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Abstract— This article presents an analysis of voltage sag 
propagation. The ATPDraw tool was selected for simulating the 
IEEE 34 node test feeder. It takes into account both voltage sags 
caused by electrical fault network, as well as voltage sag 
propagation characteristics caused by induction motor starting 
and transformer energising. The analysis was aimed at assessing 
the influence of transformer winding connections, the impedance 
of these transformers, lines and cables, summarising the effects 
on disturbance magnitude and phase. The study shows that the 
influence of an induction motor on voltage sag propagation 
results in increased voltage sag severity. Voltage sags caused by 
induction motor starting and transformer energising have no 
zero-sequence component, so they are only affected by type 3 
transformers. The influence of fault resistance on voltage sag 
magnitude and phase characteristics is examined and some 
aspects of interest in characterising these electromagnetic 
disturbances is identified. 

 
Keywords: Power quality, voltage sag propagation, voltage dip 

causes, transformer connection. 
 

Resumen— En este artículo se presenta el análisis de la 
propagación de huecos de tensión utilizando como herramienta 
de simulación el ATPDraw y seleccionando como caso de prueba 
el IEEE 34 Node Test Feeder. Se tienen en cuenta tanto huecos de 
tensión originados por fallas de red, como también las 
características de propagación de huecos de tensión originados 
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por el arranque de motores de inducción y por la energización de 
transformadores. Se analiza la influencia de la conexión de los 
devanados de los transformadores, las impedancias de los mismos 
transformadores, de las líneas y de los cables, sintetizando los 
efectos sobre la magnitud y fase de la perturbación eléctrica. 
Como resultados importantes del trabajo se demuestra que la 
influencia del motor de inducción en la propagación de huecos de 
tensión resulta en un aumento en la severidad del hueco de 
tensión en sus terminales, como una respuesta de la máquina 
para mantener sus condiciones de operación prefalla. 
Adicionalmente, los huecos de tensión causados por el arranque 
de motores de inducción y por la energización de 
transformadores no tienen componente de secuencia cero, por lo 
cual son afectados únicamente por los transformadores tipo-3. Se 
demuestra la influencia de las resistencias de falla en las 
características de magnitud y fase de los huecos de tensión, 
aspecto que resulta de interés en las caracterizaciones de huecos 
de tensión 

 
Palabras Claves: Calidad de la energía eléctrica, propagación 

de huecos de tensión, causas de huecos de tensión, conexión de 
transformadores. 

1. INTRODUCTION 

Electricity service quality is generally related to service 
continuity and voltage wave quality. The voltage supplied to a 
load or installation is characterised by five parameters: 
frequency, magnitude, waveform, imbalance and continuity. 
Supply quality can be defined in terms of parameters deviating 
from their ideal values and defining maximum deviations 
without affecting electrical equipment operation.  

Increased nonlinear loads such as computers, variable 
speed drives, robotic equipment and rectifiers have caused a 
significant increase in electromagnetic disturbances in power 
systems (voltage sags, swells, voltage spikes, harmonics, etc.). 
The presence of such disturbances in power system causes a 
decrease in operating efficiency (Chapman, 2001; Baggini, 
2008). The importance of studying voltage sags lies in 
generating large losses in the industry and the economic 
sanctions being applied to electricity utilities by regulators. 

Voltage sags have thus become more relevant during recent 
years because RMS voltage decreases and increases can cause 
malfunction or even total failure of electrical equipment 
operation (Bollen, 2000).  

Due to the new electricity market and an increase in 
problems related to power quality (PQ), utilities have 
programmes for monitoring networks and identifying PQ 
disturbances. This article was thus aimed at reviewing PQ 
studies, specifically in the area of voltage sags, their causes 
and their propagation through a distribution network involving 
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The influence of transformers, induction motors and fault resistance 

regarding propagation voltage sags 
  

 
Propagación de Huecos de Tensión: La influencia de transformadores, motores de 

inducción y resistencias de falla en relación con la propagación de huecos de tensión  
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motors, transformers and capacitor banks. 
 
