics provide information about the severity of the event and also 
about the underlying cause of the event and the power system status during the event. Further it is expected that 
the calculated characteristics have predictive value regarding the dip impacts on sensitive loads and aid in 
collecting statistics about voltage dips. Regarding these goals a lot of methods for voltage dip characterization 
have been proposed by the literature. Including additional voltage dip characteristics will increase the accuracy 
of the characterization but at the cost of increased complexity, among others with interpretation of the results. To 
attend all mentioned goals, it is preferred to characterize each individual voltage dip by means of a limited 
number of values referred to as ‘single-event characteristics’. This term was introduced in IEEE 1564 [1].

A distinction should be made between two different types of voltage dip characteristics. Some 
characteristics are calculated as single values for one event, where residual voltage and voltage dip duration are 
the ones most commonly used. Other characteristics are calculated as a function of time, these are referred to in 
[1] as “characteristics versus time”. The single-event characteristics are typically extracted and calculated from
one or more of these characteristics versus time. For example, the residual voltage (a single event characteristic)
is defined as the lowest value of the one-cycle rms voltage (a characteristic versus time). The choice of the
lowest value is somewhat arbitrary and there are different ways for extracting this and other single-event
characteristics, like phase angle jump and type of three-phase unbalanced dip. Methods have been proposed in
literature for calculating these as characteristics versus time [2-4], but not as single-event characteristics. A
systematic comparison approach is required to decide how best to obtain a single-event characteristic from the
characteristic versus time.

Voltage dips are described, according to IEC and IEEE standards, by one voltage and one duration; the 
advantage of this is that the characterization is simple and that both interpretation and use in statistical methods 
are simple. There are disadvantages with this method as well: essential information is missing when it concerns 
the use of characteristics of individual dips and dip statistics to predict equipment performance. There is however 
no method available to compare different sets of characteristics in a quantitative way. The main limitations are 
expected to be in the three-phase unbalance of the dip and in the non-rectangular character of the dip. The latter 
include dips with a severe impact of motor loads and transformer saturation, but also multi-stage voltage dips. 

Multi-stage voltage dips are a result of fault development (e.g. from single-phase to two-phase) or of multi-
stage fault clearing and they present different levels of voltage magnitude during the event. The proposed single-
event characteristics are not adequate to characterize this type of voltage dips. It is recommended by an 
international working group [5] that each stage is characterized individually and single-value characteristics are 
derived for each stage.  

1.2 Motivation
The amount of data from power quality monitors is increasing very fast and automatic analysis methods are 
needed to handle the data and to extract relevant information. Two types of information from voltage-dip 
recordings will be extracted: information on the potential impact of the dip on equipment; information on the 
underlying cause of the dip and about the power system before, during and immediately after the dip.  
To this end, a study should be performed after voltage dip characteristics that describe the potential impact of the 
dip on equipment connected to the grid. Further studies are also required to set up a framework for automatic 
analysis of data from permanent voltage-dip monitoring. 

1.3 Scope of the Thesis  
This thesis is directed towards further developments on voltage dips characterization.  The thesis contributes to 
this field in two different ways: by developing 

- Systematic methods for comparison of different sets of characteristics.
- Novel methods for voltage dip characterization.

The first category involves two comparison approaches. The first approach presents quantitative comparison 
between existing voltage dip characterization methods. The proposed approach employs different existing 
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methods to regenerate synthetic dips. The efficiency of each method is quantified by calculating the relative error 
between impacts of both original and synthetic voltage dips on sensitive load. 

The second approach provides systematic comparison between methods for calculating single-event 
characteristics from characteristics as function of time. The competitive methods are compared to each other in 
terms of accuracy and complexity to implement.  

The second category includes two novel characterization methods, both based on machine-learning 
algorithms. The first method aims at characterization of multi-stage voltage dips and the second one allows real-
time characterization of measured voltage signals.  

A lot of characterization methods have been proposed by literature; however the majority of them are more 
appropriate for single-stage voltage dips. The first method of this category presents a new characterization 
method based on the machine learning algorithms which concentrates on multi-stage voltage dips. The method is 
also applicable for single-stage voltage dips. The second method presents a real-time characterization method. 
The proposed method is also based on the machine learning algorithms and characterizes real-time measured 
voltage dips over each cycle  

Voltage dips, throughout the thesis, are considered as short-duration reductions in voltage magnitude. 
Single-stage or normal voltage dips present events in which the rms voltage shows just one level change during 
the whole event; whereas multi-stage dips show several sudden changes in rms voltage. The ‘single-event 
characteristics’ are single value characteristics describing the whole voltage dip. The ‘single-segment 
characteristic’ is a single value corresponding to one individual stage of a multi-stage voltage dip. And finally 
the ‘single-cycle characteristic’ is a single value that describes one cycle of a voltage dip.  

 

1.4 Approach 
Two types of studies are part of this thesis: novel methods to compare existing voltage dip characteristics and 
related calculating methods; novel voltage dip characterizing methods which introduce new types of voltage dip 
characteristics and methods for obtaining such characteristics. Extended sets of real measured voltage dips and 
synthetic voltage dips have been used to verify the performance of the proposed methods.  

 
1.4.1 Measurements  

The voltage dips used for the study part of this thesis (259 measured voltage dips), were all obtained from field 
measurements using commercial power quality monitors in two medium-voltage networks in Sweden or in the 
UK. Voltage waveforms were recorded for the actual dip and for a number of cycles before and after the actual 
dip. Each event recording contains three phase-to-neutral voltages with 96 or 128 samples per cycle (SPC); 
measurement windows were between 8 and 60 cycles.  

A large part of the dataset was obtained during a one-month recording at several tens of sites. Another part 
was obtained during a two-year period at a handful of locations. In both cases the medium-voltage network 
consisted of a mixture of cables and overhead lines, whereas the higher voltage levels mainly consisted of 
overhead lines. 

 
1.4.2 Simulations 

The generic model of one sensitive load, adjustable speed drive, is used to quantify the impact of both real and 
synthetic voltage dips on that type of load. The model verifies the performance of the different sets of voltage 
dip characteristic in term of their ability to predict the behavior of sensitive equipment during a voltage dip. 

A mode of the three-phase three-level PWM voltage source converter is used to evaluate different failure 
modes of a power converter, including short and open-circuit switch failures and DC-link voltage failures. The 
voltage dips at the terminal of the power converter are used to develop an algorithm to detect such failures and to 
distinguish between different failures mode.  

 

1.5 Contributions 
The contributions of this thesis can be summarized as follows, where contribution A and B concern systematic 
methods for comparison of different sets of characteristics, contributions C through F novel methods for voltage 
dip characterization, and contribution G general voltage-dip knowledge. 
 
A.  Quantitative method for comparing characterization methods [Paper C]: The proposed method gives a 
systematic approach to compare different methods for characterizing voltage dips. The methods to be compared 
are used to generate synthetic voltage dip waveforms. Both original and synthetic voltage dips are applied to a 
generic model of the sensitive loads. The best method is the one that most accurately predicts the load behavior 
due to the dip.  
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B.  Qualitative method for comparing characterization methods [Paper D]: The key voltage dip characterization 
algorithms calculate some characteristics as function of time. Then single-event characteristics are obtained 
based on these characteristics versus time. There are different ways for calculating single-event characteristics. 
The comparison approach is use to compare different ways and select the best one that the selection method 
makes a compromise between accuracy, complexity, and cost to implement.  

 
C.  Proposed characterization method for including in an international standard [Paper D]: The comparison 
approach (contribution B) is applied to compare different methods for obtaining phase angle jump, characteristic 
voltage, dip type and PN factor, as a single-event index. The results obtained from different characterization 
methods are also compared with standard methods for other single-event characteristics. Recommendations are 
made for new characterization methods to be included in standards. 

 
D.  Single-segment characteristics for multi-stage voltage dips, [Paper E]: An efficient characterization method 
is proposed for multi-stage voltage dips that obtains single-segment characteristics corresponding to each 
individual stage of the whole event. To this end a clustering method is used to split the dip into its different 
segments. The characterization method uses each cluster as input data to obtain voltage dip characteristics as 
‘single-segment characteristics’. 

 
E.  Real-time characteristics for measured voltage characterization [Paper F]: A method is proposed that traces 
unbalance in real-time measured voltage signals in term of magnitude deviation. The proposed method provides 
real-time characteristic as functions of time for monitoring voltage signals. The calculated ‘single-cycle 
characteristics’ quantify the three-phase voltages over each cycle.  
 
F.  Detecting faulty switch of power converters [Paper A]: Three general failure modes are identified regarding 
to power converter: switch open-circuit, switch short-circuit; and DC-link voltage failure. Each of these failure 
modes causes a voltage dip at the terminals of a power converter. The space phasor model of the output voltages 
is unique for each failure mode and for each faulty switch. Thus the dip characteristics can be applied to detect 
failure mode and faulty switch. 

 
G.  State-of-the-art of voltage-dip research [Paper B and Paper F]: An overview is presented of the state of the 
art in voltage-dip research, anno 2015, including definition of remaining challenges.  

 

1.6 Structure of the Thesis  
Chapter 1 of this thesis presents the background, motivation, scope, approach and contribution of the thesis.  

Chapter 2 describes the voltage dip concept from several points of view including: origins of dip; dip 
classification; dip characterization; and extracting information from voltage dips. 

Chapter 3 reviews methods which have been proposed by literature to improve low voltage ride-through 
(LVRT) capability of renewable and distributed power generation. 

Chapter 4 present two systematic approaches for comparison of voltage dip characteristics. The second 
approach provides a qualitative comparison between methods for calculating single-event characteristics. This 
second method has been applied to obtain the most suitable method for inclusion in international standards. 

Chapter 5 presents a novel method for characterization multi-stage voltage dips. The method for real-time 
characterization of measured voltages in three-phase systems is also presented by this chapter.  

Chapter 6 presents a method for detecting faulty switch and switch failure mode, from the measured voltage 
dip at the terminal of the power converters. The discussion is presented in Chapter 7 and the thesis is concluded 
in Chapter 8. After these chapters the papers listed in Section 1.7 are appended. 
 

1.7 Appended papers 
Paper A 
A.Bagheri, M.H.J. Bollen, “Additional Information from Voltage Dips”, 17th International Conference on 
Harmonics and Quality of Power (ICHQP), 16 – 19 October 2016, Belo Horizonte, Brasil.     

 
Paper B 
A.Bagheri, M.H.J. Bollen, “Voltage Dips Research 2005-2015”, 17th International Conference on 
Harmonics and Quality of Power (ICHQP) , 16 – 19 October 2016, Belo Horizonte, Brasil.    
Paper C 
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Y. Wang, M.H.J. Bollen, A. Bagheri, X.Y Xiao, M. Olofsson “A quantitative comparison approach for
different voltage dip characterization methods”, Electric Power Systems Research, Vol. 133, pp.182-190,
2016.

Paper D 
Y. Wang, M.H.J. Bollen, A. Bagheri, X.Y Xiao, “Single-Event Characteristics for Voltage Dips in Three-
Phase Systems”, IEEE Transactions on Power Delivery, In press.

Paper E 
Azam Bagheri, Math H.J. Bollen, Irene Y.H. Gu, “Calculation of Characteristics for Multi-Stage Voltage 
Dips using Logistic Regression”, revised version submitted to IEEE Transactions on Power Delivery.

Paper F 
Azam Bagheri, Math H.J. Bollen, Irene Y.H, Gu, “Real-time Measured Voltage Data Characterizing by 
using Logistic Regression”, to be submitted to a leading journal
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Chapter 2
Based on paper [A], this chapter presents an overview of voltage dip 

2 VOLTAGE DIPS
Voltage dips also called “voltage sags” are short-duration (less than 1 minute) reductions in voltage magnitude. 
Regarding to the number of changes in rms voltage, voltage dips fall into general types: single-stage (normal) 
voltage dips and multi-stage voltage dips. The normal voltage dip corresponds to events that present just one 
level change in rms voltage whiles multi-stage voltage dips show more that to sudden changes in rms voltage [6].

2.1 Voltage Dip Characteristics 
Voltage dips are qualified and quantified by a number of characteristics. The characteristics can be calculated as 
single values, for instance voltage dip magnitude and duration, or calculated as continuous values versus time. 
Single-event characteristics are calculated from the characteristics as a function of time [Paper D]. Some of 
single-event characteristics are listed below:  

Residual Voltage
The lowest voltage magnitude during the event is considered as residual voltage. [7].

Dip duration
Is the total time from when the voltage magnitude of one or more phases falls below the threshold value
(90% of nominal value) until all phases recover above the threshold [7]. 

Characteristic voltage (CV)
The characteristic voltage is another measure of voltage dip severity. The CV is considered as a three-
phase generalization of the residual voltage. Characteristic voltage is calculated as a function of time 
(CVt) and CV as single-event characteristic is calculated from CVt [1] [7]. 

Positive-negative factor (PNF)
Positive-negative factor (PNF) is a measure of the voltage dip unbalance. The PNF is considered as a pre-
event voltage magnitude. Positive-negative factor is calculated as a function of time (PNFt) then PNF as 
single-event characteristic is calculated from PNFt [7].

Phase-angle jump
The phase-angle jump shows the amount of change in phase angle of the voltage phasor. Phase angle
jump characteristic is calculated as a function of time (PAJt); then PAJ as single-event characteristic is 
calculated from PAJt [7].

Point-on-wave of dip Initiation
The point-on-wave of dip initiation is the phase angle of the fundamental voltage wave at which the
voltage dip starts [7].

Point-on-wave of voltage recovery.
The point-on-wave of voltage recovery is the phase angle of the fundamental voltage wave at which the
main recovery takes place [7]-[8].

Missing voltage.
The maximum missing voltage is a single-event characteristic which describes the change in momentary
voltage experienced by the equipment [7]. The maximum missing voltage is a single-event characteristic. 

2.2 Voltage Dip Causes 
Temporary or short-duration increases in current magnitudes lead to short duration reductions in voltage 
magnitude and consequently voltage dips. There are several causes for such increases in current, some of the 
most important origins are: 

- Short-circuits and earth faults [6].
- Load switching (Starting of induction motors) [6].
- Energizing of transformers [6].
- Network Switching [9].
- Power Swing [6].
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Short-circuit and earth fault are presented as the main cause of severe voltage dips in the power quality 
literature. Electrical faults can be divided into balanced faults (three-phase faults) and unbalanced faults 
including all types of single-phase and two-phase faults [10]. The voltage dips caused by three-phase fault can be 
more severe than the others [10]. However the number of three-phase (balanced) faults is less than the number of 
unbalanced faults. The typical types of unbalanced faults are single-phase faults and phase-to-phase faults [6-7].

Switching loads onto the supply can result in voltage dips. Both types of switching, inside or outside of the 
plant, can affect the voltage. The direct on line induction motors are the main type of loads resulting in voltage 
dips. The voltage dip due to induction motor starting is a balanced dip type which is featured by prompt voltage 
drop in all phases at the start and slow recovery after that [6-7].

The voltage dip caused by transformer energizing is similar to the voltage dip caused by motor starting in 
terms of sudden voltage drops and slow recovery. But this type of voltage dip shows different voltage drops in 
the different phases. Additionally heavy even-harmonic distortion is present in the voltages during transformer 
energizing [6]. 

Switching on either the supply system or the internal distribution network of the plant can lead to different 
types of voltage dips. Paralleling two supplies or running at different phase-angles, results in a voltage transients 
before setting at the new steady state magnitude and phase-angle. The resulting events are not typically classified 
as voltage dip because they are either too short (as with capacitor energizing) or too shallow (as with load 
connection). However their impacts on equipment are similar to the impact of short or shallow voltage dips [9]. 

Either because of loss of transmission lines or after several faults on the supply network, power swings 
occurs between generating stations and lasting several seconds on the network [11].

2.3 Voltage Dip Classification 
Voltage dips classification aims at classifying voltage dips according to their characteristics into a number of 
distinctive classes. The classification can be based on the origins, on typical forms of voltage dips, or on other 
voltage dip characteristics. The forthcoming sections describe two classifications of voltage dips with emphasize 
on the three-phase character of the dips [5]-[11]. 

2.3.1 ABC Classification 

The ABC voltage dip classification is an easy to understand classification based on the fault type which leads to 
the dip. According to this classification, all voltage dips are classified into four basic dip types namely Type A,
Type B, Type C and Type D. Further, three other types so-called E, G, and F dip types are also included in this 
classification [6]. 

The Type A dip class covers all balanced voltage dips (same voltage drop in all three phases) which are 
caused by symmetric three phase faults.  

The Type B dip covers unbalanced voltage dips resulted by single phase faults at the same voltage level as 
where the dip is measured. The rms voltages show a major drop for the faulted phase whereas the non-faulted 
phases may show a rise, a minor drop or no change.  

The Type C dip includes also unbalanced voltage dips due to phase-to-phase faults. The two faulted phases 
show a drop in their rms voltages and phase angle jump as well. The non-faulted phase remains without any 
change. The Type C can also be due to a single-phase fault on primary side of a Dy-connected transformer. 

The Type D dip corresponds to voltage dips that depict a major drop in one phase where the other two 
phases just show minor drop in their rms voltages. Generally removing the zero-sequence component from a 
Type B dip, or transferring a Type C dip through a Dy-connected transformer results in a Type D dip. 

The voltage dips due to two-phase-to-ground faults are categorized into three types, namely Type E, Type F
and Type G dips.

The Type E dip presents a voltage dip due to a two-phase-to-ground fault where the fault occurrence voltage 
level and measurement level are same. Similar to Type B dip it also contains a zero-sequence component.

The Type F dip appears whenever the Type E dip passes a Dy- connected transformer. Subtracting the zero-
sequence component from Type E dip results in Type G.
After passing second Dy-connected transformer, Type E dip results in a Type G dip. The Type G dip shows a
major voltage drop in two phases and minor voltage drop for the third phase. 
This classification offers information about origin of the dip and its location as well. The fault location detecting 
based on the voltage dip is more difficult when the voltage dip propagates towards low voltage [6]. 

2.3.2 I, II and III classification 

This classification is based on the number of phase-to-neutral voltages that show a significant drop in magnitude
[5].
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Dip Type III is drop in voltage magnitude that is equal for the three voltages. This type corresponds to type 
A in the ABC classification. 

Dip Type II is a drop in voltage magnitude that takes place mainly in one of the phase-to-phase voltages. 
(Type C, E and G) 

Dip Type I is a drop in voltage that takes place mainly in one of the phase-to-ground voltages. 
The classification is based on complex voltages. (Type B, D and F) 

2.4 Voltage Dip Characterization 
Voltage dip characterization aids in increasing the performance of the power system and obtaining additional 
information about the underlying cause of the voltage dip and the status of the power system during the dip. In 
the forthcoming sections, a distinction is made between standard and nonstandard characterization methods. 
Characterization methods are applied to measured voltage dips and the dip type, as defined in the previous 
section, can be one of the characteristics. 

2.4.1 Standard Voltage Dip Characterization Methods 
A major basis for voltage dip characterization was laid by the parallel operation of a project at EPRI [12] and an 
IEEE working group [13]. The currently-used standard methods for voltage dip characterization are prescribed in 
IEC 61000-4-30 [14]: residual voltage and duration are defined accurately. The same definitions were also 
approved as IEEE Std.1564-2014 [1]; however, the main development work for this standard had been done 
more than 10 years before [Paper A].  

2.4.2 Nonstandard Voltage Dip Characterization Methods 
Using just standard voltage dip characteristics (residual voltage, and voltage dip duration), some uncertainties 
remain. The main limitation is the unbalanced character of the voltage dip, which is not included in the standard 
characterization method. Several studies have shown that unbalanced dips have a completely different impact on 
equipment in respect to balanced dips, [15]. A method for including unbalance in the dip characterization and a 
method for extracting additional characteristics related to this unbalance from recorded voltage-dip waveforms 
were proposed between 1995 and 2000 [15]. 

The nonstandard methods, proposed by literature and working group reports, involve both balanced and 
unbalanced voltage dips by defining additional characteristics like characteristic voltage (CV), PN factor (PNF), 
dip type (DT), phase angle jump (PAJ), point on wave (POW) and so on. There are a lot of methods belonging to 
this group but some key methods are discussed below.   

The symmetrical component algorithm (SCA) [16] defines CV, PNF and DT as voltage dip characteristics. 
It uses symmetrical components to calculate these characteristics. Characteristic voltage (CV) is the difference 
between positive ( and negative sequence magnitudes for line to line (LL) faults and the sum of and

for single line to ground (SLG) faults. CV can be considered as an alternative for residual voltage. A lower
value for CV means a more severe voltage dip. 

The PNF is the sum of and for LL faults; the difference between and for SLG faults. The PNF
value is close to unity for both fault types. The difference between CV and PNF is a measure of the amount of 
voltage unbalance. The dip type (DT) characteristic divides voltage dips into a number of basic types: e.g. A, C 
and D [16] as defined in the previous section;

The other method is the six-phase algorithm (SPA) [17] that also presents the same characteristics as SC 
algorithm but it uses six rms voltages to calculate CV, PNF and DT characteristics. The SPA has been the basis 
for the definition of characteristic voltage in IEEE 1564 [1].

First of all the six rms voltages of the phase-to-phase and phase-to-neutral voltages after subtracting the zero-
sequence voltage are calculated. CV is the lowest of the six rms voltages, PNF is the highest of the six rms 
voltages at each moment. The dip type (DT), at each moment, is ,  or,  whenever the lowest rms voltage
is phase ,  or  at that moment, respectively. If the lowest rms voltage is one of the phase–to–phase rms
voltages including: ,  or,  the detected dip type is ,  or,  respectively.

Some of the other proposed methods like space vector based characterization method [18] or polarized 
ellipse based characterization method [19] use ellipse parameters including semi-major, semi-minor axis lengths 
and rotating angle of the ellipse for characterization of voltage dips. In fact the semi-minor axis length is an 
approximation of CV and major-axis length is an alternative for PNF. The rotating angle of the ellipse is used to 
determine the dip type according to ABC classification or ACD classification.  

Voltage dip characteristics like residual voltage, CV, PNF, and DT cannot completely characterize the 
voltage dip impacts on sensitive loads. The other additional voltage dip characteristics such as phase angle jump 
(PAJ) [20], point on wave (POW) [8], [21] and missing voltage are also defined. Further advanced signal 
processing methods like support vector machine (SVM) [22], Kalman filter [23] and discrete wavelet transform 
(DWT) [24] have been used to develop advanced characterization methods.
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2.5 Voltage Dip Propagation 
The characteristics of three-phase unbalanced voltage dip are changed when the dip passes through the network 
from the fault location to the monitor location and to the equipment terminals. The main changes are due to 
transformers which are located between high voltage and low voltage levels.  

Different winding connections of transformers affect the voltages in different ways. Positive and negative 
sequences of unbalanced three phase voltages, which are used for voltage dip characterization, keep their 
magnitude but they rotate over a multiple of 30  whenever they pass through different transformers. This rotation 
affects the dip type characteristic. It means existing transformers between monitoring point and PCC result in 
different voltage dip type for the same fault. To find the type of fault based on the detected dip type we need to 
know the location of the fault and the number of transformers between fault and monitoring points and also their 
winding types [25].  

To describe the transfer of dips to lower voltages we consider three different types of transformers: 

(Dy, Yd and Yz) in which each secondary voltage is the difference between two primary voltages.
(YNy, Yyn, Yy, Dd and Dz) which only remove the zero sequence voltage.
(YNyn) that doesn't change anything.

The secondary and primary voltages of the first group are related to each other by the following transfer 
matrix [25]: 

             (2-1)

The second group by: 

(2-2)

where, . In overall two Dy transformers in cascade have the same effect as one Dd or Yy
transformer [28]. 

2.6 Voltage Dip: Extract Information 
The amount of data from power quality monitors is increasing very fast and automatic analysis methods are 
needed to handle this data and extract additional information about dip origin and propagation. Such analysis 
methods should be able to extract adequate features from recorded data such as three phase characteristics or 
single-event characteristic as a first step. The next step is extracting and reporting additional information based 
on those extracted features. Following subsections explain some additional information that can be obtained 
from recorded voltage dips [paper A]. 

2.6.1 Predicting Equipment Performance 

A voltage dip recording contains information about the way in which the voltage dip will impact equipment 
connected to the grid. This is still the main aim when defining dip characteristics. It is generally accepted that 
equipment impact is not fully defined by residual voltage and duration, but that additional characteristics are 
needed, like phase-angle jump and point-on-wave. Also the feature extraction and investigation of current 
signals gives information about how consumption and generation units are impacted by voltage dips. The 
situation gets more complicated in loop networks or in microgrids with bidirectional power flow [paper A].

2.6.2 Fault Type and Location 

Several voltage-dip characteristics are related to fault type and fault location. Some examples are given below 
[26]-[30]:

The phase-angle jump depends on the X/R ratio of the faulted line or cable, which gives information about
the voltage level at which the fault occurs and also it determines the approximate location of the fault that
occurs on an overhead line or underground cable.

The type of unbalanced dip, together with positive, negative and zero-sequence voltage, gives information
about fault type. A non-zero, zero-sequence voltage can also give information about the voltage level at
which the fault occurs in relation to the voltage level at which the monitor is located.
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 The point-on-wave of fault initiation can give information about the origin of the fault. Insulation failures 
are most likely to occur during voltage maximum whereas lightning strokes can occur anywhere during the 
cycle. 

 The point-on-wave of voltage recovery is related to the X/R ratio of the source impedance at the fault 
location. This gives again information about the voltage level where the fault occurs and also about 
whether the fault is on an overhead line or the cable. 

 The number of steps in the voltage recovery gives information about the fault type: for a phase-to-ground 
or phase-to-phase fault the recovery takes place in one step; for a two-phase-to-ground or three-phase fault 
in two steps; for a three-phase-to-ground fault in three steps. 

 

2.6.3 Voltage Dip Origins 

The voltage dip origin can be determined based on some voltage dip characteristics: 
 

 The shape of the rms values of the voltage dip can be applied to classify voltage dips according to their 
origins, for example rectangular shape rms values are typically due to short circuits and earth faults. 
Whereas dips which are caused by transformer saturation have almost triangular shape [31]-[32]. There 
has been some work done on this, but not much, as the waveforms still contain more information rather 
than the rms voltage. Future work remains needed here however as it is not uncommon to only record rms 
versus time for voltage dips instead of waveform data. 

 The harmonic distortion of the voltage dip may give information about cause of the event. For example the 
second order harmonic during transformer saturation. Also arcing faults will give a specific spectrum. 
Some further work is needed to investigate the oscillation at the beginning of the dip that may give 
information about the origin of the dip and about the location of the fault causing the dip [32].  

 Characteristics of the voltage dip in terminal of VSI or CSI power converters give information about faulty 
switch and switch failure mode or DC-link failure [33-34]. 

 

2.6.4 Protection Operation 

The duration of a voltage dip is strongly related to the operation of the protection. The time difference between 
the fault initiation and the voltage recovery corresponds to the fault-clearing time.  

This gives an independent feedback on the operation of the protection. Fault-clearing time can, for example, 
be compared with set values to verify the protection coordination. Some specific information that can be 
obtained is: 
 

 The current limitation capability of power converters generates new opportunities and challenges in terms 
of protection against short circuit faults. Because the available energy of fault currents is limited, this 
makes detection of faults more difficult because fault current amplitude and gradient are very close to 
inrush current, over currents, and load connection to the distribution bus. For this reason, traditional fault 
detection methods are not readily applicable to multi-terminal dc distribution systems [32]-[34]. 

 For developing faults, information extracted from the voltage dip recording can conclude to which extent 
faster protection would have reduced the number of multi-phase faults [35-36]. 

 Dips with multi-stage recovery can be due to a fault on a transmission line where the fault-clearing time is 
different for the two terminals. This can give additional information about the performance of the 
protection. But multi-stage recovery can also indicate a large pole-spread of the circuit breaker clearing the 
fault. Observing this should trigger preventive maintenance of the breaker. 

 Dips in railway traction [37] and in microgrids with mainly power electronic converters as sources can 
give information about the performance of converters and production units during and after the fault [38-
39]. 

 

2.6.5 Overall Load Behavior 

For a downstream fault, the during-dip current at the dip location is dominated by the fault current and 
information about fault type and location is easily obtained. The current during an upstream fault gives 
information about the fault contribution of the total downstream load.  

Comparing the active and reactive power flows before and after the fault will give information about the 
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impact of the dip on the load. Differences in harmonic current distortion can give further information on the kind 
of equipment that is impacted. Next to important information on the potential economic damage for industrial 
customers, a comparison like this can also be used to verify to which extent distributed generation, like small PV 
installations, complies with requirements on fault-ride-through. 

Information about impact on the load, but over a wider area than just downstream of the monitoring device, 
can be obtained from the post-fault voltage dips. A slow recovery can indicate potential voltage-stability issues; 
oscillations during the recovery can point to angular-stability issues. 

Information like this, especially when also currents are included in the analysis, plays profound role in 
forecasting load behavior. Such information can be used to predict the severity of dips, but also (and probably 
more importantly) the risk of voltage and angular instabilities [40-41].
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Chapter 3 
Based on paper [B], this chapter presents a survey on voltage dips. 

3 IMPROVING LOW VOLTAGE RIDE-THROUGH
The modern power system is based on the penetration of renewable power generation connected into the grid via 
different power electronic converters. 

