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Abstract—Electrical faults in transmission and distribution
networks can have great impact on the electrical equipment used.
Fault effects depend on the characteristics of the fault as well as the
network itself. It is important to anticipate the network’s behavior
during faults when planning a new equipment installation, as well as
troubleshooting. Moreover, working backwards, we could be able to
estimate the characteristics of the fault when checking the perceived
effects. Different transformer winding connections dominantly used
in the Greek power transfer and distribution networks and the effects
of 1-phase to neutral, phase-to-phase, 2-phases to neutral and 3-phase
faults on different locations of the network were simulated in order to
present voltage sag characteristics. The study was performed on a
generic network with three steps down transformers on two voltage
level buses (one 150 kV/20 kV transformer and two 20 kV/0.4 kV).
We found that during faults, there are significant changes both on
voltage magnitudes and on phase angles. The simulations and short-
circuit analysis were performed using the PSCAD simulation
package. This paper presents voltage characteristics calculated for the
simulated network, with different approaches on the transformer
winding connections during symmetrical and asymmetrical faults on
various locations.

Keywords—Phase angle shift, power quality, transformer
winding connections, voltage sag propagation.

[. INTRODUCTION

OLTAGE sags (or dips) are sudden drops of the root
mean square (rms) voltage with a typical duration that
can range between few cycles of the power system frequency
and a few seconds. Usually, they are characterized by the
remaining magnitude. The most severe sags are caused by
short-circuits in the power transmission or distribution system.
Their effect on sensitive equipment, such as adjustable speed
drives or control devices, can be as important as voltage
interruptions, which are more severe, but less frequent [1], [2].
Voltage sags are mainly caused by symmetrical or
asymmetrical faults in the power transmission or distribution
systems. A large number of buses may experience the voltage
sags when the faults occur in the transmission system. Even
though some of these buses are considered electrically far
away from the original position of the fault, they still
experience the voltage sag. Most transmission systems’
topology is in the form of meshed networks and they deliver
most of the power they transfer at high voltage levels. On the
other hand, faults in a distribution system are usually the cause
for voltage sags only on local buses [3].
Voltage sag spreading through different transformer
winding connections results in a different experience of the
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fault on the other winding side of transformers. This matter is
discussed in detail in [1]-[5]. This sag spreading is referred as
voltage sag propagation and points to the flow of the sags
from the higher to the lower voltage level. Due to the
impedance of the step-down transformers, the reverse
direction of the propagation is not significant [3].

The performance of voltage sags at the different voltage
level can be assessed by either monitoring or a stochastic
approach. The performance at the equipment’s terminals may
alter again from that at the upstream buses due to the winding
connections of the service transformers [3].

This study is presented using transformer winding
connections commonly used in Greek distribution networks
taking into account simulation results of faults and
measurements in different buses and nodes across the network
(numbered 1 to 5), as shown in Fig. 1.
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Fig. 1 Proposed model of the distribution network used for this study

II. VECTOR GROUPS AND CONNECTIONS

The terminology for vector groups and winding connections
of power transformers along with common (or preferred)
connections are described in international standards, such as
IEC [6] or IEEE [7], [8]. IEC standards and transformer
manufacturers propose the term “Vector group”. It refers to
the way in which the windings are connected and the phase
position of their respective voltage vectors. A vector group
identification consists of:

1) Two letters (one capital and one lower-case) for
identifying the configuration of phase windings. Winding
connections are divided into Delta (D, d), Star or Wye (Y,
y), Interconnected star or zigzag (Z, z) and Open or
Independent (111, iii) windings [13]. When referring to the
High-Voltage (HV) windings, the capital letter is used and
a lower-case letter for the Medium-Voltage (MV) and
Low-Voltage (LV) windings. The vector group begins
with the capital letter.
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2) One letter (N, n) which indicates that the neutral of a
winding in star or interconnected star is brought out.

