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ABSTRACT

Faults due to falling trees happen frequently. At the
moment a tree falls on a transmission line, the impedance
path of the tree is not fully conductive. Therefore, the tree
resistance at these early stages is very high and hard to
detect. As time passes, the conductivity of the tree increases
(less fault resistance Ry) till the point where R; is low
enough for the protection algorithms to detect. This
phenomenon could happen in both High Voltage and
Medium Voltage networks.

This paper focuses on the application of the protection
function proposed in [1] for early detection of faults;
especially tree faults. Tree faults with fault impedances up
to 10° Q can be detected. This very high value of
impedances corresponds to very early stages of formation
of the fault. Another important feature of the function in
addition to detection of High Impedance Faults (HIF) is its
security against non-fault phenomena like power swing,
voltage instability and load encroachment. A comparison
between the proposed function and conventional
percentage differential relays shows superiority of the
proposed approach. Other advantages are discussed
throughout the text.

INTRODUCTION

In the era of smart grids power systems are expected to be
highly loaded. A more reliable protection system is
therefore a basic requirement. Reliability of protection
system has two parts; dependability and security. A
phenomenon that can threaten the first part (dependability)
is the high fault path resistance; especially faults due to tree
faults. The relay could be dependable in case of faults with
low fault path resistance but insensitive to high fault path
resistance. On the other hand, other phenomena like power
swing, voltage instability and load encroachment can
threaten the second part (security). Another interesting
phenomena, although it rarely happens, is that a HIF can
enter a protected zone and stays there for a long time before
it evolves into a solid fault [2]. Such an event could be
interpreted as unstable swing [2] which could lead the relay
to be blocked from tripping. Therefore, early detection of
tree faults, or generally speaking HIF, is required. Fig. 1 [3]
shows that tree faults could reach very high values of about
20 to 60 kQ [3]-[4], or more [5]-[6].

Many methods are used to handle the issue of HIF [7].
Reference [7] categorize the methods used in HIF detection
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into different groups: impedance-based methods; traveling-
based methods; artificial-intelligent-based methods;
distributed devices-based methods; and hybrid methods.
Generally speaking the methods lack to study some
important effects. Of these effects is how secure is the
proposed algorithm in case of other non-fault phenomena
like voltage instability, power swing or load encroachment.
In addition to this, in many references it is not mentioned
how high the maximum detectable Rt is. Other factor like
the effect of measurements errors, especially errors due to
Voltage or Current Transformers (VT’s and CT’s), must be
also considered in design of the protection function.
Resistance of Growing Trees

[ SK1 + SK2 - SK3 e SK4 #-SK5 o BBC|

Resistance [kohm]
-

] 1 2 3 4 5
Time [min]

Fig. 1 Practical values of R of tree faults[3]

This paper introduces a new concept based on the
previously illustrated concept in [1]. The new concept
incorporate the effect of errors of VT and CT in a way that
enables the function to detect fault resistances up to 10° Q.
This enables detection of tree faults at very early stages of
occurrence of the fault. The function is then compared to
conventional percentage differential relays. The proposed
concept remains secure against the previously mentioned
non-fault phenomena.

DESCRIPTION OF THE OLD FUNCTION

In [1], a new protection function has been proposed. The
basic idea behind the function is to use directly the value of
the fault resistance as indicator for occurrence of a fault.
Fig. 2 illustrates this concept.
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At non-fault conditions, R could be imagined to be virtually
existing but with extremely very high value (theoretically
o). At fault conditions, R; drastically changes to be
equivalent to the value of the fault path resistance.

Based on Fig. 3, the basic equation used for calculation of
Rs is given in (1) [1]. Synchronised Phasor Measurements
(SPM) are used to measure all variables in (1).

