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 

Abstract—This paper presents a new method for classification 

and characterization of voltage dips and swells in electricity 

networks. The proposed method exploits unique signatures and 

parameters of three phase voltage signals extracted from the 

polarization ellipse in three-dimensional (3D) co-ordinates. Five 

ellipse parameters, which include azimuthal angle, elevation, tilt, 

semi-minor axis and semi-major axis, are used to classify and 

characterize voltage dips and swells. Seven types of voltage dips, 

which include a total of 19 groups of dips incorporating different 

kinds of balanced (three-phase dips) and unbalanced (single-

phase or double-phase) dips, are identified and successfully 

classified using the 3D polarization ellipse parameters. Two types 

of voltage swells, which include a total of 6 groups, are also 

classified using the proposed method. The proposed method is 

validated using real measurement data, recorded waveforms 

provided by the IEEE 1159.2 working group, and the data of 

unbalanced dips associated with phase angle jumps, voltage drops 

and rotations due to loading effects. 

 

Index Terms—Classification, characterization, decision boun-

dary, polarization ellipse, voltage dips, and voltage quality. 

I.  INTRODUCTION 

OW-A-DAYS, power electronic devices exhibiting 

nonlinear characteristics are used widely in utility grids 

and on customer premises. This gives rise to several 

power quality (PQ) issues [1]. One such issue is voltage dip or 

sag. Voltage dips are the short-duration reduction in root-

mean-square (rms) voltage caused by switching and/or starting 

of electrical motors, generators and bulk loads, transformer 

energization and faults or short circuits in the power networks 

[2]. Even though power utilities and customers are exerting 

extensive efforts to improve the reliability of power networks, 

it has been very challenging to control the external factors that 

cause voltage dips. Thus, proper mitigation techniques are 

desired. However, development of mitigation techniques 

requires the accurate diagnosis, characterization and 

classification of voltage dips. Furthermore, classification of 

voltage dips and swells plays an important role in the 

assessment of voltage dip ride-through capability and 

immunity specifications of electrical equipment. 

                                                           
M. R. Alam, K. M. Muttaqi, and A. Bouzerdoum are with the School of 

Electrical, Computer and Telecommunications Engineering, University of 

Wollongong, NSW 2522, Australia (Emails: mra497@uowmail.edu.au; 

kashem@uow.edu.au; bouzer@uow.edu.au). 

Voltage dips are usually characterized by the minimum 

voltage magnitude and total duration [3-6]. According to [7], 

these standards can be effective for the characterization of 

single-phase and 3-phase balanced voltage dips; however, 

these approaches fail to characterize unbalanced voltage dips, 

including single- and double-phase dips. To resolve this 

problem, Bollen proposed a seven-type dip classification [8], 

referred to as ABC classification. Bollen and Zhang also 

proposed a symmetrical component based technique to classify 

and characterize voltage dips [2, 9]. In [10], it was reported 

that the symmetrical component technique has some 

limitations in characterizing unbalanced voltage sags 

originating from large dynamic loads. In [11], a space vector 

method was presented wherein the ellipse inclination angle 

was used to classify single-phase and double-phase voltage 

dips. However, this method is not suitable for classification of 

voltage dips for the case of large phase angle jump.  

In this paper, we propose a new technique for classification 

and characterization of balanced and unbalanced voltage dips, 

including dips associated with phase angle jump. A multi-stage 

classification algorithms is developed to identify seven types 

of voltage dips (A, B, D, F, E, C and G) [8] and two types of 

voltage swells (H and I) [11]. The advantage of this method is 

that it can cope with large angle jumps, and it can detect both 

voltage dips and swells.      

The paper is organized as follows. Section II describes the 

behavior of the Polarization Ellipse (PE) parameters under the 

different types of voltage dips. The proposed approach for the 

classification and characterization of voltage dips and swells is 

developed in Section III. Section IV presents the experimental 

validation and results. Section V concludes the paper.  

II.  CHARACTERIZATION OF 3-PHASE VOLTAGE WAVEFORMS 

USING POLARIZATION ELLIPSE  

In the next subsections, the polarization ellipse is obtained 

by mapping the three phase voltage signals onto three 

perpendicular axes of a Cartesian co-ordinate system. Then 

five ellipse parameters, namely azimuthal angle (φ), elevation 

angle (θ), tilt angle (ψ), semi-minor axis (Ay) and semi-major 

axis (Ax) are extracted for different types of voltage dips. 

Moreover, expressions of θ and φ are developed for seven 

types of voltage dips.  

A New Approach for Classification and 

Characterization of Voltage Dips and Swells 

using 3D Polarization Ellipse Parameters  
M. R. Alam, Student Member, IEEE, K. M. Muttaqi, Senior Member, IEEE, and A. Bouzerdoum, 

Senior Member, IEEE 
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A.  Polarization Ellipse in 3-D  

The instantaneous three-phase voltage signals received at a 

monitoring end of a transmission or distribution network can 

be presented as 

)cos()( ΦΦΦ   ttv V                      (1)                                                                   

where cba or,,Φ   denotes phase-a, phase-b and phase-c, 

respectively. These instantaneous voltages can be represented 

by the vectors in 3D space, which are obtained by mapping  

,)(tva
)(tvb

 and )(tvc
  on the X, Y and Z co-ordinates, 

respectively. The tip of the resultant vector, denoted by R , 

traces an ellipse in 3D space, as illustrated in Fig. 1. 
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Fig. 1.  Instantaneous voltage vectors of phase-a, phase-b, phase-c, and their 

resultant rotating vector R; dash-dot line highlights the locus of the tip of R.  
 

