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\Voltage Sag Distributions Caused
by Power System Faults

Pirjo Heine Member, IEEEand Matti Lehtonen

Abstract—\Voltage sag distributions caused by faults at different @
voltage levels and experienced by low-voltage customers were es-
tablished for four different power system areas. The shares of dif- EHV/HV

ferent fault types at each voltage level and the sag propagation
throughout the power system were taken into account. The results
show that the origin of sags in urban and rural areas tends to be

different. These data are needed when, for example, planning mea-
sures for sag mitigation in different parts of the power system.

Index Terms—Power distribution, power quality, power system
modeling, power systems, power transmission, voltage sag.

I. INTRODUCTION

CCORDING to IEEE standard 1159-1995, a voltage sag
is defined as a decrease to between 0.1 and 0.9 p.u. in
root mean square (rms) voltage at the power frequency for du- @
rations of 0.5 cycle to 1 min [1]. Voltage sags have always been
present in power systems, but only during the past decades have
customers become more aware of the inconvenience Cause@iB)’l. Origin of fault positions that cause sags experienced by an LV
them. customer.
A power system fault is a typical cause of a voltage sag [2].
Faults occur in transmission (EHV), subtransmission (HVA. Sag Distribution

medium-voltage (MV), and low-voltage (LV) systems, and A gaq distribution can be determined for each LV customer,

the sags propagate throughout the power system. The 88 gorized in terms of the part of the network in which the fault
distribution experienced by a low-voltage customer includes glt. 15 (Fig. 1):

these sags of different origin.

LV customer

It is not essential that all power system areas are modeledl) transmission and subtransmission systems;
P y 2) local MV distribution systems;

gnd |n(':lud.ed in voltage sag dl's'trlbutlon calculatlc')ns.. Thls issue 3) adjacent MV distribution systems;
is studied in this paper. In addition, voltage sag distributions are T )
4) local LV distribution systems;
calculated for two urban and two rural power system areas. The . S
. .’5) adjacent LV distribution systems.
sag propagation throughout the power system and the probabil-
ities of different fault types at each voltage level are taken into

account in the calculations. The sags experienced by an LV customer can be described by

a cumulative distribution function

Il. VOLTAGE AUSED BY FAULT =
OLTAGE SAGS CAUS uLTs Flut)e =33 Oislue <, Atir > ) (1)
\oltage sags can generally be characterized by sag mag- i ft

nitude, duration, and frequency [3]. Network impedanC&gere,,  is the fault frequency of fault typ at fault position

determine the sag magnitudg. When ponsidering sags cau,ls;%% the sagged voltage experienced by an LV customer at node
by faults, the protection practices specify the sag duration, a)é‘,dandAti « the sag duration for the fault place and fault type
the fault frequencies determine the number of voltage sags. ;, questioh.

Because different fault types cause sags with different char-
acteristics, the fault frequencies of each fault type should be de-
termined. Thus, the fault frequengy at a certain fault position
includes the fault frequencies of all fault types: single-phase,

) . ) . %No-phase, and three-phase faults, with and without earth con-
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and the share of the various fault types: will satisfy two TABLE |
properties (3) and (4) FAULT FREQUENCIES ANDSHARES OF DIFFERENT FAULT TYPES FOR

FINNISH TRANSMISSION SYSTEMS [8]

<pir < Y
0<p LIt = 100% ©) Voltage | Fault frequency Shares of different fault types
Z Di,ft = 100%. (4) (kV) | (faults per year | 1-phase | 2-phase | 3-phase | 2- or 3-phase
ft per 100 km) earth short short earth faults
faults | circuits | circuits
400 0.28 80% 2% 3% 15%
B. Sag Magnitude 220 0.72 78% 2% 3% 17%
The calculation of voltages in meshed transmission syste 110 3.5 81% 3% 2% 14%

is based on Thevenin’s theorem and the network impedance ma-
trix [4]. To calculate the sagged voltage at bheaused by a fault

at noder, (5) or (6) can be applied » 20 kV medium voltage, radially operated, neutral un-
earthed, or compensated;
Uewi =Ug; — LQM (5) » 0.4 kV low voltage, radially operated, solidly earthed.
’ ' %rr +Zp Typical transformer connections
Usagi =Uoi = = Wor = Usag.r) (6) « 400/110 kV, 400/220 kV, 220/110 kV: YNyn0d11 (d11,
=rr typically 21 kV, is used for compensation);

whereU_, ; andU,,, . are the sagged voltages during the fault * 110/20 kV: YNd11;

at the nodes andr, respectivelylU,, , andU,, ,. are the prefault ~ * 20/0.4 kV: Dyn11.

voltages.z,.. is the driving element that corresponds to the di- Y refers to wye connected, d to delta connected, and n to

agonal element of the node impedance matrjx,the transfer neutral earthed systems. Capitals refer to the primary side and

element of the node impedance matrix that corresponds to nodewll letters to the secondary side of the transformer.