ATPDraw was used for simulations in the IEEE 34 node 

test feeder and Matlab for data processing. The influence of 
fault resistance on voltage sag propagation was analysed and 
their considerations compared to some analysis presented in 
previous works (Aung and Milanovic, 2006; Mendes et al., 
2008). The study of phenomena causing electromagnetic 
disturbances in power systems provides the information 
needed to improve the quality of power distributed to end-
users. 

2. BASIC CONCEPTS RELATED TO VOLTAGE SAG 
PROPAGATION 

According to IEEE standard 1159 (2009), voltage sags are 
defined as decreased rms voltage between 0.1 and 0.9 p.u to 
network frequency, lasting between 0.5 cycles and 1 minute. 
PQ disturbance magnitude and duration thus appear as main 
features. The literature related to voltage sags also identifies 
other features such as phase-angle jumps, starting points and 
recovery and wave distortion. However, it should be noted that 
voltage magnitude and phase angle jump characteristics are 
fundamental in analysing the propagation of such disturbances 
(Cornick and Li, 2000; Bollen and Zhang, 2000; Bollen and 
Zhang, 1999; Castellanos and Carrillo, 2003). The changes 
which voltage sag is subject to while it spreads throughout an 
electrical system are estimated from these characteristics. 

 
The causes of this type of PQ disturbance are largely 

electrical faults and other events such as starting large 
induction motors, energising transformers and load increases 
(Bollen et al., 2007). It is thus interesting to analyse the effects 
on voltage sag propagation caused by this set of causes. 

 
Voltage sags have been classified into three-phase systems 

by diagramming phase voltages according to fault type. Bollen 
(2000) presented a voltage sag classification with their 
respective equations defining the voltages for each type of sag 
and phasor diagram. This classification has been adopted and 
implemented in a variety of methodologies for characterising 
voltage sags and taken into account when analysing the 
following sections (Bollen and Zhang, 1999). 

 
Bollen (2000) also discussed the influence of overhead 

lines and underground cables on voltage sag propagation, 
using the voltage divider model and considering sag 
magnitude as a function of the distance to the fault. 

 
Figure 1 shows sag magnitude as a function of the distance 

to the fault for an 11 kV overhead line. The fault levels 
selected were 750 MVA, 200 MVA and 75 MVA (Bollen, 
2000).

0 10 20 30 40 50
0

0.2

0.4

0.6

0.8

1

Distance to the fault in kilometers

S
ag

 m
ag

ni
tu

de
 in

 p
.u

 

750 MVA

200 MVA

75 MVA

 
Figure 1. Voltage sag magnitude as a function of the distance to the fault 

According to Figure 1, voltage sag magnitude increased 
(less severe sag) with increasing distance to a fault and fault 
level. It can also be seen that a fault 10 km away would 
produce a more severe sag. The voltage sag was less severe on 
the low-voltage side of a transformer due to the reflected 
impedance of high voltage level to low voltage level.  
The cross-section of overhead lines and underground cables’ 
conductors would affect voltage sag propagation. Increased  
electrical conductor cross-section would produce severer sag 
magnitude for the same short-circuit level and operating 
voltage. This is because the reactive part of overhead lines is 
about 3 times larger than in underground cables and the 
resistive component tends to decrease with increasing cross-
section. 
 

3. INFLUENCE OF TRANSFORMER WINDING 
CONNECTIONS ON VOLTAGE SAG 

PROPAGATION 

 
Transformer winding connections used in transmission and 

distribution systems are analysed to estimate the influence of 
transformers on voltage sag propagation, of one voltage level 
to another. 

Three-phase transformers can be classified into three types 
regarding voltage sag propagation between a transformer’s 
primary and secondary sides (Aung and Milanovic, 2006; 
Mendes et al., 2008; Guasch and Córcoles, 2006). Table 1 
shows that the type of sag was subjected to starting load and 
grounded neutral. The load was connected to the transformer’s 
secondary side when such connection to the transformer’s 
primary side would produce seven types of sag (Mendes et al., 
2008). 