The phenomenon of obtaining the plane from the locus of 

resultant rotating vector R  (see Fig. 1) is analogous to the 

polarization plane obtained from 3D time-varying electromag-

netic fields. The parameters of the ellipse can be obtained from 

the phasor representations of the 3-phase voltages: 

,, ba jα

bb

jα

aa ee VVVV   and cjα

cc eVV  . Altogether, these 3 

phasors can be presented in a compact form as: 

 Tj

c

j

b

j

a
cba eee


VVVV  . 

The normal vector (U) of the polarization plane is parallel 

to the cross-product, i.e., VVj  [12]. Thus, U is obtained as: 

),,( ZYX UUUU   

where 

 cbcbX VVU   sin2                        (2a) 

 acacY VVU   sin2                         (2b) 

 babaZ VVU   sin2                      (2c)      

From the normal vector U, the azimuth angle φ and elevation θ 

can be derived as (see Fig. 2),  

 ZYXθ UUU /arctan 22                           (3) 

 XY UU /arctan                                (4) 

Now, using Cartesian to spherical coordinate conversion [13], 

the transverse signal components are represented as: 

 sinsincoscoscos cba VVVS         (5a) 

 cossin ba VVS                                        (5b) 
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Fig. 2. PE parameters, θ and φ, extracted from 3D representation of 3-Φ vol-

tage signals in polarization concept. 

 

With Sθ and Sφ, which are analogous to the two electric 

field components of a plane electromagnetic wave [14], the 

elliptical polarization parameters can be obtained from the 

planar 2D ellipse (see Fig. 3). To extract the ellipse pa-

rameters, namely ellipticity, tilt, and the major and minor 

semi-axes, the Stokes’ parameters incorporated in Poincare 

sphere are used. Equation (6) describes the relationships 

between the polarization ellipse parameters and Stokes’ 

parameters given in [14]: 
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where )()( θargargδ SS  
, 

3210 ,,, hhhh  are the Stokes’ 

parameters,   is the ellipticity angle and   is the tilt angle. 

From (6), the tilt angle (ψ) is obtained as: 

22

)cos(2
arctan

2

1



 


SS

SS




                            (7) 

From Fig. 3 and Eq. (6), the major and minor semi-axes (Ax) 

and (Ay) can be derived as  
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Fig. 3.  PE parameters, Ay, Ax and ψ, obtained from classical 2D representa-

tion of polarization plane. 
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In the next subsection, the five parameters of the 3D PE, 

namely θ, φ, |ψ|, Ay and Ax, are presented for different dip 

types.  

B.  Polarization Ellipse Parameters under seven types of Dips 

In this subsection, the five parameters, φ, θ, |ψ|, Ay and Ax, 

are used to characterize three-phase voltage dips caused by 

different types of faults or other incidents (e.g. starting of 

induction motor).  Table I presents the seven types of voltage 

dips identified in [8]. In this table, the phasor voltages are 

expressed as a function of the dip-length d, and the phasor 

diagram illustrates the phase voltages before (dotted arrow) 

and during (solid arrows) the voltage sags or dips. 

Due to faults or other disturbances, the phase angle 

differences among the three phase voltages may deviate from 

the nominal value of 120°. Moreover, a significant change in 

phase angle jump could deteriorate the performance of voltage 

dip classification [10]. Therefore, in the proposed method, the 

PE parameters are obtained from the projected voltage phasors 

for a period of one cycle. As an example, the extraction of 

projected voltage phasors of type D (see Table I) is demon-

strated in Fig. 4. The in-phase and out-of-phase projection of 

3-phase voltages on a-, b- and c-axis are shown for d = 0.5. In 

general, to extract the projected voltages, the three phasors 

 , ,a a b b c cV V V      are obtained in each cycle, and the 

angle deviations of 
a , 

b  and 
c from a-, b- and c-axis, 

respectively, are calculated. The in-phase  incinbina VVV ___ ,,  

and out-of-phase  outcoutbouta VVV ___ ,,  projected voltages are 

obtained as follows: 

  00cos_  aaina VV                              (10a) 

  3/43/4cos_   bbinb VV                   (10b) 

  3/23/2cos_   ccinc VV                (10c) 

  2/0sin_   aaouta VV                        (11a) 

  6/113/4sin_   bboutb VV              (11b) 

  6/73/2sin_   ccoutc VV              (11c) 

 

 

 

Fig. 4.  Extraction of in-phase and out-of-phase projected voltages on a-axis, 

b-axis and c-axis for dip-type D with dip-length d = 0.5. 

