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Abstract — This paper looks into possibilities for locating short circuit faults on a MV feeder
with distributed generation (DG). Power frequency measurements of voltages and currents
are utilized for estimating the distance to the fault location. Loads and infeed current from
generators connected to the feeder induce errors in the estimated distance. In the paper,
methods to compensate for these errors are investigated. The goal is good enough fault
location with limited information from the feeder. To be able to compensate for DG-infeed
during various load conditions, measurements in the DG-node is necessary, in addition to the
substation measurements. DG-node measurements are also utilized for discriminating
between faults on the main and on a lateral branch. The paper is based on simulations and
analytical calculations.

1 INTRODUCTION

The amount of distributed generation (DQG) is increasing, introducing some new challenges
regarding the operation of distribution networks. In Norway, a lot of small hydro power plants
are built. Usually, the plants are located in rural areas, and are connected to distribution net-
works. Commonly, the distribution networks in these areas are weak. At the same time, there
is an increased focus on power quality, with intensified regulations and penalties for non-
supplied energy. Fast and efficient fault handling is becoming more important, and one way
of achieving it is through automated fault location. Today, sectioning of faults in distribution
networks is time consuming. Remote control of breakers is however becoming more common.
Much literature is found on the topic fault location in distribution networks without distrib-
uted generation, using power frequency measurements from only one terminal (the substa-
tion). The challenge is then to minimize the impact from load and fault resistance. Good re-
sults are reported, utilizing pre-fault substation measurements in the compensation of load
[1]-[3]. Lethonen et. al. [4] presents a method for estimating the distance to the fault by com-
paring the measured and the calculated fault current. In addition, information from fault loca-
tors in the branching points and knowledge of fault frequencies of different line sections are
utilized. There are also papers treating distribution networks with DG [5]. Advanced methods
based on fault transients, adaptive protection schemes or relay agents are presented in e.g. [7]-
[9].

The purpose of this paper is to find a relatively simple method for sufficiently accurate fault
location on a distribution feeder with DG, with limited information available. Generally, the
load level of each distribution transformer at a certain time is not known, only their locations
and ratings. The same is true for DG units connected to the feeder

First, for comparison, the case with only substation measurements available is considered.
Subsequently, measurements in the DG-node are utilized in addition to the substation meas-



urements. Finally, the DG-node measurements are utilized for discriminating between faults
on the main and on a lateral branch.

2 SIMULATED NETWORK

A simple medium voltage (MV) feeder with DG, shown in Figure 1, is modeled in
PSCAD/EMTDC. Only three phase short circuit faults are considered.
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Figure 1: Radial feeder with DG

Us, Is: Feeder voltage and current measured in the substation during fault.
Upe, Ipe: Voltage and in-feed current in DG-node during fault.
Index 0: Identifies pre-fault quantities, e.g. Uso means pre-fault substation voltage.

Each line section is 5 km.

de: distance from the substation to the feeder-end, equal to 30 km.

dpg: distance from substation to DG-node.

dx: estimated distance to fault location, based on substation current and voltage

Loads are modeled using standard static load models [10] :
. Npe . N
S=P+JQ=R(U|/Wel)” +iQ (Ul/We]) M
S, P, Q: apparent, active and reactive power of the load
Np: voltage dependency factor of active power, set equal to 1 (constant current characteristics)

Nq: voltage dependency factor of reactive power, set equal to 2 (constant impedance
characteristics)

The load is evenly distributed. High load for the feeder is 6 MVA, and low load is 1.5 MVA.
The pre-fault power factor of the loads is 0.9.

The DG is producing 3 MW at a power factor of 1. It is modeled as a synchronous generator,
since it is the most common generator type in small hydro power plants.

Simulated voltages and currents are converted to phasors using the Fast Fourier Transform.
The values denoted as “during fault” are read 2 periods (50 Hz) after fault inception. This
corresponds to the transient part of the short circuit response of a synchronous machine. The
size of the generator transient short circuit current depends on how close to the DG-node the
fault is. For the simulated cases it varies from ~ 2 — 4 times the pre-fault current.



3 DISTANCE ESTIMATION BASED ON IMPEDANCE

Distance protection responds to the impedance between the measuring point and the fault
location. If the line impedance per unit of length is known, the distance to the fault location
can be calculated. Generally, this impedance is not constant for the whole distribution feeder.
This complicates the fault distance computation to some degree. To avoid impact from the
fault resistance, which is unknown, the distance is usually calculated from the reactance part
of the impedance. The distance estimate obtained from the substation voltage and current
equals:

d. - Imag(Ug/1,)[Q]
« =

XIine [Q/km]
Errors due to load and DG are introduced in the distance estimate. The effect of having DG in
the network is that dx becomes larger than the real distance to the fault location. The effect of

load is opposite. This means that the impact from DG to some extent is counterbalanced by
the load.