1 andr, andZ . the fault impedance. Sags caused by symmetrical three-phase faults propagate
For radially operated distribution systems, the calculation ca¥ithout changes through transformers. In the case of unsym-

be simplified and a voltage divider model can be used [3]. Fotetrical faults, however, the transformer connections have a

example, in the case of a symmetrical three-phase short ciraifong effect [4]. The phase voltages on the secondary side

fault in one radially supplied MV distribution feeder, the sagged ... are derived from the phase voltages on the primary side

voltage on the substation busbar can be calculated using (7)U,,; as follows:

—1
45 T4 T AL T AR 1 12 1
whereZ ; is the impedance between the substation and the fault P= i Qa a% (10)
location,Z - the impedance of the primary transformer, ghg = =
the source impedance of the transmission system. 4= — 05+ w3 (11)
When considering faults behind a neighboring HV/MV trans- - 2
former, the PCC (= point of common coupling) is on the HV side A(1,1) 0 0
of the transformer and (8) should be applied A= 0 o 0 : (12)
0 0 1/ -«

Lro+ Lo+ Zp
Uag,i = Uy,i- (®) In (9), matrix P~! transforms the phase voltages to symmet-
Ls+ Lo+ Ls+Zyp
rical components, while matri® does the opposite. Matrix
The index 2 refers to the neighboring transformer and feedefstermines the transformer type. The eleméfit, 1) depends

connected to this transformer. on how the zero sequence component propagates through the
_ transformer. If the zero sequence current cannot penetrate both
C. Sag Propagation the windings, theni(1, 1) is set to zero. In a YNyn transformer

Although most customers are connected to LV networkgjth both neutrals earthedi(1,1) = 1. Angle « is determined
faults occur at all voltage levels. Hence, the sag propagatibyi the change in the positive sequence voltage.
throughout the entire power system should be modeled. The
fault type, earthing practices, and transformer connectioRs EHV and HV Faults Experienced by an LV Customer
determine which voltages are of interest when considering sagg) Fault Frequencies of Transmission Systertrs:trans-
at the LV customer location. In this paper, the Finnish powgiiission systems, fault frequencies are typically small and the
system is used as an example to determine the voltage §p€lre of single-phase to earth faults is about 80% [5]-[8]. In

distributions experienced by LV customers, that is: Table I, the long-term fault frequencies and shares of different
* 400 and 220 kV transmission systems, looped, neutrdigilt types for Finnish transmission systems are presented [8].
impedance earthed, or solidly earthed; 2) Sag Propagation From Transmission to LV Sys-

« 110 KkV subtransmission system, looped, neutralems: When an earth fault occurs in a transmission system,
impedance earthed, or unearthed; one phase voltage is sagged, the neutral point voltage will rise,
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and the voltages of the sound phases will increase. In Finland, 40%
400 and 220 kV systems are earthed either solidly or through 359
an inductance. The earth fault factordgs < 1.39, which 30%
means that during earth faults the maximum phase to ground 5,
voltage in sound phases is 1.39 times the rated phase to ground

voltage [8]. The subtransmission system is either earthed via 20%
an impedance or left unearthed so that in 110 kV systems the 15%
earth fault factor is typically:, < 1.7 [8]. In a resistance or 10%
high-impedance grounded system, the zero sequence source 5%
impedance differs significantly from the positive and negative 0%
sequence voltages. When a single-phase earth fault occurs in H-S T-D Permanent
phase R (assumings; = Zso and Zp1 = Zg»), the phase
voltages (p.u.) are [3] M 1-phase earth faults [42-phase earth faults
Up=1- Zgo+2Zgy [J2-phase short circuits [ 3-phase short circuits
o (2ZF1 + ZF(]) + (2251 + Zso) Fig. 2. Shares of different faults for one power distribution company: faults
Ue— Zoo—Ls1 cleared by high-speed (H-S) reclosers, time-delayed (T-D) reclosers, and
Us=a (ZZFl +ZF0) n (2251 +Zso) permanent faults.
ZSO — ZSl