Fig. 3 System for calculation of R;
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Where : li=la+Ig

Extensive simulations have been carried out. A sample
result is shown in Fig. 4. The result corresponds to single
line to ground fault with a fault path resistance of 1Q from
time 4 to 6 sec. Base loading at bus 6 is Ps=90 MW and
Q=30 MVAr. The result has been found to confirm the
concept. Deeper explanation of the function and further
results can be found in [1]. The results as in Fig. 4, shows
that the function can detect up to 10™ Q. The fault is carried
out on line 4-6 of the WECC network. The network is not
shown in the paper but all network details and parameters
can be found in [1]. It is assumed that Bus 4 is Bus A and
Bus 6 is Bus B.

Fig. 4 R¢in case of single line to ground fault

Effect of measurements errors

As seen in Fig. 4, at non-fault conditions, although virtual
Ry is extremely high, it fluctuates between 10°Q and 10*Q
which is very high fluctuation. Furthermore, exploration of
the function using SPM from actual field measurements
have revealed that (1), at non-fault conditions, can have
average values of about 10°Q and at the same time
fluctuates between relatively small values like 10'Q, 10°Q,
10°Q,10Q and some times o or undefined value (NaN).
Values like o0, NaN or even 10°Q can be interpreted as non-
fault condition. However, at non-fault conditions, the
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problem is the appearance of values like 10Q or less which
for sure represent a fault case. Therefore, a conflict between
non-fault and fault condition could happen.

Inspection of (1) shows that at non-fault conditions (where
Ix=Ig), Terml and denominator of Term2 of (1) have a
value of zero. Division of both of them results in NaN as
illustrated in (2) where 0, and Oy represent zero of the
nominator and zero of the denominator. If a very small error
is introduced in any of the parameters of denominator of
Term2 while Term1 is 0, at non-fault conditions, equation
(3) holds causing R to be 0. The contrary of that is right as
given in (4). Therefore, depending on errors in
measurements and depending on how near to zero is Terml
or denominator of Term2, R could be near zero or near oo
respectively. This explains the existence of high fluctuations
in the function as in Fig. 4.

0,*1,%/04 = NaN (2)
0.*1,0,=0  (3)
0,104 =0 (4)

if 0, and Qg4 are pure 0
if 04 changed to 0.0000001
if 0, changes to 0.0000001

It is also noted that the denominator of Term2 of (1)
normally has less errors than those of Terml. Term2 has
some kind of control how high the level of virtual Rg is.

Study of combined errors of voltage and current

The main source of errors in measurements is caused by
Current and Voltage Transformers (CT and VT). CT and
VT are classified according to their accuracy class. Table 1
shows two different accuracy classes for CT’s and VT’s
used for testing of the function performance. All variables in
(1) are subjected to all possible errors of different
combinations of CT’s and VT’s according to Table 2. In
this section, only results due to CT and VT combination 1 is
shown. Fig. 5 shows the histogram of different magnitude

and phase angle errors (¢, and &,) for voltages and currents
at bus A. Similar distributions are assigned to voltage and
current at bus B. Fig. 6 shows the corresponding
Cumulative Density Function (CDF) of virtual R¢, due to
CT and VT combination 1. All CDF’s of other phases
behave the same way as CDF of Rg,. Fig. 6 shows also the
CDF of Ry, at different fault conditions.
Table 1 Used VT'sand CT's

Acewracy Class VT | % ratio ervor | Phase Displacement (Minutes) | smag | sang
1) 01 01 i5 0.00029 | 0.00044
) 3P +3 +120 0.008 | 0.000
Acewracy Class CT
1) 01 0.1 15 0.00029 | 0.0004
7)) 5P t] + 60 0.0015 | 0.005

Execution of many tests using CT and VT combination 1
(also all other combinations) and according to Fig. 6, two
properties of virtual Rs and actual Ry at fault conditions are
obtained:
1- Median (p) of virtual R¢ has tendency to be high
and in the vicinity of 10° to 10° Q
2- Virtual Ry has high variance (¢°) compared to the
variance of R; at fault conditions
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Table 2 Numbering of Combinations of VT's and CT's

Combination | Number
VT1CT1 1
VT2 CT1 2
VT1CT2 3
VT2 CT2 4
E 150 g 150
g 100 &, 100
S 50 50
g 0
g
=
g
z 0 . 0 1
mIA x19° FalA x10°

Fig. 5 Example of error distribution
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Fig. 6 CDF of R at fault and at non-fault

Those two properties are used for detection of faults as
illustrated in next section.