2

4 COMPENSATION UTILIZING PRE-FAULT SUBSTATION MEASUREMENTS

A first attempt in taking the load and DG-infeed into account is to utilize the measured pre-
fault substation current, and assume that it corresponds to one equivalent load including both
passive loads and generation. Taking the voltage dependency of this equivalent load into ac-
count, a compensation current can be calculated. This current is subtracted from the measured
substation current during fault, to improve the fault distance estimate, as shown in eq. (4).
The static model in eq. (1) is used for estimating the power flow to the equivalent load, S +pe.
The static load model is not very suitable for representing the synchronous generator, but is
used in absence of a better model. Since the relative portions of load and DG are unknown, it
1s difficult to decide the values of the factors Np and Ng. Np = 1 and Ng = 2 are used here.
d Np . N
Siipe = ﬁ'(Ps,o (|Us |/‘Us,o‘) + Qs (|Us |/‘Us,o‘) Q) 3)
E
The estimate dx is used because only loads connected before the fault location should be
compensated for. In eq. (3) only the change of the substation voltage magnitude is included,
and this is where the change of magnitude is smallest during a fault, especially for a fault far
from the substation. To account for the declining voltage profile from the substation towards
the fault, the voltage magnitude |Ug| is divided by 2. The shape of the voltage profile depends
on the location and generation level of the DG, so to divide by 2 is just a guess. All the men-
tioned factors add uncertainty to this compensation method.
The impedance to the fault location after compensation, Zcomp.1, becomes:
_ U g
comp.l — = " (4)
Is =1 pe (Ss _SL+DG)
A new fault distance dcomp.1 is estimated from the impedance Zcomp.1:

_ Imag(zcomp.l) (5)

z

comp.1 — X
line

The described method is similar to the one described in [1], for networks without DG.

Figure 2 shows the error in the calculated distance in percent for different fault locations,
when the DG is located 15 km from the substation, and the short circuit current is compen-
sated according to eq. (4). Distance estimate error in percent is on the vertical axis. This error



is equal to the difference between estimated and real distance to the fault location, divided by
the total length of the feeder. A positive distance estimate error thus means that the estimated
distance is too large.
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Figure 2: Distance estimate error for various fault locations, with the DG connected 15 km
from the substation. (a) Low load case. (b) High load case.

The two curves in Figure 2 that stops at 25 km correspond to faults on the lateral, while the
other two correspond to faults on the main branch. Without any compensation, the errors in
the distance estimate is largest for the low load case. The error seen with faults on the lateral
branch is due to infeed from the DG located on the remote side of the branching point. With a
fault after the DG-node, on the main branch, an error is introduced due to the fault-current
contribution from the DG. With compensation, the error is reduced in the low load case, while
it is increased in the high load case.

Figure 3 shows how the location of the DG impact on the distance error. Here, the fault
location is 25 km from the substation on the main branch, while the location of the DG is
varied.
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Figure 3: Distance estimate error for a fault 25 km from the substation on the main branch,
for various DG locations. (a) Low load case. (b) High load case.

Figure 3 shows that the distance estimate error is largest with the DG close to the substation.
Whether the error is reduced or increased with compensation depends on the location of the
DG-unit. The values read for DG location 15 km from the substation in Figure 3 corresponds
to a fault 25 km from the substation in Figure 2.



This compensation method does not give a good result for the high load case. In this case the
load is larger than the DG-infeed before the fault occurence, and the current flowing from the
substation to the feeder is positive. When a short-circuit occurs the DG-current increases,
while the load current decreases and becomes smaller than the DG-current. The resultant
substation current thus changes sign, and this is not handled by this compensation method.

5 COMPENSATION UTILIZING PRE-FAULT DG-NODE MEASUREMENTS

In this chapter, pre-fault absolute values of DG current and voltage and DG phase angle are
assumed to be known from measurements. Then the total pre-fault load can be calculated. The
apparent power of the load and the DG during fault is calculated separately, using expressions
similar to that given in eq. (3). Np for the DG is set to 0 (constant power characteristics).
Again, this is not a very good representation of the DG, and will not give an accurate result.
The DG-infeed current is only compensated for if the fault, according to the estimate from eq.
(2) appears to be after the DG node.