Ur=a- 13 ;
zr =4 (2Zp1+ Zyo) + (225, + Z ) 13) E. mv Faults Experienced by an LV Customer

where indexS refers to the source impedance ahdto the 1) Fault Frequency of MV System&Vhile transmission net-
impedance from the PCC to the fault. Further, index 1 refevgrks typically consist of overhead lines, MV networks con-
to the positive, 2 to the negative, and 0 to the zero sequerist of underground cables in urban areas and overhead lines in
impedances. rural areas. The fault frequency of an MV overhead line network
When considering a single-phase earth fault in a 110 kdan be remarkably high. This is primarily due to construction
system in terms of the voltages seen by an LV customer, thed reclosing practices. Traditionally, the MV faults reported
zero sequence voltages do not propagate through the YNd &gthower distribution companies only include data from perma-
Dyn transformers from the 110 kV to the 0.4 kV networknent faults. A typical frequency of permanent MV faults is four
Hence, when applying (9) to the LV the side, (13) reduces faults per year per 100 km [9]. However, these data are not ad-

the form equate for voltage sag calculations, where the faults cleared by
U, =1 22, automatic circuit reclosers and the shares of different fault types
=R (2Zp1 + Zyo) + (2251 + Zg0) should also be known.
Ul — g2 —Zs A detailed study of MV fault frequencies based on the fault
L5 =4 - (2Z 51+ Zpo) + (225, + Zsy) statistics of a Finnish power distribution company has been per-
—Zg, formed. The material includes 720 faults over a period of 2.5

Up=a- (2Z s + Zpo) + (2251 + Zgy) (14) years. The company has an MV network of bare conductor over-

WhenZs > Zs1, the sagged voltage remains high, even in tead lines (50%), cove_red conductor lines (15%), and under-
case of a terminal fault. Thus, the lowest phase voltage at an und cables (35%) with an unearthed neutral. Reclosers are

customer location caused by earth faults in a 110 kV systerﬂri]suse' but not in purely underground cable feeders. The main

quite high (in Finland, typically.., > 80%). Equation (14) is results of the study were (Fig. 2)

also valid for earth faults in the EHV system. Because the zerol) Fifty-two percent of MV faults were cleared by high-

sequence impedances in the EHV system are smaller thaninthe speed (H-S) reclosers, 21% by time-delayed (T-D) re-

HV system, an LV customer experiences lower sagged voltages ~closers, and 27% remained as permanent faults.

during earth faults in the EHV system than during earth faults 2) The shares between earth faults and short circuits de-

in the HV system. pend on the network type. In cable feeders, the respec-
Further, because the transformer connections in the Hv/MV  tive shares were 80% for earth faults and 20% for short

transformer are YNd11l and in the MV/LV transformer are circuits. In feeders where reclosers are in use, the shares

Dyn11, sagged phase voltages caused by three- and two-phase ©f fault types depend on the fault clearing type. In faults

short circuits in the HV system have a similar appearance onthe cleared by H-S reclosers, the share of earth faults was

LV side. In the case of a three-phase short circuiRef= 0 75%, and for T-D reclosers and permanent faults was

in an EHV or HV system, the sagged voltages are 0% in all ~ 50%.

phases at an LV customer location. In the case of a two-phase3) The probability of two-phase short circuits was four times

short circuit of Ry = 0 €, the sagged voltages of the faulted the probability of three-phase short circuits.

phases are 50% of nominal at an LV location while the phase

voltage of the sound phase remains unchanged. In two-phase tm comparison with the national statistics, values like 76% for

ground faults in transmission systems, the minimum voltagekS, 17% for T-D, and 7% for permanent faults have been re-

at the LV location are slightly lower than in two-phase shogorted [9]. Otherwise, the results are quite similar to the findings

circuits [3]. in [9] and [10].
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In the case of a two-phase short circuit of fault resistance
Rr = 0 Q, two of the phase voltages sag to a voltage of
Ussag = Ursag = 50% while the other remains unchanged,
Ursag = Ur [Fig. 3(b)]. Further, only one phase-to-phase
voltage collapses to zero while the other two phase-to-phase
voltages decrease to 87% of the nominal voltage [Fig. 3(c)].
Thus, during two-phase short circuits on the MV side, only one
phase voltage on the LV side is substantially disturbed.