3) One number, which indicates the phase displacement
between the voltages of the windings, having as reference
the HV winding. Multiplied by 30°, this number states the
angle by which the vector of the LV winding lags that of
the HV winding. The angle of any LV winding is
expressed by the ‘clock notation’. Meaning that the hour
is indicated by the winding phasor when the HV winding
phasor is at 12 o’clock (a bigger number indicates larger
phase lag). Table I presents the common three-phase
transformer connections (with no reference to the neutral
point of the star-connected windings) according to IEC
60076-1 [14].

As an example, vector group YdNI11 indicates that the
transformer has a wye-connected HV winding and a delta-
connected LV winding with its neutral point brought out. The
angle of the LV winding phase voltage lags the HV by 330°
(or leads by 30°). Fig. 2 shows the angle difference between
the primary and secondary winding of the said Dynll
transformer with VA, VB and VC representing the three
phases on the primary side and Va, Vb and Vc the phases on
the secondary side.

Most common criteria for selecting a transformer’s vector
group are elimination of harmonics, earth fault currents,
neutral stabilization and type of application (transmission or
distribution system, connection of a generator, power
electronic converter, industrial load etc.) [9].

TABLEI
COMMON CONNECTIONS ACCORDING TO IEC 60076-1

Number Connections Number Connections
0 Yy0, Dd0, Dz0 2 Dd2, Dz2
1 Ydl, Dyl, Yzl 4 Dd4, Dz4
5 YdS, Dy5, Yz5 7 Yd7, Dy7, Yz7
6 Yy6, Dd6, Dz6 8 Dd8, Dz8
11 Ydll, Dyll, Yzl11 10 Dd10, Dz10

III. VOLTAGE SAG CHARACTERISTICS

A voltage sag is defined as a sudden decrease in the rms
value of the AC voltage. Remaining voltage takes values
between 0.1 p.u. and 0.9 p.u. and typical voltage sags last from
0.5 cycles to 1 min [10]-[13]. Voltage sag duration refers to
the time interval between the point-on-wave of sag initiation
and recovery [11]-[14]. The magnitude of the voltage sag
referred in this paper is the remaining bus voltage during the
fault, whereas the angle shift refers to the difference of the
respective phase angles between the phase in fault and its
healthy reference. Most important characteristics of a voltage
sag is its magnitude and its duration and they are used for
developing equipment compatibility charts and indices. In
addition to these, other characteristics such as unbalanced
voltage sags, phase angle shifts, the point on the wave of
initiation and recovery, and waveform distortion have been
found to influence significantly the equipment’s sensitivity to
the voltage sags [1].

IV. StUuDY CASE

Assessing voltage sags has greater importance for industrial
installations, though, in order to have a more accurate
assessment, we should not ignore the contribution of faults at
the transmission network feeding the distribution network.

For the study’s simulations, we specified the network
components according to the Hellenic Grid Code (HGC). The
studied power system, shown in Fig. 1, consists of the 150 kV
equivalent source and impedance, a HV 250 km transmission
line, a step-down transformer (T1) 150 kV/20 kV, two step-
down transformers (T2 and T3) 20 kV/400 V and a 5 km MV
line connecting T2 to the MV bus (T3 is connected directly to
the MV bus).

The HGC states that the design and function of a power
network by the Network Operator is executed in a manner
ensuring that the maximum expected fault current will not
exceed 31 kA for the HV (150 kV) network [15]. Accordingly,
we calculated the impedance for the 150 kV source equivalent
to be equal to 0.0089 H. It is also specified by the HGC that in
any MV network, the neutral junction is grounded on the
HV/MV substations through an ohmic resistance in order for
the earth-fault current to be limited to a maximum of 1000 A
[16]. According to this specification, we simulated a resistor
between the neutral point and ground connection on
transformer T1, with a value of 11 Ohms, which after our
simulations, has been effective into keeping the fault current at
a maximum of 0.814 kA.
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Fig. 2 Phase angle difference between primary and secondary
winding in a Dyn11 transformer

We used five discrete points on the network to measure and
simulate faults, also shown in Fig. 1 (named 1 to 5) and
simulated the four categories of faults (1ph-N, 2ph-N, 2ph,
3ph) on points 1, 3 and 5. We also measured the rms voltage
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on all five points, while both voltage magnitude and phase
angle measurements were made in the p.u. system. Vector
groups Dynl, Dyn5, Dyn7, and Dynll were used for
transformers T1 and T2, while transformer T3 remains with
the same vector group (Dynll) for all iterations. Those
transformer vector groups are commonly used in Greek power
systems and industrial consumer’s interconnection with the
distribution network.