 The low voltage ride through (LVRT) capability of the renewable power generation systems has become a 
crucial feature of them. The LVRT concept deals with the ability of the generating plants to stay connected to the 
grid throughout a main voltage drop or another major disturbance. Generating plants should support the grid 
during a main voltage drop by feeding reactive current into the network so that the voltage is raised. Immediately 
after fault clearance the active power should return to its pre-disturbance value. The proposed methods to fulfil 
LVRT requirements can be divided into passive and active methods which are explained in the forthcoming 
sections [Paper B].

3.1 Passive Methods 
These approaches use additional equipment to increase LVRT capability of the power generation systems.
Examples of these devices are dynamic voltage restorer (DVR) [42-51], unified power quality controller (UPQC) 
[52-54], static VAR compensator (STATCOM), the flywheel and motor-generator (M/G) combination, the static 
uninterruptable power system (UPS). Energy storage devices, including the superconducting magnetic energy 
storage (SMES) [55] are used also to enhance the capability of the STATCOM device. It should be mentioned that 
most of this work has been done more than 10 years ago [Paper B]. The block diagrams of the different devices
are illustrated in Figure 3.1 through Figure 3.4.

M/G

Loadgrid

Figure 3.1: Block diagram of a LVRT system using flywheel. 

Loadgrid

Figure 3.2: Block diagram of a LVRT system using UPS. 

Loadgrid

DC link With
 energy reserve

Figure 3.3: Block diagram of a LVRT system using DVR. 

Loadgrid

DC link With optional 
energy reserve
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Figure 3.4: Block diagram of a LVRT system using STATCOM. 

3.2 Active Methods 
This kind of method is a combination of an appropriate converter control algorithm and hardware modification. A
lot of methods have been proposed by literature; some of the recently presented active methods are: 

The vector current control with feed forward (VCCF) of negative sequence voltage [56].
The continuous mixed p-norm (CMPN)-based adaptive control [57].
The dual vector current controllers (DVCC) [56],[58].
The instantaneous active-reactive control (IARC) [59].
The resonant controller (RCs) [60].
The extensive control method by controlling both active and reactive powers [61].
The negative sequence inductive current injection with peak current limit control [62].

Other advanced active methods are nonlinear control methods like sliding mode control algorithms which are 
designed in stationary reference frame or methods based on fuzzy logic control (FLC) [63] systems and genetic 
algorithms (GAs) [64] to handle the nonlinearity of the system. Moreover hierarchical methods including 
inner/outer control loops based on the PI controllers are also proposed which set parameters of droop control to 
inject sufficient reactive power during fault occurrence [65].

3.3 Advanced Power Electronic Equipment Solutions to the LVRT Issue 
The other solution to improve LVRT capability is using advanced power electronic converters like impedance-
source (Z-source) converters and multilevel converters. These Z-source converters have the ability to boost or 
buck the output voltage at their terminals [66-67]. 

The additional capacitors in their configuration enhance their capability to keep DC-link voltage constant [66-
67]. Multilevel converters are power converters composed by an array of semiconductors and capacitor voltage 
sources, that when properly controlled, can generate stepped waveform output voltages with adjustable frequency 
and amplitude. Further electric power transformer (EPT) [68] incorporated with energy storage system (support 
capacitor energy storage) is able to smooth wind power fluctuations and enhance the LVRT capability of wind 
generators.  

The solid-state transformer (SST) [69].technology involves solid state devices and circuits which enables 
voltage and current regulation by recalling the wide application of flexible ac transmission (FACTs) devices. This 
brings promising advantages such as power flow control, voltage sag compensation, and fault current limitation. 
The voltage or current of SST can be flexibly controlled on either side of the medium frequency (MF) 
transformer. It is possible to add energy storage to enhance the LVRT capability of the SST or to prepare 
integrated interface for distributed resources due to the available DC-links [69]. 

a) Z-source Converters
The basic Z-source converter, as shown in Figure 3.5, can be generalized as a two-part converter including 
impedance-source network (Z) and one of the traditional switching configurations. The impedance-source network 
is also considered as a two-port network which comprises two basic linear storage elements: inductance (L) and 
capacitance (C). The proposed topologies for the impedance network are depicted in Figure 3.6.

All traditional power converters can be reconstructed based on the impedance-network topology. All existing 
switching configurations proposed for Z-source converters are demonstrated in Figure 3.7(a). Different 
configurations of switching cells are shown in Figure 3.7(b), [66-67].   

Figure 3.5: General circuit configuration of an impedance-source network [66-67].
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Figure 3.6: Basic impedance-source networks [66-67]. 

 

 
(b) 

 

 
(a) 

Figure 3.7: General switching configurations (a), and different switching cells (b) [66-67]. 
 

The three-phase z-source inverter provides nine different permissible switching states; three active states: two 
zero states; and one shoot-through state. By using one of the active states either positive or negative DC voltage is 
presented to the load. The zero switching states are obtained by turning on all upper three switches or all lower 
three switches simultaneously. Zero states short the output terminals of the inverter and pass the zero voltage 
across the load terminals. Finally the shoot-through state is activated by turning on both upper and lower switches 
of any single-leg, two-legs or three-legs simultaneously. The shoot-through state is forbidden in traditional power 
converters therefore they don’t have a capability to buck and boost the outputs while this capability can play 
profound role in increasing LVRT capability [66-67].  

All modulation techniques which have been applied by traditional power converters can also be exploited by 
z-source converters by including shoot-through states in the modulation strategy [66-67].  

 

 

b) Multilevel Converter 
The multilevel voltage source converters are classified into three different categories namely 3-level neutral point 
clamp (NPC), cascade H-bridge (CHB) and flying capacitors (FC) [70]. The control for the flying capacitor 
topology is complex compared with a 3-level NPC converter. In addition, it is more expensive since an excessive 
number of capacitors are used for voltage clamping and low switching frequency makes these capacitors larger in 
size. Disadvantages of the cascade H-bridge converters include the need for separate DC sources and a 
nonstandard transformer (out of 50/60 Hz frequency) [70]. The 3-level NPC provides higher quality output 
voltage and current waveforms and reduced output filter size and cost compared with the two-level inverter. 
Further, only half of the DC bus voltage has to be switched and this leads to reduction of switching losses [70]. 
The topology of multilevel converters including NPC, FC and CHB is shown in Figure 3.8 through Figure 3.10.  
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Figure 3.8: Neutral point clamped (NPC) multilevel converter [73]. 

 

 
Figure 3.9: Flying capacitor (FC) multilevel converter [73]. 

 

    
Figure 3.10: Cascaded H-Bridge multilevel converter [73]. 

 

c) Electric Power Transformer (EPT) 
The Electric Power Transformer EPT [68] is constructed in three stages comprising; a generator side; an isolation 
side and a high voltage side. The grid side and generator side stages are voltage source converter (VSC) and 
voltage source inverter (VSI), respectively. The VSC establishes the maximum power point tracking (MPPT) 
requirement and the VSI keeps the generator side DC-link voltage constant. The isolation stage uses nine DC/DC 
converters connected in parallel on the secondary side. The two H-bridge converters and a medium frequency 
transformer (MFT) in each DC/DC converter constitute a medium-frequency modulating-demodulating block for 
voltage transformation and isolation, the DC voltage is modulated to a medium-frequency square wave by one of 
the H-bridges, then coupled to the secondary side by the MFT, and reconverted into DC voltage via the other H-
bridge. The energy storage system is connected to the EPT generator side DC bus via a DC/DC converter. 
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(a) 

(b) 

(c) (d)

Figure 3.11: Topology of the system including EPT. (a) Basic diagram of the system; (b) Single phase topology of the high 
voltage side and isolation stage converters; (c) Topology of the generator side three phase converter; and (d) Topology of the 

DC/DC converter [68]. 

d) Solid-State Transformer (SST)
The solid-state transformer (SST) consists of three different stages, like the EPT, including input, isolation and 
output stages. The input stage is a three or single phase PWM rectifier, which is used to convert the primary low 
frequency voltage into DC voltage. This stage is responsible for shaping the input current, controlling the input 
power factor, and keeping the DC-link voltage at the desired reference value. Isolation stage contains a single-
phase medium frequency VSC, which converts the input DC voltage to AC square voltage with medium 
frequency by means of medium frequency transformer (MFT). The main functions of the MF transformer are 
voltage transformation and isolation between source and load. Output stage aims in conversion of a square wave 
with medium frequency voltage to a sinusoidal wave with power frequency (50/60 Hz) voltage [69]. The typical 
topology of the SST is illustrated in Figure 3.12.

Figure 3.12: Full matrix-type SST: MV-side direct matrix converter / LV-side direct matrix converter [72]. 



16 

Chapter 4
Based on papers [C] and [D], this chapter presents systematic approaches for qualification and 
quantification of voltage dip characterization methods.   

4 QUANTITATIVE AND QUALITATIVE COMPARISON OF VOLTAGE DIP
CHARACTERIZATION METHODS

Voltage dips are quantified through several voltage dip characteristics like residual voltage, voltage dip duration, 
characteristic voltage, positive-negative factor, dip type, phase-angle jump and so on.  
Different characterization methods have been proposed. The big difference between these methods is in the 
applied set of single-event characteristics.  
A codified and systematic comparison approach is required to quantify and compered the performance of 
competitive characterization methods. 
This thesis presents a systematic comparison approach which is applied to seven different characterization 
methods. Each method is related to a different synthetic dip, with the same characteristics as the measured 
dip(Section 4.2). Next, the proposed approach applies original and synthetic dips to a generic model of sensitive 
loads (Section 4.1.1). Finally, the impacts of both dips on the sensitive load are quantified and a predictive error 
is defined which is used as a comparison metric (Section 4.1.2). [Paper C].  

A more subjective comparison approach is applied in Section 4.4 and 4.5 [Paper D]. Voltage dips are 
summarized using several single-event characteristics which are calculated from voltage dip characteristics 
versus time. There are different ways to calculate single-event characteristics in this way. The other systematic 
comparison approach compares different methods in term of accuracy and complexity to implement. on the 
approach is applied to three single-event characteristics: characteristic voltage (CV), positive-negative factor 
(PNF) and dip type (DT). The thesis uses two algorithms for calculating the characteristics versus time: 
symmetrical component algorithm (SCA) [16] and six-phase algorithm (SPA) [17] (Section 4.4)and 12 different 
ways to calculate single event characteristics (Section 4.4.1 and Section 4.4.2). To compare different methods 
the relative error between corresponding single-event characteristics calculated by rival methods is calculated 
and used as a comparison indicator (Section 4.5).  

4.1 Efficient Characterization of Voltage Dips 
Different characterization methods consist of different set of single-event characteristics. A set of single-event 
characteristics corresponds to a certain model of the voltage dip. For example, when a dip is described by one 
voltage and one duration, a suitable model is the rectangular, balanced voltage dip. For a given set of single-
event characteristics and given values of those characteristics, a synthetic dip can be defined according to that 
model. For each different single-event characteristics, a different synthetic dips is calculated.

The overall method for selecting the most efficient set of single-event characteristics for representing a
voltage dip is shown in Figure 4.1. The voltage dip impacts on a generic device are calculated for both the real 
measured dip and the corresponding synthetic dip. This thesis uses a generic model of an adjustable speed drive 
as sensitive load. But models for other sensitive loads can also be used. Since the DC-link voltage is what 
matters most for dip immunity [72], the minimum DC-link voltage during the event is selected as a comparison 
metric. Further the comparison is done for small, medium and big size capacitors at the DC-link. There other 
alternatives for a comparison metric. In this case for example number of load trip can be considered as a 
comparison indicator. The details of the method are rendered in the forthcoming sections [paper C].

4.1.1 Generic Device Model 

For the same general type of equipment, different manufacturers often implement different hardware 
components, different topologies and different control algorithms. To predict the impact of voltage dips on a 
specific device, it is important to include all those details. However to compare characterization methods a 
generic device model is more appropriate. Such a model should include the main properties of the device with 
respect to voltage dips, without the need to obtain manufacturer-specific data [paper C].
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Figure 4.1: The proposed method for comparing different characterization methods. 

4.1.2 Prediction Error 

The impact of the voltage dip on the device is quantified as the lowest DC-link voltage during the event. The 
lower this value, the higher the probability that the under voltage protection trips.  

A lower voltage will also give higher post-dip inrush current and a higher probability that the overcurrent 
protection will trip the device. A lower DC-link voltage will also increase the impact on motor torque and speed. 
The lowest DC-link voltage under the real measured voltage dip is represented by .and the lowest value
under the synthetic voltage dip is represented by .

The smaller the difference between these two values, the better the characterization method in predicting the 
device performance. To quantify this, a “relative prediction error” is used as: 

100%
i r

i r
(4-2) 

When ( ) ( )i r  is positive, the predicted value of the minimum DC-link voltage is larger than the one in 
reality. The synthetic dip is thus less severe for the equipment than the measured dip: i.e. the characterization 
method underestimates the severity of the dip. Similarly, when ( ) ( )i r is negative, the characterization method
overestimates the severity of the dip [paper C].

4.2 Synthetic Voltage Dips 
Synthetic voltage dips are different for different sets of single-event characteristics. In paper C, seven different 
sets of characteristics are compared; each set of characteristics is associated with one synthetic voltage dip. The 
procedure to build the synthetic voltage dip for each of the characterization methods is as follows [paper C]. 

Method 1 ( Unbalanced Dip): The method uses duration and residual voltage for each of the three voltages.
Method 2 (Balanced Dip): The method uses one residual voltage and one voltage dip duration.
Method 3 (Unbalanced): The method uses three residual voltages together with the three PAJs.
Method 4 (Balanced Dip): The method uses one residual voltage (as in IEC 61000-4-30 [14]) and one PAJ.
Method 5 (Balanced Dip): The method uses Residual Voltage from Phase-to-Phase Voltages.
Method 6 (Unbalanced Dip): The method uses dip type, characteristic voltage, PAJ and PN Factor.
Method 7 (Unbalanced Dip):  The method uses dip type, characteristic voltage and PAJ.

An example of a measured voltage dip and the seven synthetic voltage dips, according to the seven 
characterization methods, is shown in Figure 4.2.
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(a) Measured dip                                                                          (b) Synthetic dip from Method 1 
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(c) Synthetic dip from Method 2                                                (d) Synthetic dip from Method 3 

(e) Synthetic dip from Method 4                                               (f) Synthetic dip from Method 5 

(g) Synthetic dip from Method 6                                          (h) Synthetic dip from Method 7 
 

Figure 4.2: Example of a measured voltage dip and seven kinds of synthetic voltage dips. 
 

4.3 Capacitor Size 
The relative prediction errors of characterization by each method for ASDs with small, medium and large 
capacitor and for 235 measured voltage-dip events have been calculated. Figure 4.3 shows the relative prediction 
error for characterization Method 1.  

The scatter points in three different colors present the relative prediction error for small, medium and large 
capacitor. Results show that Method 1 gives up to about 20% prediction error. The capacitor size does not 
impact the error for most dips. But for some dips the error is significantly larger for smaller capacitor size. The 
results show the synthetic rectangular unbalanced dip describes reality within 10% in most cases. Secondly, the 
performance obtained from the characteristics is on average equally severe as reality. Lastly, there is no clear 
correlation between residual voltage and prediction error. 

 
4.3.1 Alternative Indicators for Comparison 

An alternative indicator for comparison the number of equipment trips for the measured and for the synthetic 
dips. This requires a model of the tripping mechanism. Here it is assumed, again as a generic model, that the 
equipment would trip instantaneously when the DC-link voltage drops below a certain threshold value. 
Threshold values equal to 40%, 70% and 85% of nominal have been used in this thesis. 

The prediction error of seven methods, three thresholds and three different capacitor sizes are shown in 
Table 4.1. A comparison was also made of the number of over- and under-estimations for non-shallow dips (less 
than 80% residual voltage) only. The reasoning behind this was that it is in general relatively easy to make 
equipment tolerate shallow dips. Their characterization would therefore be of less importance. It was shown that 
the number of over-estimations was rather similar for the different methods; the number of underestimations was 
low for Method 2 and 5 [paper C]. 
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Figure 4.3: Relative prediction error for Method 1 versus residual voltage. 

Table 4.1: Error in predicted number of equipment trips (in %) for seven characterization methods (M1 to M7), three 
capacitor sizes (S, M, L) and three threshold settings (40%, 70% and 85%). 

4.4 Single-Event Chracteristic from Characteristic versus Time 
The three-phase single-event characteristics CV, PNF and DT are able to distinguish between balanced and 
unbalanced voltage dips. The CV is a good alternative for residual voltage and PNF predicts the amount of the 
voltage dip unbalance. Therefore this set of single-event characteristics is a good candidate for representing 
voltage dips and further analysis of the voltage dip.  

There are two main algorithms for calculating CV; PNF and DT as function of time, which are SC and SP 
algorithms as described in Chapter 2. Both methods calculate these characteristics as functions of time which are 
denoted as (CVt), (PNFt) and (DTt), [Paper D].  Further, 12 different ways are compared to calculate single-
event characteristics CV, PNF and DT from CVt, PNFt and DTt, respectively. Six of those methods are based on 
SC algorithm, namely A1 through A6 methods. The six remaining methods are based on SP algorithm, namely 
B1 through B6 methods. Forthcoming sections explain 12 different calculation methods and proposed 
comparison approach which intends to illustrate the most efficient methods in term of accuracy and complexity. 
The selected method is the one which that compromises between accuracy and complexity. 

4.4.1 Symmetrical Component Algorithm (SCA) 

The symmetrical component algorithm uses the three complex voltages as input to calculate CVt, PNFt and DTt 
as described in Chapter 2. The six methods based on the SC algorithm [16] to calculate single-event 
characteristics CV, PNF and DT are as follows [paper D]: 

Method A1: the single-event characteristics are DTt and PNFt at the instant of lowest CVt during the entire 
recording, including the transition segments. 

Method A2: the single-event characteristics are DTt and PNFt at the instant of lowest CVt during the event, 
excluding the transition segments. 

Method A3: the single-event characteristics are DTt, PNFt and CVt when the rms voltage is the lowest in any of 
the three phase-to-neutral voltages (IEC 61000-4-30 [14] and IEEE Std. 1564 [1]). 

Method A4: the single-event characteristics are the lowest PNFt and lowest CVt during the entire recording 
including transition segments. DT is determined by CV and PNF.

Method A5: the single-event characteristics are the lowest PNFt and lowest CVt during the recording, but 
excluding the transition segments. DT is determined by CV and PNF.

M1 M2 M3 M4 M5 M6 M7 
85% S  -6.81 12.34  -1.28 8.94  -7.23 -4.26 -3.40
85% M  0.43  17.45  6.81  20.85  -2.98 2.98  2.13  
85% L  1.28  20.00  0.85  19.57  -2.13 4.26  -2.13
70% S  -1.28 8.51  0.43  7.23  0.00  0.43  1.28  
70% M  -2.98 7.23  0.43  7.23  2.13  0.43  -1.28
70% L  2.98  18.30  -0.43 18.72  5.96 -0.43 -2.55
40% S  -0.85 1.70  0.00  1.70  0.43 0.43  -0.43
40% M  -0.85 3.40  0.00  3.83  1.28  0.43  -0.85

40% L  0.00  3.40  0.00  3.40  0.85  0.00  0.00  



20 

Method A6: From the recording data, magnitude and PAJ in each of the three phase-to-neutral voltages are 
calculated as in [23], then the three characteristics are obtained from these complex voltages by SC. 

4.4.2 Six-Phase Algorithm (SPA) 

The second main method for calculating CVt, PNFt and DTt is the six-phase (SP) algorithm [17]. The procedure 
for calculating CVt, PNFt and DTt based on SPA is also explained in Chapter 2. The six methods, namely B1 
through B6, for calculating single-event characteristics are defined below: 

Method B1: CV is the lowest of the six rms voltages during the entire recording. DT and PNF are determined 
from the six rms voltage at the instant that this lowest value occurs. 

Method B2: CV is the lowest CVt during the event excluding the transition segments. DT as single-event 
characteristic is determined by CV. PNF is the highest rms voltage in the six-phases, at the instant 
when CVt is lowest. 

Method B3: CV is the lowest of the six rms voltages, PNF is the highest of the six and DT is determined by CVt 
when the rms voltage is the lowest in any of the three phase-to-neutral voltages (according to IEC 
61000-4-30 [14] and IEEE Std 1564 [1]). 

Method B4: CV and PNF are the lowest and the highest voltage, respectively among the six minimum rms 
voltages of the six-phases during the entire recording including the transition segments. 

Method B5: CV and PNF are the lowest and the highest voltage among the six minimum voltages of the six-
phases during the event, excluding transition segments. 

Method B6: magnitude and PAJ in each of the three phase-to-neutral voltages are calculated using the method 
proposed in [23]. The six rms voltages are calculated from these three complex voltages and the six-
phase algorithm is applied to these. CV, PNF and DT are calculated from the three complex voltages 
by SP. 

4.5 Comparison Algorithm 
To compare the performance of two different methods for calculating single-event characteristics a percentage 
difference between two calculated single-event characteristics (  and  ) is calculated as follows [paper D]:

(4.3)

where, X is one of the PNF, CV, or DT.  and are calculated by Method  and  based on SCA or 
and  based on SPA.  is the CV, PNF or DT before the start of the voltage dip. All introduced methods are
applied to 259 different measured voltage dips. Then the variables  used in (4.3) are calculated. Table 4.2 
shows the comparison of the resulting PNF values by method A1 to A6. The marked cells determine the fraction 
number of dips which got percentage difference values more than 2%, 5%, 10% and 20% respectively. In
comparison of Method  and  for 5.41% of the dips the difference between method A2 and Method A3 is
more than 2%. 

The comparison algorithm can be extended for other single-event characteristics (CV and DT) calculated by 
different methods in the same way [paper D]. A comparison can be made between two methods, one based on 
SCA and the other based on SP algorithm. The comparison results are shown in Table 4.3. The highlighted cells 
in Table 4.3, are the comparison between Method A3 and B3. The differences for PNF and CV are smallest 
between A3 and B3; for DT between A6 and B6. For the latter pair, the difference is much bigger for PNF and 
CV however. For all the methods, especially the difference in DT is big. 

4.6 Conclusion 
The obtained results from evaluating different synthetic voltage dips show that the methods which distinguish 
unbalanced and balanced voltage dips are more appreciate. Using a set of three-phase single-event characteristics 
including CV, PNF and DT offers an efficient synthetic voltage dip in term of predicting the dip impacts on 
sensitive loads. The results show using additional characteristics like as phase-angle jump improve the accuracy 
however it adds cost and complexity burdens [Paper C].   

There are two general methods for calculating three-phase characteristics CVt, PNFt and DTt as functions of 
time which are SC and SP algorithms [16-17]. Further, there are 12 different ways for extracting single-event 
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characteristics. The main difference between methods is considering transition segment or ignoring it for 
calculating single-event characteristics. Additionally some of these methods use also phase angle jump for 
calculating single-event characteristics [Paper D].  

The overall results illustrate methods which extract single-event characteristic during event segment and 
ignore transition segments have better performance and result in more realistic result. Additionally methods 
which use phase-angle-jump also show more accurate results, but they increase also complexity to implement. In 
sum, as segmentation is a big barrier in front of characterization methods, methods which don’t require 
segmentation but also result in admissible single-event characteristics and close to existing standard results, are 
more appropriate 

 
Table 4.2: PNF comparison for SCA-based methods (in %) 
PNF comparison A2 A3 A4 A5 A6 
>2% 

A1 

7.72  6.18  50.58  20.85  33.98  
>5% 2.32  2.70  22.39  5.79  21.62  

>10% 1.16  1.16  4.25  1.93  17.37  
>20% 0.00  0.39  1.16  0.39  15.44  
>2% 

A2 

 5.41  45.17  13.51  32.82  
>5%  1.54  19.69  4.63  21.62  

>10%  1.16  3.86  1.54  18.15  
>20%  0.00  0.77  0.00  15.06  
>2% 

A3 

  45.17  14.29  34.75  
>5%   19.69  3.47  22.01  

>10%   2.70  0.77  17.76  
>20%   0.77  0.00  15.06  
>2% 

A4 

   33.98  51.35  
>5%    13.90  33.98  

>10%    1.93  20.46  
>20%    0.77  14.67  
>2% 

A5 

    33.59  
>5%     23.94  

>10%     18.53  
>20%     14.29  

 
Table 4.3: Comparison between SCA and SPA (%) 

Difference PNF CV DT 

A1 and B1 

>2% 16.99  18.15  

20.46 
>5% 3.47  10.81  

>10% 1.54  6.18  
>20% 0.39  3.09  

A2 and B2 

>2% 20.08  25.10  

20.08 
>5% 2.70  10.81  

>10% 1.54  6.18  
>20% 0.39  2.70  

A3 and B3 

>2% 11.58  15.06  

16.99 
>5% 2.70  7.34  

>10% 1.54  2.70  
>20% 0.39  1.54  

A4 and B4 

>2% 37.84  18.15  

29.34 
>5% 14.29  10.81  

>10% 3.86  6.18  
>20% 1.16  3.09  

A5 and B5 

>2% 29.34  25.10  

27.03 
>5% 6.18  10.81  

>10% 2.70  6.18  
>20% 0.39  2.70  

A6 and B6 

>2% 35.91  35.14  

12.74 
>5% 22.78  23.55  

>10% 15.83  16.60  
>20% 8.88  9.27  

A3 and B1 

>2% 12.36  18.15  

21.24 
>5% 3.09  10.81  

>10% 2.32  6.56  
>20% 0.39  3.47  

.  
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Chapter 5 
Based on paper [E] and [F], this chapter presents voltage dip characterization methods based on machine 
learning approaches. 

5 VOLTAGE DIP CHARACTERIZATION
The research on voltage dip characterization started in the 1980’s [71]. A lot of characterization methods have 
been proposed in the literature (See Chapter 2 and 4). However the majority of proposed methods are developed 
specifically for single-stage voltage dips. Therefore challenges regarding multi-stage voltage dips remain. 
Actually, the big challenge in dealing with multi-stage voltage dips is the need for segmentation. The single-
event characteristics, as explained in Chapter 2 and 4, are not efficient for characterizing multi-stage dips since 
they cannot distinguish between the individual stages. To tackle these challenges this chapter presents a novel 
characterization method based on machine learning algorithms which calculates single-segment characteristics 
corresponding to each an individual stages of the voltage dip [Paper E].  

The last decade, a lot of power quality monitoring equipment has been installed as well as other equipment 
able to obtain power-quality data. All those monitoring devices provide a large amount of raw data that can be an 
aid for better understanding the power quality. However such a large amount of data (“big data”) leads to further 
challenges like the need for automatically analysis of data and for automatically extracting additional 
information. To cope with these challenges requires advanced data handling and signal processing methods. This 
chapter presents two methods based on machine learning algorithms: K-means clustering algorithm and logistic 
regression algorithm, for characterization of recorded voltage dips and real-time measured voltage data. The first 
method (described in detail in Section 5.2.a) characterized multi-stage voltage dips and the second one (Section 
5.2.b) is a real-time characterization method which characterizes recorded voltage data with one cycle time 
resolution. The space phasor model (SPM) of the three measured voltage waveforms is used as input for both 
proposed methods (Section 5.1.1). The SPM due to a multi-stage voltage dip includes several parts that are either 
in the shape of a circle or in the shape of an ellipse, however ellipse is considered as a general form of a circle. 
The K-means clustering algorithm is applied to separate different parts of SPM into individual ellipses or circles 
(5.1.3). The logistic regression fits the model parameters of SPM for one stage to an ellipse or circle (5.1.4). The 
ellipse parameters, semi-minor axis, semi major axis, and rotating angle of the ellipse, are used to calculated 
single-segment voltage dip characteristics including characteristic voltage (CV), positive-negative factor (PNF) 
and dip type (DT) (Section 5.3).

The proposed method for real-time characterization follows the same procedure as for characterization of 
multi-stage voltage dips, except for the clustering step. Actually the proposed method uses thecollected data over 
one cycle instead of the clustered data which would also result in either a circle or an ellipse form for the SPM 
[Paper E].  

5.1 Multi-Stage Voltage Dips 
A multi-stage dip is a dip in which the rms voltage shows at least two different constant values during the event 
[6], or in other words, a voltage dip with at least three transition segments [73-75]. Providing just three single-
event characteristics to describe the entire event is not sufficient. It is instead preferable to provide single-value 
characteristics corresponding to each individual stage of the voltage dip. This thesis uses the terminology 
“single-segment characteristic” for such a characteristic. Calculation of the single-segment characteristics 
requires an efficient segmentation method to split the dip into its individual stages or event segments. Using rms 
of phase-to-neutral voltages, the transition segments become visible. Earlier proposed methods for segmenting
voltage dips aim at detecting and extracting transition segments which makes for a more difficult segmentation 
task. The situation is even more difficult for multi-stage voltage dips since they include several transition 
segments. The space phasor model of the three phase-to-neutral voltages tackles this challenge as it results in 
distinctive circles or ellipses for the different event segments. The transition segments are presented as sequences 
of points between those circles and ellipses. An adequate clustering algorithm can split these parts efficiently. 
The K-means clustering algorithm is used for this purpose in this thesis. In fact, K-means clustering algorithm 
fulfills the segmentation purpose by extracting ‘event segments’ instead of ‘transition segments’.
Once the individual circles and ellipses are available, the logistic regression algorithm is applied to the SPM to 
fit the measured points to an optimal ellipse. Further, the single-segment characteristics are calculated based on 
the obtained model parameters for the circle or ellipse [Paper E].  