 
Table 1. Kinds of Voltage Sags on the transformer’s 

secondary side   
Transformer 
connection 

Voltage sag on the primary side 

Type  
Type 

A 
Type 

B 
Type 

C 
Type 
 D 

Type 
 E 

Type 
 F 

Type 
G 

T1 YNyn A B C D E F G 

T2 
Yy Dd 

Dz A 
 

C D G F G 

T3 
Dy Yd 

Yz A 
 

D C F G F 

C* and D* - indicate that magnitude of the sag was not equal to h, but would be 
equal to 1/3+2/3h. The term h=0.5 is voltage sag magnitude 
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The circuit shown in Figure 2 was modelled in ATPDraw to 
reproduce some of these cases shown in Table 1. It was a basic 
electrical system having a voltage sag generator. The voltage 
sags were obtained at the common connection point PCC1, 
corresponding to the transformer’s primary side. Some of 
those results are shown in Table 2. 
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Figure  2.  Model for simulating voltage sags in ATPDraw 

 
Table 2. Voltage Sag Propagation 
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  0.2

  0.4

  0.6

  0.8

  1

30

210

60

240

90

270

120

300

150

330

180 0

 

 

Va 
Vb 
Vc 

 

 
 
 
 

Yy 
 
 

 

  0.2

  0.4

  0.6

  0.8

  1

30

210

60

240

90

270

120

300

150

330

180 0

 

 

Va 
Vb 
Vc 

 
Type C (Line-to-line fault) 

  0.2

  0.4

  0.6

  0.8

  1

30

210

60

240

90

270

120

300

150

330

180 0

 

 

Va 
Vb 
Vc 

 

 
 
 
 

Dy 
 
 
 

 

  0.2

  0.4

  0.6

  0.8

  1

30

210

60

240

90

270

120

300

150

330

180 0

 

 

Va 
Vb 
Vc 

 
Type E (double line-to-ground 

fault) 

  0.2

  0.4

  0.6

  0.8

  1

30

210

60

240

90

270

120

300

150

330

180 0

 

 

Va 
Vb 
Vc 

 

 
 
 

Yy 

 

  0.2

  0.4

  0.6

  0.8

  1

30

210

60

240

90

270

120

300

150

330

180 0

 

 

Va 
Vb
Vc 

 
Type E (double line-to-ground 

fault) 

  0.2

  0.4

  0.6

  0.8

  1

30

210

60

240

90

270

120

300

150

330

180 0

 

 

Va 
Vb 
Vc 

 
 

 
 
 

Dy 

 

  0.2

  0.4

  0.6

  0.8

  1

30

210

60

240

90

270

120

300

150

330

180 0

 

 

Va 
Vb 
Vc 

 

 
Table 2 shows that when sags were propagated through the 

electrical system then their characteristics became altered due 
to the impedance between the event’s source and load. The 
type of transformer winding connection could influence 
voltage sag propagation by modifying the magnitude and 
phase of the voltages in the power system buses. These results 
demonstrated that voltage sags’ characteristics regarding the 
buses might be very different from those generated at the point 
of fault. 
 
 

4. INDUCTION MOTORS INFLUENCE ON VOLTAGE 
SAG PROPAGATION 

 
The voltage magnitude at an induction motor’s terminals 

decreases when a three-phase fault occurs in an electrical 

Sags 
Generator 



THE INFLUENCE OF TRANSFORMERS, INDUCTION MOTORS AND FAULT RESISTANCE REGARDING PROPAGATING VOLTAGE SAGS 

                                         REVISTA INGENIERÍA E INVESTIGACIÓN Vol. 31 Suplemento No. 2 (SICEL 2011), OCTUBRE DE 2011 (139-147) 142   

