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Abstract: In all distribution networks, commonly it is possible
for energized conductors to come into contact with the outside
substances like trees, building walls and also surfaces below
them. This condition, known as high impedance fault, is very
dangerous for human life and may result in electricity
congestion, burning or ignition by the arc or the substance heat.
In addition, a part of the energy produced by the power
company is lost and this loss causes damage in power supply
plants. Traditional relaying in distribution networks only
detects short circuit situations and thus very considerable
amount of generated electric power flows through the earth
without achieving by the load. Because the occurrence of the
high impedance fault is accompanied by very small increase in
load current, it is very difficult for protection relays to identify
it. For extracting a precise and appropriate method for HIF
identification, it’s necessary to model high impedance fault arc.
Therefore, this paper explains how to simulate high impedance
faults in distribution systems. At first various modeling of this
faults is given and then a precise improved model has been
presented. Also the simulation method of this model in
EMTPWorks environment has been explained completely.
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1. Introduction

High Impedance Fault (HIF) is defined as an electric
connection between an energized conductor and an
external dielectric substance [1]. Dielectric substances
only transmit limited value of current through
themselves, because their resistance is inherently great
[2]. So, when a HIF happens, it is not identified as an
abnormal situation by the traditional protection
equipments. Actually, a current with very low amplitude
from the energized conductor flows to the earth via the
connected substances ignoring how the connection has
been established [3]. This current flows into the earth
having very high potential that may harm people.

When the conductors in the distribution network come
into contact with the foliage, earth surface and concrete
walls, common type of HIF occurs [4]-[6]. These
situations usually exist around the conductors in overhead
distribution system lines. In Fig. 1, a distribution system
has been shown with its conductors which are prone to

contact with foliage.

In contrast to the other kinds fault that cause high
amplitude current, the amplitude of current in HIF is very
low [7]. So, the traditional protection equipments similar
to the over current protection cannot recognize this type
of fault. Unsuccessful detection of HIF can happen
human damages or lead to ignition [8]-[10].

Therefore for extracting a precise and appropriate
method for HIF identification, it’s necessary to model
HIF (HIF arc). Precise simulation results can be achieved
by precise modeling. So, in this paper HIF modeling
methods are reviewed at first and then the best model is
selected and its imperfections are corrected. Finally, the
modeling method of proposed model is explained in
EMTPWorks software.

The rest of the paper is organized as follows: In
section 2 different HIF arc models is explained. Proposed
dynamic model of HIF arc has been presented in section
3. In section 4 implementation of HIF arc modeling in
EMTPWorks is explained step-by-step. Section 5
provides introducing of under-study distribution network.
Also, simulation results are presented in section 6.
Section 7 draws the conclusion and finally the references
are presented at the end of the paper.
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2. HIF Models

In 1985 the first model for HIF was proposed by
connecting a resistance to the system at the fault location
[11]. Considering the experiments performed by Emanuel
in 1990, a model for HIF was proposed based on the
sparks nature when the conductor comes into contact with
the ground [12]. This model has been formed from two
DC power supplies and two diodes paralleled each other
inversely. Likewise a resistance and a reactance control
the amplitude and current of the fault. This model has

been shown in Fig. 2.
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Fig. 2 Emanuel model for HIF.
In 1993, this resistance and the reactance were
replaced with two nonlinear resistances (according to Fig.
3) to consider the nonlinear behavior of the ground in

some way [13].
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Fig.3 HIF model presented in 1993.
A model formed of nonlinear impedance, time variable
voltage power supplies and TACS (Transient Analysis of
Control System) control switches was introduced in 1996

that has been shown in Fig. 4 [14].
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Fig.4 HIF model with considering the arc characteristic [14].
A HIF model by using two series nonlinear resistance
shown in Fig. 5 was presented in 2001. One of the

resistances models nonlinearity and asymmetry of fault
current and another shows transient in time of fault
occurrence [15].
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Fig. 5 HIF model by using two nonlinear resistances.

In 2003, to produce HIF current the model in Fig. 6
was used in which Rp and Rn model fault resistances.
Also for modeling asymmetry of current, resistances were
considered different [16].
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Fig. 6 HIF model presented in 2003.