The real-time characterization follows a similar procedure where the samples over one cycle are used as 
input to the logistic regression algorithm. This avoids the need for clustering and will result in dip characteristics 
as a function of time with one cycle resolution. The logistic regression is responsible for extracting the model 
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parameters which are the basis for calculating so-called ‘single-cycle characteristics’ [Paper F]. These can in turn 
be used to obtain single-segment or single-event characteristics using any appropriate method. 

5.1.1 Space Phasor Model (SPM) 
The proposed method in this thesis uses a space phasor model (SPM) of the three phase-to-neutral voltages, ,

 and , The SPM is obtained by:

(5.1)

where and .
The shape of the SPM of three voltages, in the complex plane, is either a circle or an ellipse. The Circle 

represents the normal balanced voltages or a balanced voltage dip (Type A). The Ellipse represents an 
unbalanced voltage dip.  

An example of a multi-stage voltage dip with two event segments is shown in Figure 5.1. The SPM, 
according to (5.1), is shown on the right-hand side of Figure 5.2. Three circles are visible and one ellipse: the 
circles correspond to the pre-fault, post-fault and second during-fault segments; the ellipse corresponds to the 
first during-fault segment. The left-hand side of Figure 5.2 shows the modulus of the SPM as a function of time; 
a 20-ms sliding window rms has been used to calculate this. 

Figure 5.1: Example for multi-stage voltage dip. 

Figure 5.2: RMS waveform of modulus of the space-phasor model and the 
space phasor model in the complex plane. 

5.1.2 Ellipse and Principal Axis Theorem 

As mentioned before, the SPM represents several circles corresponding to the pre- and post-event segments and 
ellipses or circles corresponding to event segments. Since the ellipse is a general form including the circle, to 
develop an automatic characterization algorithm all clusters are considered as being an ellipse shape [Paper E].  

Further, the general quadratic form of an ellipse is considered mathematically to obtain a proper fit of the 
clustered data to an ellipse. For an unbalanced dip the SPM is an ellipse for which the major axis direction is 
unique corresponding to a specific dip type. The major axis direction (also referred to as “rotating angle of the 
ellipse”) is determined by using the principal axes theorem. This section explains the mathematics behind ellipse 
shapes and the principal axis theorem concept. This is all discussion in detail in [Paper E]. 

e) Standard Quadratic Form
The standard quadratic form of an ellipse that is aligned with the x-axis is as follows: 

(5.2)

where is a variable matrix and is a diagonal matrix [79]:
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(5.3)

f) Rotating Ellipse (General Quadratic Form)
An ellipse rotated over an angle is obtained by the following rotation matrix:

(5.4)

Using (5.4) the major axis direction is rotated to  and the minor axis direction  is 
rotated to . The general transformation is  with inverse . Substituting this into
(3) results in:

(5.5)

By considering , the general quadratic equation for the ellipse becomes:

(5.6)

which gives the following general form of the ellipse: 

(5.7)

where and are positive values. Considering the general form of an ellipse equation the matrix 
in (5.3) is changed into the following general form [76]:

(5.8)

g) The Principal Axis Theorem
If M is a symmetric matrix, there exists a matrix P such that , where is a diagonal matrix
containing the eigenvalues and the columns of P contain the corresponding eigenvectors [77-78].

5.1.3 K-means Clustering 

The second step for voltage characterization based on the proposed method, after that the SPM of the three phase 
voltages is obtained, is the clustering step. Here the K-means clustering algorithm is used. The K-means 
clustering is an unsupervised learning algorithm that classifies a given data set into a certain number of clusters 

[79]. 
Actually the number of clusters is determined priory by defining centroids, one for each cluster. This 

thesis uses the number of changes in the level of the modulus of the SPM as number of centroids [Paper E]. The 
algorithm optimizes the location of the centroids gradually and associates each point belonging to a given data 
set to the nearest centroid. The optimization procedure aims at minimizing an objective function that in this case 
is a squared value of distance between a data point and the cluster center. The clustering procedure is continued 
until the centroids become fixed [79].

5.1.4 Logistic Regression 

The other machine learning algorithm, applied by the proposed voltage dip characterization algorithm, is the 
logistic regression algorithm.  

The logistic regression extends the ideas of multiple linear regression to the situation where the dependent 
vector is categorical whereas it intends to determine the combination of independent variables (feature vector) 
which best explain the membership in certain groups. The feature vector containing the independent variable is 
defined as . The best fitting model to describe the relationship between
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the dependent variable vector and a set of independent variables  is the parameter vector ,
which is the vector of coefficients of independent variables so that the cross-entropy losses are minimized
[80]:

(5.9)

where 

(5.10)

Applying component-wise gradient descent to optimize the parameters vector , yields the following [80]:

(5.11)

where j=1,2,…,n.

5.2 Implementation 
a) Multi-Stage Voltage Dip Characterization

To implement the proposed methods first of all the SPM of the recorded three-phase voltages is calculated
according to (5.1). In general power quality monitoring records voltage waveforms several cycles before
and after the event segments in addition to the waveforms during the event segments. As a results, most of
the time, the SPM contains several circles and ellipses which should be split by means of the clustering
step. The clustering of the SPM proceeds as follows:

1- The RMS value of the modulus of the SPM is calculated as a function of time; then it is segmented into
several segments according to level (magnitude) of each segment. The value of the parameter for the
K-means algorithm is determined according to the number of these segments.

2- The centroid of each cluster is initialized randomly. The initial value is one random selected point of each
segment. The centroid values are updated, during each time step, by the mean value of the nearest points
to each centroid that are collected by each cluster.

3- When the centroid points of the clusters become fixed the clustering procedure is completed.

When SPM is split into its individual clusters, each cluster is generally considered as an ellipse in the 
general quadratic form. Then, the logistic regression algorithm is exploited to fit optimize model of the cluster. 
The implementation of logistic regression is developed by defining appreciate feature vector ( ) and independent 
variable vector ( ).  

Regarding the general quadratic function of the ellipse, the feature matrix is defined as: 

(5.12)

Where ,  and  where  and  are column
vectors corresponding to the real and imaginary parts of the cluster members (complex values correspondent to 
SPM) and  denotes the number of cluster memberships.  

The parameter vector, ) is defined as:

(5.13)

Finally, the dependent variable vector is a  column vector defined as . The general 
four-element matrix  is constructed from the obtained parameters by means of the logistic regression as below: 

(5.14)

In the next step the diagonal matrix  and the rotating angle of the ellipse are extracted from the symmetric 
matrix , by applying the principal axis theorem. The procedure requires the following steps: 

Find the eigenvalues of .
Use the eigenvalues to find the orthogonal eigenvectors.
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 Find the orthogonal matrix such that . 
 Change the ellipse variables  by applying   

The standard form of the ellipse in the new reference frame (aligned with the major axis direction) becomes 
as follows: 

 (5.15) 

 
where . This is an ellipse with semi-major and semi-minor axis lengths  and . 
Since the orthogonal matrix  is exactly correspondent to rotation matric , thus the rotating angle is 

determined consequently by the following equation.  
 

                                            (5.16) 
 

b) Real-Time Characterization 
The proposed method for real-time characterization is very similar to the method proposed for multi-stage 
voltage dip characterization. It follows all steps considered for characterization of multi-stage dips with the 
exception of the clustering step. Instead of applying the logistic regression method to a cluster, it is applied to a 
one-cycle sliding window, which is updated for each new observed sample [Paper F].   

The code implementation is according to the algorithm shown in Table 5.1. When three voltages are 
measured the SPM of them is calculated. In real condition, due to real-time measurements, the SPM is updated 
every sample. The real and imaginary parts of the SPM are also used to update the feature matrix  that is 
initiated with zero values (see Table 5.1). After each update, the feature vectors ( ) are imposed to the 
logistic regression by supposing the general form of an ellipse. The logistic regression fits an optimized model to 
the input data. Using principal axes analysis (PCA) the ellipse parameters and subsequently the characteristics 
CV, PNF and DT are calculated as continuous values versus time. The variable  counts the number of time 
steps. At the end of each cycle, the calculated characteristics are recorded as ‘single-cycle characteristics’. It 
should be noted that the end of cycle is determined by the number of samples per cycle (SpC) parameters which 
depends on the monitoring device setting. i.e if SpC would be 94 whenever the variable  gets this value 
(  the calculated characteristics at this time step considered as ‘single-cycle characteristics’ and the 
variable me is reset to .  

When the cycle to which the algorithm is applied corresponding to normal three phase voltages, the semi-
minor and major axis lengths are close to each other and close to unity in per unit [Paper F].    

When the difference between semi-minor and semi-major axis lengths becomes bigger than the predefined 
threshold value, then, the one cycle data are corresponding to an unbalanced voltage dip. The CVc and PNFc and 
DTc related to this one cycle collected data are calculated from the ellipse parameters.  

Whenever both semi-minor and semi-major axis length are smaller than a predefined threshold value 
however they are close enough to each other, then that cycle is belonging to a balanced Type A voltage dip. The 
residual voltage over that cycle is approximately the CVc value or in other words the radius of the corresponding 
circle [Paper F].  

Once the single-cycle characteristics indicate a deviation from normal condition, they will trigger the 
voltage dip event. Then, as long as the calculated ‘single-cycle characteristics’ are continuously less than 
predefined threshold values, the three-phase complex voltages corresponding to those cycles are recorded and 
labeled as an event. In post voltage dip analysis, the SPM of collected complex three voltages, corresponding to 
each event, is calculated and K-means clustering algorithm splits SPM into its individual event segments. 
Further, the logistic regression fits the model of individual clusters.  

 

5.3 Dip Characteristics 
Once the parameters of the ellipse are known, the semi-minor and semi-major axis lengths ( ) and rotating 
angle ( ) then if semi-minor and semi-major axis lengths are close to each other the clustered data are related to 
the pre- or post-event segments or balanced voltage dip Type A. 

The normal condition and balanced voltage dip condition are distinguished from each other based on the 
obtained values for semi-minor and semi-major axis. Whenever the obtained values  and  are sufficiently 
close to unity, the clustered data represents the pre- or post- event voltages, otherwise they are related to a 
balanced voltage dip where the single-segment characteristics CV and PNF are calculated using the following 
equation: 

 
                       (5.17) 
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Whenever the difference between  and  is bigger than a threshold value, the characteristics including
CV, PNF and DT are calculated by the following equations: 

(5.18)

(5.19)

           (5.20)

(5.21) 

where, 

T=1; Type 
T=2; Type 
T=3; Type 
T=4; Type 
T=5; Type 
T=6; Type 

(5.22)

These relations between ellipse parameters and three-phase characteristics CV, PNF and DT are valid for both 
proposed methods in Section 5.2.a and Section 5.2.b. 

Table 5.1: The algorithm for real-time characterization method (Algorithm 1) 

1 Get ,
2 Calculate SPM
3 Split SPM into its real and imaginary parts ,
4 Construct feature Matrix = zeros (94 3)
5 for i=1:93
6 =
7 =
8 =

end 
9 = ;
10 = ;
11 = ;

12 Construct feature matrix: .
13 Initial parameter vector ;
14 Call logistic regression function;

15 Construct symmetrical matrix ;

16 Call SVD function;
17 The matrix and are derived;
18 The single-cycle characteristics are calculated:

CV ; PNF ; ;
19 m=m+1;
20 if m==94

CVc= CV; PNFc= PNF, DTc= PNF
m=1;

end

5.4 Examples of Voltage Dip Characterization for Multi-Stage Voltage Dips 
In this section two examples of actual recorded multi-stage voltage dips are presented. Further, the performance 
of the proposed method is verified for characterization of these two typical examples. The measured voltage dip 
waveforms are shown in Figure 5.3 and Figure 5.5. The related SPM and corresponding clusters of each SPM are 
shown in Figure 5.4 and Figure 5.6, respectively. The model has been fitted for each cluster by using logistic 
regression [Paper E].

As shown in Figure 5.4 the SPM is clustered into four different clusters: two circles and two ellipses. The 
first cluster is a circle with radius close to unity. The obtained value for  and  by logistic regression and
Principal component analysis PCA algorithms are close to unity as they correspond to the normal voltages 
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during pre-event and post-event segments. The second cluster is an ellipse corresponding to one unbalanced 
voltage dip. The calculated single-segment characteristics, CV and PNF are 0.68 and 1 p.u. as shown in row 2 of 
Table 5.2. The obtained rotating angle of the ellipse is 46  and consequently the dip type is . Further, the 
duration of the event is calculated by dividing the total number of clustered samples by the number of samples 
per cycle (SpC) which depends on the monitoring equipment settings. Here the corresponding stage is 35 cycles 
[Paper E].   

The second ellipse, corresponding to the second event segment, represents the other unbalanced Type  
dip. The calculated CV and PNF for this unbalanced dip are 0.36 and 0.99 p.u. respectively. The duration of the 
event segment is 14 cycles. Finally, the fourth cluster is a circle with radius less than unity which corresponds to 
a balanced voltage dip, Type A. The corresponding CV and PNF values are close to each other: 0.38 and 
0.39 p.u. respectively. As expected for balanced voltage dips, the difference between CV and PNF is very small. 
The CV value is also a good approximation for the residual voltage. This event segment has a duration of 
4 cycles. 

The same procedure is also considered for the second example; the SPM is split into three clusters: one 
circle and two ellipses. The first cluster corresponds to a circle with radius close to unity, correspondent to the 
pre-event and post-event segments. 

The second cluster is a rotating ellipse, corresponding to an unbalanced voltage dip in the first event 
segment. The calculated CV, PNF for this event segment are 0.61 and 1 p.u. respectively. The calculated DT for 
this event segment is . The duration of the event is 23 cycles. 

The third cluster is also an ellipse, corresponding to the second event segment. The calculated CV and PNF 
for this event segment are 0.21 and 0.85 p.u. respectively. The corresponding dip type is . The event segment 
lasts 10 cycles. 

In general, as shown in Table 5.2, by comparing calculated CV and PNF values with peak magnitude of the 
three voltages during each event segment, it can be concluded that the CV is close to the minimum voltage 
among the three phases. In other words the CV is a good alternative for the residual voltage. The PNF value is 
also close to the maximum voltage during the event. As mentioned before, the difference between CV and PNF 
is a measure of the amount of unbalance [Paper E].   

 

 
Figure 5.3: Measured multi-stage voltage dip (Example 1). 

 

 
Figure 5.4: SPM of Example 1 and its clusters. 
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Figure  5.5: Measured multi-stage voltage dip (Example 2). 

Figure  5.6: SPM of Example 2 and its clusters. 

Table 5.2: Calculated single-segment characteristics for Example I and Example II. 
Ex. Sta. CV PNF DT Cyc.

Ex. 1

1 1 1 1 1 0 No.
0.86 0.67 0.99 0.68 1 46 35
0.39 0.68 0.9 0.36 0.99 88.5 14
0.37 0.37 0.37 0.38 0.39 0 A 4

Ex. 2
0.99 0.99 0.99 1.01 1.01 0 No.
0.81 0.63 0.97 0.61 1 46 23
0.795 0.25 0.65 0.21 0.85 72 10

5.5 Examples of Voltage Dip Characterization for Real Time Recorded Voltage Data 
To represent a real-time condition, the two artificial datasets, namely Example III and Example IV, have been 
built by cascading several real measured voltage dips. The SPM of these two examples are illustrated in 
Figure 5.7 and Figure 5.12, respectively. The waveforms of the three phase voltages corresponding to 
Example III and Example IV are depicted in Figure 5.8 and Figure 5.13, respectively. To show the waveforms 
with higher resolution each original waveform in Figure 5.8(a) and Figure 5.13(a) is split into two parts, namely 
A and B. These parts are also illustrated in Figure 5.8(b) and (c) and Figure 5.13 (b) and (c), respectively. To 
implement the proposed method, the calculated SPM for each example is split into its real and imaginary parts 
which are later used to conduct feature matrix as shown in Algorithm 1. The real-time measured CVt and 
PNFt values are illustrated by black and light blue curves in Figure 5.8(a) and Figure 5.13(a), respectively. The 
difference between CVt and PNFt is also a good measure for the voltage dip unbalance. The dip type 
characteristic DT as a function of time has been calculated for both examples. Results are shown in Figure 5.9 
and Figure 5.14, respectively. The figures show the obtained values for variable  in (5.21) as a function of time. 
The obtained values for  are within the range 1 through 7. The value 7 denotes the balanced three voltages 
belonging to normal operation or to a balanced voltage dip. The proposed method also calculates the single-cycle 
characteristics CVc, PNFc, and DTc. 

The cycle length is equal to 20 ms in a 50-Hz system. The number of samples depends on the equipment 
settings. For the examples shown in this thesis, each cycle contained 94 samples. At the end of each cycle (in this 
case after each 94 samples) the ‘single-cycle-characteristics’ CVc, PNFc, and DTc are calculated. The calculated 
CVc and PNFc for Example III and Example IV are shown in Figure 5.10 and Figure 5.15, respectively. Further, 
the calculated DTc for Example III and Example IV are depicted in Figure 5.11 and Figure 5.16, respectively. 
Whenever the CVc and PNFc are sufficiently close to each other and close to unity it means that this cycle are
corresponds to normal three-phase voltages. Deviation from unity by CVc or both of CVc and PNFc to lower 
than the predefined threshold value, presents a voltage dip event. The residual voltage of the event is 
approximately as CVc and dip type is determined based on calculated DTc. The number of cycles that the event 
is continued determines the event duration.  

Moreover, the figure shows clearly how the value of DT during transition segments has no relation to its 
actual value. A fast changing value of the “real-time dip type” is an indication of a transition segment.

The numerical results, using these rules, for both examples are shown in Table 5.3 and Table 5.4, 
respectively.   

Example III includes seven different voltage dip events: one balanced voltage dip and six unbalanced dips.
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The first column of the Table 5.3 denotes the sequence number of the event. The calculated single-event 
characteristics CV and PNF, corresponding to each event, are shown in Column 2 and column 3, respectively. 
The calculated DT values for each event are illustrated in Column 4. Finally column 5 shows the duration of 
each event in Cycles.  

Table 5.4 shows the obtained results for Example IV. The second example consists of one balanced voltage 
dip and six unbalanced voltage dip. The calculated CV and PNF corresponding to each event are represented in 
column 2 and column 3, respectively. The calculated DT is shown in column 4, whereas column 5 shows the 
duration of each event in cycles.  

 
 

Table 5.3: The numerical results of single-cycle characteristics for Example III.  
Events CV (p.u.) PNF (p.u.) DT Duration (cyc.) 
Eve. #1 0.6 0.86  12 
Eve. #2 0.55 0.6  4 
Eve. #3 0.64 0.95  25 
Eve. #4 0.23 0.68  11 
Eve. #5 0.79 0.98  3 
Eve. #6 0.64 0.98  24 
Eve. #7 0.8 0.8 A 13 

 
Table 5.4: The numerical results of single-cycle characteristics for Example IV.  

Events CV (p.u.) PNF (p.u.) DT Duration (cyc.) 
Eve. #1 0.64 0.97  7 
Eve. #2 0.71 0.96  35 
Eve. #3 0.33 0.88  15 
Eve. #4 0.43 0.43 A 4 
Eve. #5 0.62 0.95  18 
Eve. #6 0.47 0.77  14 
Eve. #7 0.13 0.68  11 

 

 
Figure 5.7: Space phasor model of Example III. 

 
 

 
(a) 
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(b) 

(c) 

Figure 5.8: Calculated real-time CVt and PNFt versus time, Example III. a) total waveform b) Part A c) Part B. 

Figure 5.9: Calculated real-time DTt versus time, Example III. 

Figure 5.10: Calculated single-cycle characteristics CVc and PNFc, Example III.
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Figure 5.11: Calculated single-cycle characteristics DTc, Example III. 

 
 

 
Figure 5.12: Space phasor model of Example IV. 

 

 
(a) 

 

 
(b) 
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(c) 
Figure  5.13: Calculated real-time CVt and PNFt versus time, Example IV. a) total waveform b) Part A c) Part B. 

Figure 5.14: Calculated dip type (DTt) versus time using real-time characterizing algorithm, Example IV. 

Figure 5.15: Calculated single-cycle characteristics CVc and PNFc, Example IV. 

Figure 5.16: Calculated single-cycle characteristic DTc, Example IV. 

5.6 Comparison between Ellipse Parameters and Three-Phase Single-Event 
Characteristics 

To validate the relations between ellipse parameters and voltage dip characteristics including CV, PNF and DT, 
seven different synthetic voltage dips, according to ABC classification, has been applied in this section. The 
three-phase voltage dip characteristics are calculated by means of symmetrical component algorithm (SCA) and 
six-phase algorithm (SPA). Further the proposed method is also applied to calculate ellipse parameters 
corresponding to synthetic dips. Phasor representations of synthetic dips are shown in Table 5.5. The ellipse 
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parameters including semi-minor/major axis lengths ( and the direction of the major axis  are listed in 
Table 5.6.The calculated three-phase characteristics by SCA and SPA are also depicted in Table 5.6. The first 
column of Table 5.6 shows the dip type according to ABC classification. The column 2 and column 3 
respectively presents the calculated CV and PNF using SCA. Column 5 and column 6 depict the calculated CV 
and PNF using SPA. Finally the column 8 through 10 show respectively the ellipse parameters: ,  and . To 
explain obtained results, for instance, the single-event characteristics CV and PNF for dip Type A are 0.35 p.u 
based on both SC and SP algorithms. The calculated ellipse parameters  and  are both 0.5 p.u. therefore the 
CV and PNF are respectively  and  as expected by (5.18) and (5.19). The rotating 
angle of the ellipse is zero degree.  

Further the calculated CV and PNF for dip Type B are 0.54 p.u and 0.66 p.u. based on SCA while they are 
calculated as 0.47 p.u and 0.71 p.u. by the SPA. As shown in row 2 of Table 5.6, the calculated ,  and  for 
corresponding ellipse are respectively 0.67 and 1 p.u and 90 , then the calculated CV, PNF according to ellipse 
parameters are farther 0.47 and 0.71 p.u. The rotating angle of the ellipse is 90 . 

 
Table 5.5: phasor presentation and single-event characteristics of phasors for 7 synthetic dips.  

DT Voltage phasors   

A 
 

 
 

0.5 0.
5 

B 
 

 
 

0.5 1 

C 
 

 
 

0.5 1 

D 
 

 
 

0.5 1 

E 
 

 
 

0.5 1 

F 

 

 

 

0.5 1 

G 

 

 

 

0.5 1 

 
 

Table 5.6: Comparison between ellipse parameters and calculated single-event characteristic by SCA and SPA 

 SCA SPA Ellipse parameters 
DT CV PNF DT CV PNF DT    
A 0.35 0.35 A 0.35 0.35 A 0.35 0.35 0 
B 0.54 0.66 Da 0.47 0.71 Da 0.47 0.71 90 
C 0.47 0.64 Ca 0.35 0.71 Ca 0.35 0.71 180 
D 0.47 0.64 Da 0.35 0.71 Da 0.59 0.71 90 
E 0.43 0.54 Ca 0.35 0.59 Ca 0.35 0.59 180 
F 0.43 0.54 Da 0.35 0.59 Da 0.35 0.59 90 
G 0.43 0.54 Ca 0.35 0.59 Ca 0.35 0.59 180 
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Chapter 6 

Based on paper [A], this chapter presents a method for detecting switch failure mode in power converters 
based on voltage dip characteristics at the output terminals of the converter. 

6 POWER ELECTRONIC CONVERTER FAILURE 
Because of the increased penetration of power electronic converters in different applications with critical loads, 
their reliability and service continuity becomes vital in modern power systems.   

In dealing with power electronic converters, the semiconductor switches are considered as the most critical 
elements. Therefore a method for fast detection of switch failures is very important. The most common power 
electronic converter failure modes are: DC-link voltage failure, short-circuit failure and open-circuit failure [81].   

The short-circuit failure is the most dangerous failure mode as it leads to component damage if the converter 
is not tripped immediately. In practice it mostly results in an abrupt trip when the protection switching off the 
converter and disconnects it from the grid. The DC-link voltage failure is the second most dangerous failure. The 
open-circuit switch failure is considered as a less destructive failure mode.  

Several failure (fault) detection methods have been proposed by literature [81-84]. The developed failure 
detection method should be fast and simple enough. A novel method for analyzing failure modes is presented in 
this chapter. The method is illustrated using simulations preformed with a model of a three-phase three-leg PWM 
power converter to simulate different failure modes.  

The proposed method uses the SPM (space phasor model; see Section 5.1.1) of the three phase voltages at 
the terminals of the power converter as an input. The SPM is a circle during normal operation and it is either a 
semi-ellipse or an ellipse for different types of failure modes. The SPM data is applied to the logistic regression 
algorithm (see Section 5.1.4) to estimate the ellipse parameters. The major axis direction of the ellipse or semi-
ellipse determines the failure mode and faulty leg. The method distinguishes upper or lower faulty switches 
based on the quadrant occupied by the ellipse or semi-ellipse [Paper A].   

6.1 Three-Phase Three-Leg PWM Converter 
The most common circuit-topology for converting input DC voltage to AC three-phase output voltage is a 
voltage-source inverter, which is shown in Figure 6.1. The inverter is fed by a DC voltage and has three phase-
legs each consisting of two IGBTs. A common inverter control method is pulse width modulation (PWM). With 
PWM control, the switches of the inverter are controlled based on a comparison of a sinusoidal control signal 
and a triangular switching signal. The sinusoidal control waveform establishes the desired fundamental 
frequency waveform of the inverter output, while the triangular waveform establishes the switching frequency of 
the inverter [Paper A]. The applied model is a stand-alone inverter which supplies a three-phase parallel RLC 
load. But all obtained results can be extended to grid connected inverters.   

 

 
Figure:6.1 three-phase three-leg voltage source inverter 

 
6.1.1 DC-Link Voltage Failure 

DC-link voltage failure affects not only the average output voltage of the inverter, but also the performance of 
the inverter. In fact, the inverter performance depends on the fluctuating DC-link voltage components rather than 
on the average DC-link voltage. Further decreasing DC-link voltage to lower than a threshold value (typically 
the setting of a DC-bus undervoltage relay) causes unwanted trip of the inverter [Paper A].   

As illustrated by Figure 6.2, the output voltage of a healthy converter results in a circular trajectory for the 
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space phasor model. The radius of the circle decreases whenever the average DC-link voltage drops below its 
nominal value. The SPM for DC-link voltage failure is similar to SPM due to balanced voltage dip (Type A dip). 
In DC-link failure mode, the radius of the circle is an indicator of the drop of the average DC-link voltage [Paper 
A].   

Figure 6.2: Waveforms (left) and SPMs (right) of output voltages of healthy drive and DC-link voltage failure mode.

6.1.2 Switch Short-Circuit Failure 

The SPMs corresponding to switch short-circuit failures are shown by Figure 6.3. The SPMs are in the form of 
an ellipse whereas the direction of the major axis determines the faulty leg. The faulty switch of each leg is 
distinguished based on the quadrants which are occupied by the SPM.  

The failure detection is obtained after one cycle. The output voltages of the converter are gathered for one 
cycle. The SPM of the collected data is calculated. By considering collected data in general form of an ellipse, 
then the logistic regression is exploited to determine the direction of the major axis of the ellipse. The quadrants 
which are occupied by the ellipse are also determined. The variable T as in (5.21) is also calculated based on the 
rotating angle. Finally, the faulty switch is detected based on these values. The space phasor model of the short-
circuit failure of each switch are depicted in Figure 6.3 (left hand) [Paper A].

All ellipses due to individual switch failures are also illustrated together in Figure 6.3 (right hand). The 
waveform of the switch failures due to each switch are demonstrated in Figure 6.4. The numerical results for 
direction of the major axis and occupied quadrants by SPM corresponding to each faulty switch are shown in 
Figure 6.1. For example, first and second row of Table 6.1 show the result for short circuit failure in the first leg. 
As shown by the results, the rotating angle of the ellipse is 90  and consequently  for both upper and lower 
switch failure. However, the corresponding ellipse to upper switch failure locates in first and fourth (I, IV) 
quadrants and the corresponding ellipse to lower switch locates in second and third (II and III) quadrants [Paper 
A].   

Figure 6.3: SPMs of output voltages due to individual switch short-circuit mode (left) and the six different SPM trajectories 
shown together (right). Note the differences in horizontal and vertical scale between the different subplots (left).  
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Figure 6.4: Waveforms of output voltages due to an individual switch short-circuit failure.

Table 6.1: Individual faulty switch (short-circuit failure),  
occupied quadrants and rotating angle of corresponding ellipse. 

Faulty Switch Quadrants T

I, IV 90 3
II, III 90 3
I, II 28.5 1

III, IV 28.5 1
III, IV 149.21 5

I, II 149.21 5

6.1.3 Switch Open-Circuit Failure 

The SPM of output voltages of power converter related to switch open-circuit failure are illustrated by 
Figure 6.5. Here the SPMs are the arcs part of semi-ellipses. Since the direction of the chord and the occupied 
quadrants are unique for each semi-ellipse, they can be used to indicate the faulty switch [Paper A].

The procedure similar to short-circuit failure detection here is also developed. The waveform of the output 
voltages due to switch short-circuit failure are demonstrated in Figure 6.6. The numerical results corresponding 
to the direction of the major axis and the quadrants occupied by the semi-ellipses are shown in Table 6.2. 
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Figure 6.5: SPMs of output voltages due to individual switch open-circuit modes. 