system, thereby causing serious consequences (Castellanos 
and Carrillo, 2003; Yalçinkaya et al., 1998). The first refers to 
the imbalance between the air gap flux and stator voltage; the 
flux decays with a time constant of up to several cycles and 
the induction motor contributes to the fault thereby taking 
more current. 
 Voltage sag causes a reduction in a machine’s electrical 
torque while load torque remains constant, so that a machine 
rotates more slowly. During such deceleration, an induction 
motor draws more current having a lower power factor, 
thereby increasing voltage drop (Guasch and Córcoles, 2006; 
Yalçinkaya et al., 1998). An important aspect is that a new 
steady state at a slower rate can be reached for small voltage 
drops, depending on resistant torque’s mechanical load. If 
there are large voltage drops then a motor coasts to a stop or 
until the voltage reaches its nominal value again. Because the 
mechanical time constant is about one second or more, an 
induction motor usually does not reach zero speed. 
 The opposite happens when voltage recovers. The magnetic 
flux in the gap increases again and causes a current that slows 
recovery voltage. Subsequently, the motor accelerates to pre-
fault speed, again taking a large current with low power factor 
and causing post-fault voltage sag having significant duration. 
 Moreover, the behaviour of an induction motor with 
unbalanced fault is more complex, to the point that the effects 
generated during this event can only be quantified by network 
analysis programmes (Guasch and Córcoles, 2006; Yalçinkaya 
et al., 1998). The interaction between the system and the 
induction motor during an unbalanced fault is initially 
characterised by a motor’s contribution to the fault around the 
first two cycles. This causes an increase in positive sequence 
voltage while negative and zero sequence voltages are not 
influenced. Motor speed decreases, causing a drop in positive 
sequence impedance and the current increases consecutively 
while positive sequence voltage decreases. Since a motor’s 
negative sequence impedance is low (between 10% and 20% 
of positive sequence impedance), negative sequence voltage is 
mitigated in the motor terminals. The induction motor does 
not take a zero sequence current, therefore, zero sequence 
voltage is not influenced by the engine. 

 
5.       CASE STUDY 

 
This article presents the results of simulating the 

propagation of voltage sags obtained from modelling IEEE 34 
node test feeder (2000) in ATPDraw. Analysing voltage sag 
propagation due to network faults and starting induction 
motors, energising transformers and network failures with 
fault resistance is this work’s main contribution to propagation 
studies. 

 

A.  Modelling the electrical system  

IEEE 34 node test feeder consists of 34 nodes, voltage 
being rated 24.9 kV at 60 Hz. It is characterised by very long 
light loads, unbalanced loading with both “spot” and 
“distributed” loads and shunt capacitors. The diagram for the 

system is shown in Figure  3. 
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Figure  3.  IEEE 34 node test feeder (2000) 

Some modifications were made to the original electrical 
system when searching for some variables of interest in the 
study. The first was including an induction motor and its 
respective transformer. This induction motor was added to 
node 890 to obtain voltage sag by starting this engine. The 
induction motor was selected from Yalçinkaya et al., (1998). 
Its parameters are shown in Table 3. A transformer supplying 
a motor at rated voltage was placed between nodes 832 and 
888. 

The second change was inserting a transformer between 
nodes 836-862 which had a magnetisation curve for the core 
saturation effect. This produced voltage dips caused by 
energising transformers. Transformer parameters are shown in 
Table 4. 

 
Table 3.  Induction motor parameters  

 
Rs 

[pu] 
Xs 

[pu] 
Xm 
[pu] 

Rt 
[pu] 

Xt 

[pu] 
s 

[%] 
H 

[sec] 
S 

KVA 
V 
kV 

0,016 0,08 2,25 0,02 0,08 2,2 0,5 597 4,16 

  
Table 4. Transformers parameters  

 
Transformer connected between 

nodes 832-888 
Transformer connected 

between 
nodes 836-862 

 Primary Secondary Primary Secondary 

Voltage [V] 21000 3940 24900 4160 

Resistance [Ω] 0,2894 0,026305 11,78 0,3288 

Inductance [Ω] 26,672 2,4237 25,29 0,7060 

Connection Y y D y 

Connection 
group 

Yy0 Dy1 

 
The graphs presented in the following sections are in p.u 

regarding 20.4 kV (high voltage side) and 3.4 kV base voltage 
(low-voltage side). 