TABLE I 

PHASOR PRESENTATION OF 3-PHASE VOLTAGES FOR SEVEN TYPES OF DIPS 
 

Dip-type Voltage Phasors Vector diagram 

A  
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TABLE II 

DIP-WISE EXPRESSIONS OF TWO POLARIZATION ELLIPSE PARAMETERS 

 

Affected 

dip-phase 

Dip 

type Elevation angle (θ) Azimuthal angle (φ) 

abc A  2tan 1  4/3  

a 
B 

 

















 

d

d

1

11
tan

2

1  
 d  1tan 1  

b   d  1/1tan 1  

a 
D 

  
















 

d

dd

14

324017
tan

2
1

     dd   4/44tan 1  

b     dd 44/4tan 1    

a 
F 


















 

d

dd

22

5128
tan

2
1

     dd   2/22tan 1  

b     dd 22/2tan 1    

c 

B  d22tan 1    

4/3  D     dd   4/124tan 1  

F     dd   2/122tan 1  

ab 

E   d  1/2tan 1  

4/3  C   d34/24tan 1    

G   dd 56/)3(22tan 1    

bc 
E   







   21 11tan d  
  d  1/1tan 1  

ca  d  1tan 1  

bc 
C 













 
 

4

32249
tan

2
1 dd


   d34/4tan 1    

ca   4/34tan 1 d   

bc 
G 


















 

d

dd

26

298472
tan

2
1

     dd 56/26tan 1    

ca     dd 26/56tan 1    
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The five PE parameters (θ, φ, |ψ|, Ay and Ax) are extracted 

from in-phase projected 3-phase voltages expressed by (10). A 

sixth PE parameter, denoted as out

yA , is extracted from the 

semi-minor axis obtained from out-of-phase projected 3-phase 

voltages given in (11). The dip-wise expressions of two PE 

parameters (θ and φ) are reported in Table II.  

In the next section, the algorithm and procedure of clas-

sification and characterization of voltage dips and swells are 

presented. 

III.  CLASSIFICATION OF VOLTAGE DIPS AND SWELLS 

For the seven types of dips presented in Table I, there are a 

total of 19 groups (see Table IIIA) covering all possible 

combinations of dip-affected phase voltages. In Table IIIA, a 

notation convention has been employed to describe the 

different voltage dip groups: the letters a, b and c  on the left 

side of the word ―dip‖ indicate the class of dip and the capital 

letters on the right side indicate the dip-type. For example, 

ab_dip_E refers to E type dip with severely affected ab-phase 

or class of ab-Φ. Similarly, Table IIIB presents two types of 

voltage swells, which include 6 swell groups. 

 
TABLE IIIA 

GROUPS OF DIPS  
 

Serial 

No. 
Groups of dips 

Classes 

of dips 

Dip-

type 

Severely 

affected dip-Φ 

1 abc_dip_A 
abc-Φ 

or 3-Φ  
A abc 

2-4 a_dip_B, a_dip_D, a_dip_F a-Φ  B, D, F a 

5-7 b_dip_B, b_dip_D, b_dip_F b-Φ  B, D, F b 

8-10 c_dip_B, c_dip_D, c_dip_F c-Φ B, D, F c 

11-13 ab_dip_E, ab_dip_C, ab_dip_G ab-Φ E, C, 

G 
ab 

14-16 bc_dip_E, bc_dip_C, bc_dip_G bc-Φ E, C, 

G 
bc 

17-19 ca_dip_E, ca_dip_C, ca_dip_G ca-Φ E, C, 

G 
ca 

 

TABLE IIIB 

GROUPS OF SWELLS 
 

Serial 

No. 
Groups of swells 

Group 

name 

Swell-

type 

Severely 

affected 

swell-Φ 

1 A_swell_I a-Φ swell  I a 

2 B_swell_I b-Φ swell  I b 

3 C_swell_I c-Φ swell I c 

4 AB_swell_H ab-Φ swell H ab 

5 BC_swell_H bc-Φ swell H bc 

6 CA_swell_H ca-Φ swell H ca 

 

Numerical values of four PE parameters, |ψ|, Ay, Ax, 

and out

yA  , are obtained from Eqs. (2)–(9), by varying the dip-

length d (from 0.1 pu to 1 pu). Similarly, the numerical values 

of the other two PE parameters, θ and φ, are acquired from the 

expressions given in Table II. Thus, six PE parameters are 

obtained. By analyzing these parameters for abc_dip_A, it is 

observed that the 3-Φ or abc-phase dips can be easily 

classified by applying a threshold condition on the ratio of the 

semi-minor to the semi-major axis (Ay/Ax) and another 

threshold condition on semi-minor axis (Ay).  According to 

IEEE 1159.2 standard, a voltage less than 0.9 pu is considered 

as a dip, whereas a voltage greater than 1.1 pu is defined as 

swell. In the proposed approach, for a dip-depth equal to 10% 

of the nominal voltage i.e. for d = 0.1 pu, the ratio of (Ay/Ax) is 

obtained as 0.933. Taking IEEE 1159.2 standard into account, 

for minimum allowable voltage magnitude, i.e., for 

9.0||||||  cba VVV pu, Ay is obtained as 1.1023 and for 

maximum allowable voltage limit, i.e., for 1.1||||||  cba VVV  

pu, Ay yields 1.286. Thus, by incorporating the necessary 

boundary condition on the PE parameters, Ax and Ay, voltage 

dip, normal condition (no dip) and voltage swell of the system 

can be classified as shown in Fig. 5. In the next sub-section, an 

algorithm for classification and characterization of voltage 

dips is presented. Then, classification of voltage swells is 

explored in sub-section III-B. 