When an earth fault occurs in a high impedance earthed
medium voltage distribution network, the neutral point voltage
rises and the phase voltages of the sound phases increase. If
the fault resistance is @, the phase voltages of the sound
phases reach the value of the phase-to-phase voltages. Because
of the shift in the neutral point, there is no change in the
phase-to-phase voltages on the MV side. Further, there will be
no collapsed phase voltages on the LV side [Fig. 3(d)].

I1l. M ODELED POWER SYSTEM AREAS

A. Sags Caused by Faults in EHV and HV Systems

Because of the meshed structure of transmission systems, the
sagged area caused by a transmission fault is typically large.
The affected line length may be hundreds of kilometers. The
sag distribution caused by transmission faults is highly depen-
dent on the location of the supply point in the transmission
system. In addition, if local generation exists, this will also have
a strong effect on the sag distribution [11], [12]. To evaluate the
sagged area, the network impedance matrix of the meshed net-
work should be calculated (5), (6).

aQ B. Sags Caused by Faults in MV Networks

Most of the faults affecting LV customers occur in MV
networks. An LV customer experiences sags caused by faults
in the neighboring MV feeders and also via the HV systems,
from faults in the MV networks located behind the neighboring
substations.

1) Faultsin Neighboring MV FeedersMV networks are op-
erated radially. The most serious sags caused by MV faults are
those in the neighboring feeders of the sag sensitive customer. In
faults near an HV/MV substation, the voltage collapses to nearly
zero (7). The further away from the substation the fault occurs,
Fig. 3. Sagged p.u. voltages of (a) a three-phase short circuit, (b) a two-phtid@ higher the remaining voltage on the substation busbar will
short circuit (phase voltages), (c) a two-phase short circuit (phase-to-phgge A strong subtransmission system and a large transformer
ﬁﬂti?&sgd ?]';ﬂtg an earth fault (phase voltages) in an MV network with an, . ip) 1 t0 a higher remaining voltage (Fig. 4). These proper-

ties have approximately the same impact on the sagged voltage.

2) Sag Propagation From MV to LV SystemBhe typical 2 Faults Behind Neighboring HV/MV Transformer the
connection of an MV/LV transformer is Dyn11. This means thgigse of a fault behind a neighboring HV/MV transformer, the
in (12) the elementi(1,1) is zero and the angle = 330°. sagged voltage will not collapse to a high degree because the
Further, the phase-to-phase voltage on the MV voltage sideyignsformer impedance is now on the load side of the PCC (8).
seen as a phase voltage on the LV side. The further away the neighboring substation is located, the

In the case of a symmetrical three-phase fault on the MV sidess severe the sag will be. However, the effect of the HV line
all three phase-to-phase and phase voltages will collapse to lnggth is small (Fig. 5). The sagged voltage is lowest in the case
same degree and propagate without changes to the LV sideofm weak transmission system and a large neighboring HV/MV
the example presented in Fig. 3(a), a three-phase short cirdctansformer (Fig. 6). The short circuit level of the transmis-
causes a remaining voltage of 50%. sion system is the most critical factor in this analysis. In typical
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100 : « fuses limit the fault current and thus also the voltage drop.

As for sags caused by MV faults, the most serious sags
caused by LV faults are those in the neighboring feeders
near the MV/LV transformer. These sags are rare, however.
Further, when considering sags caused by LV faults behind

neighboring MV/LV transformers, the impedance between
g %‘L‘;A(I(}éokl\‘/‘)”)héﬁﬁl‘f/‘x‘ the MV busbar (PCC) and the fault location consists of the
4 2KA (110 kV), 16 MVA MV/LV transformer and LV lines. The sagged voltages remain

high because the MV/LV transformers have a rather large
. ; : : } impedance and the impedance of the LV line referred to the
0 10 20 30 40 50 MV side also represents a high value. For example, in Finland
Fault distance (km) one typical MV/LV transformer rating is 315 kVA,; = 5.0%.