The analysis of simulation results of voltage magnitude and
phase angle shifts for each voltage phase during the faults are
presented in the next section. For 1ph-N faults we assume
phase A is in fault, for 2ph-N and 2ph, we assume phases B
and C. In order to present the findings and to have a common
reference, we will be referring to any case measurements in
this sequence: T1 vector group - T2 vector group — Fault point
— Fault type — Measurement point. For example: 1-5-3-1phN-2
refers to T1 vector group Dynl, T2 vector group Dyn5, fault
point is 3, fault type is 1ph-N and the measurements refer to
point 2, all as shown in Fig. 1. Moreover, measurements made
on the system in fault are compared to measurements made on
the same point in the same system in its’ healthy status. Thus,
all phasor diagrams used in the next section contain six phase
voltage vectors in total: VaF, VbF, VcF (the voltage vectors in
the faulty system) and VaH, VbH, VcH (the voltage vectors in
the same point of the healthy system). Voltage magnitude is
always considered 1 p.u. for the healthy system and the phase
angle shift refers to the phase angle difference between the
respective faulty system phase and its’ healthy counterpart.

TABLE 11
CASE CODING EXAMPLES USED FOR REFERENCE IN ITERATIONS EXECUTED
Case T1 Vector T2 Vector  Fault Fault Meas.
Code Group Group Point  Type Point
1-1-1-1PhN-1 Dynl Dynl 1 1PhN 1
1-5-3-2PhN-2 Dynl Dyn5 3 2PhN 2
7-11-5-2Ph-4 Dyn7 Dynl1 5 2Ph 4

Using PSCAD simulation package [17] we were able to
cover most network characteristics for our simulation except
for the different transformer vector groups. The software
contains models for Dynl and Dynl11 (30° lagging or leading
of the primary side) and in order to overcome this, we used
phase sequence swaps, introducing 120° phase angle shifts,
additional to the 30° of the available connections, resulting
into the equivalent of vector groups DynS and Dyn7.

V.ANALYSIS OF RESULTS

The first thing we can notice is that when a 1ph-N fault
occurs on one side of the transformer, the other side
experiences a sag in two phases. In Fig. 3 we simulated a 1ph-
N fault on the HV side of T1, which drops phase A to zero
while phases B and C reach 1.43 p.u. on point 1. On the other
side of T1, on point 2, it is perceived as a 2ph fault, with
phases A and B dropping to 0.82 p.u., whereas on the LV side
of T2 it is again perceived as a Iph fault with phase B
dropping to 0.75 p.u. on point 4.

TABLE III

SAG CHARACTERISTICS FOR CASE 1-1-1-1PHN

Meas.
Point

| VaF |
p.u.

| VbF |
p.u.

| VCF |
p-u.

Angle
Shift A

Angle
Shift B

Angle
Shift C

1 (HV)
2 (MV)
3(MV)
4(LV)
5(LV)