THE NEW FUNCTION; SPACE OF p AND ¢

According to Fig. 6, it is possible to use p and o for
detection of the fault condition. Fig. 7 shows the
information of Fig. 6 but adapted to the space of u and ¢°.

10°

# Non-Fault |
Y Fault

107 10" 10° 10" 10° 10° 10° 10° 10° 10
1 Abs(R, ) (Ohm)
Fig. 7 Space of g a A at different conditions

Fig. 7 could be obtained only if measured voltage and
current at one time sample are subjected to all possible CT
and VT errors. Practically speaking this is not possible
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because at each time sample only one possible error of CT
and VT exists. However, taking into account that the effect
of errors on the CDF curve at fault conditions in Fig. 6 is
almost negligible, it is possible to resubject the measured
voltage and current sample to errros within the accuracy
class of CT and VT. The performance of the new CDF
curves is then compared to the original ones in Fig. 6.

Retrieval of the CDF curve

Fig. 8 shows the procedure for retrieval of the original CDF
curve. Fig. 9 illustrates one sample results for retrieval of
the original CDF curves at non-fault and fault conditions.
By other formulation, it is required to extract the
information if point T (which could represent a fault) really
belongs to the CDF curve of fault or not.

Multiply
again

Add errors
to
measureme Calculate
the median

and

Repeat last
step 10
times at
different
error
values

current of
each value
original of the CDF
CDF of the curve with
original Ry errors
within the
CT and VT
accuracy
class

calculate

nt at each the

Run time
Simulation sample
within the
CT and VT
accuracy
class

variance of
each of the
curves

Fig. 8 Procedure for retrieval of the original CDF curves

At fault conditions, the original CDF curve is very good
retrieved. At non-fault conditions, the retrieval is possible
but might result in some deflections of median and/or
variance. Fig. 10 shows the original and retrievd space of 1
and o for the sample T given in Fig. 9. It is clear from the
figure that regardless of the deflection at non-fault
conditions, the characteristics at fault conditions is quite
different than those at non-fault condition.
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Fig. 9 Retrieval of original CDF

The curves shown in Fig. 9 represent the retrieval due to

one of the points on the original CDF curve. By recalling

that the original CDF curve represents all possible values of

R due to all possible errors of CT and VT, it is important to

check the back retrieval of the original CDF due to all
points of the curve.

Fig. 11 shows the results of this process at non-fault
conditions and at a fault of 10°Q. Although back retrieval at
all points of the original CDF curve causes more deflections
at non-fault condition, the detection of fault conditions even
for high values like 10°Q is possible and successful. The
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same figure shows the detection of R; with different
calculation methods. The caculation method depends on

which variables are used in (1).
o
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© % Retrieved Non-Fault

10-5 | Retrieved Fault
Pl e i| © Original Fault
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1L Abs(R) Q
Fig. 10 Retrieval at spaceofp afd o

FaulP\
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n Abs(Rf, Xf) Q
Fig. 11 Retrieval at all points of original CDF

Calculate p and o® using
Positive Sequence
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Method 2 in Fault
Zone? Or any of the
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No of any phase using
Method 3in fault zone
and other phases

qQutside Zone’

Fig. 12 Flowchart for optimal performance
It is possible to use either only positive sequence
components of V’s and I’s, all sequence components or
directly measured phase voltages and currents. Each
calculation method has advantages and disadvantages. The
basic advantage in using only the positive sequence
component is the less required data to be communicated.
The other two methods can detect higher values of R; than
by only positive sequence but communication use is higher.
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Therefore, the flowchart in Fig. 12 is designed such that to
achieve the maximum speed and at the same time not to lose
detection of very high values of Ry.