Figure 6.6: Waveforms of output voltages due to an individual switch open-circuit failure.

Table 6.2: Individual faulty switch (short-circuit failure),  
occupied quadrants and rotating angle of corresponding ellipse. 

Faulty 
Switch

Quadrants T

II, III 90 3
I, IV 90 3

I, III, IV 58.72 2
I, II, III 58.72 2
I, II, IV 102.75 4

II, III, IV 102.75 4
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Chapter 7 

7 DISCUSSION

7.1 Quantitative Voltage Dip Characteristics 
Voltage dips are characterized by several sets of single-event characteristics which are obtained from different 
methods. Therefore a systematic comparison method is required to compare different sets of characteristics.
Since voltage dips are more detrimental for sensitive loads, the voltage dip impact on sensitive load is used as a
comparison metric.

Synthetic voltage dips are defined based on existing methods using different sets of single-event dip 
characteristics. Next, each synthetic voltage dip together with the original measured dip is exposed to a generic 
model of sensitive load. The predicted dip impact on sensitive loads is compared for the synthetic and the 
measured dips. The prediction error is used as a comparison metric.

This study uses only one generic model: the one for a three-phase adjustable-speed drive with diode rectifier. 
This has traditionally been one of the major victims of voltage dips. The proposed approach is however 
applicable for all other types of single- or three-phase sensitive loads. For this, a generic model is needed as well 
as an efficient comparison metric for that specific type of load.  

The simulation results and the conclusions drawn from the simulations are based on a limited number of 
voltage dips (259 dips). This could be seen as a limitation of the work. However the applied dataset contains 
different dip types, which are collected from different locations in existing HV and MV networks. Therefor the 
obtained results are considered as enough reliable to generalize the conclusions. This should however not stop 
other researchers from repeating the studies for larger data sets and for data sets obtained in other countries. For 
example, large data sets obtained in North America may give different results because of the different design of 
the distribution networks. 

7.2 Single-Event Characteristics for Inclusion in Existing Standard 
To describe individual voltage dips in a summarized way and also to provide statistics of voltage dips, they are 
characterized by different single-event characteristics. For each single-event characteristic there are several 
methods for calculating those. There is a need for a systematic comparison approach to compare these different 
methods and to determine the most proper method in terms of complexity and accuracy. The proposed method 
should be able to be used in combination with proposed and/or standardized methods for other single-event 
characteristics. A method resulting from such a comparison will be a good candidate for inclusion in standard 
documents.  

This thesis only considered three-phase characteristics including characteristic voltage (CV), positive-
negative factor (PNF) and dip type (DT). For all three, the single-event characteristics are calculated based on 12 
different ways originated from the characteristics versus time calculate from SC and SP algorithms. The 
proposed approach ignores the voltage dip duration as an important single-event dip characteristic, because it is 
already well-defined in standards. The proposed method can be applied to other single-event characteristics and 
consequently to related calculation methods.  

The proposed quantitative comparison approach in Section 7.1 is also feasible to apply to the 12 different 
ways for calculating single-event characteristics. The implementation proceeds in two distinct steps. First of all, 
using the 12 different ways, introduced in Chapter 4 [Paper D], the 12 different sets of single-event 
characteristics are calculated from the characteristics versus time. For each measured voltage dip, the resulting 
single-event characteristics should be used to generate 12 different synthetic dips, one corresponding to each set. 
Finally, original measured and synthetic dips should be exposed to a generic model of the sensitive load and is 
the results compared. This may result in one of the 12 methods being much better than the others in predicting 
impact of dips on sensitive loads. But there are some drawbacks regarding this procedure: the proposed 
procedure does not evaluate the complexity of the calculating methods and to which extent they fit with existing 
standards.  

Since single-event characteristics according to standards are (somewhat simplified) the worst-case during 
the whole event, this would basically overestimate the severity of the event. To avoid this effect there needs to be 
some kind of average value obtained from the characteristics versus time. Such averaging methods suffer from 
the challenge that starting and ending instant of the dip are not easy to obtain. Dip segmentation (which for 
existing methods corresponds to detection of transition segments) would be a suitable approach, but no 
generally-acceptable values are available for that at the moment. The approach proposed in Section 4.4 for 
obtaining single-segment characteristics could be generalized to residual voltage and other characteristics. 
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However that method is at the moment far too complicated in implementation to be acceptable for inclusion in 
an international standard. 

A big challenge remains in dealing with multi-stage voltage dips. The basic philosophy behind single-event 
characteristics is that using just one set of values is representative for whole event. This is not the case for multi-
stage voltage dips and a challenge that has been identified already with the definition of the original single-event 
characteristics (residual voltage and duration). It is proposed by CIGRE/CIRED/UIE JWG C4.110 [5] to split a 
multi-stage voltage dip into its event segments and to next calculate the single-event characteristics 
corresponding to each segment. No such methods have been proposed yet for inclusion in international 
standards. 

7.3 Multi-Stage Voltage Dip Characteriziation 
As a multi-stage voltage dip consists of different stages, it is more realistic to characterize each stage 
individually. To this end, first of all, an adequate model is required for segmentation. To cope with this challenge 
this thesis proposes the space phasor model of the three phase-to-neutral voltages together with a K-means 
clustering algorithm to divide the voltage dip into its individual segments. After clustering, the logistic 
regression is used to fit the ellipse model to the clustered data after which the single-segment characteristics are 
calculated. [Paper E].  
 The proposed methods have the following advantages: 
 

 Despite the computation complexity of the proposed method, it is easy to implement because, 
fortunately, a lot of applicable, fast, and precise computation tools [85] have been developed in dealing 
with the kind of machine learning algorithms that are also applicable to voltage dips.  

 The proposed method can also be applied to single-stage voltage dips. When the multi-stage voltage dip 
is split into its individual segments, each event segment can be considered as one single-stage voltage 
dip. Therefore obtained single-segment characteristics are corresponding to single-event characteristics 
for a single-stage voltage dip.  

 The sequence of different single-stage voltage dips which form the original multi-stage voltage dip 
contains useful information as well.  

 The key proposed methods for calculating CV and PNF as single-event characteristics choose lowest 
and highest values as CV and PNF respectively. Since the lowest and highest values may be occurred 
during transition segments, it may impact the accuracy of the obtained results and basically result in an 
overestimation of the severity of the voltage dip. To cope with this challenge, the proposed method 
chooses the best fit values over the entire event segment as CV and PNF values. This is a completely 
different approach, and a potentially better approach, than the one used in standards. 

 Most of the proposed segmentation methods, in dealing with voltage dips, are based on detecting and 
extracting transition segments. The proposed method performs segmentation by detecting and 
extracting event segments instead of transition segments. The event segments are longer than transition 
segments and they consist of a lot of samples with joint features. This makes segmentation easier. The 
joint features can be applied as basis for clustering (segmentation) purpose, i.e. belonging to one ellipse 
or circle shape is considered as a joint feature.  
 

 The automatic realization of the K-means clustering algorithm is too challenging. This thesis uses the 
number of changes in the level of the SPM modulus as a number of centroids. To discard transition 
segments whenever the number of clustered samples is less than SpC then the clustered samples are 
considered as transition segment and ignored for further characterization steps. Using this mechanism 
limits the characterization of short duration voltage dips.  

 

7.4 Real-time Voltage Dip Characterization 
The huge amount of data available from advanced monitoring devices leads to new challenges. Handling such a 
large amount of data requires automatic data processing, where real-time characterization methods could play an 
important role. This thesis proposes a method similar to the one proposed for multi-stage voltage dips. The 
difference is that the real time method uses the collected data over one cycle instead of the clustered data over 
one stage or event segment. The window of data to be processed is updated for each new observed sample, 
resulting in a sliding-window approach. By updating the collected data, the calculated characteristics are also 
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updated which results in characteristics versus time. At the end of each cycle the calculated characteristics are 
stored and called ‘single-cycle characteristics’. 

Since the proposed method is also based on machine learning approaches and thanks to advanced techniques 
for real-time implementation of machine learning approaches, like pipeline techniques, it is expected that the 
proposed method will be feasible to implement in real-time. 

The remaining problem with the proposed method is that it does not remove the transition segments. The 
values of the characteristics versus time, during transition segments, are not accurate enough and may impact the 
final results. A segmentation method is needed to detect the transition segments and remove those data from the 
statistics. A possible solution, that requires consideration, nis the rate of change of characteristics, especially dip 
type.  

Single-cycle characteristics can be used as an event trigger. In this case the detailed recording and processing 
of an event is triggered when one of the single-segment characteristics exceeds a threshold. The recorded event 
includes both transition and event segments. In the next step of the analysis, using SPM and K-means clustering 
algorithms the transitions segments can be removed automatically.  

The single-cycle characteristics can also be applied to quantify voltage-quality variations. Instead of 
presenting statistics on rms voltage and voltage unbalance, statistics can be presented on characteristics voltage, 
PN factor and dip type.  

7.5 Power Converter Switch Failure 
There are three main failure modes in dealing with power converters, including: switch short-circuit, switch 
open-circuit, and DC-link voltage failure. Each of these failure modes causes voltage drops at the terminal of 
power converters. The SPM of output voltages is different and unique regarding each failure mode and faulty 
switch.  

The proposed real-time characterization method is also here applicable to detect failure mode and faulty 
switch. But the proposed method is more appropriate for detecting switch open-circuit and DC-link voltage 
failure. The short-circuit failure detection requires a faster detection algorithm. Additionally the SPM is a good 
model for three phase systems but not for single-phase. 



42 

Chapter 8 

8 CONCLUSION AND FUTURE WORKS
This thesis presents a number of studies related to voltage dip characterizing. A number of new characterization 
methods are proposed but also two approaches for comparing different sets of characteristics. One such approach 
allows an objective quantitative comparison (Section 8.1), the other a more subjective qualitative comparison 
(Section 8.2). The latter is used to arrive at a method for calculating the single-event indices PN factor,
characteristic voltage and dip type. The method is suitable for including in international standards on voltage dip 
indices (Section 8.2). 

Novel voltage dip characterization methods based on machine learning algorithms have been proposed. One 
such method results in single-segment indices for multi-stage voltage dips (Section 8.3); the other in single-cycle 
indices or characteristics versus time (Section 8.4). Finally a method has been proposed that characterizes 
voltage dips at the terminal of a power converter to detect the failure mode and faulty switch (Section 8.5). 

8.1 Quantitative Comparison Approach 
This approach allows a quantitative assessment of a set of voltage-dip characteristics in their ability to predict the 
performance of equipment during a voltage dip. The behavior of a generic device due to a synthetic dip is 
compared to that behavior during the actual dip. The proposed method is illustrated by means of the generic 
model of an adjustable speed drive (ASD) as a sensitive load with the DC-link voltage as an indicator of the 
device performance during the dip. The value of the prediction error is used as a comparison metric. The result 
shows that in dealing with sensitive loads it is important to distinguish between balanced and unbalanced voltage 
dips. The results also show that using additional characteristics like phase angle jump the accuracy will be 
increased but also the complexity and cost to implement are increased [Paper C].

For future work it is recommended that the proposed approach is applied to generic models of other types of 
sensitive equipment and to larger data sets of voltage dips. It also would be good idea to use more detailed 
models of the sensitive loads.  

8.2 Three-Phase Single-Event Characteristics 
The set of three-phase single event characteristics CV, PNF and DT has been used as a basis for generating 
synthetic voltage dips. This set distinguishes balanced and unbalanced voltage dips. The CV is a good 
approximation for residual voltage and PNF determines the amount of voltage unbalance. However, these 
characteristics are calculated as functions of time by characterization algorithms like SCA and SPA. The single-
event characteristics are calculated from these functions. There are different methods available for this purpose.  

The most important difference between different methods is the requirement of segmentation. Some methods 
use only the values during the event segment to calculate single-event characteristics, where other methods use 
values covering the whole of the event. Results show that the obtained results from the first group are more 
realistic. But those methods are also more complicated to implement in an automatic algorithm. However, some 
of methods belonging to the second group calculate adequate results without the need for segmentation. This 
type of methods is strongly preferred for implementation. The simulation results show that the two methods 
(SPA and SCA) give rather different single-event characteristics, especially where it concerns the dip type. 

According to the obtained results it can be concluded that the segmentation is not necessary to obtain reliable 
single-event characteristics of single-stage dips. 
It is recommended that the international standard should take over the two proposed methods (one based on 
SCA, one based on SPA) and distinguish between them by different terms. 

Similar to the previous section it is also recommended that the proposed approach is applied to larger data 
sets. [Paper D].  

8.3 Multi-Stage Voltage Dip Characterization 
This thesis proposes a machine learning based voltage dip characterization method especially for multi-stage 
voltage dips. The proposed method uses the SPM of three voltages and uses K-means clustering to split SPM 
into its different parts in the form of either a circle or an ellipse. Finally, logistic regression is used to obtain the 
optimized mode parameters, fitting the data points to a circle or ellipse. The proposed method does not require 
additional segmentation (i.e. not require detection of transition segments) while it clusters event segments 
instead of extracting transition segments.  

The proposed method is also robust enough to noise influence and harmonic distortion. The other benefit of 
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the proposed method is that it calculates the best fit value, during the event segment, as single-segment 
characteristics instead of using highest or lowest values as in standard methods but also as in the proposed 
methods in Section 8.2.  

For future work it is recommended that the proposed method will be applied to single-segment dips as well 
and be compared with existing characterization methods. The proposed method should also be applied to large 
numbers of multi-stage dips to get statistics on their properties. 

8.4 Real-Time Voltage Characterization 
This thesis proposes a real-time voltage characterization method. The method is similar to the method that is 
proposed for characterization of multi-stage voltage dips (Section 8.3). The difference is in the absence of a 
clustering step. The proposed method uses a SPM of the voltages over one cycle (20 ms) as an input to the 
logistic regression algorithm. Considering again the general form of an ellipse, the optimal ellipse parameters are 
calculated. The collected data is updated for each new observed sample.  

The proposed method makes it possible to continuously trace the unbalance of the voltage to collect statistics 
on voltage magnitude variations and voltage unbalance. The single-cycle characteristics can also be used in an 
alternative triggering method for voltage dips. 

It is proposed to run the method in an on-line application by feeding it with real-time measured data obtained 
from advanced monitoring devices.  

8.5 Power Converter Switch Failure 
This thesis proposes a new method for detecting faulty switch and failure mode based on the voltage dip 
characteristics obtained at the terminal of a three-phase power converter. The simulation results show that the 
different types of converter switch failures result in different types of voltage dips at the converter terminals.  

The SPM of the voltages gives a unique signature for any failure mode and faulty switch. Since the proposed 
method detects the fault after at most one cycle, it is adequate for detecting switch open-circuit and DC-link 
voltage failure modes, but it is not sufficient for protection against switch short-circuit, because this failure mode 
results in power converter trip in much less than one cycle [Paper A].

For additional studies it is recommended that the method is applied to obtained measurement data to confirm 
the simulation results and searching for the predicted events in data obtained close to converters, e.g. HVDC 
links. 

Moreover the proposed method is also appropriate to investigate failure modes regarding advanced power 
converter topologies such as five-leg five-phase power converters and different multilevel converters.  

8.6 Future Work 
Modern monitoring equipment provides huge amounts of raw data of power quality events and of voltages and 
currents as they are varying over a time. There needs to be advanced automatic analyzing methods to handle this 
so-called “big data”. The one most recommended solution is using deep learning algorithms to manage big data. 
The deep learning algorithms, many of which are under development in the signal-processing field have 
hierarchical structures which develop simple features as an output based on more complicated features 
developed throughout hidden layers.  

The impressive penetration of renewable distributed power generation and local micro grids make the low 
voltage ride-through capability an important requirement in term of power system stability and power generation 
continuity. The literature proposes a lot of solutions and methods for increasing LVRT capability. According to 
the literature it is very important to distinguish between balanced and unbalanced voltage dips. However the 
proposed methods rarely concentrate on the type of unbalanced voltage dip and the influence of the detailed 
characteristics of such dips on power generation device. For instance the DC-link voltage fluctuates during the 
fault. Because of this, more investigation is requirement to assess the influence of different unbalanced dip types,
including advanced dip characteristics, on the functionality of renewable electricity production, other types of 
distributed generation, and microgrid technology like storage and direct load control.    
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APPENDIX A 
 

A. Relations Between Ellipse Parameters and Three-Phase Single-Event Characteristics 

This appendix explains how single-segment characteristics are derived from ellipse Parameters including semi-
minor axis, semi-major axis and rotating angle [Paper E]. 
 
A.1. Space Phasor Model for a Type  Dip. 

Considering characteristic voltage (CV) and PN factor (PNF) as: 
 

 (A.1) 

 
The complex voltages for a Type  dip are: 
 

 (A.2) 

 (A.3) 

 (A.4) 

 
The time-domain voltages are: 
 

 (A.5) 

 (A.6) 

 (A.7) 

 
The space phasor model of this three-phase signal is written as: 
 

 (A.8) 

 
where  then: 

 (A.9) 

 (A.10) 

 
The SPM is strongly related to Characteristic voltage and PN Factor as defined in [107]:  
 

 (A.11) 
 

A.2. Representation as an ellipse 

Introducing Cartesian coordinates,  
 

 (A.12) 
 (A.13) 

 
These represent points on an ellipse. For  the major axis is along the x-axis and the equation for the 
ellipse is: 
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(A.14)

When  it becomes more complicated as the ellipse rotates and the axes are no longer of the ellipse along
the axes or the coordinate system. But  and  can still be obtained from the ellipse (i.e. the ellipse that best fits 
the date). The highest x-value is equal to amplitude of the PN factor and the highest y-value is equal to amplitude 
of the Characteristic voltage.

A.3.  Semi-Major and Semi-Minor Axes

To obtain information about the phase angle of Characteristic voltage and PN Factor, the distance to the origin 
(the absolute value of the SPM) is considered: 

+ (A.15)

This is the square of the distance, but for finding the extremes it can be used equally well. Using: 

(A.16)

(A.17)

The expression for the distance squared becomes: 

+ (A.18)

which can be rewritten as: 

(A.19)

Consider only the oscillating terms, 

(A.20)

(A.21)

(A.22)

The factor before the  can be written in polar coordinates, such that

(A.23)

(A.24)

and, 

(A.25)

Using (A.28) we get for the distance squared: 

(A.26)

Maximum and minimum of the distance to the origin are semi-major and semi-minor axis. 
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 (A.27) 

 (A.27) 

 
Just for verification: When  we get: 
 

 (A.28) 

 (A.29) 

 (A.30) 

 
The same solution as we found earlier. The extreme point of the ellipse is obtained when  is at its 
maximum, thus when  
 

 (A.31) 

 
Using the earlier parametric expressions: 
 

 (A.32) 

 
The tilt of the ellipse is  with: 
 

 (A.33) 
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Abstract—This paper presents a review of literature on voltage 
dips, from several points of view, throughout the last decade. It 
also summarizes the results related to voltage dip mitigation in 
both AC and DC power systems whereas it shows the remaining 
challenges that requires further research on voltage dips.  

Index Terms—Power transmission and distribution, Power 
electronics, Power quality, voltage dips. 

I. INTRODUCTION

The research on voltage dips (also known as “voltage 
sags”) started somewhere in the 1990’s.       This work was
partly funded by Energiforsk and the Swedish Energy Administration as part 
of the Elektra program.  

Fig. 1 shows how the amount of journal publications on 
voltage dips has varied through the years. The data was 
obtained by searching for (“voltage dip” or “voltage sag”) in 
“Metadata only”. A distinction is made between “power 
system journals” ( IEEE Trans. on Power Delivery and on 
Power Systems and IET/IEE Generation, Transmission and 
Distribution) and “power-electronic journals” (IEEE 
Transactions on Power Electronics or Industrial Electronics 
and IEE/IET Power Electronics”). The figure shows that 
journal publications on voltage dips increased a lot after 2000.  

Fig. 1. Number of journal publications on voltage dips, according to IEEE 
Xplore, 1990-2015. 

It also shows that publications in power-system journals 
showed a peak around 2006, whereas the total number of 

journal publications remained growing. The number of papers 
in power-electronics journals has grown since about 2005.The 
number of papers on voltage dips at ICHQP has remained 
about constant: 24, 18 24 and 16 during the last four 
conferences. Before 1990 there were a total of 22 papers on 
voltage dips in journals, the oldest one being from 1939. 

In this paper we have a closer look at the papers published 
on voltage dips between 2005 and 2015. A large part of the 
theoretical understanding of voltage dips has been developed 
between 1995 and 2005. Hundreds of papers and several 
books have been written on this subject, for example [1-8]. 
We will distinguish between practical applications (in Section 
II) and the more academic research (in Section III). The
specific examples of academic research on voltage dips are
presented in Section IV and V.

II. PRACTICAL APPLICATIONS

In the last 10 years, a lot of these research results, and the 
understanding obtained from it, have been used in different 
applications. Some examples of recent developments on the 
application side: 

A better understanding of how voltage dips impact the
production process, not just the electrical equipment. In
Sweden the cooperation between network operators and
the paper industry (through Elforsk and
Energimyndigheten) is a flagship project that has been an
example to other countries [7]. At international level the
work in CIGRE/CIRED/UIE working group C4.110 has
resulted in a method for linking equipment performance
to process performance [8].
Requirements on voltage-dip immunity of production
units; typically referred to as “fault-ride-through”.
Voltage dips occurring at the terminals of wind or solar-
power installations might trip those installations. Mass
tripping due to a voltage dip will endanger the stability of
the grid. Different requirements apply in different
countries, [9] is valid for Sweden. European rules,
subject to approval by the European Commission, are
part of a recent ENTSO-E document [10].
Power quality regulation has come to include voltage
dips, initiated by Italy and Portugal the concept of
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“responsibility sharing” became the basis for the 
regulation as recommended by the organisation of 
European regulators[11]-[15]. In Sweden this resulted in 
the voltage-dip sections in regulation EI FS2011:2 (later 
EI FS2013:1) [16]. 
Large power quality monitoring programs have become
more feasible through developments on monitoring
equipment, data storage and processing and 
communication. Recent work by the European Energy
Regulators [17] and by a CIGRE working group [18] has
resulted in guidelines for setting up such programs. Here
it is among others recommended to install permanent
monitors with all HV and EHV customers, at the MV
side of all HV/MV and EHV/MV transformers and at
selected locations in the MV and LV networks. The
power-quality regulation in a number of countries,
including Norway, requires the network operators to
monitor voltage dips [12].

III. ACADEMIC RESEARCH

Recent academic research has concentrated on signal-
processing methods to detect and automatically analysis of 
voltage dips and on power-electronics control for mitigating 
voltage dips. Control methods that are applied by power 
electronic devices should be considered in deal with voltage 
dips mitigation regards to DC transmission and distribution 
power systems especially in DC microgrids.  

A large part of the recent publications on voltage dips falls 
into the following subjects: 

Power-electronic based methods for mitigating voltage
dips. These methods are for improving the fault-ride
through (FRT) or in other words low voltage ride
through (LVRT) capability of the wind or solar power
installations and combined heated- power plants[39]-
[57]. They also have been considered to improve the
voltage-dip immunity of critical sensitive industrial
processes. This will be discussed in more detail in
Section IV.
Describing sensitive devices and methods for improving
their compatibility (other than production units) in deal
with voltage dips [58]-[62].
Advanced signal-processing methods for extracting
information from voltage-dip recordings. Also this will
be discussed further below.
Methods for defining voltage-dip characteristics. Also
this will be discussed further below.
Methods to protect AC and DC microgrids against
voltage dips and against the consequences of voltage dips
for connected equipment into the microgrid. This will be
discussed further in Section IV.B.

The situation in 2016 is different from the situation 20
years ago, when a lot of the research lines on voltage dips 
were started. There are much more monitors available and 
monitoring has overall become easier and cheaper. There is a 
better understanding of what the actual problems due to 
voltage dips are. Regulation on voltage dips is not yet 
anywhere fully developed but it is on its way. All this has 

resulted in new research challenges that were not there 20 
years ago. An important challenge concerns how to process 
the large amounts of data obtained from power-quality 
monitoring and preferably by means of extracting useful 
information by means of automatic analysis methods. 
Additionally new research is needed after origin, propagation 
and mitigation of voltage dips in new power system structures 
like growing DC power systems.  

IV. POWER ELECTRONIC BASED METHODS 

The modern power system is based on the penetration of 
huge number of renewable power generation systems that are 
connected into grid via different power electronic converters. 
Thereby the low voltage ride through capability of the 
renewable power generation systems has become a crucial 
feature of them. The LVRT concept deals with the ability of 
the generating plants to stay connected to the grid throughout 
a short mains voltage drop or a main failure. Generating plants 
should support the grid by feeding reactive current into the 
network so that the voltage is raised. Immediately after fault 
clearance the active power increased up to its prevent value. 
The recent correspondent literature on this topic actually can 
be categorized into three categories.  

a. Developing Power Electronic Based Control Algorithms
The first category concerns especially the development of

control algorithms for different types of power-electronic-
based devices. The different proposed methods for generating 
gate signals or different inner/ outer control loops based on the 
PI controllers or other advanced control systems as fuzzy 
controllers, to keep constant output voltage/ current in 
terminal of the applied converters are the examples of this 
category.  

b. Mitigating equipment for critical installations
The second category includes works that try to introduce

additional power electronic device for voltage dip mitigation 
purpose. Examples of these devices are the dynamic voltage 
restorer (DVR) [20]-[28], the Unified Power Quality 
Controller (UPQC) [29]-[31], A static VAR compensator 
(STATCOM), the flywheel and motor-generator (M/G) 
combination, the static uninterruptable power system (UPS). 
The Supermagnetic Energy Storage (SMES) [32] are used also 
to enhance the capability of the STATCOM device. All of 
above mentioned devices are used to protect sensitive 
industrial process against voltage dip [66] [67].  

c. Converter configurations with improved immunity
The tired category includes all papers that are proposed

advanced configuration for power electronic converter so that 
the new configuration increases the capability of the 
conventional converters in deals with voltage dip mitigation. 
All types of the Z- source converters and multi-level inverters 
are good examples for this category. These new advanced 
converters have ability to boost or buck the output voltage in 
their terminals. The additional capacitors in their configuration 
enhance their capability to keep constant DC voltage for DC- 
link [68][69]. 



Fig. 2  Block diagram of a fault ride-through system using flywheel 

Fig. 3  Block diagram of a fault ride-through system using UPS 

Fig. 4  Block diagram of a fault ride-through system using DVR 

Fig. 5  Block diagram of a fault ride-through system using STATCOM 

d. DC Microgrids
The development and implementation of DC microgrids is

an important and actual subject. However there are several 
challenges remaining related to the efficient use of this new 
power system structure, two of which are mentioned below: 

• Inrush current- to limit the emission of harmonic currents
by the load converters EMI filters are applied. However
the filter capacitance generates a large inrush current
when connecting or switching the device. The resulting
transient that, although strictly-speaking not a voltage
dip, will impact neighbouring devices in a similar way as
a voltage dip.

• Fault current- the fault current is limited by the power
rating of the converters, resources and the stored charge
by the capacitors. But it can lead to deeper and longer
voltage dips during a fault. Additionally maybe the fault
is not detected by the protection system [4][5][6]
resulting in a much longer dip.

V. VOLTAGE-DIP CHARACTERISTICS

A major basis for voltage-sag characterization was laid by 
the parallel operation of a project at EPRI [63] and an IEEE 
working group [64]. The work did not result in 

standardisation, but it gave a long list of possible features of 
voltage dips that could be used to quantify the severity of a 
voltage dip. The currently-used standard methods for 
characterizing voltage dips are prescribed in IEC 61000-4-30 
[69]: residual voltage and duration are defined accurately. The 
same definitions were recently also approved as IEEE 
Std.1564-2014 [70], although the main development work on 
this had been done more than 10 years before [71]. Although 
some uncertainties remain [72], the results from the standard 
method are sufficiently reproducible to allow comparing of 
results and exchange of knowledge and experience. The 
introduction of standard methods has however slowed down 
the research towards additional characteristics. 

The main limitation is in the unbalance of the voltage 
during the dip, which is not included in the standard 
characterization method. Several studies have shown that 
unbalanced dips have a completely different impact on 
equipment than balanced dips, e.g. A method for including 
unbalance in the dip characterization and a method for 
extracting additional characteristics related to this unbalance 
from recorded voltage-dip waveforms were proposed between 
1995 and 2000. Further work on such characteristics is 
presented in [85] where mainly alternative methods for 
extracting dip type and characteristics are presented. One of 
the proposed methods became part of IEEE Std.1564 [70]. 

Other characteristics discussed are the phase-angle jump 
[2][74][77][86][87] and the point-on-wave [2][88]. Also here 
it is shown that those characteristics may impact equipment. 

No research has however been reported, for any of the 
non-standard characteristics, to which extent the voltage 
quality (in terms of statistics on the two standard 
characteristics) gives a correct or incorrect picture of the 
adverse impact of voltage dips on equipment. In other words: 
to which extent can statistical information on residual voltage 
and duration of voltage dips be used to predict (statistically) 
how often equipment will trip? 