HIF model in Fig. 7 including a nonlinear resistance,
two diodes and two DC sources with amplitudes which
change in every half cycle randomly has been presented
in 2004. Average changing and variance of DC voltage
source amplitude were determined related to the type of

earth surface [17].
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Fig. 7 HIF model by using nonlinear resistance and
Changing DC sources.
In 2005, another HIF model according to Fig. 8 has



been introduced. In this model linear resistance R(t) is
ground equivalent resistance, r(t) is arc dynamic state and
DC and AC sources model asymmetry of fault current,
and quenching alterations of arcs respectively [18].

MODELS

HH=1/g(t)

if (<1 mA

then G($)=0.54 mS

else G(O= (O] { (u, R [4D] )

end;
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Fig. 8 HIF model presented in 2005 [18].

According to Fig. 9, a nonlinear resistance controlled
by EMTP models has been introduced as an arc model In
2006 [19].
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Fig. 9 HIF model by using EMTP models [19].

In 2007 a HIF model was presented by N. Elkalashy et
al in [20] which is more precise and more complete
comparing with the other available ones. However, in the
simulations of this model the arc behavior in two positive
and negative half cycles has been considered the same for
convenience. So in this paper, completely precise
modeling has been present in EMTPWorks. The modeling
procedure is explained step-by-step. It is evident that
precise modeling leads to more precise simulation results
and extracting a more comprehensive method.

3. HIF Arc Dynamic Model

An experiment has been done to measure the
characteristic of a HIF happening in a 20 kV distribution
network in [20]. This experiment has two parts which the
first one is determining the tree resistance and the second
part is attaining the characteristic of HIF fault. To
observe the experiment circuit and execution process of
each part refer to [20].

Voltage and current of the fault occurring in three
different locations including leaves, branch and trunk of a
tree have been shown in Fig. 10. It is observed that if the

fault happens because of connecting the conductor to the
tree leaves, the arc is suddenly quenched once the fault
current crosses the zero point. When the fault voltage
increases in fault point, the arc will be established again.
Fig. 10.a shows the magnified diagram of this
phenn~mengn
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Fig. 10 Voltage and current waveforms (a) when fault
happens in the leaves of a tree (b) when fault happens in the
branches of a tree (c) when fault happens in the trunk of a
tree [20].

Fig. 11 shows the voltage-current characteristic of
tested HIF current for Fig. 10.a. As seen, HIF arc
behavior is different in two positive and negative half
cycles. However, a model in which arc voltage- current
characteristic in two half cycles is different as in
experimental results has been proposed in this paper.

The comprehensive model which is used to describe
arc in [20]. In this model, equation (1) is used based on
thermal equations in order to determine the changeable
arc conductance:
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Fig.11 Experimental voltage-current characteristic of HIF
arc [20].

Where, g is time variable conductivity of arc,
G = ‘i ‘/Varc is the stationary arc conductance, ||| is the
absolute value of arcing current, V,. is a constant value
of arcing voltage and 7 is the arc time constant. All the
above parameters are determined in a way that the results
will be the same as the experimental results.

The characteristic shown in Fig. 11 is used to calculate
these parameters. Moreover, equation (2) is used to
calculate 7 :

7= Ae® )

Where A, B are constants and similar to V.. have
different values in two positive and negative half cycles
of fault voltage and current which could be estimated by
the experimental results. The values of positive half cycle
are:

Vare=2520V ,A =6.6E —5 andB=41977in
For the negative half cycle the values are:

Vare=2100V ,A = 2.0E —5and B =85970.30. Indeed
all these values are calculated for Fig. 10.a.

General dynamic model of arc denoted as a HIF
element in Fig. 12, has been shown in Fig. 13. To
simulate this experiment, a network similar to the test
circuit shown in Fig. 13, is used in EMTPWorks
software. The arc dynamic model shown in this circuit is
derived from the above equations and will be detailed in
following. Note that input values of this circuit are used
to obtain waveforms of Fig. 10.a.