Effect of retrieval error values

It is found that the retrieval process could be enhanced
using ranges of errors other than those defined by the
accuracy class of the CT or VT. Fig. 13 shows the results of
retrieval due to use of higher error ranges of current (+1%)
for combinationl.

The results of Fig. 13 indicate that it is possible to retrieve
the original CDF curve with relatively higher quality
depending on the choice of the range of retrieval error. This
point is however out of the scope of the paper.

o Original at INo Fault :
X Retrieved at No Fault 0
g 2| ® Original at Fault '

é 10 % RetrievedatFault | ' ........................... 4
“o .
» : : @ :
10 2 4 a
10 10 10
n Abs(Rf) Q
Fig. 13 a A for Fiy. 11 at higher retrieval error

COMPARISON TO DIFFERENTIAL RELAYS

Fig. 14 shows the CDF of differential currents (lg) at
different system and fault conditions. The system is loaded
at triple its base loading. It is possible to apply the proposed
approach on the differential current I, (i.e. to use p and o
of Iy). Combination 3 in Table 2 has been used for this test.

Idno fault : 4’; -----------------------
|1 R20ka}: ! P
:’:5 = R I0KQ ] : i nal |
© ‘ f‘gﬁ..” HE

1

0 ol |
10" 10" 10"
Id(Amp)

Fig. 14 14 at triple loading and at different R; values
As seen in Fig. 15, using the conventional settings
(assuming setting of 14 at double the maximum expected
value of at non-fault conditions), it is impossible to detect
high fault resistances of about 20 kQ. By applying the
proposed approach on lg, Rf of 20 kQ is detectable. The
maximum detectable Ry using the conventional approach in
this case is about 4 kQ.

In Principle, the proposed approach, at different CT and VT
combinations in Table 2, can detect R; values of about 7
times those detectable by the conventional approach as
shown in Fig. 16.
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Fig. 16 Detectable R; 7 times conventional approach

Deflections due to retrieval could decrease the detection
capability of the proposed approach to be about 5 times
more than the conventional approach. Further inspection is
still required to get behind how to best retrieve back the
original CDF curves. Fig. 16 also indicates one interesting
point; using CT and VT of low accuracy classes with the
proposed approach can result in detection of Ry as high as
those detectable using CT and VT of very high accuracy
class with the conventional approach. This means that
materials used for manufacturing of CT and VT could be
made with materials of less quality which is economically
cheaper. Also, utilities don’t have to change existing CT and
VT with new, more accurate ones.

CONCLUSIONS & FUTURE WORK

This paper proposes a new protection function that
incorporates measurements errors in a way that enables
detection of very high values of fault resistances. Results
show that the function could detect till about 10° Q. Based
on that, tree faults could be detected at very early stages of
occurrence of the fault. In high voltage level, the function
can detect very high values of fault resistances and at the
same time keeps secure against other non-fault phenomena
like power swing, voltage instability and load
encroachment. This helps in two points: 1- saving of the
stability of the system because the fault is detected very
early before it could affect the system. 2- Sometimes and
under highly stressed system operation, disconnection of
the faulty line could lead to further cascade of the system
components. Some preventive control actions could be
required to alleviate this cascade and to reduce the impact
of disconnection of the faulty line on the system. By early
detection of the fault any preventive control actions which
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require communication delays and other calculations could
be done early enough before disconnection of the faulty
line. This helps to get behind the impact of the line
disconnection on the system before the line is disconnected.
And therefore may help to take better control or protection
actions. Applicability of the function, using a laboratory
model of a transmission line and through actual field
measurements, has been tested and is successful.

Beside the previous points, comparing the function to
conventional percentage differential relays, two important
gains can be achieved:

1- Theoretically speaking, the function can detect
fault resistances up to 7 times those detectable by
conventional percentage differential

2- using CT and VT of low accuracy classes with the
proposed approach can result in detection of R as
high as those detectable using CT and VT of very
high accuracy class with the conventional
approach.

Several future works are still required to enhance the
retrieval process.
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