VI. INFORMATION ABOUT UNDERLYING CAUSE

Voltage-dip recordings contain information about the 
underlying cause of the event and about the state of the 
system before, during and after the event. Extracting this 
information has been an important research challenge for a 
long time now. Important contributions were made by 
[89][90][91]. The latter one among others introduces methods 
to distinguish between dips due to faults, motor starting and 
transformer energizing. Overviews of further work on this 
subject are found in [92][93].The work in this field has 
concentrated a lot on the development of advanced signal-
processing methods for extracting features from the recorded 
voltage waveform. The link from such features to information 
about the underlying cause of the voltage dip is seriously 
underexposed. 
Three specific applications within this field have received a 
lot of attention:  

Methods to estimate the voltage dip at none-monitored
locations from measurements at a number of locations.
This includes methods for optimal placement of monitor
[94]-[103], The term “voltage dip state estimation” is



often used for this. This work has become less important 
at transmission level, as the installation of monitors at 
every buss no longer is a big issue. A remaining 
challenge is the application of such methods to the 
distribution grid.  
Methods for determining the direction of the dip;
downstream or upstream. [104]-[106]. This is especially
important to determine if the origin of a dip is in the
public grid or in an industrial installation. Another
application is at the interface between the transmission
and the distribution grid. The need for this work has
somewhat been reduced because of the more accurate
recording and time stamping of the faults that occur in
the grid. However and independent verification remains
useful.
Methods for fault location in distribution networks [107]-
[111]. These methods are only applicable to short
circuits, not to earth faults in non-solidly earthed
systems.

VII. CONCLUSIONS

No research has yet been reported, for any of the non-
standard characteristics, to which extent the voltage quality (in 
terms of statistics on the two standard characteristics) gives a 
correct or incorrect picture of the adverse impact of voltage 
dips on equipment. In other words: to which extent can 
statistical information on residual voltage and duration of 
voltage dips be used to predict (statistically) how often 
equipment will trip? 

The work in this field has concentrated a lot on the 
development of advanced signal-processing methods for 
extracting features from the recorded voltage waveform. The 
link from such features to information about the underlying 
cause of the voltage dip is seriously underexposed. 

Although power quality considerations are well 
documented for AC power systems, the power quality concept 
has not been applies to a broader extent to DC distribution and 
transmission power systems.  
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Abstract—This paper presents some methods to extract 
additional information from voltage dip recordings, beyond 
residual voltage and duration. Additionally it discusses some 
issues related to the massive amount of data obtained from 
modern measurements that, is referred to as Big Data. The 
paper proposes some Deep Learning based algorithms as good 
candidates to extract complex features from big data as a step 
towards additional information. The applications of the 
information include predicting individual equipment 
performance, fault type and location, protection operation, and 
overall load behavior. Individual equipment and overall load 
include production as well as consumption.  

Index Terms-- Power quality, Voltage dips, Big Data, Deep 
learning, distributed generation, fault-ride-through. 

I. INTRODUCTION

The amount of data from power quality monitors is 
increasing very fast and automatic analysis methods are 
needed to handle the data and to extract relevant information. 
The standard method of characterizing voltage dips, 
according to IEC 61000-4-30 is through two single-event 
characteristics: residual voltage and duration. The IEEE guide 
on voltage sag monitoring, IEEE 1564, adds a third 
characteristic, the characteristic voltage. 

The amount of data that a power-quality monitor can 
obtain from a voltage dip is much more than just these three 
values: 3 voltages and 3 currents sampled with 256 samples 
per cycle (at 50 Hz) during 200 ms gives about 15000 values. 
This paper treats some of the additional information that can 
be extracted from the voltage-dip recording. 

II. DATA, FEATURES AND INFORMATION

A distinction must be made between data, features and 
information. 

• Data, or more correctly “raw data”, is a series of
numbers, for example a sampled voltage waveform.

• Big Data refers to massive amounts of data that need
special storage, processing and analysis techniques.

• A feature quantifies a voltage or current waveform, for
example the duration of a voltage dip. The Big Data
includes complex features that are latent and would be
learnt at each level by simpler features that are

extracted in preceding levels based on adequate 
hierarchical learning techniques.   

• Information is what we actually need and in this paper
we want to use that term for information that is not
directly related to the voltage or current. For example a
voltage dip is due to motor starting. Fast information
retrieval is one of the crucial challenges related to Big
Data since it contains massive amounts of unlabeled
and unsupervised data.

Most of the past and ongoing work on signal-processing 
applications in the power-quality field is directed towards 
advanced methods for feature extraction and how to cope 
with Big Data challenges. The future proposed methods 
should have analytical capability for “extracting complex 
patterns”, “semantic indexing”, “data tagging” and “fast 
information retrieval”. The definition of additional 
characteristics, like type of unbalanced dip or phase-angle 
jump, merely results in additional features, not in 
information. Limited amount of work has been done towards 
extracting information from voltage-dip recordings. 
Important contributions were made by [1][2][3][4]. The latter 
one among others introduces some methods to distinguish 
between dips due to faults, motor starting and transformer 
energizing. Overviews of further work on this subject are 
found in [5][6]. The following specific applications have 
received more attention than the other ones: 

• Methods to estimate the voltage dip at none-monitored
locations from measurements at a number of locations
[8]-[12].

• Methods for determining the direction of the dip; for
example to determine if the origin of a dip is in the
public grid or in an industrial installation [13][15].
Methods for detecting fault type and location in
distribution networks [14]-[16]-[20].

• Methods to determine voltage-tolerance curve for
sensitive loads [7].

• Anti-islanding methods for distributed generation
systems development of simulation tools for voltage
dip studies [21].
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Some further thoughts about information that can be 
extracted from voltage-dip recordings will be presented in the 
forthcoming section. A lot of work has started on signal-
processing methods to extract information from power-
quality recordings. However, that work mainly resulted in 
feature extraction, not in extraction of information. The aim 
of this paper is to give some guidance on how to further 
develop and apply these signal-processing methods. This 
includes general outlines of the Deep Learning techniques as 
an adequate approach to deal with Big Data. 

III. ADDITIONAL INFORMATION

A. Predicting Equipment Performance
A voltage dip recording contains information about the

way in which the voltage dip will impact equipment 
connected to the grid. This is still the main aim when defining 
dip characteristics. It is generally accepted that equipment 
impact is not fully defined by residual voltage and duration, 
but that additional characteristics are needed, like phase-angle 
jump and point-on-wave. The voltage-dip-check-list proposed 
by CIGRE/CIRED/UIE Joint Working Group C4.110 [7] is a 
good starting point for defining additional characteristics. 
Also the feature extraction and investigation of current 
signals gives information about how consumption and 
generation units are impacted by voltage dips. The situation 
gets more complicated in loop networks or in microgrids with 
bidirectional power flow.  

B. Fault Type and Location
Several voltage-dip characteristics are related to fault type

and fault location, which implies that information about fault 
type and fault location can be extracted from those 
characteristics. Some examples are given below [16]-[20]: 

• The phase-angle jump depends on the X/R ratio of the
faulted line or cable, which gives information about
the voltage level at which the fault occurs and if the
fault occurs on an overhead line or underground cable.

• The type of unbalanced dip, together with positive,
negative and zero-sequence voltage, gives information
about fault type. A non-zero zero-sequence voltage can
also give information about the voltage level at which
the fault occurs in relation to the voltage level at which
the monitor is located.

• The point-on-wave of fault initiation can give
information about the origin of the fault. Insulation
failures are most likely to occur during voltage
maximum whereas lightning strokes can occur
anywhere during the cycle.

• The point-on-wave of voltage recovery is related to the
X/R ratio of the source impedance at the fault location.
This gives again information about the voltage level
where the fault occurs.

• The number of steps in the voltage recovery gives
information about the fault type: for a phase-to-ground
or phase-to-phase fault the recovery takes place in one
step; for a two-phase-to-ground or three-phase fault in

two steps; for the three-phase-to-ground fault in three 
steps. 

C. Voltage dip origins
• The shape of the rms values of the voltage dip can be

applied to classify voltage dips according to their
origins, for example the rectangular shape rms values
most of the time regards to dips that are originated by
short circuits and earth faults. Whereas dips which are
caused by transformation saturation have almost
triangular shape [22] [23]. There has been some work
done on this, but not much, as the waveforms still
contain more information that the rms voltage. Future
work remains needed here however as it is not
uncommon to only record rms versus time for voltage
dips instead of waveform data.

• The harmonic distortion of the voltage dip may give
information about cause of the event. For example the
second order harmonic exceeds during transformer
saturation condition. Also arcing faults will give a
specific spectrum. However some further work is
needed to investigate the oscillation at the beginning of
the dip that may give information about the origin of
the dip and about the location of the fault causing the
dip [23].

• Characteristics of the voltage dip in terminal of VSI or
CSI power converters give information about failure
mode in their power switches (IGBT devices or
freewheeling diode) or DC link failure [25] [26].

D. Protection Operation
The   duration of a voltage dip is strongly related to the

operation of the protection. The time difference between the 
fault initiation and the voltage recovery corresponds with the 
fault-clearing time. This gives an independent feedback on 
the operation of the protection. Fault-clearing time can, for 
example, be compared with set values to verify the protection 
coordination. Some specific information that can be obtained: 

• For developing faults, information extracted from the
voltage dip recording can conclude to which extent
faster protection would have reduced the number of
multi-phase faults.

• Dips with multi-stage recovery can be due to a fault on
a transmission line where the fault-clearing time is
different for the two terminals. This can give
additional information about the performance of the
protection. But multi-stage recovery can also indicate a
large pole-spread of the circuit breaker clearing the
fault. Observing this should trigger preventive
maintenance of the breaker.

E. Overall Load Behavior
For a downstream fault, the during-dip current at the dip

location is dominated by the fault current and information 
about fault type and location is easily obtained. The current 
during an upstream fault gives information about the fault 
contribution of the total downstream load.  



Comparing the active and reactive power flows before 
and after the fault will give information about the impact of 
the dip on the load. Differences in harmonic current distortion 
can give further information on the kind of equipment that is 
impacted. Next to important information on the potential 
economic damage for industrial customers, a comparison like 
this can also be used to verify to which extent distributed 
generation, like small PV installations, complies with 
requirements on fault-ride-through. 

Information about impact on the load, but over a wider 
area than just downstream of the monitoring device, can be 
obtained from the post-fault voltage dips. A slow recovery 
can indicate potential voltage-stability issues; oscillations 
during the recovery can point to angular-stability issues. 

Information like this, especially whenever the currents are 
included in the analysis, is essential in forecasting load 
behavior. Such information not only be used to predict the 
severity of dips, but also (and probably more importantly) the 
risk of voltage and angular instabilities.  

F. Power Converter Failure
The most common failure modes in power converters are

power switch short-circuit and open-circuit failures (one or 
both switches in one leg or all switches in all legs), 
freewheeling diode open-circuit and DC-supply failure. The 
effect of each of these failure modes can be depicted by 
showing the current Park’s vector trajectory. Some simulation 
results of currents for healthy and failed drives are shown in 
Fig. 1 through Fig. 3. As illustrated by Fig. 1 the output 
current of a healthy converter have a circular trajectory in 
Park vector transform. The radius of the circle decreases with 
the occurrence of a DC-link voltage failure. The output 
voltage trajectories corresponding to switch short-circuit 
failures are shown by Fig. 2. As it is depicted by the figure 
the output voltage trajectories are in the form of an ellipse 
whereas the direction of the major axis determines the failed 
switch. Finally the output voltage trajectories related to open 
circuit failure are illustrated by Fig. 3. Here the current 
trajectories are the arcs in the form of semi-ellipses. The 
location of the semi-ellipse between four different quadrature 
of the  reference frame determines the failed switch 
[24][25].  

Figure 1. Inverter AC current trajectory in Park’s vector for healthy drive 
(left) and DC link voltage failure mode (right)  

Figure 2. Inverter AC current trajectory in Park’s vector for six different 
power switch sort-circuit failures. Note the differences in scale between some 

of the figures. 

Figure 3. Inverter AC current trajectory in Park’s vector for six different 
power switch open-circuit failures. Note the difference in scale between 

some of the figures. 

G. Distributed Generation Systems
Distributed generation along with energy storage devices

are increasingly applied to enhance power system 
performance at both transmission and distribution levels. 
According to IEEE std 1547 the islanding operation of DG is 
limited when they are running in parallel with total power 
system as well as when they are responsible for powering 
critical loads. The islanding operation of the DGs can 
aggravate the impact of voltage dips. Additionally 
bidirectional power swing created by DG units can impact 
protection coordination. Furthermore the short-circuit level 
can be impacted by islanding operation, location and size of 
DG units. Studies on interaction between DG units and power 
system and studies about integration of them are vital. The 
different studies in this field can be summarized as follows 
[26][27]: 

• Studies bout steady-state and dynamic behavior of the
DG units in the presence of voltage disturbances.

• Studies after voltage dip mitigating approaches to
prevent unintended islanding.



• Studies about voltage dip aggravation due to
insufficient protection coordination.

• Studies about fault level when DG units are in
interaction with power system.

IV. SIGNAL-PROCESSING NEEDS

To extract the above-mentioned information, new features 
should be calculated, which in turn require the use of 
advanced signal-processing tools and artificial intelligence 
techniques. The general focus of the machine learning 
approaches is to represent the input data and patterns so that 
they will be useful for extracting information from as yet 
unseen data. On the other hand nowadays we deal with 
massive amounts of unlabeled recorded data referred to as 
Big Data. Some special kind of machine learning methods 
such as deep learning methods are needed to helps coping 
with Big Data analyzing challenges. Actually deep learning 
techniques offer hierarchical learning progress in which more 
complex and more useful features are obtained in each level 
based on the extracted features in the preceding levels. Deep 
learning techniques as semi-supervised or unsupervised 
learning result in classified final data in small-scale 
corresponding to each individual event. Then the classified 
data can be analyzed again by conventional signal processing 
or machine learning approaches to extract some challenging 
features such as the ones listed below especially for voltage 
dip events [4]: 

• The point-on-wave of fault initiation and the point-on-
wave of voltage recovery.

• The phase angle of the voltage during and after the dip
in relation to the phase angle of the voltage before the
dip.

An additional special feature of deep learning algorithms 
is their capability in automatically extracting information 
from massive volumes of input data. However there would be 
vast investigation on various deep learning techniques to find 
best one for power quality events classification application 
and specially finding adequate technique for voltage dip 
detection and hopefully prediction throughout massive 
measurement data.  

V. CONCLUSIONS

It is important to make a distinction between data, 
features and information. Most of the earlier work on signal-
processing applications to power quality concerned extraction 
of features, not extraction of information. Additionally they 
were developed just based on small amounts of data. Since 
Big Data from advanced measurement and monitoring 
devices is becoming ubiquitous we need adequate algorithms 
that can extract complex features from this massive amount 
of data. This paper gives a number of suggestions for further 
work towards extraction of information from voltage-dip 
recordings and especially from massive amounts of data; this 
includes additional characteristics aimed at predicting 
equipment performance, relations between detailed features 
and fault type and locations, performance of the power-
system protection, and overall behavior of consumption and 
production during a fault. 

Extracting this information requires the application of 
existing signal-processing tools and the development of new 
tools. 
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a b s t r a c t

This paper presents a systematic approach to compare different methods for characterizing voltage dips

in a quantitative way. A prediction error is calculated between measured and synthetic dips (repro-

duced from single-event characteristics for the measured dips) with respect to the way they impact

the performance of a generic device. The proposed approach is illustrated by comparing seven differ-

ent characterization methods and their ability to predict the minimum dc-bus voltage of a three-phase

adjustable-speed drive. A generic model of such a drive is used for this. Based in this comparison it is

concluded that characterization method for dips in three-phase systems should include unbalance and

phase-angle jump.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Voltage dips are among the most serious power-quality issues

and have received a lot of attention because of their impact on

industrial installations [1–3] and more recently also on production

units [4]. In the latter case the term “fault-ride-through” is more

commonly used.

To quantify voltage dips, so-called single-event characteristics

have been introduced, where residual voltage and duration are the

ones most commonly used and defined in IEC 61000-4-30 [5] and

IEEE Std. 1564 [6]. An important reason for using just two single-

event characteristics is to simplify the reporting of the quality of

supply. It has however been shown by several studies [2,7–14]

that also other properties of the voltage dip (like unbalance, point-

on-wave and phase-angle jump) can have a significant impact on

the performance of equipment. Additional single-event character-

istics have been proposed to cover this [3,15–22]. Furthermore, it

is known that a higher number of characteristics will give a more

accurate representation of the event. What has been missing how-

ever is a quantitative comparison to be able to decide relevant grid

∗ Corresponding author. Tel.: +86 13402805679; fax: +86 028 85400976.

E-mail addresses: 20312028@qq.com (Y. Wang), math.bollen@ltu.se

(M.H.J. Bollen), azam.bagheri@ltu.se (A. Bagheri), xiaoxianyong@163.com

(X.-Y. Xiao), magnus.olofsson@energiforsk.se (M. Olofsson).

performance characteristics. A transparent comparison is needed

between different sets of characteristics or between different ways

of calculating a specific single-event characteristic. Enabling such

a comparison is the main purpose of the work that resulted in this

paper.

There are two reasons for characterizing voltage dips:

• Extracting information about, e.g. cause of the dip, location of the

event in the grid, state of the grid when the event occurred.
• Quantifying the performance of the grid.

The latter is the main driver behind voltage-dip characteriza-

tion. Quantification of the performance of the grid should be related

to the way in which dips impact equipment connected to the grid.

Comparing different characterization methods is possible by relat-

ing to which extent the different sets of characteristics predict the

impact of the actual dip on equipment connected to the grid. There

is however a wide range of equipment sensitive to voltage dips

and it will not be practically possible to cover all of them for a

general comparison of characterization methods. Instead, generic

equipment models are needed for the comparison.

This paper proposes a qualitative approach to compare dif-

ferent characterizing methods for voltage dips. The comparison

is made based on the ability of a characterizing method to pre-

dict equipment behaviour. Although a range of characterization

http://dx.doi.org/10.1016/j.epsr.2015.12.032

0378-7796/© 2016 Elsevier B.V. All rights reserved.
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Fig. 1. The proposed method for comparing different characterization methods. (a)

Measured dip Vr . (b) Synthetic dip V1 from Method 1. (c) Synthetic dip V2 from

Method 2. (d) Synthetic dip V3 from Method 3. (e) Synthetic dip V4 from Method 4

(f) Synthetic dip V5 from Method 5. (g) Synthetic dip V6 from Method 6. (h) Synthetic

dip V7 from Method 7.

methods have been proposed, no quantitative comparison has been

made due to the lack of a method for doing such a comparison.

The proposed approach is illustrated by comparing seven differ-

ent characterization methods using 235 sets of measured voltage

dip applied to a simulation model of an adjustable-speed drive.

Section 2 gives an overview of the proposed approach together

with the quantifier and the generic equipment model used to illus-

trate the approach. Seven different ways of characterizing dips are

presented in Section 3 and used for this illustration. The compari-

son of these seven methods is presented in Section 4, followed by

discussion (Section 5) and conclusions (Section 6).

2. The comparison approach

2.1. The overall approach

The overall approach is shown in Fig. 1, where Vr is a measured

voltage waveform (left-top). A characterization method consists of

a set of single-event characteristics and the way in which they are

calculated. Using these characteristics, a synthetic voltage dip is

build (right-top) for each characterization method, the waveform

of which is referred to as Vi with the subscript i referring to the

characterization method. The impact on a generic device is calcu-

lated for the actually measured dip and for the synthetic dips. With

this aim, both the measured voltage dip Vr and all the synthetic

waveforms Vi are applied to a generic equipment model Values for

a performance index (�r for the measurement, �i for the synthetic

dip) are calculated. The difference between �r and �i is used to

compare the characterization methods.

The prediction errors are calculated that quantify the accuracy

with which the synthetic dip predicts the impact of the actual dip

on the device. This is repeated for many recorded dips and for the

different characterization methods. The statistics of the prediction

errors are used to compare those methods. The approach will be

illustrated in Section 4 for a specific general device model (to be

introduced in Section 2.2) and for a specific aspect of the perfor-

mance (Section 2.3). Seven different characterization methods for

dips in a three-phase system (to be introduced in Section 3) will be

compared for this illustration.

The voltage dips used for the study presented in this paper, were

all obtained from field measurements using commercial power-

quality monitors in two European medium-voltage networks in

two different countries. The recordings were all scaled to a nom-

inal voltage of 400 V. Voltage waveforms were obtained for the

actual dip and for a number of cycles before and after the actual

dip. The same frequencies used were 96 and 128 samples per cycle.

In theory it would be possible to use simulations for this approach,

but that would require a very detailed model including all the

load impact and other random variations that impact voltage dip

waveforms.

2.2. Generic device model

For the same general type of equipment, different manufac-

turers often implement different hardware components, different

topologies and different control algorithms. To predict the impact of

voltage dips on a specific device, it is important to include all those

details. However to compare characterization methods, a generic

device model is more appropriate. Such a model should include the

main properties of the device with respect to voltage dips, with-

out the need to obtain manufacturer-specific data. To illustrate

the comparison approach, a generic device model of a three-phase

adjustable-speed drive is used. To predict the impact of voltage

dips on a specific device, assessing the key parameter performance

is the usual way proposed in the literature [2,13]. The drop in dc

bus voltage which results from the sag will cause maloperation or

tripping of the drive controller or of the PWM inverter. Dc voltage

is an important parameter for ASD and is the analyzed parameter

in this paper. The model is built in Matlab/Simulink, with the same

parameters as in Ref. [13]; see details in Appendix A and Fig. 11. The

model consists of a three-phase rectifier followed by a capacitor and

a constant-power load. It was shown in Ref. [14] that this model is

able to describe the impact of balanced and unbalanced dips on the

dc bus voltage. The main cause of device failure is the unwanted

tripping of the under-voltage protection of the dc bus. The capac-

itor size is important for the equipment performance during the

voltage dip. Three values of the capacitor (75, 165, and 360 �F/kW,

as in Refs. [1,14]) are used in this study.

2.3. Prediction error

The impact of the measured and synthetic voltage dips on the

generic device is quantified through the value of the lowest dc-

bus voltage during the voltage-dip event. The lower this value, the

higher the probability that the under-voltage protection trips. A

lower voltage will also give higher post-dip inrush current and

therewith a higher probability that the overcurrent protection will

trip the device. A lower dc-bus voltage will also increase the impact

on motor torque and speed. The lowest dc bus voltage under the

measured voltage dip is represented by �(r) and the lowest value

under the synthetic voltage dips for characterization method i is

represented by �(i), as shown in Fig. 1.

The smaller the difference between these two values, the better

the characterization method in predicting the device performance.

To quantify this ability of the characterization method to predict

equipment performance, two quantities are introduced: the “abso-

lute prediction error”:

ıi = �(i) − �(r)

�nom
× 100% (1)

And the “relative prediction error”:

εi = �(i) − �(r)

�(r)
× 100% (2)

�nom is the average value of the dc bus voltage before the dip.

When �(i) − �(r) is positive, the predicted value of the minimum

dc-bus voltage is larger than the one in reality. The synthetic dip is

thus less severe for the equipment than the measured dip: i.e. the

characterization method underestimates the severity of the dip.

Similarly, when �(i) − �(r) is negative, the characterization method

overestimates the severity of the dip.
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Table 1
Summary for seven characterization methods.

Characteristics Number of

characteristics

Base

Method 1 Three residual voltage, duration 4 Phase-to-neutral

voltageMethod 2 The lowest residual voltage, duration 2

Method 3 Three residual voltages, three phase angle jumps, duration 7

Method 4 The lowest residual voltage, the largest phase angle jump,

duration

3

Method 5 The residual voltage calculated from the phase-to-phase

voltages, duration

2 Phase-to-phase voltages

Method 6 Dip type, characteristic voltage (magnitude and phase angle)

and PN Factor (magnitude and phase angle), duration

6 Symmetrical component

method or six phase method

Method 7 Dip type, characteristic voltage (magnitude and phase angle)

and PN Factor (only magnitude), duration

5

3. Synthetic voltage dips from different methods of
characterization

Synthetic voltage dips are built from the single-event charac-

teristics of the characterization methods that are being compared.

This section presents the procedure to build these synthetic dips

for seven characterization methods.

The standard method, using residual voltage (or depth) and

duration, is one of those being considered. The seven methods

are summarized in Table 1. All methods use duration as defined

in IEC 61000-4-30 and IEEE 1564; magnitude, phase-angle jump

and type of unbalanced dip are defined in different ways for the

different characterization methods. The procedure to build the

synthetic voltage dip for each of the characterization methods

is introduced in Sections 3.1–3.7. For each method, the starting

and ending instants are defined by the threshold crossing as in

IEC 61000-4-30. Dip characteristics versus time are assumed as

constant during the duration of the dip. The resulting synthetic

dips are compared, for one measured dip, as an illustration in

Section 3.8.

3.1. Method 1: Unbalanced dip

The single-event characteristics for this method are duration and

residual voltage for each of the three phase-to-neutral voltages. The

residual voltage is calculated for each of the three voltages (“voltage

channels”) as defined in IEC 61000-4-30 and IEEE 1564, as if they

were three individual dips.

Based on these characteristics, a synthetic voltage dip is built as

in Eq. (3): VA, VB, VC are the residual voltages for the three voltage

channels. Zero phase-angle jump (PAJ) is assumed for each of the

three voltages.

v(1)
a (t) =

√
2VA sin(ωt)

v(1)

b
(t) =

√
2VB sin(ωt − 2/3�)

v(1)
c (t) =

√
2VC sin(ωt + 2/3�)

(3)

3.2. Method 2: Balanced dip

The single-event characteristics used in this method are residual

voltage and duration as defined in IEC 61000-4-30 and IEEE Std.

1564. The associated synthetic dip is described in Eq. (4), where

Vres is the residual voltage.

v(2)
a (t) =

√
2Vres sin(ωt)

v(2)

b
(t) =

√
2Vres sin(ωt − 2/3�)

v(2)
c (t) =

√
2Vres sin(ωt + 2/3�)

(4)

3.3. Method 3: Unbalanced dip with PAJ

This method uses the three residual voltages (as in method 1)

together with the PAJ for each of the three voltage channels. The PAJ

has been calculated, for each of the three voltages, as the highest

value of the phase angle versus time (in absolute value) as proposed

in Ref. [20].

The synthetic voltage dip is described as in Eq. (5): �A, �B, �C

are the highest phase-angle jumps (in absolute value) for the three

measured voltages.

v(3)
a (t) =

√
2VA sin(ωt + �A)

v(3)

b
(t) =

√
2VB sin(ωt − 2/3� + �B)

v(3)
c (t) =

√
2VC sin(ωt + 2/3� + �C )

(5)

3.4. Method 4: Balanced dip with PAJ

This method uses one residual voltage (as in IEC 61000-4-30) and

one PAJ. The PAJ for the event is the largest (in absolute value) of

the PAJ in the three voltage channels. The synthetic voltage dip is

described in Eq. (6).

v(4)
a (t) =

√
2Vres sin(ωt + �)

v(4)

b
(t) =

√
2Vres sin(ωt − 2/3� + �)

v(4)
c (t) =

√
2Vres sin(ωt + 2/3� + �)

(6)

3.5. Method 5: Balanced dip with residual voltage from

phase-to-phase voltages

This method is very similar to Method 2, but instead of the

phase-to-neutral voltages the phase-to-phase voltages are used for

the characterization.

The synthetic voltage dip is presented in Eq. (7), where V ′
res is

the residual voltage calculated from the phase-to-phase voltages.

v(5)
a (t) =

√
2V ′

res sin(ωt)

v(5)

b
(t) =

√
2V ′

res sin(ωt − 2/3�)

v(5)
c (t) =

√
2V ′

res sin(ωt + 2/3�)

(7)

3.6. Method 6: Dip type, characteristic voltage, PAJ and PN factor

This method is based on the classification of voltage dips in

different types and the introduction of the “characteristic volt-

age” (symbol V) and the “PN factor” (symbol F) as proposed in

Ref. [17]. The characteristic voltage is proposed as an alternative

to the residual voltage and defined as a single-event characteristic
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in IEEE Std. 1564 [6]. The PN factor is a measure of the unbal-

ance of the event: the lower the magnitude of the PN factor,

the more balanced the dip. For single-phase and phase-to-phase

faults, the magnitude of the PN factor is close to the pre-event

voltage. For two-phase-to-ground faults in solidly-grounded sys-

tems, the drop in the PN factor is about one third of the drop

in characteristic voltage. For three-phase faults, the PN factor is

equal to the characteristic voltage. The exact definition of the

PN factor is given in Ref. [17] and beyond the scope of this

paper.

Appling the six-phase algorithm as introduced in Ref. [16], the

characteristic voltage and PN factor are obtained as complex num-

bers versus time. The angles of characteristic voltage and PN factor

in the complex plane are obtained as the largest (in absolute value)

phase angle resulting from the characteristic voltage or PN factor

during the event [20]. The dip type is obtained from the rms voltage

in the six-phase method that shows the lowest value. Type A is an

equal drop in the three phases, type C is a drop in two phases and

type D is a large drop in one phase with a small drop in other two

phases. Type Da is a drop in phase a, Type Ca is a drop in phase b

and c, etc. [16,17].