B.  Propagating  voltage sags caused by transformer 
energization  

The voltage sags for this case were generated by energising 
the transformer connected between nodes 836-862. The 
difference in transformer energising with or without load was 
voltage sag magnitude, being less severe for the case without 
load (Bollen et al., 2007; Smith et al., 1999; Ahn et al., 2004). 
Figure 4 presents the rms voltage and current at node 836 
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(primary transformer). 
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a)                                                  b) 

Figure 4. Voltage sag registered in node 836  a) rms voltage   
b) rms current  

Although the peak current resulting in energising the 
transformer was 4.33 p.u, effective current  only reached 2.15 
p.u and voltage sag magnitude was around 0.85 p.u. Figure  5 
shows that voltage sag had a waveform similar to that 
recorded at node 836, but as it spread to the substation (node 
800) the depth decreased, being about 0.95 p.u, representing 
no voltage sag. Voltage dip phasor diagrams at node 862 (Dy1 
transformer secondary) and node 890 (Yy transformer 
secondary) corresponding to induction motor terminals was 
also examined. 
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Figure  5. Voltage phasor diagram a) node 836  
b) node 800 (substation) c) node 890 (induction motor terminals) d) node 862   

 According to previous results, the voltage sag caused by 
transformer energising did not suffer significant effects due to 
connecting the transformers being tested (Yy and Dyn). Figure  
6.d shows that the voltage sag had an angle jump due to 
connecting the Dyn transformer windings, but that only meant 
a rotation of the phasors without affecting sag magnitude or 
angular difference. Induction motor terminal voltage 

behaviour during voltage sag caused by transformer energising 
is shown in Figure  6. 
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Figure  6. Voltage sag registered at node 890: a) rms voltage  
b) rms current  

An induction motor takes more current during voltage sag 
trying to keep its speed due to the voltage reduction in their 
terminals. As the voltage recovers, the current drawn by the 
induction motor increases rapidly, even attempting to 
overcome its pre-event current value, finally reaching steady 
state operation (Figure  6. B). Reducing rms current confirmed 
that the disturbance originated upstream of the point of 
induction motor connection. 

It should be noted that several loads on an electrical system 
would be subject to voltage sag, especially those near the point 
of transformer energising. 

C.  Propagation voltage sags due to the induction motor 
starting 

n this case, the induction motor was started having a load 
equal to 75% rated load. By energising the motor (node 890), 
the starting current reached values 4 times their rated value, 
generating a 0.35 p.u voltage sag. Figure  7 shows the phasor 
diagram for voltage events at different points of interest. 
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Figure  7. Voltage phasor diagram a) node 890  
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b) node 800 c) node 836 (transformer primary side T3) d) node 862 
(transformer secondary side T3) 

 
The motor drew a large current to generate voltage drops 

throughout the circuit. The disturbance was not considered 
voltage sag at the substation node due to the recovery of sag 
magnitude. Figure 7 d. shows the characteristics of voltage sag 
after being transferred by two transformers (Yy and Dyn).  
The voltage sag recovered when it was transferred through 
transformer Yy. It also had a 30 degree lag inserted by the 
type 3 transformer. 

 

D.   Propagation of voltage sags due to network faults 

This section discusses voltage sag propagation due to 
external electrical system faults. Some nodes were selected to 
show interesting results. 

The first case concerned a single line-to-ground fault at 
node 862 (transformer secondary-type 3). 
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Figure  8. Voltage phasor diagram a) node 862  
b) node 800 c) node 836 d) node 890  

 
Figure 8 shows that the voltage sag was subject to important 

effects during its propagation. It was transferred through the 
transformer-type 3 as a two-phase voltage sag (phases a-b). At 
node 800, the voltages recorded were 0.879 p.u, 1 p.u and 
0.932 for phases a, b and c respectively. This indicated that 
voltage dip was still considered despite recovery in sag 
magnitude during propagation. Similarly, groups connecting 
the transformers had no influence since they only involved a 
120° rotation between primary and secondary voltages. 
Capacitor banks installed between 834-848 nodes generated 
some transients due to voltage changes but only having short 
duration (Hur and Santoso, 2008). 

 
 The results obtained after analysing voltage sag propagation 
caused by different types of faults at different points in a 
power system are summarised below. 