A.  Voltage Dip Classification 

The flowchart of Fig. 5 shows the algorithm of dip 

classification using three phase voltage signals within one 

cycle window length. As illustrated in Fig. 5, the whole 

classification methodology is carried out in three stages. In the 

first stage, abc_dip_A type is classified by applying the 

necessary threshold conditions as discussed above. It should 

be noted that in the first stage, two PE parameters, Ay and Ax 

are obtained by considering the actual voltage magnitudes of 

3-Φ voltages; the phase angle differences among the 3-phase 

voltages are assumed to be separated by 120°.  

At the commencement of the second stage, six PE 

parameters are extracted from in-phase and out-of-phase 

projected phasors. The dip affected phase is classified in this 

stage. To this end, |ψ| versus φ are considered for six classes 

of dips: single phase dips (a-Φ, b-Φ and c-Φ dip) and double 

phase dips (ab-Φ, bc-Φ and ca-Φ dip). The optimum decision 

boundaries among these six classes of dips are obtained as the 

curve bisecting two adjacent regions. To do so, at first, the 

curves (|ψ| as a function of φ) relating the ―classes of dips‖ 

presented in Table IIIA, are obtained from Eqs. (2)–(5), Eq. 

(7) and the voltage phasors shown in Table I for 0.1<d <1. 

These curves are denoted as    ,, 
ba

 ,
c

 

   
bcab

,  and  
ca

, where the different subscripts 

represent the ―classes of dips‖. As an example, the two curves 

 
c

 and  
ab

 are given by 

2/)(  
c

,    and   0)( 
ab

. 

The other four curves    ,, 
ba

  
ca

 and  
bc

 are 

represented by Eq. (7), where the variables Sθ, Sφ and the 

range of φ are shown in Table IV. Figure 6 illustrates the six 

decision boundaries separating the different classes. For 

instance, decision boundary  cacD 
 separating c-Φ and ca-Φ 

classes is given by  

      
caccacD 5.05.0 

                      (12) 

The other five decision boundaries, which include 

        caabcbababcc DDDD  ,,,  and  abbD 
, are obtained 

in the same manner. As Fig. 6 shows, if φ < -135°, then 

 cacD 
,  caaD 

 and  abaD 
 are employed, which implies 
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that the class of dip can be a-Φ or c-Φ or ca-Φ or ab-Φ. 

Similarly, for φ ≥ -135°, the decision boundaries 

 bcbD 
,  abbD 

, and  bccD 
 are applied. Thus, six classes of 

dips are classified. 

 
 

Fig. 5.  Flowchart of the proposed method. 
 

TABLE IV 

CURVES FOR CLASSIFYING SIX CLASSES OF DIPS 
 

Curves S  
S  Range  

of φ 

 
ca

   2cos1tan5.0   31 j   




cos

cos3sin15.0 22 j


 










135

180


 

 
a

  2sin15.0   31 j  

 
b

  2cos15.0   31 j   




sin

cos3sin15.0 22 j


 









90

135


 

 
bc

   2sin1cot5.0   31 j  
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Fig. 6.  Decision boundaries, ,)(,)(,)(),(,)(  caabcbababcccac DDDDD 
 

and )(abbD 
, establishing the classified zone of six classes of dips, which 

include a-Φ, b-Φ, c-Φ, ab-Φ, bc-Φ, and ca-Φ; double arrow dotted line acts 

as a logical separator among the classes of dips. 

 

In the third stage, the dip-type is classified for single-Φ (B, 

D and F type) and double-Φ (E, C and G type) dips. For classi-

fying B, D and F types of single-Φ dips, the curves (Ax as a 

function of θ), obtained from Eqs. (2)–(5), Eq. (9) and the 

phasors of Table I for 0.1<d <1, are used. The equations of 

these curves are represented by (9), where the variables Sθ, Sφ 

and the range of θ are reported in Table V. These equations 

show the behavior of PE parameters Ax and θ under B, D and F 

types of single-phase dips. In Table V, the curves, representing 

B, D and F types of a-Φ, b-Φ and c-Φ dips, are denoted as 

 ,, aBxA  ,, aDxA      ,θA,θA,θA bDx,bBx,aFx,  ,θA bFx,    ,θA cBx,

  andθA cDx,  cFxA ,
 respectively. Moreover, Fig. 7 shows the 

decision boundaries, used for the classification of B, D and F 

types of dips. As an example, the decision boundary )(aDaBD 
, 

separating a_dip-B from a_dip_D, is given by 

      aDxaBxaDaB AAD ,, 5.05.0 
             (13) 

Similarly, the expressions for ,)(aFaDD  and)(cDcBD 
 

)(cFcDD 
 are obtained. Using the equations of these decision 

boundaries, the B, D and F type dips can be easily classified 

(see Fig. 7). 