The complex characteristic voltage can be described as

V = |Vmag|sin(ωt + �1). Similarly, the complex PN factor is written

as F = |Fmag|sin(ωt + �2). The synthetic dip for Type Da is obtained as

follows:

v(6)
a (t) = |Vmag| sin(ωt + �1)

v(6)

b
(t) = −0.5|Vmag| sin(ωt + �1) −

√
3/2|Fmag| sin(ωt + �2 + �/2)

v(6)
c (t) = −0.5|Vmag| sin(ωt + �1) +

√
3/2|Fmag| sin(ωt + �2 + �/2)

(8)

Type Ca is obtained as follows:

v(6)
a (t) = |Fmag| sin(ωt + �2)

v(6)

b
(t) = −0.5|Fmag| sin(ωt + �2) −

√
3/2|Vmag| sin(ωt + �1 + �/2)

v(6)
c (t) = −0.5|Fmag| sin(ωt + �2) +

√
3/2|Vmag| sin(ωt + �1 + �/2)

(9)

Type A is obtained as follows:

v(6)
a (t) = |Vmag| sin(ωt + �1)

v(6)

b
(t) = −0.5|Vmag| sin(ωt + �1) −

√
3/2|Vmag| sin(ωt + �1 + �/2)

v(6)
c (t) = −0.5|Vmag| sin(ωt + �1) +

√
3/2|Vmag| sin(ωt + �1 + �/2)

(10)

Fig. 2. Example of a measured voltage dip and seven kinds of synthetic voltage dips.
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Fig. 3. Relative prediction error for Method 1 versus residual voltage.

3.7. Method 7: Dip type, characteristic voltage and PAJ

This method is a simplified version of Method 6: the PN factor is

assumed equal to the pre-event voltage in both magnitude and phase

angle. The other single-event characteristics and synthetic dip are

obtained in the same way as for Method 6.

Considering the PN factor equal to the pre-fault voltage |Fpremag|,
Eqs. (8)–(10) can be rewritten as Eqs. (11)–(13) for type Da, type Ca

and Type A, respectively.

v(7)
a (t) = |Vmag| sin(ωt + �1)

v(7)

b
(t) = −0.5|Vmag| sin(ωt + �1) −

√
3/2|Fpremag| sin(ωt + �/2)

v(7)
c (t) = −0.5|Vmag| sin(ωt + �1)

+
√

3/2 sin(ωt + �/2) sin(ωt + �/2)

(11)

v(7)
a (t) = |Fmag| sin(ωt)

v(7)

b
(t) = −0.5|Fpremag| sin(ωt) −

√
3/2|Vmag| sin(ωt + �1 + �/2)

v(7)
c (t) = −0.5|Fpremag| sin(ωt) +

√
3/2|Vmag| sin(ωt + �1 + �/2)

(12)

v(7)
a (t) = v(6)

a (t)

v(7)

b
(t) = v(6)

b
(t)

v(7)
c (t) = v(6)

c (t)

(13)

3.8. Example of synthetic voltage dips

An example of a measured voltage dip and the seven synthetic

voltage dips, corresponding to the seven characterization methods,

is shown in Fig. 2. The measured voltage dip shown in Fig. 2(a)

is with the three residual voltages 0.21, 1.31 and 1.44 per unit,

indicated by red, blue and green respectively. The three phase

angle jumps are 5.23◦, −25.19◦ and 17.39◦. Fig. 2(b)–(e) can be

built according to the characteristics as explained in the previ-

ous sections. For Fig. 2(f), the residual voltage obtained from the

three phase-to-phase voltages is 384 V, while the residual volt-

age obtained from the phase-to-neutral voltages is 95 V. The large

Fig. 4. Relative prediction error for Method 2 versus residual voltage.

Fig. 5. Relative prediction error for Method 3 versus residual voltage.

difference is due to the zero-sequence voltage; the rms of the zero-

sequence voltage is about 290 V during the dip. For Fig. 2(g) and (h),

the rms of the characteristic voltage is 449 V and 384 V, before and

during dip; the rms of the PN factor is 453 V and 447 V before and

during dip.

Three-phase unbalance is reproduced by Method 3, 6 and 7;

Fig. 2(d), (g) and (h). The difference between Method 3, Fig. 2 (d),

and the other two methods is that Method 3 also reproduces the

zero-sequence voltage. This explains the clearly different synthetic

dips for these methods.

4. Comparison

Figs. 3–9 show the relative prediction error for the seven char-

acterization methods for 235 measured voltage-dip events. Those

235 dips were classified as 25 dips of type A (balanced dip), 98

dips of type C (main drop in two voltages) and 112 dips of type

D (main drop in one voltage), by the six-phase method proposed

in Ref. [16]. The scatter points in three different colours in the fig-

ures represent the performance error for small, medium and large

capacitor (as defined in Section 2.2).

4.1. Method 1: Unbalanced dip

Fig. 3 shows that Method 1 gives up to about 20% predic-

tion error. The capacitor size does not impact the error for most

dips. But for some dips the error is significantly larger for smaller

capacitor size. Errors bigger than 10%, occur for 32 events out of

235 for small capacitor (red stars), for 6 events for medium-sized
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Fig. 6. Relative prediction error for Method 4 versus residual voltage.

Fig. 7. Relative prediction error for Method 5 versus residual voltage.

Fig. 8. Relative prediction error for Method 6 versus residual voltage.

Fig. 9. Relative prediction error for Method 7 versus residual voltage.

capacitor (blue circles), and for 2 events for large capacitor (green

dots). It means the synthetic rectangular unbalanced dip describes

reality within 10% in most cases. Secondly, the performance

obtained from the characteristics is on average equally severe as

reality. For small capacitor size, positive errors dominate, whereas

negative errors dominate for large capacitor size. Lastly, there is no

clear correlation between residual voltage and prediction error.

4.2. Method 2: Balanced dip

Fig. 4 shows the prediction error for Method 2. The synthetic

voltage is defined by just two characteristics: residual voltage and

duration. The error is more than 50% in 10 cases out of 235 and

is much bigger than for Method 1. The characterization is clearly

incomplete, because all dips are characterized as balanced dips.

Method 2 gives on average an underestimation of the dc-bus volt-

age and thus an overestimation of the dip severity. The prediction

error is positive in 20 events out of 235, for small capacitor. Almost

all these 20 events are shallow balanced dips. Finally, there is an

obvious correlation between residual voltage and error. The lower

residual voltages are associated with bigger errors. The unbalance

of the dip is an important contributing factor to the prediction error.

As the lowest of the three voltages is used to characterize the event,

this method gives in most cases an overestimation of the severity

of the event.

4.3. Method 3: Unbalanced dip with PAJ

Fig. 5 shows the prediction error for Method 4. Fig. 5 is to be

compared with Fig. 3, the difference being that the PAJ is considered

in Fig. 5. The prediction error becomes smaller when the PAJ is

included as a single-event characteristic. All the errors in Fig. 5 are

less than 10%. The error is more than 5% in only 20 cases out of 235,

for small capacitor. There is an equal distribution between positive

and negative prediction errors.

The cluster of dips with large prediction errors for small capac-

itors, in Fig. 4, has disappeared. These appear to have been due to

dips with large PAJ.

4.4. Method 4: Balanced dip with PAJ

Fig. 6, the prediction error for Method 4, shows a similar pattern

as Fig. 4. Including a single PAJ next to residual voltage and duration

does not reduce the prediction error.

4.5. Method 5: Balanced dip from phase-to-phase voltages

Using the lowest phase-to-phase voltage (Fig. 7) gives a clear

improvement compared to using the lowest phase-to-neutral

voltage (Fig. 4), but large prediction errors still occur, because

unbalance is not included. The method can still not compete with

Method 1 or Method 3.

The prediction error is more than 10% in 13 cases out of 235, for

small capacitor. It is also worth noticing that this method gives an

average underestimation of dip severity for small capacitor but an

average overestimation for medium or large capacitor.

4.6. Method 6: Complex characteristic voltage and PN factor

The scatter points in Fig. 8 (for Method 6) show smaller pre-

diction error than by using Method 5. The prediction error is more

than 10% in only 7 cases out of 235, for small capacitor and even

better for medium-sized and large capacitor. This method gives an

equal distribution between over- and underestimation of the dip

severity.
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Fig. 10. Boxplots of relative prediction error for small capacitor (top), medium

capacitor (middle) and large capacitor (bottom).

Table 2
Error in predicted number of equipment trips (in %) for seven characterization meth-

ods (M1–M7), three capacitor sizes (S, M,  L) and three threshold settings (40%, 70%

and 85%).

M1  M2  M3  M4  M5  M6 M7

85% (S) −6.81 12.34 −1.28  8.94 −7.23 −4.26 −3.40

85% (M)  0.43 17.45 6.81 20.85 −2.98 2.98 2.13

85% (L) 1.28 20.00 0.85 19.57 −2.13 4.26 −2.13

70% (S) −1.28 8.51 0.43 7.23 0.00  0.43 1.28

70% (M)  −2.98 7.23 0.43 7.23 2.13 0.43 −1.28

70% (L) 2.98 18.30 −0.43  18.72 5.96 −0.43 −2.55

40% (S) −0.85 1.70 0.00 1.70 0.43 0.43 −0.43

40% (M)  −0.85 3.40 0.00 3.83 1.28 0.43 −0.85

40% (L) 0.00 3.40 0.00 3.40 0.85 0.00 0.00

4.7. Method 7: Complex characteristic voltage

Method 7 is with similar characteristics as Method 6, except the

PN factor, which is not part  of Method 7.  As  shown in  Fig. 9, the

relative prediction error for Method 7 is somewhat bigger than for

Method 6, but not significantly. The prediction error is more than

10% in only 7 cases out of 235, for small capacitor. The error is  more

or less equally distributed between positive and negative values;

but with some overrepresentation of positive error for medium-

sized capacitor.

5. Discussion

5.1. Comparison of the methods

The boxplots of the relative prediction error are shown in Fig. 10

for the seven methods with three capacitor sizes (Table 2). Table 3

summarizes the advantages and limitations of each method.

Considering the three capacitor sizes, Method 3 (unbalanced

with PAJ) and Method 6 (complex characteristic voltage and PN fac-

tor) are the ones with the smallest error. Both Method 3  and Method

6 include unbalance and phase-angle jump. The equipment is sensi-

tive to phase-angle jump, so the methods considering phase-angle

jump give a better prediction. The difference is  that Method 3 mod-

els the three voltage channels directly, whereas Method 6 is based

Table 3
Summary of the advantages and limitations of each methods.

Advantages Limitations Accurate

prediction sorting

Method 1 Four characteristics

can  exactly

describe the

measured dip in

most cases

Lots of calculation 4

Method 2 Less characteristics

and less calculation

Not adequate to

describe the

measured voltage

dip

6

Method 3 Exactly describe

the measured dip

and accurate

prediction

Lots of calculation 1

Method 4 Less characteristics

and less calculation

Not adequate to

describe the

measured voltage

dip

6

Method 5 Better performance

prediction

Not considers

unbalance

5

Method 6 Accurate prediction More

characteristics are

needed

2

Method 7 Accurate

prediction, and less

characteristics are

needed than

Method 6

A  larger prediction

error than Method

6

3

on a classification in  different dip types. Method 3 gives a slightly

more accurate prediction of equipment performance than Method

6. The difference is small however: Method 6 has somewhat more

outliers.

Method 5  (lowest phase-to-phase voltage) is  significantly bet-

ter than Method 1 (lowest phase-to-neutral voltage). This confirms

the recommendations given by several international organizations,

that the phase-to-phase voltages should be used for voltage-dip

statistics. Method 5 however still not  considers unbalance and

methods considering unbalance have a significantly better perfor-

mance again.

Method 2 (balanced) and Method 4 (balanced with PAJ) give

the highest prediction error. Method 2 is the one most commonly

used in practice and in accordance with standards when phase-

to-neutral voltages are monitored. For small capacitor, Method

2 and 4 show both over-estimation and under-estimation. When

equipped with medium and large capacitor, the errors are mainly

over-estimation. Including the PAJ does not give any reduction in

prediction error as long as only one value is  used for the three

voltage channels.

Method 3 (unbalanced with PAJ) gives a significantly better

performance than Method 1 (unbalanced without PAJ). It  is thus

important to include PAJ in  the voltage-dip characteristics together

with unbalance of the rms  voltages.

Instead of characterizing the dip by means of three voltage mag-

nitudes or three complex voltages, a  classification of unbalanced

dips can be used. Two such methods have been included in  the com-

parison. Method 7 (complex characteristic voltage) gives a larger

prediction error than Method 6 (complex characteristic voltage and

complex PN factor). The difference is however small and from the

results shown here there is  no strong case to  include the PN factor

as a  dip characteristic.

Summarizing, Methods 3, 6 and 7 are recommended to be

used for development work towards new standardized single-

event characteristics. Methods 1, 2,  4  and 5 are not able to predict

equipment performance sufficiently accurate and are  therefore not

considered sufficient to characterize a voltage dip.
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Fig. 11. The model of the power supply to a three phase equipment.

5.2. Impact of capacitor size

The impact of capacitor size on the prediction error is shown in

Fig. 3 through Fig. 9 through scatter points in three different colours.

The three capacitor sizes used are 75, 165, and 360 �F/kW, which

are the same values as used in Refs. [1] and [14].

For most characterization methods, the prediction error is big-

ger for equipment with a small capacitor than with a large capacitor.

Equipment with a small capacitor is in general more sensitive to

voltage dips, so that one can conclude that the error is bigger for

more sensitive equipment. For sensitive equipment an even more

detailed characterization than according to Method 3 or 6 may be

needed. It is also concluded that more detailed equipment mod-

els may be needed for a comparison of different characterization

methods, as well as models for other types of equipment.

5.3. Alternative indicators for comparison

The characterization methods were compared in Fig. 10 through

the probability distribution of the prediction error. An alternative

is to compare the number of equipment trips for the measured

and for the synthetic dips. That requires a model of the tripping

mechanism. Here it is assumed, again as a generic model, that the

equipment would trip instantaneously when the dc-bus voltage

drops below a certain threshold. Threshold values equal to 40%,

70% and 85% of nominal have been used.

The prediction errors for seven methods, three thresholds and

three capacitors are shown in Table 1. For the 235 measured volt-

age dips, there are 62 causing tripping when the threshold is 70%

and the small capacitor. The synthetic dips from Method 2 resulted

in 82 sets leading to tripping. The prediction error is in this case

20 out of 235 or 8.51%. It shows that the higher thresholds give a

larger prediction error. Methods 2 and 4 show the highest predic-

tion error.

A comparison was also made of the number of over- and under-

estimations for non-shallow dips (less than 80% residual voltage)

only. The reasoning behind this was that it is in general relatively

easy to make equipment tolerate shallow dips. Their characteri-

zation would therefore be of less importance. It was shown that

the number of over-estimations was rather similar for the different

methods; the number of underestimations was low for Methods 2

and 5.

6. Conclusions

An approach has been developed by which different methods

for voltage-dip characterization can be compared in a quantitative

way. The approach is based on a quantification of the ability of

the single-event characteristics associated with a characterization

method to predict equipment performance. It has been applied to

seven different characterization methods and it is shown that clear

conclusions about these methods can be drawn using the compar-

ison approach.

Best performance is obtained by those methods that include

both three-phase unbalance and phase-angle jump (Methods 3, 6

and 7). The commonly used standard methods, using only residual

voltage and duration, show a much worse performance. Based on

this conclusion it is recommended that standards like IEC 61000-

4-30 and IEEE Std. 1564 include single-event characteristics that

quantify phase-angle jump and unbalance. It is also shown that

alternative ways of comparison can give different results. For a

complete evaluation of characterization methods, different ways

should be included before a decision can be made.

The following needs for future work have been identified in this

study:

• Apply the method to different types of equipment, including

single-phase equipment; use more detailed equipment models

and even laboratory tests.
• Include other performance indicators next to dc-bus undervolt-

age, like dc-bus overvoltage and ac-side overcurrent.
• Use larger data sets and data from other locations to compare

the different characterization methods. Especially for severe dips,

those that more likely impact equipment, more data is needed.

Similar methods may be developed for voltage swells, voltage

transients and other types of power-quality disturbances.
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Appendix A. Appendix A: Model used for adjustable-speed
drive

The Simulink model used is illustrated in Fig. 11. The grid has

been modelled as an ideal voltage source with the same waveform

as the measured voltage dip and a pre-event voltage equal to 400 V,

phase-to-phase. This voltage is applied to the grid-side of the ac/dc

converter.

The converter is modelled as an ideal six-pulse diode rectifier,

with 2.6 mH/phase inductor on ac side a 30 �H inductor on dc side.

Three values of the dc-bus capacitor were used, corresponding

to 75, 165, and 360 �F/kW.

The dc/ac converter has been modelled as a two-level

PWM inverter, with 400 V, 50 Hz output voltage. The simulation
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performed using a simplified the control scheme with an open loop

V-Hz controller for the drive.

The motor load has been modelled as a 4-kW induction motor

with the following parameters:

• Stator resistance 1.8023 �
• Stator inductance: 5.84 mH
• Rotor resistance: 1.395 �
• Rotor inductance: 5.84 mH
• Magnetizing inductance: 172.2 mH.
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Abstract— This paper compares different methods for voltage-
dip characterization. Those methods are based on earlier 
proposed algorithms for extracting three-phase characteristics 
(dip type, characteristic voltage, and so-called “PN factor”). The 
difference between the 12 methods being studied in this paper is 
in the way in which the time variation of those characteristics is 
treated to result in single-event characteristics. The methods are 
applied to 259 measured voltage dips and the performance of the 
different methods is compared. It is found that small differences 
in method can result in big difference in results. From the 
comparison, two methods are selected and recommended for 
inclusion in international standards. 
Key words: power quality; power distribution; power 
transmission; voltage dips 

I. ABBREVIATIONS

DT: Dip Type as single-event characteristic 
PNF: PN Factor as single-event characteristic 
CV: Characteristic voltage as single-event characteristic 
PAJ: Phase-angle jump as single-event characteristic 
DTt: Dip type versus time 
PNFt: PN Factor versus time 
CVt: Characteristic voltage versus time 
SCA: Symmetrical components algorithm 
SPA: Six phase algorithm 

II. INTRODUCTION

oltage dips form an important power quality issue in
electric power systems. It is an issue that attracts
attention from utilities and their customers [1-5].

Characterization of voltage dips is an essential part of voltage 
dip studies. There are two intrinsically-different aims for 
characterization of voltage dips: quantifying the performance 
of the power system; obtaining information about the 
underlying cause of the voltage dip and the status of the power 
system at the time of the dip [4-7]. In both cases, the three-
phase character of the dip should be considered.  

The characterization of voltage dips in a three-phase system 
has developed from the study of changes in voltage dips when 
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they propagate through three-phase transformers. Early work 
on this propagation [3, 6, 8] resulted in a classification of dips 
in four types: A, B, C and D [9] related to different types of 
faults. This classification was later extended with three more 
types, E, F and G [10] by including two-phase-to-ground 
faults and has been the basis of a detailed study of voltage dips 
due to non-symmetrical faults in [5]. This classification has 
also been the basis for many attempts to extract dip 
characteristics from measured voltage dips. These methods 
result in characteristics versus time, not in single-event 
characteristics. An overview of such methods is given in 
Section III.

The three-phase character of the voltage dip is not part of 
the characterization prescribed in IEC 61000-4-30 [11], 
instead only one residual voltage and one duration are defined. 
More recently, IEEE 1564 [12] included the “characteristic 
voltage” as a single-event characteristic. The characteristic 
voltage was one of the outcomes of the work on voltage-dip 
characterization summarized in Section III. IEEE Std. 1564 
does however not give any guidance on how to include 
unbalanced voltage dips in the characterization. A method for 
classifying dips into three types, I, II and III, has been 
proposed by CIGRE/CIRED/UIE Working Group C4.110 [13], 
but without a clear proposal on how to determine the dip type 
from measured voltage dips. A standard definition of phase 
angle jump as a single-event characteristic is proposed in [14]. 
That proposal also extends the characteristic voltage from 
IEEE Std. 1564 to include the phase-angle jump. Similar 
definitions for dip type and other three-phase characteristics as 
single-event characteristics remain lacking. 

The aim of this paper is to propose a method to define dip 
type (DT), PN Factor (PNF) and characteristic voltage (CV) as 
single-event characteristic for inclusion in standards like IEEE 
1564 and IEC 61000-4-30. Residual voltage, duration and 
phase-angle jump are three important single-event 
characteristics that are not discussed in this paper. Calculation 
methods for residual voltage and duration are defined in 
standards [11, 12], and a calculation method for phase-angle 
jump is proposed in [14].  

Section III gives and overview of methods proposed in the 
literature for extracting dip characteristics from measured 
voltages. In Section IV, 12 different methods are proposed to 
obtain single-event characteristics. The differences between 
the methods are illustrated by means of measurement 
examples. These 12 methods are next applied to 259 recorded 
voltage dips. The results of this and a comparison of the 
results are presented in Section V. In Section VI the results are 
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discussed and recommendations are given to standardization 
bodies. Section VII concludes the paper. 

III. EXTRACTING DIP CHARACTERISTICS

To collect statistics on voltage dips it is necessary to 
describe those dips through a small number of so called 
single-event characteristics. The extraction of single-event 
characteristics for voltage dips was the purpose of IEEE 
project group P1159.2 [15,16], but this group did not result in 
a standard document. 

A. Overview of Proposed Methods
A number of methods have been proposed for obtaining

characteristics for three-phase dips. These methods can be 
categorized into three groups, based on the input data used by 
the method.  

1. Complex voltages. Methods in this group use the three
complex voltages as input. The Symmetrical Components 
algorithm (SCA) [17, 18] was the first method in this group. It 
uses the angle between positive and negative-sequence 
voltages to obtain dip type. The dip types were somewhat 
different as the ones in [9], but there was an easy relation. 
Next to dip type, complex sum and difference of positive and 
negative-sequence voltage are used to calculate “characteristic 
voltage” and a new characteristic called “PN factor”.  

The “Three-phase Voltages Three-phase Angles” method is
proposed in [19] by Madrigal and the “Three-Phase Angle 
(TPA)” method in [20] by Thakur. 

Algorithms in this group are seen to give a result closest to 
the dip type in relation to the fault type. There are however 
practical problems related to obtaining the complex voltages 
[18].

2. RMS voltage. The algorithms in this group use rms
voltages as input. In [16] the unbalance ratio is defined from 
the rms voltages; its highest value is used as single-event 
characteristic. 

The “Six-phase algorithm” (SPA) [18] calculates the six 
rms voltages of the phase-to-phase and phase-to-neutral 
voltages after subtracting the zero-sequence voltage. Dip type, 
characteristic voltage and PN factor are obtained from these 
six rms voltages. 

Djokic [2] presents an “intuitive classification” of voltage 
dips based on the number of phase-to-neutral rms voltages that 
drop below the dip threshold. This is further developed in [21]
resulting into three types of dips, where the average of the two 
nearest rms voltages is used as well as the rms value of the 
third one. This is in turn used for a proposed classification into 
Type I, II and III by an international working group [13].

Obtaining valuable information from existing monitors and 
databases that only contain information about rms voltages, is 
one of the reasons behind a method that is able to estimate dip 
type and characteristics from the phase-to-neutral rms voltages 
only [22, 23]. The proposed method was extended by Molnar-
Matei [24] and Thakur [25].

3. Advanced features. These features are obtained by using
advanced signal processing methods and they are typically 
used for analyzing large amounts of stored monitoring data 

and ultimately automatic classifiers of voltage dips or other 
power-quality disturbances. There is a vast volume of work on 
this, started by [26, 27] and overviewed by [28], but only a 
small number of those publications consider the three-phase 
character of voltage dips. Examples are the expert system 
proposed by Styvaktakis [29], the support vector machine 
(SVM) classifier by Axelberg [30], the space vector method 
by Ignatova [31], the voltage sag detection and analysis 
method based on Kalman filter by Barros [32]; the voltage dip 
detection method based on discrete wavelet transform (DWT) 
by Gencer in [33] and another DWT based method for voltage 
dip characterization by Fabio [34]. Methods in this group are 
mainly intended for the second characterization aim 
mentioned in the introduction (“obtaining information”).

B. Transition Segments
A voltage dip event due to a fault can be divided into at

least five segments: pre-event segment, transition segment (at
start of fault), during-event segment, transition segment (at
fault clearing) and post-event segment [13, 29]. The two 
transition segments are colored gray in Fig. 1 and Fig. 2,
below.

The values of rms voltage, phase angle, etc. during the 
transition segment are typically not realistic but merely 
artifacts of the method used to calculate them being applied to 
a step-wise change in value. Several methods for 
automatically detecting transition segments have been 
proposed (see [13] and [28]), but no straightforward automatic 
method has as yet been developed. In this paper we use a 
visual method as in [14]. 

IV. THE ALGORITHMS UNDER STUDY

To develop a standard method for obtaining single-event 
chcracteristics, we start from the two methods discussed in [18] 
for calculating characteristics versus time: the symmetrical 
component algorithm (Section IV.A) and the six-phase 
algorithm (Section IV.B). These methods represent the first 
two groups in Section III. Methods in the third group are 
considered too complicated for inclusion in a standard. Each 
of the two methods considered here will result in three 
characteristics as a function of time when applied to a voltage-
dip recording: 

The dip type versus time, DTt, where the values 0 through
5 refer to Ca, Dc, Cb, Da, Cc and Db, respectively.
Characteristic voltage versus time, CVt
PN Factor versus time, PNFt

These are next used to calculate the three single-event
indices: dip type (DT); characteristic voltage (CV); and PN
factor (PNF). The difference between the algorithms is in the 
way in which the single-event characteristics are obtained 
from the characteristics versus time.

A. Symmetrical component algorithm (SCA)
The six methods based on the symmetrical component

algorithm are illustrated here using the measured waveform 
shown in Fig. 1. This is not a typical waveform. Instead the 
waveform is chosen so as to illustrate the difference between 
the different methods. 
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(1) Method A1
In Method A1, the single-event characteristics are DTt and

PNFt at the instant of lowest CVt during the entire recording, 
including the transition segments. Fig. 1(a) shows the rms 
voltage of three phases versus time for a measured voltage dip, 
the gray bands indicate transition segments. (b) is CVt (red 
curve) and PNFt (blue curve) versus time, (c) is DTt, all 
calculated using SCA. In Fig. 1(b), the lowest CVt is 216 V at 
5.7 cycles, in the first transition segment. PNFt is 443 V at this 
instant. The resulting dip type is Cb as shown in in Fig. 1(c). 
(2) Method A2

In Method A2, the single-event characteristics are the DTt
and PNFt at instant of lowest CVt during the event, excluding 
the transition segments.  

In Fig. 1(b), the lowest CVt, excluding the transition 
segments, is 217 V at 5.95 cycles, PNFt is 443 V at this instant. 
In Fig. 1(c), DT at this instant is Cb. 
(3) Method A3

In Method A3, the single-event characteristics are DTt,
PNFt and CVt when the rms voltage is the lowest in any of the 
three phase-to-neutral voltages. The timing of Method A3 is 
identical to the timing of “residual voltage” of voltage dip, 
according to the definition of “residual voltage” in IEC 61000-
4-30 and IEEE Std. 1564.

The lowest rms voltage in Fig. 1(a) is 238.8 V at 5.58 cycles.
It should be noted that the example of illustration is a special 
case where the lowest rms voltage is in the first transition 
segment. The lowest rms voltage is usually in the event 
segment between the transition segments. CV is 218 V, and 
PNF is 443 V at 5.58 cycles in Fig. 1(b). DT at that instant is 
Cb in Fig. 1(c). 
(4) Method A4

In Method A4, the single-event characteristics are the
lowest PNFt and lowest CVt during the entire recording 
including transient segments. DT is determined by CV and 
PNF. 

In Fig. 1(b), the lowest CVt is 216 V at 5.7 cycles the same 
as by Method A1.The lowest PNFt is 402 V at 15.6 cycles; it
occurs in the second transition segment. From CVt and PNFt,
calculated DT is Cc.  
(5) Method A5

In Method A5, the single-event characteristics are the
lowest PNFt and lowest CVt during the recording, but 
excluding the transition segments. DT is determined by CV 
and PNF. 

In Fig. 1(b), the lowest CVt is 217 V at 5.95 cycles, the 
same as by Method A1. The lowest PNFt is 438 V at 
7.65 cycles, excluding the transition segment. DT is Da from 
calculated CVt and PNFt. 
(6) Method A6

From the recording data, magnitude and PAJ in each of the
three phase-to-neutral voltages are calculated as in [14]. The 
three characteristics are obtained from these complex voltages 
by SCA. CV is 237 V and PNF is 451 V.
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Fig. 1. Example of characterization for a measured voltage dip based on SCA.
(a) RMS voltage versus time (The three colors refer to the three phases.).(b) 
PNFt (blue) and CVt (red). (c) Dip type versus time.

B. Six-Phase Algorithm (SPA)
Using the six-phase algorithm [18], characteristic voltage

(CVt) and PN factor (PNFt) are calculated as a function of 
time. CVt is the lowest of the six rms voltages (three phase-to-
phase voltages and three phase-to-neutral voltages minus the 
zero-sequence voltage), PNFt is the highest of the six rms 
voltages at each moment. The dip type (DTt) is determined at 
each instant from the six rms voltages.  

A

B

C

AB

BC

CA

V lowest Da
V lowest Db
V lowest Dc
V lowest Cc
V lowest Ca
V lowest Cb

(1)

Six methods to calculate the value of the single-event 
indices CV, PNF and DT, based on SPA, are compared in this 
paper. 