0
0.82
0.82
0.94
0.75

1.42
0.82
0.82
0.75
0.95

1.42
1
1
0.95
0.94

-77.48°
-7.48°
-7.48°
-6.63°
0.36°

-22.08°
7.92°
7.92°
0.36°
6.71°

22.51°
-0.02°
-0.02°
6.71°
-6.63°

= Vaf
— VbF
— VF
VaH
VhH
VcH

— Vaf
- VDF
= VcF
VaH
VbH
VcH

0.5
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— Vi 26 TABLE V
Wil | SAG CHARACTERISTICS FOR CASE 1-1-3-1PHN
:;‘r: | Meas. | VaF | | VBF | | VeF | Angle Angle Angle
VeH RTS8 S Point p-u. p-u. p-u. Shift A Shift B ShiftC
| 1 (HV) 0.93 1 0.99 -1.51° 0° -4.28°
15 2 (MV) 0.27 1.26 1.71 42.97° -37.6° 12.77°
| & 3 (MV) 0 1.38 1.69 -27.26°  -34.29°  17.55°
1. 4 (LV) 0.97 0.8 1 -1241° -4.3° 0°
! i 5(LV) 088 1 1 391° 0° -7.99°
: 0.5 ‘
: 1 — VaF 25
H e \DF
:. - VCF
..... H P VaH
2,5 ? 15 1 vew Babideni,,
. VeH y
15 4
§.a
.
X
1,5 \ |
g 0s 1
. ; }
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Fig. 3 Cases (a) 1-1-1-1phN-1, (b) 1-1-1-1phN-2, (c) 1-1-1-1phN-4 -]
TABLE IV 5]
SAG CHARACTERISTICS FOR CASE 1-1-5-1PHN ’
Meas. | VaF | | VBF | | VeF | Angle Angle Angle
Point p.u. p-u. p-u. Shift A Shift B ShiftC Reepeaneett
1(HY) 097 0.99 1 0.66°  05° 0.8°
2(MV) 098 0.95 1 233°  0.04° 0° 55
3(MV) 0.98 0.95 1 -2.33° 0.04° 0°
4(LV) 1 0.95 098  -1.53°  -1.56°  08° (@)
5(LV) 0.59 0.98 1 -53.57° 0.8° -1.53°
— Val 2,5
=i VbF
. . . — VcF
We notice that the closer is the point of measurement to the i
point of fault, the bigger is the angle displacement, as for this veH s i

case we can see 22° for each phase on point 1, 7.5° for each
phase on point 2 and 6° per phase on point 4. Point 5 shows
the same measurements as 4 with the difference of the phase
sequence due to the different vector groups of T2 (Dynl) and
T3 (Dynl1).

In the opposite case, as shown in Fig. 4, when we simulated
a 1ph-N fault on point 5 (LV side of T3), there were both a
severe voltage sag (down to 0.59 p.u.) and phase angle shift (-
53.57°) on phase A. These were local only to that point, as the
differences on the phase vectors on other points of the network
(with reference to the healthy circuit) were negligent. On the
LV side of T2 the fault was perceived as a 0.95 p.u. sag with -
1.5° phase angle shift. On the MV bus, as a 0.95 p.u. sag with
0° phase angle shift on phase B and 0.98 p.u. sag with -2.33°
phase angle shift on phase A. Finally, on the HV side of T1,
the difference was practically non-existent with 0.97 p.u. sag
and -0.66° phase angle shift on phase A.

|3

0,5
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Fig. 4 Cases (a) 1-1-5-1phN-1, (b) 1-1-5-1phN-2, (c) 1-1-5-1phN-5

When we simulated a 1ph-N fault on the MV segment, as
shown on Fig. 5, (almost no differences in the measurements,
whether the fault was before or after the MV line) the HV side
of T1 did not perceive a severe sag. We measured 0.93 p.u.
magnitude and -1.51° angle shift for phase A and 0.99 p.u.
magnitude and -4,28° angle shift for phase C. The situation
was different for the MV and LV segment of the network. For
the MV bus, phase A was of course short-circuited, phases B
and C experienced a swell with 1.38 p.u. and 1.69 p.u.
respectively and a -34.29° and 17.5° angle shift. For the LV
network segment, even though there were similarities on the
measurements taken on the LV side of T2 and T3, there were
differences as well. The different vector groups impose a kind
of rotation between phases for the angle shift. Moreover, the
MV line itself seems to affect the magnitude of the sags, since
we the fault was not so severely experienced on the LV side of
T3. Indeed, while on point 4 (LV side of T2) the simulation
measures 0.97 p.u. magnitude, -12.41° angle shift for phase A
and 0.8 p.u. magnitude, -4.3° angle shift for phase B, on point
5 (LV side of T3) there was a 0.88 p.u. magnitude and -3.91°
for phase A while phase C experienced only a -8° angle shift.

Repeating the same procedure accordingly for a 2ph fault
for the same vector groups and fault points shows the various
results, as shown in Figs. 6-8.