Double-Φ dips (E, C and G type) are classified in two steps. 

First E and C type dips are bundled together as E/C type, the 

E/C and G types are classified. In the second step, the dips E 

and C are classified. In order to make a distinction among E, C 

and G types of ab-Φ dips, at first, E/C and G type are 

classified. To do so, Ax relating ab-Φ dips of the E, C, and G 

types are generated from Eqs. (2)–(5), Eq. (9) and the 

corresponding phasors of Table I for 0.1<d <1; these are 

denoted as  ,, abExA   abCxA ,
 and  abGxA ,

 respectively. The 

curves     abCxabEx AA ,, ,  and  abGxA ,
 are presented by (9), 

where the variables Sθ, Sφ and the range of θ are shown in 

Table VI. Hence, the decision boundary is expressed as, 

     abGxabExabGabE AAD ,, 5.05.0)( 
               (14) 

Secondly, the classification of ab_dip_E and ab_dip_C is 

considered by obtaining the curves derived from Eqs. (2)-(5), 

Eq. (8) and the corresponding phasors of Table I for 0.1<d <1. 

In this case, out

y
A  is obtained through the proposed PE 

technique applied to the out-of-phase phasor voltages. To this 

end, out

y
A  related to ab-Φ dips of type E and C type are 

generated from (8); they are denoted as  out

abEy
A ,

 and 

 out

abCy
A ,

, respectively. Thus,  out

abEy
A ,

 is obtained as 

0, out

abEy
A  and  out

abCy
A ,

 is represented by (8) followed by Sθ, 

Sφ and the range of θ as reported in Table VI. The decision 

boundary is denoted as )(abCabED 
. The decision boundaries 

)(abGabED 
 and )(abCabED 

, corresponding to the first and 

second steps of classifying E, C and G type of ab-Φ dips, are 

presented in Figs. 8 (a) and 8 (b, respectively.  
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TABLE V 

CURVES USED FOR THE CLASSIFICATION OF DIP-TYPE: B, D AND F  
 

Curves S  
S  Range  

of θ 

 aBxA ,
 

 
sin

315.0 j    



2

2

cos21sin

cos21315.0



 j  






125

90


 

 bBxA ,
 

 aDxA ,
 

 
 



coscos214sin

cos21315.1

2

2



 j    
 



coscos214sin

cos21315.1

2

2



 j  

 bDxA ,
 

 aFxA ,
 

 
 



coscos212sin

cos21315.1

2

2



 j    
 



coscos212sin

cos21315.1

2

2



 j  

 bFxA ,
 

 cBxA ,
    cos2/315.0 j   j 35.15.0  






180

125
   cDxA ,

  
 sincos24

315.1






j   




sincos24

33cos5.1



 j  

 cFxA ,
  

 sincos22

315.0






j   




sincos22

33cos5.0



 j  
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Fig. 7.  Decision boundaries, )(aDaBD 
(solid line), )(aFaDD 

 (dash line), 

)(cDcBD 
(dash dotted line), )(cFcDD 

 (dotted line) establishing the classi-

fied zone of B, D and F types of single-Φ dips; double arrow dotted line acts 

as a logical separator between a/b-Φ class and c-Φ class of dips.  
 

 

TABLE VI 

CURVES USED FOR CLASSIFYING E, C AND G TYPE OF AB-Φ DIPS 
 

Curves S  
S  Range  

of θ 

 abExA ,
 

  sin/315.0 j     sin/33cos5.0 j  






125

90


 

 abCxA ,
 

 abGxA ,
 

 
 sin5cos22

315.1



 j

 

 




sin5cos22

33cos5.1






j  

 out

abCy
A ,

 



sin3

cos2sin 
    





sin3

cos2sin315.0 


j  
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Fig. 8. Classified zone of ab-Φ dips using decision boundaries: (a) 

)(abGabED 
 for E/C and G types; (b) )(abCabED 

 for E and C types. 
 

 

Following similar steps for classifying ab-Φ dips of type E, 

C and G, the  bc-Φ and ca-Φ dips are distinguished by the 

decision boundaries obtained from the curves: 

       ,,,, ,,,,  caExbcGxbcCxbcEx AAAA    ,A,A caGx,caCx,   

 ,Aout

bcE,y
       . out

caC,

out

caE,

out

bcC, yyy
AandA,A  It should be noted 

that  out

bcEy
A ,

 and  out

caEy
A ,

 are obtained as 

0,,  out

caEy

out

bcEy
AA . The rest of the curves are derived from 

Eqs. (8) and (9), and the variables presented in Table VII. 
 