The six methods below (B1 through B6) are similar to the 
six methods (A1 through A6) discussed in the previous sub-
section, with the only difference that the six-phase algorithm 
is used instead of the symmetrical-component algorithm to 
calculate the characteristics versus time. 

The example in Fig. 2(a) shows the three rms voltages 
versus time for a measured voltage dip; the three colors refer 
to the three phases; the gray bands indicate transition segments.
Fig. 2(b) and Fig. 2(c) show the six rms voltages versus time.  
(1) Method B1

In Method B1, CV is the lowest of the six rms voltages
during the entire recording. DT and PNF are determined from 
the six rms voltages at the instant that this lowest value occurs. 

In Fig. 2(b), the lowest CVt is 701 V at 5.01 cycles, in the 
first transition segment. The green line in Fig. 2(b) is VB, it 
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means DT is Db. PNF, the highest rms voltage at the instant of 
lowest CVt, is 765 V, shown in Fig. 2(c). The PNF is the value 
of VCA (black line) at this instant. 
(2) Method B2

In Method B2, the CV is the lowest CVt during the event
excluding the transition segments. DT and PNF are 
determined using the six rms voltages at that instant, i.e. wgen 
CVt is lowest. The lowest CVt is 703 V at 7.5 cycles in 
Fig. 2(b), the pink line in Fig. 2(b) is VBC, it means DT is Ca.
PNF is 767 V in Fig. 2(b) at instant of the lowest CVt from 
Method B2, the red line (VA) is PN factor versus time. 
(3) Method B3

In Method B3, CV is the lowest of the six rms voltages,
PNF is the highest of the six and DT is determined by CVt 
when the rms voltage is the lowest in any of the three phase-
to-neutral voltages.  

The lowest rms voltage is 702 V at 5.0 cycles in Fig. 2(a), 
the instant is marked by the red vertical dashed line in 
Fig. 2(c). From Method B3, CV is 701.8 V in Fig. 2 (b), which 
is on VB marked as green line, and dip type is Db. PNF is 
765 V in Fig. 2(c). 
(4) Method B4

In Method B4, CV and PNF are the lowest and the highest
voltage, respectively among the six rms voltages during the 
entire recording including the transient segments.

The example shows CV is 701 V in Fig. 2(b) and PNF is 
749 V in Fig. 2(b), during the first transition segment.  
(5) Method B5

In Method B5, CV and PNF are the lowest and the highest
voltage among the six rms voltages during the event, 
excluding transition segments.

The example shows CV is 703 V and PNF is 765 V in 
Fig. 2(b) and Fig. 2(c), respectively.  
(6) Method B6

In Method B6, magnitude and PAJ in each of the three
phase-to-neutral voltages are calculated using the method 
proposed in [14]. The six rms voltages are calculated from 
these three complex voltages and the six-phase algorithm is 
applied to these. CV, PNF and DT are calculated from the 
three complex voltages by SPA. CV is 679 V and PNF is 
744 V, DT is Ca as shown in Fig. 2.

It should be noted that Fig. 1 and Fig. 2 show two different 
voltage dips. The example in Fig. 1 can show the difference 
A1 to A6 clearly, however, the example cannot show the 
difference between B1 to B6 clearly. Therefore two different 
examples were used. Table I summarizes and compares the 
single-event characteristics as obtained by the 12 methods for 
the dips shown in Fig. 1 and Fig. 2. 

Lowest rms 
voltage

Va

Vb

Vc

(a)

0 5 10 15
700

720

740

760

Time [Cycles]

S
ix

-p
ha

se
s 

V
ol

ta
ge

 [V
]

VA VB

VC VA B

VB C VC A

B4(PNF)

B1, B3, B4 
(CV)

B2, B5 
(CV)

B2(PNF)

 (b) 

4.2 4.4 4.6 4.8 5

750

755

760

765

Time [Cycles]

S
ix

-p
ha

se
s 

V
ol

ta
ge

 [V
]

5 5.005 5.01 5.015

764.75

764.8

764.85

764.9

764.95

765

Time [Cycles]

S
ix

-p
ha

se
s 

V
ol

ta
ge

 [V
]

B1(PNF)

B3(PNF)B4(PNF)

B5
(PNF)

VA VB

VC VAB

VBC VCA

 (c)

Fig. 2. Example of the calculation of PNF and CV versus time for a measured 
voltage dip based on SPA. (a) three rms voltages versus time (The three colors 
refer to the three phases). (b) six rms voltages versus time for showing CV. (c) 
six rms voltage versus time for showing PNF. 

TABLE I 
CHARACTERISTICS COMPARISON OF THE TWO EXAMPLES IN FIG. 1 AND FIG. 2 

Method
Example in Fig.1 Example in Fig.2

CV PNF DT CV PNF DT
A1 216 443 Cb 701 764 Db

A2 217 443 Cb 704 764 Db

A3 218 443 Cb 701 764 Db

A4 216 402 Cc 701 753 Cc

A5 217 438 Da 704 764 Db

A6 237 451 Db 744 679 Da

B1 230 443 Cb 701 765 Db

B2 230 443 Cb 703 767 Ca

B3 223 443 Cb 702 765 Db

B4 230 438 Cb 701 749 Db

B5 230 442 Cb 703 765 Ca

B6 237 451 Cb 679 744 Ca

V. COMPARISON

A. Data Set Used
The 12 characterization methods described in Section IV

have been applied to 259 measured voltage dips. For each dip 
and each method, dip type (DT), characteristic voltage (CV) 
and PN factor (PNF) have been calculated as a single-event 
characteristic. Most of the 259 measured voltage dips were 
obtained from sites in a resistive or inductive-resistive 
grounded medium-voltage network in Sweden or in the UK. 
Each event recording contains three phase-to-neutral voltages 
with 96 or 128 samples per cycle (SPC); measurement 
windows are between 8 and 60 cycles. All dips selected for 
this paper were due to earth faults or short-circuits in the 
medium-voltage level or at a higher voltage level.

A large part of the data set was obtained during a one-
month recording at several tens of sites. Another part was 
obtained during a two-year period at a handful of locations. In 
both cases the medium-voltage network consisted of a mixture 
of cables and overhead lines, whereas the higher voltage levels 
mainly consisted of overhead lines. 
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B. Comparison Method
To compare the performance of two methods, a percentage

difference is calculated for each dip, for example for the PNF 
difference between Method Ai and Method Aj (i, j=1, ……,6):

_ 100%i j
i j

nor

PNF PNF
PNF

(2) 

Where, PNFi and PNFj are calculated by Method Ai and Aj,
PNFnor is PNF of the recording before the start of the voltage 
dip. Similar expressions hold for CV and for the B methods.

The fraction of dips is calculated for which this difference is 
more than a given percentage; 2%, 5%, 10%  and 20% have 
been used as percentages in the comparison. To compare the 
performance for DT, the percentage of dips with different DT 
is calculated. 

The comparison is made for the methods A1 through A6 in 
Section V.B; for the methods B1 through B6 in Section V.C. 
Section V.D compares method A1 with B1, method A2 with 
B2, etc.  

C. Symmetrical Component algorithm
Table II, III and IV compare the six methods based on the

symmetrical component algorithm (SCA). CV, PNF and DT 
are calculated for all 259 measured voltage dips, using the six 
methods (A1 through A6).
(1) PN-Factor

The comparison of the resulting PNF values by method A1
to A6 is shown in Table II. 

TABLE II 
PNF COMPARISON FOR SCA-BASED METHODS (IN %)

PNF comparison A2 A3 A4 A5 A6
>2%

A1

7.72 6.18 50.58 20.85 33.98 
>5% 2.32 2.70 22.39 5.79 21.62 

>10% 1.16 1.16 4.25 1.93 17.37 
>20% 0.00 0.39 1.16 0.39 15.44 
>2%

A2

5.41 45.17 13.51 32.82 
>5% 1.54 19.69 4.63 21.62 

>10% 1.16 3.86 1.54 18.15 
>20% 0.00 0.77 0.00 15.06 
>2%

A3

45.17 14.29 34.75 
>5% 19.69 3.47 22.01 

>10% 2.70 0.77 17.76 
>20% 0.77 0.00 15.06 
>2%

A4

33.98 51.35 
>5% 13.90 33.98 

>10% 1.93 20.46 
>20% 0.77 14.67 
>2%

A5

33.59 
>5% 23.94 

>10% 18.53 
>20% 14.29 

In Table II, the highlighted cells compare method A2 and 
A3. For 5.41% (14 cases) the difference is more than 2%. 
Similar, the difference is more than 10% in 3 cases out of 259 
(1.16%). These low values indicate that methods A2 and A3 
give similar results. 

The difference between A1 and A2 is due to the instant of 
the lowest CVt with or without consideration of transition 
segments. The results from A1 and A2 are close: rarely more 
than 5% and never more than 20%. As A1 is easier to 
implement (it does not require detection of the transition 

segment), this is a more suitable method. 
A4 and A5 are also similar; just like for A1 and A2 the 

difference is in the transition segment not being considered in 
A5. The differences between A4 and A5 exceed 2% and 5% 
more often. Differences exceeding more than 10% are rare. 

The biggest differences in PNF are between A6 and the 
other methods. The PNF of A6 is calculated from the three 
complex voltages, not directly from the measured voltage dip. 
This method is seen by the authors as not suitable to calculate 
PNF.  
(2) Characteristic Voltage

The comparison of the resulting CV values obtained by
methods A1 to A6 is shown in Table III. 

TABLE III 
CV COMPARISON FOR SCA-BASED METHODS (IN %)

CV comparison A2 A3 A4 A5 A6
>2%

A1

10.04 7.72 0.00 10.04 33.98 
>5% 3.86 4.25 0.00 3.86 28.19 
>10% 2.32 2.32 0.00 2.32 22.01 
>20% 1.16 1.93 0.00 1.16 17.37 
>2%

A2

8.11 10.04 0.00 31.66 
>5% 3.47 3.86 0.00 25.87 
>10% 1.16 2.32 0.00 20.85 
>20% 0.77 1.16 0.00 16.99 
>2%

A3

7.72 8.11 32.82 
>5% 4.25 3.47 28.19 
>10% 2.32 1.16 21.24 
>20% 1.93 0.77 17.37 
>2%

A4

10.04 33.98 
>5% 3.86 28.19 
>10% 2.32 22.01 
>20% 1.16 17.37 
>2%

A5

31.66 
>5% 25.87 
>10% 20.85 
>20% 16.99 

In Table III the highlighted cells are the comparison 
between method A2 and A3. The differences remain low (2% 
or less in 92% of cases) but are somewhat bigger for CV than 
for PNF (Table II).  

The difference between A1 and A2 is that the transition 
segment is not considered in A2. The differences between the 
methods are small, but again somewhat bigger than for PNF. 
The difference between A4 and A5 are however much smaller 
for CV than for PNF. 

The table also shows that methods A1 and A4 give the 
same results for CV; the same holds for A2 and A5. This 
follows from the description of the algorithms in Section IV. 
The methods do however not give the same results for PNF 
(Table II) and DT (Table IV).

Like for PNF, the biggest differences occur between 
Method A6 and the other five methods.  
(3) Dip Type

The comparison of the resulting DT values obtained by
methods A1 to A6 is shown in Table IV.

In Table IV, highlighted cells are the comparison between 
method A2 and A3. In 9.27% (24 cases) DT obtained from A2 
is different from the one obtained by A3.  

The difference is smallest between A1 and A2, only 7.7%
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(20 out of 259 cases). The difference between A4 and A5 is 
28.96%. Also the differences between A4, A5 and A6 with 
other methods are very big: between 1/3 and 1/5 of the dips 
are classified differently between the methods. 

TABLE IV 
DT COMPARISON FOR SCA-BASED METHODS (IN %)

Different  DT A2 A3 A4 A5 A6
A1 7.7 11.20 21.24 20.85 37.84 
A2 9.27 23.17 22.39 35.52 
A3 27.41 16.99 34.75 
A4 28.96 40.54 
A5 36.68 

D. Six-Phase Algorithm (SPA)
A comparison of the six methods based on SPA (B1

through B6) is shown in Table V, VI and VII. CV, PNF and 
DT are calculated for all 259 measured voltage dips to 
compare the different methods. 
(1) PNF

The comparison of the resulting PNF values obtained by
methods B1 to B6 is shown in Table V.

TABLE V 
PNF COMPARISON FOR SPA-BASED METHODS (%) 

PNF comparison B2 B3 B4 B5 B6
>2%

B1

3.47 4.25 10.42 6.95 33.20 
>5% 1.16 1.16 1.54 1.54 14.67 
>10% 0.77 0.77 0.77 1.16 8.49 
>20% 0.39 0.39 0.39 0.39 6.18 
>2%

B2

5.02 11.20 3.86 33.98 
>5% 0.77 1.54 0.77 14.29 
>10% 0.00 0.77 0.00 8.49 
>20% 0.00 0.00 0.00 5.79 
>2%

B3

13.90 3.86 34.75 
>5% 1.54 0.77 14.67 
>10% 0.39 0.39 8.88 
>20% 0.00 0.00 5.41 
>2%

B4

12.36 30.50 
>5% 1.16 12.36 
>10% 0.77 6.56 
>20% 0.00 3.86 
>2%

B5

33.59 
>5% 13.90 
>10% 9.27 
>20% 5.79 

In Table V, highlighted cells are the comparison between 
Method B2 and B3. The differences are more than 2% in 13 
cases out of 259 (5.02%). There is no case with difference 
more than 10%.  

The results of methods B1 and B2 are also close. There are 
only 3.47% (9 cases) with difference more than 2%, 0.77% (2 
cases) with difference more than 10%, and only 0.39% (1 case) 
with difference more than 20%. The differences are mainly 
due to the lowest value occurring during a transition segment. 

The difference between B4 and B5 is also due to the lowest 
value occurring during a transition segment. The differences 
are more than 2%, 5% and 10% in 32, 3 and 2 cases out of 259 
(12.36%, 1.16% and 0.77%). PNF results between B4 and B5 
are close. 

The biggest PNF differences are between method B6 and 

the other five methods, shown in the last column Table V. 
PNF of Method B6 is calculated by the three complex voltages,
not the measured voltage dip. The differences are more than 
2%, and 10% in about 30% and 12% of cases. The differences 
obtained by SPA are smaller than for SC algorithm. 
(2) CV

The comparison of the resulting CV values by method B1
to B6 is shown in Table VI. 

TABLE VI 
CV COMPARISON FOR SPA-BASED ALGORITHMS (%) 

CV comparison B2 B3 B4 B5 B6
>2%

B1

3.86 14.67 0.00 3.86 32.43 
>5% 1.16 7.72 0.00 1.16 20.08 

>10% 0.77 4.25 0.00 0.77 13.51 
>20% 0.39 1.54 0.00 0.39 8.88 
>2%

B2

14.29 3.86 0.00 35.14 
>5% 8.49 1.16 0.00 20.85 

>10% 4.63 0.77 0.00 14.29 
>20% 1.54 0.39 0.00 9.65 
>2%

B3

14.67 14.29 35.14 
>5% 7.72 8.49 16.99 

>10% 4.25 4.63 10.04 
>20% 1.54 1.54 7.72 
>2%

B4

3.86 32.43 
>5% 1.16 20.08 

>10% 0.77 13.51 
>20% 0.39 8.88 
>2%

B5

35.14 
>5% 20.85 

>10% 14.29 
>20% 9.65 

In Table VI, highlighted cells are the comparison between 
Method B2 and B3. The percentage is 14.29% (37 cases) that 
the difference is more than 2%. Similarly, the differences are 
more than 5%, 10% and 20% in 22, 12 and 4 cases out of 259 
(the percentages are 8.49%, 4.63% and 1.54%). The difference 
between B2 and B3 is small. 

The results of methods B1 and B2 are also close. There are 
only 3.86%, 1.16%, 0.77% and 0.39% (10, 3, 2 and 1 cases) 
cases with difference more than 2%, 5%, 10% and 20%. 

The results of methods B4 and B5 are close. There are 3.86% 
and 1.16% (10 and 3 cases) cases out of 259 with difference 
more than 2%, 5%. There is no case with the difference 
between B4 and B5 more than 20%.

The bigger CV differences are between the Method B6 and 
Bi (i=1, …,5), shown in Table V. CV of Method B6 is 
calculated by the three complex voltages, not the measured 
voltage dip. The smallest differences between B6 and Bi (i =
1, …,5) is between B6 and B4. The difference between B6 and 
B3 is more than 5% in 44 cases out of 259 (16.99%).  
(3) Dip type

Based on SP algorithm, six dip types can be determined by
method B1 to B6: type Ca, Cb, Cc, Da, Db and Dc. Table VII 
compares the differences of dip types in 259 recorded dips by 
the six methods.  



0885-8977 (c) 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TPWRD.2016.2574924, IEEE
Transactions on Power Delivery

7

TABLE VII 
DT COMPARISON FOR SPA BASED METHODS (%) 

Different  DT B2 B3 B4 B5 B6
B1 1.54 10.04 0.00 1.54 21.24 
B2 8.88 1.54 0.00 20.08 
B3 10.04 8.88 23.55 
B4 1.54 21.24 
B5 20.08 

In Table VII, the highlighted cell is the comparison 
between Method B2 and B3. For 8.88% (23 cases) DT is 
different by B2 and B3.  

Similarly, the difference is small between B1 and B2, only 
1.54% (4 cases out of 259). 

DT difference between B4 and B5 is 1.54% (4 cases). 
The biggest DT differences are between Method B6 and the 

other five methods, shown in Table VII. The differences are 
about 20%.  

E. SCA and SPA Comparison
A comparison between similar SCA and SPA-based

methods is shown in Table VIII.

TABLE VIII
COMPARISON BETWEEN SCA AND SPA-BASED METHODS (%) 

Difference PNF CV DT

A1 and B1

>2% 16.99 18.15 

20.46
>5% 3.47 10.81 
>10% 1.54 6.18 
>20% 0.39 3.09 

A2 and B2

>2% 20.08 25.10 

20.08
>5% 2.70 10.81 
>10% 1.54 6.18 
>20% 0.39 2.70 

A3 and B3

>2% 11.58 15.06 

16.99
>5% 2.70 7.34 
>10% 1.54 2.70 
>20% 0.39 1.54 

A4 and B4

>2% 37.84 18.15 

29.34
>5% 14.29 10.81 
>10% 3.86 6.18 
>20% 1.16 3.09 

A5 and B5

>2% 29.34 25.10 

27.03
>5% 6.18 10.81 
>10% 2.70 6.18 
>20% 0.39 2.70 

A6 and B6

>2% 35.91 35.14 

12.74
>5% 22.78 23.55 
>10% 15.83 16.60 
>20% 8.88 9.27 

A3 and B1

>2% 12.36 18.15 

21.24
>5% 3.09 10.81 
>10% 2.32 6.56 
>20% 0.39 3.47 

In Table VIII, highlighted cells are the comparison between 
method A3 and B3. The differences for PNF and CV are 
smallest between A3 and B3; for DT between A6 and B6. For 
the latter pair, the difference is much bigger for PNF and CV 
however. For all the methods, especially the difference in DT 
is big. 

VI. DISCUSSION

A. A6 and B6
Algorithms A6 and B6 are the easiest ones to implement in

combination with residual voltage and phase-angle jump 
(PAJ) as in [14]. Both the PAJ and the residual voltage could 
be impacted by values reached during the transition segment. 
The impact of the error on the statistics on PAJ was shown to 
be acceptable in [14]. However, the errors occurring in all 
three voltages result in a large impact on the three-phase 
characteristics. The results from algorithms A6 and B6 deviate 
a lot from the other five algorithms. Therefore these two 
algorithms are considered as not appropriate. 

B. Transition segments
There are four pairs of methods (A1/A2; A4/A5; B1/B2;

B4/B5) that differ only in the way in which the transition 
segment is considered. For methods A1, A4, B1 and B4 the 
whole recording is considered. For methods A2, A5, B2 and 
B5 the instant at which the single-event characteristics are 
determined cannot fall in a transition segment.  

Methods A2, A5, B2 and B5 would be “closer to reality” as 
they do not consider the transition segments. But 
implementing them would be very difficult as it would require 
a segmentation method and there is as yet no single acceptable 
method for automatically detecting the transition segment. The 
duration of the transition segment is different for different 
measured dips and depends on the way in which it is 
calculated. For this study we used visual inspection to detect 
the transition segments. The difference is shown to be 
relatively small between A1 and A2, between B1 and B2, and 
between B4 and B5. Because of this, A1, B1 and B4 are 
suitable methods.

The difference between A4 and A5 is considered as too big 
however; A5 would be an appropriate method but is for the 
time being too difficult to implement. 

C. Existing standard methods
Both IEC 6100-4-30 and IEEE Std 1564 use the lowest of

the three rms voltages as a single-event index (“residual 
voltage” in IEC; “retained voltage” or “magnitude” in IEEE). 
Defining DT, CV and PNF for the same instant (as in Method 
A3 and B3) will make the proposed indices more in line with 
the ones defined by the existing standards.

The comparison shows that the difference between A3 and 
A2 is smaller than between A1 and A2 for PNF and CV, but 
not for DT. Note that the results of A2 are “closer to reality” 
than the ones of A1 as values during the transition segment are 
not considered with A2. As A3 is similarly close to A2 than 
A1, but more in line with existing standard methods, A3 is 
seen as the most appropriate of the methods based on SCA.

It is also shown that B1 is a lot closer to B2 than B3 for CV 
and DT, whereas they both are about equally close for PNF. 
Therefore it is considered than B1 is a more appropriate 
method than B3. 

When comparing methods B3 and B4, with respect to them 
giving the same results as B5 (closer to reality, but very 
difficult to implement), B3 is closer for PNF and B4 is closer 
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for DT. They are about equally close for CV. Both methods 
have their deviations and neither of them seems appropriate. 
Instead method B1 is considered as the most appropriate 
among the methods based on SPA. 

D. SCA versus SPA
The differences between the A methods and the B methods

are shown to be large (Table VIII). It was shown in [18] that 
the SCA methods give results closer related to the type of 
faults but that these methods are more difficult to implement. 
The earlier reasoning resulted in methods A3 and B1 being the 
most appropriate ones. The differences between them are large 
but the implementation issues are considered a concern. 
Therefore it is recommended that two methods are defined in 
the standards: A3 based on SCA; B1 based on SPA. A
different notation should be used in the standard to distinguish 
between the two definitions. 

E. Future work
Existing databases do not always have the voltage-dip

waveforms stored. In that case, none of the discussed 
algorithms can be applied. When only the residual voltage 
according to IEC 61000-4-30 has been stored, there is 
obviously no way in which three-phase characteristics like dip 
type can be extracted. 

It is however possible to estimate the phase-to-phase rms 
voltage and the dip type from the three phase-to-neutral rms 
voltages using the methods described in [22], [24] and [25]. 
Knowing the three phase-to-phase rms voltages, the phase-to-
neutral voltages minus zero-sequence can be calculated using 
basic mathematics. Such methods should be the base for 
standardized methods to estimate three-phase characteristics 
from three phase-to-phase or phase-to-neutral voltages. 

The comparison of the twelve different algorithms was 
based on 259 recorded voltage dips. Larger databases (with 
thousands of dips) should be used to verify the results from the 
studies presented in this paper. 

F. Extracting information
The comparison between the algorithms is made with

reference to their use to quantify the performance of the 
supply. As mentioned in Section II, extracting information 
about the origin of the event is an additional aim of voltage-
dip monitoring. This will require more extensive sets of 
characteristics, referred to as “features” in many studies. At 
this stage it is not seen appropriate to define sets of features; it 
is far from clear which information can be extracted from 
voltage dips. Further work is needed towards this. Any 
standardization at this stage would merely set barriers against 
innovation of advanced methods for automatic analysis. 

Here it should also be pointed out that the different 
methods, compared in this paper, do give rather different 
results. This is a lesser concern for quantifying the 
performance of the system, where it is most important to have 
a standardized method. However for extracting information 
about e.g. fault type and location, the methods studied in this 
paper do not seem to be appropriate as their margin of error is
too big. Further work is needed to find accurate methods for 

extracting information from voltage dips, e.g. on the 
underlying event. 

G. Voltages to be used
The proposed methods can use phase-to-neutral, phase-to-

phase or phase-to-ground voltages. Phase-to-neutral voltages 
are used throughout the paper. Zero-sequence voltage is not 
considered in the classification approach, so both phase-to-
neutral and phase-to-ground will get the same result. The same 
CV and PNF are also obtained by using phase-to-phase 
voltage, but with a different dip type (the dip types will 
change from Type C to D or from Type D to C).  

VII. CONCLUSIONS

The comparison of the methods presented in this paper 
shows that the value of the three-phase characteristics depends 
strongly on the calculation method. This is an important 
argument for standardization so as to ensure that different 
monitors give the same results when calculating the same 
characteristics. 

It is recommended that both method A3 and method B1 are 
included in international standard documents: IEC 61000-4-30 
and IEEE Std 1564. As the methods can give rather different 
results, different terms should be used to refer to these two 
definitions.  

It is also recommended to develop standard methods to 
estimate three-phase characteristics when only the rms values 
of phase-to-phase or phase-to-neutral voltages are available. 

Here it should also be noted that there is no such thing as a 
perfect method when it comes to dip characterization as 
discussed in this paper. What is more important is to have a 
consistent (standardized) method that is possible to implement 
without too much difficulties. The two methods proposed in 
this paper fulfill those requirements. 

Further work is needed towards developing a suitable 
method to determine the transition segments for recorded 
voltage-dip waveforms and towards methods for extracting 
information from voltage dips. 
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Abstract  This paper proposes a method for characterizing 
multi-stage voltage dips based on machine learning algorithms, 
using the space phasor model instead of the individual phase-to-
neutral voltages. The multi-stage dip is separated into its 
individual event segments using a K-means clustering algorithm. 
Further the logistic regression approach is used to obtain the 
single-segment characteristics: Characteristic Voltage; PN factor 
and Dip Type. The method is validated by applying it to synthetic 
dips and to dip recording from actual power systems. Parts of the 
proposed method can also be applied to single-stage dips.

I. INTRODUCTION

Electrical faults (short circuits and earth-faults), starting 
of large induction motors, and such, cause a sudden short-
duration increase in current and consequently a short-duration 
reduction in rms voltage which is called voltage dip  or 
voltage sag . When the fault develops for example from a 
single phase through two-phase-to-ground to three-phase, this 
results in sudden several changes in rms voltage and so-called 
multi-stage voltage dips [1].  

Voltage dips have been considered as one of the most 
important power-quality issues impacting the industrial 
process; particularly modern industries equipped with 
sensitive equipment like PLCs, adjustable speed drives 
(ASDs) and other power electronic converters [2]. Moreover 
smart grids evolve with a lot of distributed generation systems 
(DG) which are highly dependent on power electronic 
converters [3].  

Voltage dips can lead to malfunction or unwanted trip of 
sensitive loads and subsequently large costs due to the 
interruption of plant or process operation. A precise voltage 
dip characterization method is an important requirement for 
system designers to select appropriate equipment specification 
for critical processes and for improving the reliability of smart 
grids [4-5]. 

Regardless of the applied method, voltage dip 
characterization aids in two main aims including: first, 
quantifying the performance of the power system, and second, 
obtaining information about the underlying cause of the 
voltage dip and the status of the power system at the time of 
the dip occurrence. 
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Regarding these two applications, it is very important to 
describe voltage dips by a set of single values, so-called 
single-event characteristics [6]. Some examples of single-
event characteristics for voltage dips are voltage dip 
magnitude and duration, characteristic voltage (CV), positive-
negative factor (PNF) and dip type (DT) [6-7], point on wave 
(POW) [4]-[8] and phase-angle jump (PAJ) [9].

The voltage dip magnitude (residual voltage) and duration 
are defined by existing standards [10-12], however they can 
just efficiently describe dips for single-phase equipment or 
three-phase balanced dips for three-phase equipment. 
Additional single-event characteristics like as CV, PNF, DT 
POW and PAJ are introduced for dealing with unbalanced 
voltage dips [5-9].  

Moreover, in dealing with multi-stage voltage dips, using 
one set of single-event characteristics for the whole event it is 
not efficient. It is more desirable to characterize each stage 
individually by so-called single-segment characteristics ,
as was proposed by an international working group [13].  

To this end, an effective segmentation method is 
requirement to split the multi-stage dip into its individual 
stages. After obtaining the individual stages, single-segment 
characteristics are calculated for each of them in the same way 
as for single-event characteristic for normal (single-stage) 
voltage dips.  

This paper proposes a new method that employs K-means 
clustering algorithm to split the space phasor model of the 
three phase-to-neutral voltages into several circles or ellipses, 
each corresponding to an individual stage of the dip. Further, a 
logistic regression algorithm is exploited to obtain optimized 
parameters for the ellipse: semi-minor axis, semi-major axis 
lengths and major-axis direction or ellipse rotating angle. 
Finally, single-segment characteristics CV, PNF and DT for 
each stage (clustered event segment) are calculated based on 
the ellipse parameters. This method can also be applied to 
characterize single-stage dips.  

The proposed method is verified to characterize 25 
synthetic voltage dips based on nine general types of voltage 
dips, some special voltage dips available in an IEEE database 
and finally 66 measured voltage dips in an existing MV 
distribution network.

Section II of this paper provides a brief review of 
previous works on voltage dip characterization. Section III 
details the proposed method by explaining space phasor model 
and gives more information about the mathematics behind 
ellipses. This section also renders K-means clustering and 
logistic regression algorithms and the way that are exploited to 
determine ellipse parameters and subsequently single-segment 
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characteristics. Section IV presents simulation and validation 
results. Finally, Section V concludes this paper. 