Fig. 6 presents the effects of a phase-to-phase fault on the
HV side of T1, as experienced on points 1, 3 and 5. On point 1
there is a 0.5 p.u. voltage magnitude on phases B and C with
an angle shift of 300° and 60° respectively. Points 2 and 3, the
MV bus, and the MV side of T2 after the MV line show
identical behavior. As expected, the 2ph fault on the HV side
of T1 is perceived as a lph fault on the other side of the
transformer, as one phase (C on this instance) drops to zero

whereas the other two magnitudes limit the drop to 0.87 p.u.
remaining. On the other side the phase angle shift is
significant as the two standing phases shift 30° and -30° (or
330°) respectively. Finally, the LV side of transformers T2 and
T3 (points 4 and 5 respectively) experience the fault as a 2ph
one with phases B and C dropping to 0.5 p.u.. Phase angle
shifts |60°|, though the different vector groups of T2 and T3
force the healthy A phase on T2 to not shift its angle, whereas
on T3, it is phase B (with 0.5 p.u.) that does not shift angle
while phases A and C sift by -60° and 60° respectively.
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Fig. 5 Cases (a) 1-1-3-1phN-3, (b) 1-1-3-1phN-4, (c) 1-1-3-1phN-5
TABLE VI
SAG CHARACTERISTICS FOR CASE 1-1-1-2PH
Meas. | VaF | | VBF | | VcF | Angle Angle Angle
Point p-u. p-u. p-u. Shift A Shift B ShiftC
1 (HV) 1 0.5 0.5 -0.02°  -60.03° 59.97°
2 (MV) 0.87 0.87 0 29.97°  -30.03° -76.36°
3(MV) 0.87 0.87 0 29.97°  -30.03° -76.36°
4 (LV) 1 0.5 0.5 59.97° -0.02°  -60.02°
5(LV) 1 0.5 0.5 -0.02°  -60.03°  59.97°

Respectively, Fig. 7 presents the effects of a phase-to-phase
fault on the MV side of T2, after the MV line (point 3), as it is
experienced on the different points of the network. When this
happens, the HV side of T1 experiences a voltage sag on
phase B (as expected, it is “seen” as a 1ph fault on the other
side) with 0.65 p.u. magnitude remaining and less than 2°
angle shift, while phases A and C remain above 0.9 p.u. with
less than |10°| phase shift. On the point of fault, the two faulty
phases drop to 0.5 p.u. magnitude with |60°| phase angle shift.
Similar to the point of fault but with the MV line in between,
point 2 experiences a 2ph fault, though on this case the two
phases with the voltage sag, show uneven behavior and 0.67
p-u. and 0.5 p.u. remaining on phases B and C. Similarly,
phase angles shift -30° and 20° respectively, thus, creating a
greatly unbalanced scenario. The same behavior as points 2
and 3 can be seen in points 5 and 4, which is to be expected,
due to the position of the fault and the measuring points. On
point 4 phase C drops to zero and phases A and B to 0.87 p.u.
with [30°| phase angle shift. On the other hand, on point 5, we
measure 0.94, 0.37 and 0.83 p.u. magnitude for the three
phases respectively with angle shifts of almost [20°| for all of
them.

TABLE VII
SAG CHARACTERISTICS FOR CASE 1-1-3-2PH
Meas. | VaF | | VBF | | VcF | Angle Angle Angle
Point p.u. p.u. p.u. Shift A Shift B Shift C
1 (HV) 0.93 0.65 0.92 -9.6° -1.61° 9.2°
2 (MV) 1 0.67 0.51 0° -33.13° 22.6°
3 (MV) 1 0.5 0.5 0° -60° 60°
4 (LV) 0.87 0.87 0 29.98° -29.98° -73.34°
5(LV) 0.94 0.37 0.83 -18.88°  -16.23° 17.49°
== Vaf  JL AP
— VDT
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vew Rteraan,,
VeH e o
15 4
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TABLE VIII v
SAG CHARACTERISTICS FOR CASE 1-1-5-2PH == et denenn.,,
|
Meas. | VaF | | VBF | | VeF | Angle Angle Angle
Point p.u. p.u. p.u. Shift A Shift B Shift C
1 (HV) 1 0.97 0.96 0° -149° 1.01° 1
2 (MV) 0.97 0.99 0.91 1.97° -2.51° -1.26°
3(MV) 0.97 0.99 091 1.97° -2.51° -1.26° ot
4 (LV) 0.93 1 0.95 1.44° 0° -3.24°
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Fig. 8 Case 1-1-5-2ph-5