, - . This represents a transformer impedance of 6Bdh the MV
Fig. 4. Effect of the short circuit level of the subtransmission system and the

HV/MV transformer rating on voltage sag magnitude, when a three-phase fa%\fje' In addition, when the LV line |mpedance is referred to the

80

60

1: 20 kA (110 kV), 40 MVA

Sag magnitude (%)

occurs in the neighboring MV feeder, = 0.4 + j0.4 Q/km, Zp = 0 Q. MV side, the LV line impedance is multiplied by a factor of
(20/0.4)% = 2500. In a strong city network [40 MVA 110/20
100 - urban kV transformer and, = 20 kA (110 kV)], this means a sagged
voltage ofUs,, > 98% on the MV busbar and a corresponding
8 80 1 rural value of Uy, > 94% in a weak rural area (16 MVA, 2 kA).
_:u,’ 60 Thus, in practice, sags caused by faults behind MV/LV power
.g transformers can be neglected in sag analysis.
‘é" 40 -
5.50 20 IV. STUDY CASES SAGS IN RURAL AND URBAN SYSTEMS
As study cases, sag distributions are calculated for four dif-
0 T ' T ' * ferent LV points in Finland: 1) Urbanl, east; 2) Rural2, east;
0 10 20 30 40 50 3) Urban3, south; 4) Rural4, south. In this study, the sag dis-
The length of the HV branch (km) tribution includes sags caused by faults in 110 kV and 20 kV

Fig. 5. Sag magnitude as a function of the HV line length for typical ruraﬁyStems' The 220 kv and 400 kv trf_;msmlssmn ne_ztworks are ne-
[2-KA (110-kV), 16-MVA transformer] and urban [20-kA (110-kV), 40-MvA glected because of the small quantity of 220 kV line length and

transformer] systems;yy . = 0.1 4 j0.4 /km (110 kV),Zy = 0 €. the low fault frequency in the 400 kV system. It was shown ear-

lier that the sags caused by LV faults only have a very marginal
effect on sag distribution and are not taken into account in this
paper. Different fault types are taken into account according to
(1) and (2) [13].

Two models of the 110 kV systems have been determined,
one for the eastern and the other for the southern area [14]. The
eastern area of 208 200 km has 1600 km of 110 kV trans-
mission lines. The model has two supply points to the 400 kV
network (the distance between the 400 kV nodes is 150 km).
The study points 1 and 2 are situated at a distance of about 150
km from the 400 kV supply points. Study point 1 is situated at a

16 -
14 4
12 4
10 4

Uso=90%

o R

Usa=60%

0 T T .

S-c current on the HV side (kA)
o0

10 20 30 40 point where four loops branch off, and point 2 is located at the
HV/MV transformer rating (MVA) far end of a 30 km branch of a single loop.
Fig. 6. Sagged voltage caused by a three-phase short circuit behind al’he modeled southern part includes the 110 kV networks of
neighboring HV/MV transformeZr = 0 <. two cities having 400 km of 110 kV lines. In southern Fin-

o land, the number of 400/110 kV substations is higher and, thus,

urban areas that have strong transmission systems, the sagjf@istance between substations is substantially smaller (30-50
pact of networks behind neighboring substations may even jag) than in the eastern area. In addition, the cities in southern
neglected. Finland have a considerable amount of local generation. Study
. point 3 is situated in a looped city area at a distance of 15 km
C. Sags Caused by Faults in LV Networks and 25 km from a 400 kV node. Point 4 is located at a distance

Typically, sags caused by LV faults are not taken into accougt 10 km and 30 km between two 400 kV nodes.
in a sag distribution [3] because: The share of earth faults is 80% (Table I). In this paper, it is

LV faults are rare [9]; assumed that the share of three-phase short circuits is 3%, and

« one distribution transformer supplies only a small numbéwo-phase and two-phase-to-ground faults 17%. As was shown

of customers and, thus, these sags have only a minor aatlier, sags caused by earth faults in an HV system are barely
very local impact on the overall sag distribution; discernible at an LV customer location and can be neglected in
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TABLE I
INPUT MV D ATA FOR THE CASE STUDIES