II. STATUS OF VOLTAGE DIP CHARACTERIZATION

The research on voltage dip characterization started in of 
the late 80s decade [14]. The earliest works used rms voltages 
to calculate residual voltage and duration of the dip as two 
single-event characteristics. The method proposed in [7], 
symmetric component algorithm (SCA), uses symmetric 
components to calculate three characteristics: CV, PNF and 
DT. Characteristic voltage (CV) is a difference between 
positive ( and negative  sequence magnitudes for line
to line (LL) faults and sum of  and  for single line to
ground (SLG) faults. CV can be considered as an alternative 
for residual voltage. A lower value for CV means more severe 
voltage dip.  

The PNF is sum of  and  for LL faults; the difference
between  and  for SLG faults. The PNF value is close to
unity for both fault types. The difference between CV and 
PNF measures the amount of voltage unbalance. The dip type 
(DT) characteristic divides voltage dips into three basic types: 
A, C and D as listed below [6];

The Type A dips are balanced voltage dips; the same drop
in magnitude for all three voltages. This is referred to as
Type III in [13].
Type C dips are unbalanced voltage dips with significant
drop in magnitude for two voltages and a lower or no drop
for the third voltage, (Type II in [13]). The Type C is
subdivided into , ,  dip types. The subscripts a, b or
c, denotes the phase with small or no voltage drop.
Type D dips are unbalanced voltage dips with a large drop
in magnitude for one voltage and a lower or no drop for the
two other voltages (Type I in [13]). The D family is
subdivided into , ,  dip types. The subscripts a, b or
c, denotes the phase with considerable voltage drop.

The other proposed algorithm namely six-phase algorithm 
(SPA) [15] presents also same characteristics as SC algorithm 
but it uses six rms voltages to calculate CV, PNF and DT 
characteristics. The SPA has been the basis for the definition 
of characteristic voltage in IEEE 1564. A comparison was 
made between SCA and SPA in [7] where it was concluded 
that SCA is the more accurate one but also the one more 
complicated to implement and sensitive to frequency drift. 

Both SC and SP algorithms calculates mentioned 
characteristics as function of time. There are 12 different ways 
to calculate single-event characteristics from these over time 
characteristics. Thus proposed methodology in [16] codified 
systematic way to comparing this set of 12 different ways to 
find the most efficient one for calculating single-event 
characteristics.  

The space vector based characterization method is 
presented in [17]. The method uses the complex values of 
space vector and zero-sequence voltages to classify and 
characterize voltage dips. The method uses the discrete 
Fourier transform to extract fundamental components of the 
three voltages.

The algorithm in [18] is based on minimal phase-to-
neutral (PN) and phase-to-phase (PP) voltage. The method 
derives the theoretical relations between the smallest PN 
voltage and the smallest PP voltage, for each type of voltage 
dip, starting from the expressions for the voltages during the 
dip according to the ABC classification. However this method 
does not have a good performance for voltage dips due to two-
phase-to-ground faults. The method proposed in [19] improves 
this method.  

The proposed method in [20], named three-phase-three-
angle (TP-TA) algorithm, introduces five different parameters 
including remain voltage (RV), inverse remain voltage (IRV) 
and three angles between phases ( ) for 
characterization. The voltage drop magnitude (residual 
voltage) for each individual phase is calculated according to 
RV values. Also the two highest values of IRV and three 
angles are used to determine the dip type.  

The three-angle method is recently proposed in [21]; it 
calculates the complex value unbalanced factor (CVUF) as a 
complex value by dividing negative sequence by positive 
sequence voltage. The characterization is performed based on 
the CVUF parameter, three angles between phases and the 
original fault type. The method classifies voltage dips based 
on dip types A, D and C as introduced before. 

The proposed method in [4] uses wavelets for voltage dip 
characterization. However the method concentrates on point 
on wave characteristics.  

The other recently proposed method [22] uses the 
polarized ellipse parameters for characterization and 
classification of voltage dips and swells. The three parameters 
of the polarized ellipse, semi-minor and semi-major axis 
lengths and ellipse angle, are calculated based on the 
fundamental-frequency phasors of the three phase voltages 
and under seven types of dips. The fundamental phasor of 
each phase is calculated by using discrete Fourier transform 
(DFT) over one cycle. The method determines several 
threshold values and decision boundaries for characterization.

All above methods have concentrated on single-stage 
voltage dips. None of the proposed methods results in a set of 
single-value characteristics that would be able to describe the 
multi-stage voltage dips in an appreciate way.

III. CHARACTERIZATION METHOD FOR MULTI-STAGE DIPS

The big challenge regarding characterization of multi-stage
voltage dips is segmentation. The rms voltages cannot 
immediately drop to a lower voltage or recover to after the 
fault value. It causes the occurrence of two transition segments 
before and after event segment [13]. Since the occurrence and 
duration of transition segments are quite random, detecting 
and extracting these segments is difficult. This is more 
challenging for multi-sage dips as they are including several 
transition segments. It is therefore essential to represent the 
three phase voltages in a way that is efficient for clustering 
while the model also results in acceptable characteristics. This 
paper proposes the use of a space phasor model (SPM) of 
three phase voltages, since it depicts multi-stage dips by 
different ellipses and circles corresponding to the individual 
event segments of each stage. Ellipse and circles are 
separately clustered by means of K-means clustering 
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algorithm. Finally, considering the general quadratic equation 
for the ellipse, the logistic regression is exploited to fit the 
parameters of the ellipse to the measured space phasor model.

Forthcoming sections detail the proposed method by 
explaining the space phasor model and ellipse principals. K-
means clustering and logistic regression are also explained in 
detail. Finally, this section calculates the single-segment 
characteristics by using ellipse parameters semi-minor (
and semi-major (  axis lengths and the direction of the
semi-major axis .

A. Space Phasor Model
The Space Phasor Model (SPM) of three phase voltages,

,  and , is obtained by:
(1)

where and . 
The SPM of the multi-stage voltage dip offers a more 

intuitive model for applying clustering. The shape of the SPM 
in the complex plane is either a circle or an ellipse. 

The Circle represents the normal voltages or a balanced 
voltage dip (Type A). The circle radius is equal to the residual 
voltage. Harmonic voltage distortion results in a deviation 
from the circular shape.  

The Ellipse represents an unbalanced voltage dip (D and 
C dip types), where the direction of major axis indicates the 
dip type and the length of the axes is related to PNF and CV. 

An example of a multi-stage voltage dip with two event 
segments is shown in Fig. 1. The SPM, according to (1), is 
shown on the right-hand side of Fig. 2. Three circles are 
visible and one ellipse: the circles are corresponding to the 
pre-event, post-event segments and second event segment; the 
ellipse corresponds to the first event segment. The left-hand 
side of Fig. 2 shows the modulus of the SPM as a function of 
time; a 20-ms sliding window rms has been used to calculate 
this. 

Fig. 1 Example for multi-stage voltage dip. 

Fig. 2 RMS of modulus of the space-phasor model and the space-phasor 
model in the complex plane. 

B. Ellipse and Principal Axis Theorem
a) Standard Quadratic Form

The standard quadratic form of an ellipse that is aligned
with the x-axis in the coincident reference frame is as follows: 

(2)
where is a variable matrix and  is a diagonal
matrix [23]:

(3)

b) Rotating ellipse (General quadratic form)
The ellipse may be rotated over an angle  by the following

rotation matrix: 

(4)

So the major axis direction is rotated to 
 and the minor axis direction  is rotated to 

. The general transformation is  with 
inverse . Substituting this into (3) results in:

(5)
By considering  the general quadratic

equation for the ellipse becomes: 

(6)

which gives the following general form of the ellipse: 
(7)

where and are positive values. Considering the
general form of an ellipse equation the matrix  in (3) is 
changed into the following general form [23]:  

(8)

c) The Principal Axis Theorem
If M is a symmetric matrix there exists a matrix P such

that , where  is a diagonal matrix containing the 
eigenvalues and the columns of P contain the corresponding 
eigenvectors [24-25].

C. Extracting standard form of the rotated ellipse
According to the general quadratic form of the ellipse, there 

exists a symmetric matrix  that can be transformed into 
diagonal matrix  by applying the principal axis theorem. The 
procedure requires the following steps: 

Determine the matrix  of the ellipse.
Find the eigenvalues of .
Use the eigenvalues to find the orthogonal eigenvectors.
Find the orthogonal matrix as so that .
Change the ellipse variables by applying 
The standard form of the ellipse in the new reference frame

(aligned with major axis direction) becomes as follows: 

(9)

where . This is an ellipse with semi-major
and semi-minor axis lengths  and .

D. K-means Clustering Algorithm
The K-means clustering algorithm is an unsupervised 

learning algorithm that solves the well-known clustering 
problem. The algorithm tries to classify a given data set 
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through a certain number of clusters  fixed a priori, 
defined as  centroids, one for each cluster. The next step is to 
associate each point belonging to a given data set to the 
nearest centroid. Finally, this algorithm aims at minimizing an 
objective function that in this case is a squared value of 
distance between a data point and the cluster center. The 
general algorithm consists of the following steps [26]:
1. Place  points into the space represented by the objects

that are being clustered. These points represent initial
cluster centroids.

2. Assign each object to the cluster that has the closest
centroid.

3. When all objects have been assigned, recalculate the
positions of the  centroids.

4. Repeat steps 2 and 3 until the centroids no longer move
and the object is divided into  different clusters.

The proposed method for clustering multi-stage voltage 
dips with the space phasor model as input data proceeds as 
follows: 
1- The rms value of the modulus of the SPM is calculated

as a function of time then it is segmented into several
segments according to level (magnitude) of each
segment. The number of centroids is as same as the
number of these segments.

2- The centroid of individual cluster is initialized randomly.
At next iterations the centroid values are updated by
mean value of the nearest points to each centroid that are
gathered by corresponding cluster.

3- When the centroid points of the clusters become fixed
the clustering procedure is completed.

E. Logistic regression
Logistic regression extends the ideas of multiple linear 

regression to the situation where the dependent vector is 
categorical. The feature vector containing the independent 
variable is defined as

. The aim of the logistic regression is to find the best 
fitting model to describe the relationship between the 
dependent variable vector and a set of independent variables

. Actually the model fits the parameter vector
, which is the vector of coefficients of

independent variables so that minimizes the cross-entropy 
losses [27]:

(10)

where 

(11)

Applying component-wise gradient descent to optimize 
parameters vector , yields the following [27]:

(12)

where j=1,2,…,n.

Supposing general quadratic function of the ellipse, the 
feature matrix  matrix is: 

(13)
Where ,  and 

 by Supposing  and  as column vectors
corresponding to the real and imaginary parts of the cluster 
members (complex values correspondent to SPM) and 

 denotes the number of cluster memberships.  
The parameter vector, ) is: 

(14)
Finally the dependent variable vector is a  column 

vector as .
The general four-element matrix  is constructed from 

obtained parameters by means of logistic regression as below: 

(15)

F. Dip Characteristics
Once the parameters of the ellipse are known, in the form 

of the four-element matrix  in (15), the three-phase 
characteristics of the voltage dip can be estimated. If the 
diagonal entries are equal (less than a small threshold) it 
means that the clustered data represents a circle. If diagonal 
entries are close to unity, then the clustered data are related to 
the pre- or post-event segments, otherwise the cluster data 
belongs to a balanced voltage dip Type A and the radius of the 
circle is equal to the characteristic voltage. In this case, the
single-segment characteristics CV and PNF are obtained from:

(16)

Whenever the difference between diagonal entries is bigger 
than a threshold, the clustered data corresponds to an ellipse. 
By using the principle axis theorem, as mentioned in Section 
III, the matrix  is changed to diagonal matrix  by the 
following transform: 

(17)

where  is the rotation matrix . The diagonal entries of 
decreasing order matrix  are highly correlated with semi-
minor and major-axis lengths. The ellipse parameters, semi-
major and minor axis lengths ( , ), and subsequently the
single-segment characteristics are calculated as: 

(18-1)

(18-2)

The semi-minor axis length (  is a good approximation
of the characteristic voltage of the corresponding segment.
Similarly, semi-major axis length is an alternative for PNF. 
Finally the dip type DT as a third single-segment characteristic 
is determined based on the major axis direction.   

The orthogonal matrix which is extracted by PCA is 
exactly the rotation matrix , therefor the rotating angle  is 
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determined by: 
                          (19)

The major axis of the ellipse, related to the corresponding 
dip type, is located in specific spans of the trigonomic circle. 
For six unbalanced dip types, comprising Type D and Type C 
families, the upper semi-circle of the trigonomic circle is 
divided into 6 different spans each one is 30 , as shown in 
Fig. 3. Thereby the parameter assigns the corresponding dip 
type to each span:  

(20)
Where, 

T=1; Type 
T=2; Type 
T=3; Type 
T=4; Type 
T=5; Type 
T=6; Type 

(21)

0
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Fig. 3.  The position of major axis direction of ellipse, corresponding to 
different dip types. 

IV. VALIDATION AND TEST RESULTS

The proposed method is validated by 25 different synthetic 
voltage dips, recorded waveforms provided by IEEE 1159.2 
[28], and 66 measured voltage dips. 

A. Dip characterization from synthetic voltage dips
To evaluate its performance, the proposed method is applied 
to 25 synthetic voltage dips based on the ABC classification. 
The phasor presentation and peak magnitude of three phasors 
are shown in Table I. Each of original dip families contains 
three different dips. For example Type B family consists of Ba,
Bb and, Bc. The phasor voltage equations for Bb and Bc dips 
are obtained by multiplying the equations for Ba dip by 

and  respectively. The columns 4 through 6 of 
Table I represent the peak magnitude of three phasors in per 
unit. For instance the peak magnitudes of phasors ,  and

, for Ba Type dip, are [0.5, 1, 1] in p.u, respectively, as
shown in row 4 of Table I.  

The single-segment characteristics calculated for the 
synthetic dips are presented in Table II. The CV and PNF 
values for each synthetic voltage dip are shown in column 2
and 3 of Table II, respectively. Column 4 presents the ellipse 
rotating angle in degree and column 5 shows the value of 
variable T in (20). The last column shows the corresponding 
dip type (DT) single-segment characteristic for each synthetic 
dips. The marked rows of Table II show the single-segment 
characteristics for Ba, Da, Fa, and Ha Type dips respectivrly.

The corresponding rows are also marked in Table I. 
The peak magnitudes of three-phase voltages, for Ba dip 

type, are 0.5, 1 and, 1 p.u. The calculated CV and PNF for this 
dip are 0.66 and 1 p.u. respectively. The rotating angle of the 
ellipse is 90  which results in T=3 and thus  as DT. The
set of peak magnitudes of three phasors for Da, Fa, and Ha dips
are [0.5, 0.9, 0.9], [0.5, 0.7, 0.7] and [0.5, 1.15, 1.15] in per 
unit, respectively. The set of CV and PNF values for these 
dips are [0.5, 1], [0.5, 0.83] and, [0.83, 1.2] in per unit, 
respectively. The rotating angle of the ellipse for all of them is 
90  which leads to  as DT. The difference between PNF
and CV is a measure of the amount of unbalance of the 
voltage dip. A similar description can be provided for other 
dips. 

The vector based representation of 24 unbalanced voltage 
dips, presented in Table I, are depicted in Fig. 4. The vector 
magnitude is obtained by the following equation: 

(22)

The vector angle corresponds to the rotating angle of the 
ellipse. For instance, the magnitudes of vectors corresponding 
to Ha, Ba, Da and, Fa dips, shown by plus symbol, are 0.73, 0.6,
0.56 and, 0.48 p.u., respectively. The direction of each vector 
represents the major-axis direction of the corresponding 
ellipse. Additionally the magnitude of the vector demonstrates 
the severity of the voltage dip. For normal condition the vector 
magnitude is close to unity whereas a lower vector magnitude 
demonstrates a more severe voltage dip.  

B. Dip characterization from recorded waveforms
This subsection evaluates the proposed method by 

calculating ellipse parameters and subsequently single-
segment characteristics for recorded number of test waveforms 
provided by working group IEEE P1159.2 [28]. It should be 
noted however that these are not typical dips but intentionally 
selected extreme cases.  

The waveforms of the three phase voltages and space 
phasor model corresponding to the event segment for each test 
wave are depicted in Fig. 5. The obtained results are shown in 
Table III. Columns 2 through 4 present the peak magnitude for 
the three phase voltages throughout the event segment in p.u. 
Columns 5 and 6 list the calculated CV and PNF in p.u. 
Columns 7 and 8 illustrate the rotation angle and calculated 
DT for each wave, respectively. Column 9 shows the duration 
of each event segment.

The Test Wave 2 is a heavy distorted dip with considerable 
phase-angle jump in voltage phasors  and . The heavy
harmonic distortion results in a distorted ellipse of the SPM. 
Its corresponding CV and PNF characteristics are 0.2 and 
0.8 p.u., respectively. The big difference between CV and 
PNF confirms unbalanced condition between the three phases. 
Test Wave 5 is a heavy distorted short duration voltage dip. 
As shown by the third subplot in Fig. 5, the related SPM forms 
a semi-ellipse. The obtained CV and PNF values for this wave 
are 0.23 and 0.73 p.u., respectively. The rotating angle or 
major-axis direction is 95 and subsequently the calculated 
DT is . The Test Wave 15 shows large phase-angle jumps in
phasors  and  as they are exactly coincide with each other.



6

This results in almost zero value for CV and,  as DT.
In overall, considering to peak magnitude of voltage 

phasors, the obtained results for test waves demonstrate and 
confirms the ability of the proposed algorithm in dealing with 
noisy and distorted voltage dips. 

TABLE I 
PHASOR PRESENTATION AND PEAK MAGNITUDE OF PHASORS FOR 25 DIPS.

DT Voltage phasors DT

A A
0.5 0.5 0.5
0.5 0.5 0.5
0.5 0.5 0.5

B
Ba 0.5 1 1
Bb 1 0.5 1
Bc 1 1 0.5

C
Ca 1 0.66 0.66
Cb 0.66 1 0.66
Cc 0.66 0.66 1

D
Da 0.5 0.9 0.9
Db 0.9 0.5 0.9
Dc 0.9 0.9 0.5

E
Ea 1 0.5 0.5
Eb 0.5 1 0.5
Ec 0.5 0.5 1

F

Fa 0.5 0.7 0.7

Fb 0.7 0.5 0.7

Fc 0.7 0.7 0.5

G

Ga 0.75 0.57 0.57

Gb 0.57 0.75 0.57

Gc 0.57 0.57 0.75

H
Ha 0.5 1.15 1.15
Hb 1.15 0.5 1.15
Hc 1.15 1.15 0.5

I
Ia 2 0.9 0.9
Ib 0.9 2 0.9
Ic 0.9 0.9 2

TABLE II
CALCULATED SINGLE-EVENT CHARACTERISTICS FOR 25 DIPS 

DT CV PNF T DT
A 0.5 0.5 0 0 A
Ba 0.66 1 90 3
Da 0.5 1 90 3
Fa 0.5 0.83 90 3
Ha 0.83 1.2 90 3
Bb 0.66 1 29.94 1
Db 0.5 0.99 29.86 1
Fb 0.5 0.83 29.86 1
Hb 0.83 1.2 30 1
Bc 0.66 1 150 5
Dc 0.5 0.99 150 5
Fc 0.5 0.83 150 5
Hc 0.83 1.2 150 5
Ca 0.5 1 180 6
Ea 0.5 0.95 180 6
Ga 0.5 0.83 180 6
Ia 0.99 1.49 178.6 6
Cb 0.5 0.99 119.9 4
Eb 0.5 0.93 119.9 4
Gb 0.5 0.83 119.9 4
Ib 0.99 1.49 120 4
Cc 0.5 0.99 60 2
Ec 0.5 0.93 59.9 2
Gc 0.5 0.83 59.9 2
Ic 0.99 1.49 60 2

C. Dip characterization from recorded multi-stage dips
In this subsection the performance of the method is verified 

for characterization of two typical examples of multi-stage 
voltage dips. The measured voltage dip waveforms are shown 
in Fig. 6 and Fig. 8. The proposed method clusters complex 
values of the SPM by means of the K-means clustering 

method. The resulting clusters are shown in Fig. 7 and Fig. 9, 
respectively. 

Fig. 4.  Vector representation of 24 unbalanced  
voltage dips based on calculated characteristics in Table II. 

Fig. 5. Waveforms and SPM of event segment for 
some test waves of IEEE database. 

TABLE III
CALCULATED SINGLE-SEGMENT CHARACTERISTICS FOR IEEE TEST WAVES 

Dataset CV PNF DT Cyc.
Wave 2 1 1 0.8 0.8 1 95 3
Wave 3a 0.16 0.96 0.96 0.38 0.55 83 3
Wave 5 0.62 0.9 0.2 0.23 0.75 128 0.5
Wave 7 0.2 .76 0.96 0.38 0.53 85.6 2
Wave 8 0.4 0.9 0.9 0.15 0.97 87 2
Wave 13 0.25 0.78 0.78 0.4 0.76 84 2
Wave 14 0.76 0.7 0.45 0.46 0.56 97 5
Wave 15 0.94 0.98 0.98 .07 1 175 5

The model has been fitted for each cluster by using logistic 
regression. The obtained model provides parameters 
corresponding to each cluster, i.e. single-segment
characteristics. The numerical results for individual stages of 
both examples are shown in Table IV.

Column 2 of the Table IV shows the number of the stages.
Column 3 through 5, which are denoted by ,  and 
present the peak magnitude of these phasors in p.u, 
correspondent to each stage. The calculated CV and PNF are 
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presented by columns 6 and 7, respectively. Column 8
presents the duration of each event segment. The duration is 
calculated by dividing the total number of clustered samples 
by the sample per cycle (SpC) value which depends on the 
monitoring equipment settings. 

Fig. 6 shows Example 1 which demonstrates the multi-
stage voltage dip with three event segments. Since the voltage 
waveforms for post- and pre-event segments are almost 
identical, they are clustered as a one cluster (circle with 1 p.u 
radius) by the K-means clustering algorithm. The actual dip is 
split into three different clusters: two ellipses and one circle 
with lower than 1 p.u radius. The ellipse shapes are 
corresponding to unbalanced voltage dips in second and third 
stages. The first stage  corresponds to both pre- and post-
event segments. 

The CV and PNF values for second stage  (first event
segment) are 0.68 and 1 p.u, respectively whiles the min and 
max magnitudes between the three phasors are 0.67 and 
0.99 p.u, respectively. The rotating angle of the ellipse, 
corresponding to this stage, is 46  and the calculated DT is
which means big voltage drop in phasor . The single-
segment characteristics, correspondent to third stage 
(second event segment), are 0.36 and 0.99 p.u for CV and 
PNF, respectively. The dip type regarding to this stage is 
which means large voltage drop in phasors  and  rather
than in . Finally the balanced dip, Type A, is assigned to
fourth stage  (third event segment). The obtained values for
CV and PNF are 0.38 and 0.39 p.u.  

The second example is other multi-stage voltage dip with 
two event segments. The corresponding SPM is clustered into 
three clusters, as shown in Fig. 9. The first cluster corresponds 
to pre- and post-event segments which are presented with 
1 p.u circle. The second stage  (first event segment) is an
unbalanced voltage dip  Type which is calculated from the
rotating angle of the ellipse. The CV and PNF values for this 
stage are 0.64 and 1  p.u, respectively. The residual voltage 
and maximum voltage during this stage are 0.63 and 0.97 p.u, 
respectively.  

The Third stage  (second event segment) represents the
other unbalanced voltage dip. The CV and PNF for this stage 
are 0.21 and 0.85 p.u, respectively. The rotating angle of the 
corresponding ellipse is 72 , thus T=3 and consequently the 
correspondent DT is .

Further, in Example 1, event segments ,  and,  have
duration equal to 35, 14 and 4 cycles, respectively. In 
Example 2, the duration of event segments ,  are 23 and
10 cycles, respectively. 

a
Fig. 6  Measured multi-stage voltage dip (Example 1). 

Fig. 7.  SPM of Example 1 and its clusters. 

Fig. 8.  Measured multi-stage voltage dip (Example 2). 

Fig. 9.  SPM of Example 2 and its clusters. 

D. Dip Characterization from real measured voltage dips
Further, the proposed method is validated by applying it for 

characterizing 64 different recorded voltage dips. Out of these 
20 were multi-stage dips. The total number of clustered event
segments of all dips is 89. First of all, the space phasor model 
of the three phase voltages for each recorded dataset is 
calculated. Next, the event segments are clustered by K-means 
clustering algorithm. After that, the parameters of 
corresponding ellipse or circle, for each cluster, are obtained 
by means of logistic regression. Finally the single-segment 
characteristics for each event segment are calculated based on
the obtained parameters, as described in Section III.

Because of lack of space it is not possible to show all 
results individually. However to cope this challange and 
verifying the results correctness, the clustered event segments 
are categorized based on their correspondent DT 
characteristics. Then for each category, the mean values of 
calculated CV and PNF for belonging event segments are 
calculated. Moreover the mean values of peak magnitudes of 
the three phasors, corresponding to these event segments, are 
also calculated. The mean value of rotating angles of 
corresponding ellipses is calculated, too. The mean values for 
each category are shown in Table V.  

Column 1 through 3 of Table V, present the mean values of 
peak magnitude of the phasors  over all dips within
the category. Columns 4 and 5 represent the mean values of 
CV and PNF in p.u. Column 5 represents the mean value of 
the rotating angle of the corresponding ellipses. Column 6
assigns a new DT to each category based on the mean value of 
the rotating angles.

Finally, the last column presents the number of event 
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segments belonging to each category. For instance, the first 
row of Table V illustrates obtained mean single-segment 
characteristics for the A Type dips. According to the last 
column, this category involves 11 event segments. The mean 
value of the peak magnitudes of all phasors , ,  is
approximately 0.6 p.u. The mean values of CV and PNF are 
both equal to 0.62 p.u, which are close to the value for the 
residual voltage. The zero difference value between mean 
values of CV and PNF confirms the balanced character of the 
belonging event segments. The second row is corresponding to 
Da Type dips. The number of event segments belonging to this 
category is 24. This category should cover all dips which show 
a big voltage drop in phasor  and small voltage drops in
other phasors  and , as long as the calculated DT for each
measured voltage dip is correct. According to obtained results 
the mean value of peak magnitudes of ,  and  are 0.65,
0.8 and 1.0  p.u, respectively. The mean values of CV and 
PNF are 0.67 and 0.98 p.u, respectively. The obtained results 
show the mean CV and PNF are good approximations of mean 
residual voltage and mean maximum voltage magnitude, 
respectively. The mean value of rotating angles is 80 which 
leads to T=3 and subsequently Type dip as it is before
determined for this category. The other rows of the table can 
be explained in a similar way.

TABLE IV
CALCULATED SINGLE-SEGMENT CHARACTERISTICS FOR EXAMPLES IN FIG. 6

AND FIG. 8.

Ex. Sta. CV PNF DT Cyc.

Ex. 1

1 1 1 1 1 0 No.
0.86 0.67 0.99 0.68 1 46 35
0.39 0.68 0.9 0.36 0.99 88.5 14
0.37 0.37 0.37 0.38 0.39 0 A 4

Ex. 2
0.99 0.99 0.99 1.01 1.01 0 No.
0.81 0.63 0.97 0.61 1 46 23
0.795 0.25 0.65 0.21 0.85 72 10

TABLE V 
CALCULATED MEAN SINGLE-SEGMENT CHARACTERISTICS FOR 64 REAL 

MEASURED VOLTAGE DIPS. 

CV PNF DT No.
0.6 0.6 0.6 0.62 0.62 A 0 11

0.65 0.8 1 0.67 0.98 80 24
1 0.8 1 0.85 0.99 30 23

0.9 0.8 0.67 0.68 0.9 161 17
1 0.8 0.8 0.7 1 176 6

0.7 1 0.8 0.67 1 99 18
0.8 0.8 1 0.8 1 60 7

V. CONCLUSIONS
This paper presents a new method for characterization of 

multi-stage voltage dips in particular and single-stage voltage 
dips as well. The proposed method is developed based on the 
space phasor model of three phase voltages which results in 
different ellipses or circles, each corresponding to one stage of 
the voltage dip. K-means clustering algorithm clusters 
different parts of SPM each to one ellipse or circle. Finally, 
logistic regression is exploited to fit proper model parameters 
to the clustered data. Generally, clustered data is modeled by 

using the general quadratic form of an ellipse. 
Three ellipse parameters, semi-minor axis, semi-major axis 

lengths and ellipse angle (major-axis direction) are determined. 
In the last step of the algorithm, three single-segment 
characteristics, characteristic voltage (CV), positive-negative 
factor (PNF) and dip type (DT), are derived from the ellipse 
parameters. The residual voltage is well approximated by CV. 
The PNF is a good surrogate for maximum voltage between 
three phases and thereby voltage unbalance is well measured 
by difference between CV and PNF. The DT characteristic 
classifies voltage dips into seven different classes including 
both balanced and unbalanced voltage dips. The proposed 
method does not need to justify any threshold value or pre-
segmentation to cluster event segments. Additionally logistic 
regression offers robust operation in presence of noise and 
harmonic distortion. The results show that the proposed 
method could be good candidate for voltage dip 
characterization. 
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