S A
sl +1pg (SS_SL+SDG)*

The results using this compensation are shown in Figure 4 and Figure 5.
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Figure 4: Distance estimate error for various fault locations, with the DG connected 15 km
from the substation. (a) Low load case. (b) High load case.
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Figure 5: Distance estimate error for a fault 25 km from the substation on the main branch,
for various DG locations. (a) Low load case. (b) High load case.



The result is much better than with the previous compensation method based on substation
measurements only (comp. 1). Thus it is very advantageous to know the pre-fault power-flow
of the DG-unit. The ”jump” in the curves with compensation in Figure 5 is because the DG-
infeed is compensated for when the DG is located 20 km from the substation (fault location
after DG-node), but not when the DG is located at 25 km (fault location before/at DG-node).

6 LOAD ESTIMATION UTILIZING PRE-FAULT DG-NODE MEASUREMENTS

With an analytical model of the network, a more accurate compensation for load and DG-
current can be achieved. One way of including loads in an analytical model is to represent the
line as a pi-equivalent with loads as shunt impedances. This implies evenly distributed loads.
It is assumed that pre-fault absolute values of DG current and voltage, and the power factor of
the DG-unit, are available.

Figure 6 shows an equivalent circuit of the feeder, with loads included as impedances in a pi-
equivalent, for the pre-fault state. The feeder is split into two parts, representing the section
before and after the DG-node, respectively. Loads on laterals are included in the total load of
the section.
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Figure 6: Equivalent circuit of feeder before fault occurrence

Using the following expression, the power flowing to the load connected in the substation in
Figure 6, Sy 140, can be calculated:

Uy,,=U., -2 (I —S“a"*] (7)
DG,0 — S,0 X1 S,0 U *

S.,0

Eq. (7) can be rewritten to the following second order equation:
2 2

U U U
+kk’ —[—‘ oos| ‘] =0, k= Msol Z‘

2+(k1+k1*) |ZXl| .

‘SLla,O - Is,oUs,o* ZSL (8)

SLla,O

In order to find the unknown Sy 140, the power factor of the load has to be known. All loads
are assumed to have the same power factor.

When Si 140 is calculated, the power-flow to the load connected in the DG-node, S; 10, can
also be found:

2
_Yosdl

L1b,0 — *
ZLl,O

2
‘U DG,O‘

S ‘2 )

= SLla,O
‘ S,0
Finally, the pre-fault load of the section behind the DG-node, S\, can be calculated:

SLz,o = SLza,o + SLza,o = Ss,o + SDG,o - SL1,0 (10)



Here, the series impedance of the line section after the DG-node is neglected, since it is as-
sumed to be much smaller than the load impedance.

7 COMPENSATION UTILIZING DG-NODE MEASUREMENTS DURING FAULT

In this chapter, measurements from the DG-unit also during fault are assumed to be available.
The DG-node measurements do not need to be synchronized with the substation
measurements, since only absolute values and the angle between the DG voltage and current
are required. Some method for deciding whether the fault is located before or after the DG-
node is necessary, e.g the method described in chapter 8.

7.1 Fault in front of the DG-node

If the fault is assumed to be located before the DG-node, the first section is split into two new
parts; one before and one after the estimated fault point given by dx in eq. (2).
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Figure 7: Equivalent circuit of feeder for a fault located before the DG-node
The fault can also be located on a side branch. Then, the point f is where the lateral is

connected to the main line, and Zx; represents the impedance from the branch point to the
fault. The voltage in the assumed fault point, Uy, equals:

Uf:Us_ZXII(Is_ILlla) (11)
Where the load current during fault is estimated by:
d Np . N
ILlla :2_d—X_U*(PL1,o (|Us|/‘us,o‘) - JQLl,o (|Us|/‘us,o‘) ) ) (12)
DG S

Since only the magnitude of the voltage in the DG-node is measured, the DG-voltage phasor
is estimated using the following equation:

DG estimated |U = |2 - qu* (SD*G - Sle’b - SLz) (13)
f

U

Eq. (13) contains |Upg| on the right hand side, which is the absolute value of the measured
DG voltage. The angle of estimated voltage phasor is used together with |Upgl|, to get an
improved estimate.
The loads are estimated by:
d - d Np . N
= M'(Pu,o (|U DG |/‘U DG,O‘) + JQLI,O (|U DG |/‘U DG,O‘) ) )

Li2b =
2-dpg

St =P (|U DG |/‘U DG,ODNp + Q02 (|U DG |/‘U DG’O‘)NQ

The impedance from the substation to the fault location with this compensation method
equals:

(14)



U, U,
an‘*'_zzxn+ (15)

comp.3:
If IS_ILlla_IL12b+IDG_IL2

YA

The load currents Iy b, lL12a in Figure 7 is assumed to be very small, and is neglected. The
results using this compensation are shown in Figure 9 and Figure 10.