 
 
 Table 5. Voltage sag propagation due to faults at node 862 

Line-to-line fault in the node 862 
Node 862 Voltage 

p.u 
Phase  Node 890 Voltage 

p.u 
Phase 

 A 0,971 -36,80 A 0,818 -220 

B 0,485 143,10 B 0,423 -1150 

C 0,485 143,10 C 0,9 130,90 

Node  836   Node 800   
A 0,8 -23,60 A 0,992 -9,090 

B 0,38 -110,40 B 0,856 -1290 

C 0,901 132,40 C 0,932 118,50 

Double line-to-ground fault in the node 862 
Node 862 Voltage 

p.u 
Phase  Node 890 Voltage 

p.u 
Phase 

A 0,636 -27,240 A 0,585 -7,780 

B 0 00 B 0,424 -116.20 

C 0 00 C 0,622 132,30 

Node 836   Node 800   
A 0,55 -7,130 A 0,914 -8,60 

B 0,381 -1120 B 0,853 -1290 

C 0,6 135,50 C 0,881 114,90 

Three-phase fault in the node 862 
Node 862 Voltage 

p.u 
Phase  Node 890 Voltage 

p.u 
Phase 

A 0 00 A 0,4 6,690 

B 0 00 B 0,42 -117,10 

C 0 00 C 0,41 126,10 

Node 836   Node 800   
A 0,36 11,810 A 0,856 -9,340 

B 0,38 -113,20 B 0,851 -1290 

C 0,37 130,80 C 0,86 111,30 

 
Changes in the magnitude and phase of the voltage sag to be 

transferred through the transformer-type 3 (Dyn) occurred 
regarding line-to-line fault; these changes were shown in 
faulted and non-faulted phases. The transfer of voltage sag 
through the transformer-type 2 (Yy) did not alter its shape due 
to the absence of a zero-sequence voltage component. 
  Tables 6 and 7 show some results demonstrating the effect 
of an induction motor on voltage sag due to an unbalanced 
fault, since the induction motor took more current, causing 
more severe voltage sag at its terminals. 

 
Table 6. Voltage sag Propagation due to faults at node 836 

Single line-to-ground fault in the node 836 
Node 836 Voltage 

p.u 
Phase  Node 890 Voltage 

p.u 
Phase 

 A 0 00 A 0,391 -11,40 

B 1,128 -129,50 B 0,834 -132.30 

C 0,88 123,70 C 0,696 95,90 

Node 862   Node 800   
A 0,502 -56,80 A 0,786 -14.490 

B 0,643 -130,10 B 1,032 -126,30 

C 0,922 81,20 C 0,981 117,70 

Line-to-line fault in the node 836 
Node 836 Voltage 

p.u 
Phase  Node 890 Voltage 

p.u 
Phase 

A 0,418 -65.10 A 0,239 -102,60 

B 0,418 -65.10 B 0,278 -73,50 

C 0,828 116,20 C 0,5 93,50 

Node 862   Node 800   
A 0,711 -64,780 A 0,923 -16.160 

B 0 00 B 0,786 -128,10 

C 0,71 115,20 C 0,966 114,50 

Double line-to-ground fault in the node 836 
Node 836 Voltage Phase  Node 890 Voltage Phase 
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p.u p.u 
A 0 00 A 0,119 -116,50 

B 0 00 B 0,143 -67,50 

C 0,937 121,20 C 0,422 101,50 

Node 862   Node 800   
A 0,539 -59,30 A 0,818 -130 

B 0 00 B 0,792 -136,50 

C 0,538 120,60 C 1 115,90 

 
Table 7. Voltage sag propagation due to faults at node 890 

Single line-to-ground fault in the node 890 
Node 890 Voltage 

p.u 
Phase  Node 836 Voltage 

p.u 
Phase 

 A 0 00 A 0,75 40 

B 0,353 -123,70 B 0,869 -1200 

C 0,285 940 C 0,8 119,70 

Node 862   Node 800   
A 0,756 -29,80 A 0,921 -5,20 

B 0,826 -146,80 B 0,95 -124,80 

C 0,829 87,40 C 0,95 1150 

Line-to-line fault in the node 890 
Node 890 Voltage 

p.u 
Phase  Node 836 Voltage 

p.u 
Phase 

A 0,205 -81,90 A 0,74 0.10 

B 0,205 -81,90 B 0,83 -1160 

C 0,408 98,90 C 0,82 117,60 

Node 862   Node 800   
A 0,771 -33,50 A 0,932 -60 

B 0,77 -146,40 B 0,93 -124,20 

C 0,85 900 C 0,95 114,80 

Double line-to-ground fault in the node 890 
Node 890 Voltage 

p.u 
Phase  Node 836 Voltage 

p.u 
Phase 

A 0 00 A 0,755 5,430 

B 0 00 B 0,767 -117,70 

C 0,293 107,60 C 0,829 119,80 

Node 862   Node 800   
A 0,766 -29,60 A 0,923 -4,80 

B 0,77 -146,50 B 0,922 -125,20 

C 0,8 91,60 C 0,956 1150 

 