12 -
Urbanl Rural2 | Urban3 | Rural4 10 4
east east south south Urbanl, east
110 kV s-c current (kA) 75 25 32.3 15.2 ii 8 -
HV/MYV transformer 16 16 40 16 5 64
rating (MVA) o
Number of feeders 9 S 12 6 e 4
Total feeder length (km) 8.9 65.9 11.1 27.8 «»
Main feeder length (km) 52 26.7 9.0 19.7 2 4
Laterals per feeder 5.0 7.0 1.1 2.0 0 §
Feeder resistance (QV/km) 0.50 0.83 0.18 0.40
Feeder reactance (QV/km) 0.34 0.37 0.12 0.38 <10 <20 <30 <40 <50 <60 <70 <80 <90
Fault frequency (faults 0.034 0.062 0.045 0.083
per year per km) : 50
(permanent faults only)
40
5 Rural2, east
TABLE Il = 30 1
EXPERIENCEDSAGS PERYEAR BY AN LV CUSTOMER 8, 20
5 ]
&
Ugsg < 50% Useg < 90% « 10 |
20kV 110kV | 20kV 110kV
Urbanl, east 3.7 1.1 5.0 6.8 0
Rural2, east 7.7 1.0 36.9 5.1 <10 <20 <30 <40 <50 <60 <70 <80 <90
Urban3, south 0.6 0.7 1.6 1.6
Rural4, south 4.7 0.4 29.5 1.7 12 1
10 A
Urban3, south
this analysis. The effect of two-phase short circuits is taken into ii 81
account by a factor of 2/3. This assumption slightly exaggerate: g 6
the frequency of the most serious sags, however. & 4
. . . . [} T
Sag distributions caused by MV faults are calculated using «
MV data in Table Il [15]. The fault frequency in Table Il has
been determined from data for permanent faults. In the calcula

tions, it is assumed that the fault frequency is constant along ths <10 <0 <30 <40 <50 <60 <70 <80 <90
entire feeder length. It is assumed that in urban areas there ai
two transformers at a substation while substations in rural area
have only one. 50 1

In point Urban3, south, the reclosers are not in use and the
share of short circuits is 20%. In points 1, 2, and 4, it is assumec
that 7% of the faults are permanent (of which 50% are short
circuits), 17% are cleared by time-delayed (30% short circuits),
and 76% by high-speed reclosers (30% short circuits). Further
it is assumed that a third of the short circuits are three-phast
short circuits.

Faults were applied to all of the lines in the modeled areas anc
the voltage profiles for the LV study points were computed by <10 <0 <30 <40 <50 <60 <70 <80 <90
applying (1). Different fault types were taken into account by (2)
and the sag propagation by applying (9). Sag frequencies cause
by HV faults, by MV faults in the neighboring feeders, and by
faults behind neighboring HV/MV substations are presented in
Table Il and Fig. 7.

Results show that sag distributions are highly dependent Bp. 7. Cumulative number of sags experienced by an LV customer caused by
the power system characteristics. In addition, the followir/gUlts in HV. adjacent MV and local MV systems.
characteristics also hold.

» The LV customer Urbanl, east, experiences the highest due to the longer critical line lengths of 110 kV networks
number of sags caused by transmission faults. In the in the eastern area.
eastern area, the study points 1 and 2 are situated far awaye In southern urban city areas, sags caused by MV faults are
from the 400 kV supply points and the amount of local rare, and transmission faults are the most prominent cause
generation in the area is small. These characteristics are of sags.

N
o
L

Rural4, south

w

Sags per year

Sag magnitude (%)

18V [TJadjacentMV  [Jlllocal MV
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» The annual number of sags is clearly higher in rural areas
than in urban areas. [

* In rural areas having long overhead line networks, the
share of shallow, less serious sags is noticeably higher thar?!
the share of the most serious sags. 3]

* Itis only in the eastern rural area, where the transmission
network is particularly weak, that faults behind a neigh- 4
boring HV/MV transformer cause sags that affect the sag s
distribution. In the study cases, only sags having a higher
remaining voltage than 75% were included in this sag cat-
egory. In all of the other study cases, the faults behind g
neighboring HV/MV transformers could be neglected.

In principle, faults on all voltage levels contribute to the sag .
distribution experienced by an LV customer but, because of net1g]
work characteristics, the sags caused by faults in some parts of
the power system are shallow or even negligible. Thus, it is not®!
essential for all power system areas to be modeled and includeg;
in voltage sag distribution calculations.

The results shown have similarities to the findings in [16].
Knowledge of the network characteristics enables the sag diél—ll
tribution to be assessed by calculations, although long measure-
ment periods would offer the most precise case- and site-senﬂ-Z]
tive data.

V. CONCLUSION [13]

Sag distributions are highly dependent on network charactevﬁ4
istics. The sag distribution experienced by an LV customer in-
cludes sags caused by faults at all voltage levels. Because of the
construction of the meshed transmission system, sags caused!h
transmission faults propagate long distances, and affect urban
and rural areas as well.

In urban areas, transmission faults are an important cause fG]
sags, although the low fault frequency of underground cable M
networks and short MV feeder lengths contribute to low sag
frequencies. In addition, in urban areas, the strong transmission
system prohibits sags caused by faults behind the neighboring
substations from being experienced in other MV networks.
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