7.2 Fault after the DG node

For a fault located after the DG connection point, the feeder can be represented as in Figure 8.
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Figure 8: Equivalent circuit of feeder for fault located after the DG-node

The DG-voltage phasor is estimated using the following equation:
UDG,estimated :US_ZXI(IS_ILla) (16)
The angle of this voltage phasor is used together with the measured amplitude of the DG-

voltage, to get an improved estimate.
The load currents are estimated from:

o =57 (P (Vs Usal) = Qo (VU]

;*'(Pu,o (|U DG |/‘U DG,ODNP - jQLl,O (|U DG |/‘U DG,o‘)NQ) (17)

I =
Llb
2 ’ U DG, estimated

d, —d P
I = 2‘(dE _(dZG)'leI:()B,estimated* (PLz,o (|U DG |/‘U DG,O‘)N —1Q.,, (|U DG |/‘U DG,O‘))

The impedance from the substation to the fault location with this compensation method
equals:

U , U.—-Z, (I1.-1
Z — Z + DG, estimated — Z + S Xl( S Lla) (18)
comp.3 X1 I X1 I I | | |
f s ~ e = Tuw Hloe = Mot

The results using this compensation are shown in Figure 9 and Figure 10.
7.3 Results with compensation utilizing DG-measurements during fault

Figure 9 and Figure 10 show the improvement of the fault distance estimate obtained using a
pi-equivalent representation of the feeder, and measurements in the DG-node (comp. 3).
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Figure 9: Distance estimate error for various fault locations, with the DG connected 15 km
from the substation. (a) Low load case. (b) High load case.
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Figure 10: Distance estimate error for a fault 25 km from the substation on the main branch,
for various DG locations. (a) Low load case. (b) High load case.

The result is good both for faults on the main and on the lateral branch, and for low load and
high load cases. Since the angle of the DG voltage relative to the substation quantities is
calculated and not measured, the accuracy depends on how good the representation of the line
and loads is in the analytical model. The pi-equivalent represents a simplification, so there
will be some error in the estimated DG voltage- and current-phasors. For a feeder with more
unevenly distributed loads the errors could be larger than for the simulated case.

8 DECIDING THE FAULTED BRANCH USING DG-NODE MEASUREMENTS

If a calculated fault distance corresponds to more than one possible fault location,
measurements in the DG-node can help in deciding the most probable location. For each
candidate location the corresponding |Upg| or |lpg| is calculated, and compared to the
measured values.

|AU DG | = “U DG | - ‘U DG estimated (19)

The location where the calculated values are closest to the simulated values (smallest AUpg
and Alpg) is assumed to be the most probable.

b

Al DG| = “ Ioe | _‘IDG,estimated



Ubg estimated 1S found using eq. (13) if the fault is assumed to be located before the DG-node,
and eq. (16) if it assumed to be located after the DG-node.
The DG current is estimated from:

I DG, estimated = (SDG /U DG, estimated )* (20)

For the studied feeder, the correct fault location in all cases corresponded to the smallest error
between calculated and measured amplitude of DG-voltage and -current. With more laterals it
might be more difficult to distinguish between possible locations. The method will not be
useful when the fault is on a lateral branch after the DG-node.

9 CONCLUSION

With a short circuit on a distribution feeder, the distance to the fault location can be estimated
from the substation current and voltage. Load and DG-units connected to the feeder induce
errors in the estimate. The error is largest during low load. In a real network, inaccuracies in
measurements and line data contribute with additional errors.

Compensation of errors due to load and DG, utilizing pre-fault substation measurements only
(comp. 1), give varying results. In the low load case, the distance estimate error is reduced,
while it is increased in the high load case.

When pre-fault power-flow from the DG is utilized in the compensation (comp. 2), the
distance estimate error is reduced in both the low load and high load case. The improvement
of the estimate, however, is dependent on the load level and the DG location. With a better
representation of the DG, the accuracy of this method can most likely be improved.

A more accurate distance estimate is obtained when measurements from the DG-unit during
fault are also utilized. The DG-measurements do not need to be synchronized with the
substation measurements. A model where loads are included as impedances in a pi-equivalent
is presented. With this method (comp. 3), the result is to a lesser degree dependent on load
and DG conditions. A more uneven distribution of loads could however result in larger errors
than obtained for the example feeder.

Measurements from the DG-node during fault can be used for deciding the most probable
fault location, when more than one candidate location is found. For the studied feeder, the
correct fault location could be decided in all cases. With more laterals it might be more
difficult to distinguish between possible locations.
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