E.  Influence of fault resistance on voltage sag transfer  

Fault resistance may change the type of voltage dip in 
relation to its magnitude or phase angle. Such resistance is 
mainly due to high and medium voltage support lines, the 
power system grounding circuit and soil conditions (García, 
2010). 

i. Influence of ground fault resistance (RF) 
 
A single line-to-ground fault (phase a) was generated at 

node 834 to analyse the influence of ground fault resistance 
Rf, and a record was taken of voltage magnitude and phase 
angles as a function of ground fault resistance. The results are 
shown below. 
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Figure  9. Record voltage at node 862 a) rms voltage   

b) voltage angle 
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Figure  10. Record voltage at node 890 a) rms voltage   

b) voltage angle 
 

As shown in Figure 9, voltage sag caused by single line-to-
ground fault  at node 834 was transferred to the type 3 
transformer’s low-voltage side (node 862) as a line-to-line 
fault. This record was characterised by a reduction in phase b 
voltage magnitude with increasing fault resistance (up to about 
16 ohms) and consecutively the voltage dip became less 
severe. Figure 10 shows induction motor  influence, making 
voltage sag more severe. 

 
ii. Influence of line-to-line fault resistance (RFF) 

 
Voltage sags caused by line-to-line faults have important 

differences in their magnitudes. Ideally, faulted phase voltage 
magnitudes should be equal. 

In this case, a line-to-line fault (b-c phases) was generated 
with resistance fault at node 834 and the results are presented 
below. 
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            a)                                               b) 
Figure  11. Record voltage at node 836 a) rms voltage   

b) voltage angle 
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    a)                                              b) 

Figure  12. Record voltage at node 890 a) rms voltage   
b) voltage angle 

Figures  11 and 12 show that by increasing the value of RFF, 
there was a difference between the phases involved in the two-
phase short circuit, which ideally should have provided similar 
magnitudes. Again, a critical resistance value was identified 
for which phase voltage changed its behaviour. The phase 
angle tended to change regarding pre-fault value as fault 
resistance decreased. 

6. CONCLUSIONS 

This article has presented an analysis of voltage sag 
propagation. It took into account the influence of the 
transformers winding connections, induction motors and fault 
resistance. A first important aspect referred to when the 
disturbance had a zero-sequence voltage component and the 
connection of the transformer windings blocked the flow of 
this sequence component. These effects were presented by 
type 2 and 3 transformers. In the case of voltage sags without 
zero-sequence component, the influence was only due to phase 
changes imposed by the type 3 transformer. 

An analysis based on factors such as the cross section of 
lines and cables, characteristic impedance transformers, the 
distance to the fault and short circuit levels would lead to 
estimating voltage sag magnitude and phase characteristics at 
different points in an electrical system. 

From the analysis of the propagation of voltage sags caused 
by induction motor starting and transformer energising it was 
concluded that these types of sag were only influenced by type 
3 transformers, due to the absence of zero sequence voltage. 
This information is useful for characterising this type of 
voltage events at each node of interest. 

Voltage dips can be modified regarding their magnitude and 
phase when a fault is generated through fault resistance. It was 
observed that there were some critical fault resistance values  
for which there was a change in voltage sag behaviour. 

This is an important factor to consider in characterising 
unbalanced voltage dips due to the characteristics of the sags 
being associated to system elements when the effects of fault 
resistances are known.  

ATPDraw was helpful in identifying these different effects 
on voltage sags and is presented as a tool having great 
potential for future work related to PQ disturbance 
propagation in power systems with the presence of other 
elements and loads such as variable speed drives, rectifiers, 
large rotating loads, reactors and voltage regulators. 
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