 

TABLE VII 

CURVES USED FOR CLASSIFYING E, C AND G TYPE OF BC-Φ AND CA-Φ DIPS 
 

Curves S  
S  Range  

of φ 

 bcExA ,
 

 




sin2

sin1cos31 2 j  





sin2

sincos31 22 


j  

2

4

3











 

 bcCxA ,
 

 bcGxA ,
  





sin5cos2

sin1cos315.1 2






j   




sin5cos22

33cos5.1






j  

 out

bcCy
A ,

   




sin6

cossin313  j    




sin6

cossin313  j  

 caExA ,
 

   2cos1tan315.0  j   




cos2

sincos31 22 


j  

4

3






  

 caCxA ,
 

 caGxA ,
  





sin2cos5

cos1sin315.1 2



 j   




sin2cos5

sincos315.1 22






j  

 out

caCy
A ,

   




cos6

sincos313  j  
   cos3/sincos3   
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B.  Voltage Swell Classification 

The proposed method is used for classification of voltage 

swells, which include two types of voltage swells: H- and I-

type, as reported in [11] and presented in Table VIII. The I-

type swell includes the single-Φ voltage swells, a-Φ, b-Φ, and 

c-Φ swells, whereas the H-type includes the double-Φ voltage 

swell, i.e., ab-Φ, bc-Φ, and ca-Φ swell, as shown in Table 

IIIB. As shown in Fig. 5, the six swell groups are classified by 

following similar approach to that of classifying six classes of 

voltage dips. To this end, the equations required for the 

decision boundaries are denoted as    ,, 
BA

 

 ,
C

 ,
AB

 
BC

 and  
CA

, where subscript letter ―A‖ 

represents a-Φ swell, ―B‖ represents b-Φ swell and so on. The 

equations (|ψ| as a function of φ) relating the ―groups of 

swells‖ presented in Table IIIB, are obtained from Eqs. (2)–

(5), Eq. (7) and the voltage phasors shown in Table VIII. 

Thus, the Eqs. of two curves  
AB

 and  
C

 are derived 

as:   ,2/ 
AB

  0 and 
C

. The other four curves, 

   ,, 
BA

  
CA

 and  
BC

 are represented by (7), 

where the variables Sθ, Sφ and the range of φ are shown in 

Table IX. From these expressions, the equations of decision 

boundaries, which bisect two adjacent swell regions, are 

obtained; see Fig. 9 for illustration. The six groups of swells 

are classified using the expressions of these decision 

boundaries. 

 
TABLE VIII 

PHASOR PRESENTATION OF 3-PHASE VOLTAGES FOR TWO TYPES OF SWELLS 
 

Swell-type Voltage Phasors Vector diagram 

H  
 35.0)1(5.0

35.0)1(5.0

)1(

jd

jd

d







c

b

a

V

V

V
 

d

 

I  
 35.0)1(5.0

35.0)1(5.0

)21(

jd

jd

d







c

b

a

V

V

V
 

d

 

 
TABLE IX 

CURVES FOR CLASSIFYING SIX GROUPS OF SWELLS 
 

Curves S  
S  Range  

of φ 

 
B

   




sin2cos

31cos1sin5.1 2



 j   




sin2cos

cos3sin15.1 22






j  










135

180


 

 
BC

  2sin15.0   31 j  
   cos/cos3sin15.0 22 j  

 
CA

  2cos15.0   31 j     sin/cos3sin15.0 22 j  










90

135


 

 
A

   




sincos2

31sin1cos5.1 2



 j   




sincos2

cos3sin15.1 22






j  
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Fig. 9.  Decision boundaries, ,)(D,)(D,)(D),(D,)(D BCBACACBCAABBAB  
 

and )(D CAC
, establishing the classified zone of six groups of swells, which 

include a-Φ, b-Φ, c-Φ, ab-Φ, bc-Φ, and ca-Φ; double arrow dotted line acts 

as a logical separator among the groups of swells. 

IV.  VALIDATION AND TEST RESULTS 

The proposed method is validated with recorded waveforms 

provided by IEEE 1159.2 [15], real measurement data given in 

[16], and unbalanced dips associated with phase angle jump. 

A.  Dip classification from Recorded Waveforms  

IEEE 1159.2 working group recorded several test wave-

forms, which include balanced and unbalanced voltage sags 

influenced by industrial power electronic equipment [15]. 

Most of these recorded waveforms are used to validate the 

proposed method. 

The phase voltages may be influenced by noise and har-

monic distortion due to the presence of power electronic de-

vices and other electrical equipment. The impact of noise can 

be seen in Fig. 10, which shows one of the recorded wave-

forms wave 15 [15]. To extract the ellipse parameters, the DFT 

(Discrete Fourier Transform) is applied to one cycle long 

window. The phase voltage magnitude and phase angle at the 

fundamental frequency (in this case ±60 Hz), are extracted and 

passed through the proposed polarization ellipse technique for 

dip classification. The proposed algorithm operates on a 

sliding time-window of 1 cycle length and each of the recorded 

waveforms has 3-phase voltage signals of six cycle duration. 

Therefore, if voltage dip or swell is found within any window 

frame passing through the six cycles of voltage signal, it is 

detected; otherwise it is classified as normal condition. 

However, to test the proposed method, normal condition of the 

recorded waveforms is not shown; only the classification 

results within one cycle window frame, starting at the 

inception of voltage sags, are considered and presented in 

Table X. For instance, 3-Φ voltage phasors of third cycle 

(0.033 to 0.05 sec duration) are considered for the voltage dip-

classification of wave 15 and marked as classified window. 