Differently to the faults in the HV and MV segments of the
network, which affect essentially the whole network, a fault
occurring on the LV side of any transformer, affects severely
only the localized area, while the rest of the network
experiences light, almost negligent, effects, same as in case of
Iph faults. Fig. 8 shows the case for the 2ph fault in point 5
and its respective measurements. In this case, a highly

asymmetrical fault is experienced, as the faulty phases B and
C experience a sag with remaining magnitudes of 0.78 and
0.25 p.u. respectively and similarly different angle shifts with
-52° and 37°. All other points of the network retain voltage
magnitudes higher than 0.9 p.u. and phase angle shifts less
than 3°.

Similarly to a phase-to-phase fault, a 2phase to ground fault
creates 2ph sags that are experienced as 1ph sags on the other
side of each transformer, though in this case, there is
symmetry between the phases in fault. As a result, the two
faulty phases drop to the same magnitude (which again
depends on the point of fault and the point of measurement),
while the phase angle shift is nearly mirrored between the two
faulty phases. As such, when the 2ph-N occurs on the MV
segment, both HV and LV segments experience a severe sag
on one phase while the other two phases remain around 0.9
p-u. with similar and relatively low angle shifts.

Repeating the simulations for a 3ph fault reveals similar
results but as expected with a symmetrical profile. A 3ph fault
on any point on the network leaves all downstream points on
zero magnitude, whereas the results defer on the rest of the
system, depending on the voltage level segment, and the
distance from the point of the fault.

Fig. 9 shows the results for a 3ph fault on the MV side of
T2 with measurements on the HV segment, on the MV bus
and on the LV side of T3. On the HV bus we notice a 0.65 p.u.
voltage magnitude with negligent angle shift (-1.64°) on all
phases. On the MV bus we see 0.37 p.u. voltage and a more
noticeable phase angle shift of -16.29°. Same results for point
5, except that the phasor is shifted due to the T3’s vector
group. Points 3 and 4 show voltage magnitude dropping down
to zero.
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Fig. 10 shows respectively the results for the same fault on

of the fault, voltage magnitude drops to 0.57 p.u. with a severe

angle shift, as it reaches -54,3°.

05

- . the LV side of T3. The HV side seems almost unaffected as
' voltage magnitude stays at 0.96 p.u. with less than -1° angle
15 1 shift. On the MV segment, both before and after the MV line,

3 the results are the same: Voltage remains above 0.9 p.u. with a

il -2.29° angle shift, as it is for the LV side of T2. On the point

Even though 3ph faults are the most severe downstream of
/ P . the fault, since voltage is interrupted, statistically, they are
05 ‘&é\ 05 1 15 ; 25 those with the less occurrences [5] and they affect network
o : loads on the rest of the network lightly. This is due to
transformers’ ability to contain voltage sags on the secondary
winding and not allow it to travel on the primary side due to
*1 their high short-circuit impedance [4].
15 | TABLE X
- SAG CHARACTERISTICS FOR CASE 1-1-3-3PH
SEAG Meas. | VaF | | VBF | | VeF | Angle Angle Angle
Point p.u. p.u. p.u. Shift A Shift B Shift C
1 (HV) 0.65 0.65 0.65 -1.64° -1.64° -1.64°
25 1 2 (MV) 0.37 0.37 0.37 -16.29°  -16.29° -16.29°
(b) 3 (MV) 0 0 0 -73.29°  -7329° -73.29°
4 (LV) 0 0 0 -73.29°  -73.29°  -73.29°
25 5(LV) 0.37 0.37 0.37 -16.29°  -16.29° -16.29°
TABLE XIII
i et SAG CHARACTERISTICS FOR CASE 3PH FAULTS ON THE MV BUs
1 Meas. | VaF | | VBF | | VCF | Angle Angle Angle
15 + Point p.u. p.u. p.u. Shift A Shift B ShiftC
! 1(HV)  0.65 0.65 0.65 -1.64°  -1.64°  -1.64°
i 2 (MV) 0.37 0.37 0.37 -16.29°  -16.29° -16.29°
3 (MV) 0 0 0 -73.29°  -73.29°  -73.29°
4 (LV) 0 0 0 -73.29°  -73.29°  -73.29°
R S(LY) 037 037 037 -1629° -1629° -1629°

: v ey fre — VaF 2.5
2.5 1.5 1 0.5 ] 05 1 1.5 2 2.5 |
s/ _.- —sw |
; VaH |
%21 i vew aden.,
g VcH {
" 15 4
1,5 -+ 1
X
S \os 1
=25 HEEIEEIIS ST SN ' e IR IS R
2 ? 15 1 0,5 [*] 0,5 1 1.5
(© : .
Fig. 9 Cases (a) 1-1-3-3ph-1, (b) 1-1-3-3ph-2, (c) 1-1-3-3ph-5 /"S
TABLE IX 1

SAG CHARACTERISTICS FOR CASE 1-1-5-2PH

Meas. | VaF | | VBF | | VeF | Angle Angle Angle s ]

Point p.u. p.u. p.-u. Shift A Shift B Shift C ’

1 (HV) 1 0.97 0.96 0° -1.49° 1.01° .
2 (MV) 0.97 0.99 0.91 1.97° -2.51° -1.26° e T
3(MV) 0.97 0.99 0.91 1.97° -2.51° -1.26° ]

4 (LV) 0.93 1 0.95 1.44° 0° -3.24° 25 1

5(LV) 1 0.78 0.25 0° -52.7° 36.82° (a)
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Fig. 10 Cases (a) 1-1-5-3ph-1, (b) 1-1-5-3ph-2, (c¢) 1-1-5-3ph-5

There were similar findings when we repeated the
simulations for different transformer vector groups, as shown
in Figs. 11 and 12. Those present the same fault scenarios as
Fig. 6, only this time instead of vector group Dynl for
transformers T1 and T2, we simulated Dyn5 for T1, Dyn7 for
T2 in Fig. 11 and Dynll for T1, Dyn5 for T2 in Fig. 12.

While there were no differences on the absolute numbers of
voltage magnitude and angle phase shifts, the results rotated

from phase to phase and the sequence changes as the vector
group changes.

TABLE XI
SAG CHARACTERISTICS FOR CASE 5-7-1-2PH
Meas. | VaF | | VBF | | VcF | Angle Angle Angle
Point p-u. p-u. p-u. Shift A Shift B ShiftC
1 (HV) 1 0.5 0.5 -0.02°  -60.03°  59.97°
2 (MV) 0.87 0 0.87 -30.03°  -76.36°  29.97°
3 (MV) 0.87 0 0.87 -30.03°  -76.36°  29.97°
4 (LV) 1 0.5 0.5 -0.02°  -60.03° 59.97°
5(LV) 0.5 0.5 1 -60.03°  59.97° -0.02°
TABLE XII
SAG CHARACTERISTICS FOR CASE 11-5-1-2PH
Meas. | VaF | | VBF | | VCF | Angle Angle Angle
Point p-u. p.u. p-u. Shift A Shift B ShiftC
1 (HV) 1 0.5 0.5 -0.02°  -60.03°  59.97°
2 (MV) 0.87 0 0.87 -30.03°  -76.36°  29.97°
3 (MV) 0.87 0 0.87 -30.03°  -76.36°  29.97°
4(LV) 0.5 0.5 1 -60.03°  59.97°  -0.02°
5(LV) 0.5 0.5 1 -60.03°  59.97° -0.02°

After simulating different scenarios while rotating
transformer winding connections and fault points, it became
apparent that the more transformers installed between the fault
and a possible affected point on the network, the less severely
perceived was the fault.