Similarly, voltage phasors of other recorded waveforms are 

classified as shown in Table X.  

It is observed that the test recorded waveforms are suffered 

from voltage dips in single-phase or two-phases or 3-phases; 

the ground-truth for the ―classes of dips‖ is presented in 

column 2 of Table X. These recorded waveforms are passed 

through the proposed multi-stage classification algorithm. 

Firstly, the PE parameters are extracted for each of the 
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recorded waveforms, see columns 3-6 of Table X. Then, using 

the decision boundaries as highlighted in Fig. 6 and the PE 

parameters |ψ| and φ of Table X, classes of dips are identified. 

For wave 12, abc-Φ or 3-Φ balanced dip is identified by 

applying the conditions on PE parameters (Ay/Ax) and Ay, see 

Fig. 5. The classification results, as presented in 7
th

 column of 

Table X, specify the successful classification of all the test 

recorded waveforms with 100% accuracy. In summary, the 

proposed algorithm is able to provide the exact ―classes of 

dips‖ as reported in the results of recorded waveforms. 

TABLE X 

CLASSIFICATION OF VOLTAGE DIPS WITH RECORDED WAVEFORMS 

 

Wave 

number 

Classes of 

dips 

(ground-

truth) 

Polarization Ellipse parameters Test 

results 

(classes 

of dips) 
Ay/Ax Ay φ°

 
|ψ|°

 

wave 1 b-Φ 0.72 0.93 -117.9 38.3 b-Φ 

wave 2 c-Φ 0.65 0.79 -135.2 89.7 c-Φ 

wave 3a a-Φ 0.59 0.49 -173.2 43.1 a-Φ 

wave 5 ca-Φ 0.77 0.47 -145.5 69.5 ca-Φ 

wave 6a c-Φ 0.67 0.59 -135.2 89.7 c-Φ 

wave 7 a-Φ 0.59 0.49 -173.5 42.9 a-Φ 

wave 8 a-Φ 0.61 0.41 -165.4 41.2 a-Φ 

wave 11a b-Φ 0.9 0.66 -129.8 40.8 b-Φ 

wave 12 
3-Φ or 

abc-Φ 
0.99 0.72 - - 

3-Φ or 

abc-Φ 

wave 13 a-Φ 0.74 0.95 -150.4 35.7 a-Φ 

wave 14c c-Φ 0.59 0.77 -134.2 89.1 c-Φ 

wave 15 c-Φ 0.70 0.89 -134.2 88.8 c-Φ 
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Fig. 10.  Recorded waveform wave 15 collected from [15], used for the 

validation of the proposed approach. 

B.  Validation of the Proposed Method using Real Measure-

ment Data 

Voltage dips, measured in Belgian transmission grid as pre-

sented in [16], and voltage swell, recorded from a medium 

voltage network [11], are used to validate the proposed 

algorithm. The phasors, illustrated in Table XI, are extracted 

from the waveform stored during the occurrence of a voltage 

dip or swell. For classification of each type of dips/swells, the 

in-phase and out-of-phase projected voltage phasors are 

obtained by following the procedure presented in Fig. 4; the 

projected phasors are then passed through the proposed 

polarization ellipse technique. The whole classification 

process is conducted in three stages as described in section III-

A. The first stage is disregarded since the PE parameters 

(Ay/Ax), Ax and Ay do not fall in the groups of balanced dip or 

no dip condition (see Fig. 5 and Table XII). Therefore, in 

order to explore the last two stages of classification, the 

waveform of dip-type D is taken as an example. Applying the 

PE parameters, |ψ| and φ, see Fig. 6, reveals that the ―class of 

dip‖ is a-Φ. Likewise, applying the PE parameters — Ax and θ 

in Fig. 7, implies that the type of dip is D. Other two types of 

dips, C and E, are classified and characterized using similar 

approach. Moreover, for H-type swell, applying the PE 

parameters, |ψ| and φ, see Fig. 9, reveals that the ―group of 

swell‖ is ab-Φ which is denoted as AB_swell_H type. The test 

results, presented in Table XII, specify the successful classi-

fication of bc_dip_E type, ca_dip_C type, a_dip_D type and 

AB_swell_H type. 
 

TABLE XI 

PHASORS OF 3-PHASE VOLTAGES RECORDED DURING DIPS/SWELLS 
 

Type Va Vb Vc 

C 0.838∠ 5.2° 0.982∠ -117.9° 0.876∠ 115.3° 

D 0.726∠ 1.7° 0.964∠ -114.6° 0.958∠ 116.9° 

E 0.977∠ 1.2° 0.286∠ -166.6° 0.365∠ 124.2° 

H 1.52∠ -15.1° 1.56∠ -135° 0.08∠ 118.2° 
 

 

TABLE XII 

CLASSIFICATION OF VOLTAGE DIPS/SWELLS WITH RECORDED DATA  
 

Dip/Swell 

type 

Polarization Ellipse parameters Classified 

dips/swells Ay/Ax Ax θ° φ° |ψ|° 

C 0.91 1.15 126.1 -139.6 55.9 ca_dip_C 

D 0.85 1.17 121.2 -142.9 34.7 a_dip_D 

E 0.4 0.99 117.9 -101.4 77.1 bc_dip_E 

H 0.58 1.822 175.6 -135.7 89.3 AB_swell_H 

C.  Validation of the Proposed Algorithm using Unbalanced 

Dips associated with Phase Angle Jump 

According to [10], the impedance angle or maximum phase 

angle jump of -10° to +10° is found in typical transmission 

system faults, whereas phase angle jumps of -40° to -60° occur 

with faults in distribution lines. In agreement with this, the real 

cases, which are considered in this sub-section, possess phase 

angle jump of less than 60°. 