Our simulations have shown that faults on the primary side
of a step-down transformer affect the downstream installation
severely. On the other hand, faults on the secondary side of a
step-down transformer do not affect the primary side as much.
As depicted on Fig. 10, where a 3ph fault on the LV side of T2
is simulated, measurements on points 1 and 2 (HV and MV
segment respectively), indicate that those network points are
relatively unaffected by the severe fault on the LV side.

The worst case scenario of a fault affecting the primary side
of T1 was that of a 3ph fault on the secondary side (MV
segment), where all phases experience a voltage sag with
remaining magnitude of 0.65 p.u. and a minor phase angle
shift of -1.64°. Faults on the LV segment of the network have
practically no effect on the HV line.

As far as absolute values are concerned for measurements
on our model network for the different fault types and points
simulated, it is interesting to take into account the maximum
and minimum absolute values of both voltage magnitude and
angle shifts. We noticed that the voltage magnitude could vary
from the lowest value of 0 p.u. up to a maximum of 1.71 p.u.
whereas angle shifts have varied from 0° up to 100° towards
either direction (lagging or leading) on the most severe
occasions.

VI. CONCLUSION

This paper presented the results of voltage characteristics in
a generic power network during symmetrical and
asymmetrical faults. It is clear that during an electrical fault
we experience two major events that can affect severely any
installed equipment.
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First, voltage magnitude, depending on the kind of fault and — Vo 25

—- \VDF
the transformers connected between the fault and the = Vo

measuring point, can vary significantly. 2ph faults on one side §:::: RS
of a transformer are experienced as 1ph sag on the other side. T
During those sags, phase voltage magnitude can take values 15 4
from zero to a maximum simulated of 1.71 p.u. %
Secondly, phase angle, depending again on the kind of fault 3]
and the transformers’ vector group, can shift in absolute
values from zero to 180° (worst case for our simulations was 05
100°, though it was in cases of where voltage magnitude H
dropped to zero) which can create great asymmetries. L S :_,__%3 _
It is also important how each side of the transformer 25 ? 15 1 05 0 05 1 15 2
experiences a specific fault on the other side. A phase-to- : ‘ 3
ground fault, which drops one phase voltage to zero and swells
the other two on one side, is perceived as a minor two-phase
voltage sag on the other with some angle shift. Thus, short-
circuits, for example on the LV side of one transformer, have
almost no effect on another transformer’s LV side; even with
the transformers being on the same MV bus.
Generally, all faults on the primary side of a step-down
transformer, affect the downstream installation severely. On
the other hand, faults that occur on the secondary side of a

0,5

step-down transformer do not affect the primary side as much. (a)
Thus, when planning for events in an electrical network, we
have to take into account both the possible remaining voltage — Vir =
magnitude (either a sag or a swell) and the phase angle shift g ‘
that in inserted during the fault, thus creating greater vt P e? B
asymmetries.

15 +

APPENDIX

A.Line and Transformer Data Used

Table XIV presents data of the two lines, the HV and the i ]
MYV coupled pi section, while Table XV presents data for the 3
three transformers and the lines that were used for our

simulations. 25 r 15 1 0.5 [} 05 1 15 ?
TABLE XIV 05 1
LINE DATA '-__ |
Parameter HV Line MYV Line 1
Line Length 2.5x10°m 5x10°m E "
Positive Sequence Resistance ~ 0.097 x 107 ohm/m 0.215 x 10° ohm/m 5]
Positive Sequence Inductive 39, 103 ghm 0,334 x 107 ohm/m '
Reactance 1
Positive Sequence Capacitive 2000 Mohm®*m 2000 Mohm®*m “eogreprenes
Reactance

Zero Sequence Resistance 0.497 x 10° ohm/m 0.363 x 10° ohm/m

Zero Sequence Inductive 5 349, 105 ohnym 1,556 x 10° ohm/m

Reactance (b)
Zero Sequence Capacitive 4000 Mohm®*m 4000 Mohm*m
Reactance
TABLE XV
TRANSFORMER DATA
Parameter T1 T2 T3
Apparent Power 50 MVA 1 MVA 1 MVA
Voltage Ratio 150/20 20/0.4 20/0.4

Positive Sequence Leakage Reactance 0.2 p.u. 0.06 p.u. 0.08 p.u.
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