In [2] and [10], several test events of voltage dips including 

single-Φ and double-Φ dips are presented. Among those test 

events, six critical events, which include large phase angle 

jump and rotation due to loading effects, are used to validate 

the proposed algorithm. These six events are presented in Ta-

ble XIII. Event 1 is associated with single-Φ voltage dip [2].  

Event 2 illustrates the scenario when phase ―a‖ experiences a 

dip of fifty percent with a phase-angle jump of –30° in a so-

lidly grounded systems [10].  Event 3 represents a similar case 

to Event 2 with a larger phase-angle jump, i.e., –40° [10]. 

Event 4 represents the ―bc‖ phase dip incorporating 50% volt-

age drop along with phase-angle jump of –40°. Event 5 and 6 

are originated from Event 4 by considering the dynamics of the 

load associated with voltage drops and rotation [10]. Using the 

proposed algorithm, it is revealed in column 6 of Table XIII 

that single-Φ and double-Φ dips have been classified correctly.  

The classified dip-types of all six events are also shown in 

column 7 of Table XIII. Comparative analysis between space 

vector method presented in [11] and the proposed PE method 

are conducted on the basis of classification results of these six 

critical events. Among these six events, space vector method 

fails to classify four critical events (Events 3-6) influenced by 

large phase-angle jump; whereas the proposed PE method has 

successfully classified all six events. Moreover, the proposed 

method was tested with adding noise (SNR ranging from 20 

dB to 30 dB) and harmonic distortion (THD varied from 1% to 

20%); under these conditions, it was found that performance of 

the proposed method was not affected. 
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TABLE XIII 

CLASSIFICATION OF UNBALANCED VOLTAGE DIPS ASSOCIATED WITH PHASE-ANGLE JUMP, VOLTAGE DROP AND ROTATION DUE TO LOAD EFFECTS 
 

Events Va Vb Vc 

―Classes‖ of dips 

(ground-truth) 

 

Classified dips (Proposed PE method) Classified ―Classes‖ of 

dips using [11] 

 
―Classes‖ Dip-type 

Event 1 0.316∠ -11° 0.842∠ -103.0° 0.848∠ 97.7° a-Φ a-Φ D a-Φ 

Event 2 0.497∠ -30° 1.003∠ -120° 1.003∠ 120° a-Φ a-Φ B a-Φ 

Event 3 0.497∠ -40° 1.003∠ -120° 1.003∠ 120° a-Φ a-Φ B ab-Φ 

Event 4 1.00∠ 0° 0.847∠ -157.1° 0.397∠ 123° bc-Φ bc-Φ E c-Φ 

Event 5 0.85∠ 0° 0.717∠ -157.0° 0.338∠ 124° bc-Φ bc-Φ G c-Φ 

Event 6 0.851∠ -20° 0.781∠ -177.1° 0.339∠ 103° bc-Φ bc-Φ G c-Φ 

 

V.  CONCLUSION 

A new method for classification and characterization of 

voltage dips and swells is proposed in this paper. Using the 

proposed approach, a total of seven types (A, B, D, F, E, C, 

and G) of dips, which include 19 possible groups of dips, are 

classified and characterized. Two types of voltage swells (H- 

and I-type), which include a total of 6 groups, are also 

classified using the developed method.  

The proposed method is designed based on the Polarization 

Ellipse (PE) parameters, in 3D co-ordinates, extracted from 

three phase voltage signals.  Six PE parameters are extracted 

from in-phase and out-of-phase projected voltage phasors on 

a-, b- and c-axis. Based on the PE parameters, the expressions 

corresponding to seven types of dips and two types of swells, 

and their decision boundaries are developed. Using the 

decision boundaries and PE parameters, three-stage 

classification algorithm is proposed. The proposed algorithm 

can effectively classify the balanced dips, six classes (single-Φ 

and double-Φ dips) and their corresponding types of dips (B, 

D, F, E, C and G). Moreover, the developed analytical 

expressions of decision boundaries require less computation 

time for cycle by cycle classification. Therefore, the speed of 

the proposed algorithm is expected to be fast. The proposed 

algorithm is validated with recorded waveforms extracted from 

IEEE 1159.2 working group report and real measurement data 

of Belgian transmission grid. Besides, the proposed PE 

algorithm is able to classify the unbalanced dips associated 

with phase angle jump. Thus, the proposed method has a great 

potential to be used as an important tool for classification and 

characterization of voltage dips and swells in electricity 

networks.  
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