In Fig. 14, CTR control signal used for controlling the
controllable integrator in Fig. 12 has been shown. Indeed,
this part of model indicates the arc sudden quenching
when the current is crossing zero point. The integrator
output is calculated by integrating the main input until the
control signal is high, and once it turns to low, the
integrator output will be RES signal. Actually, RES
signal gives the arc resistance at quenching moment.
Based on the experimental results, resistance value is a
time variable function with a slope of 0.5MQ/ms
through the first 1ms interval after the arc quenching, and
AMQ/msafter 1ms. Thus, the sudden quenching and
reigniting of arc can be simulated using the CTR signal
acquired by the results of Fig. 10.a [21].

4. HIF Arc Modeling in EMTPWorks

Considering Fig. 12, it is clear that in order to
implement the model in EMTPWorks, the absolute value

[20].
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Fig. 12 Network used for HIF modeling in EMTPWorks.
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Fig. 13 Arc comprehensive model in HIF.
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Fig. 14 Control signal used for arc quenching simulation
and its sudden ignition.
of fault current should be calculated then having the
absolute values of fault current and the constant value of
Vare (Which is different in two half cycles), two constant
values (in two positive and negative half cycles) of
conductance G can be obtained. Procedures of calculating
fault current absolute value and constant G have been
shown in Fig. 15 and Fig. 16. In Fig. 15, the first block
called f(u) is located in control library. This block
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multiplies two variable inputs of V and g_calc which are
the arc voltage and the arc conductance respectively.
Therefore, block output is equal to arc current (i_calc).
Consequently, the absolute value of input current is
calculated by using the another f(u) block.

v—1 i calc :
PRODP————D{1_ABS P—i calc_abs
g_calc—P) 1 A8 p—calc.

[ %]

Fig. 15 Calculation of fault current absolute value.
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Fig. 16 Calculation of G constant value in two half cycles
(positive and negative).

A method is used in Fig. 16 to calculate two distinct
values for G. At first, the arc voltage and the constant
value, zero, are compared with each other using a
comparer. If the voltage is greater than zero, comparer
output will be equal to 1, if the voltage is zero, the output
will be zero and if the voltage is smaller than zero, the
output is added with the value 2 which causes to
changing the possible output values to 1, 2 and 3. Output
of this element enters to the next element as a selector
signal.

The main block which selects two values of G in two
half cycles is the “input selector” located in control
library of EMTPWorks. The output of this block is equal
to one of three inputs regarding the control signal. It
means that if the control signal value is equal to 1, output
equals to inputl, and if the control signal value is equal to
2, output equals to input2 and so on. In Fig. 16, for
voltage values greater than or equal to zero, G is equal to
G_p, and for negative voltage values, G equals to G_n.
G_p and G_n are calculated through G :\i \/Varc . In
addition, to determine two constant values, V_arc_p and
V_arc_n which are the inputs of program, a f(u) block is
used.

According to Fig. 12, after calculating G, the arc
conductance (g_calc) and its time constant (7 ) can be
obtained. The method of calculating time constant has
been illustrated in Fig. 17.

As the constants A, B in equation 7 = Ae® have two
different values in two half cycles, (A-p , B-p for positive
half cycle and A-n, B-n for negative half cycle), the same
approach as in calculating G, is used here. It should be
noted that these four constant values are inputs of the
model.

Finally, the most important step in simulation of HIF
arc model is calculation of the arc conductance (g_calc).
According to Fig. 13, the arc conductance by a

controllable integrator (TACS type-58 integrator) located
in control device of TACS library can be calculated.
Therefore, two control signals of this integrator should be
made at first. Actually, RES signal is the arc resistance at
guenching time. Also, the control signal CTR is the same
in Fig. 14. The implementation methods of RES and
control signal have been shown in Fig. 18 and 19
respectively. In Fig. 20, GES signal is the inverse form of
RES signal. Because the integrator output should be
calculated at quenching time, output should be equal to
fault conductance.
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Fig. 17 Calculation of time constant.
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Fig. 18 Arc conductance calculation at its quenching time.
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Fig. 19 Creation approach of integrator control signal.

In Figs. 18 and 19, blocks Ftbl and Ftb3 are the table
functions located in control library of EMTPWorks.
Using these blocks, the output will be determined as a
function of time. It means that applying some given
numbers to these blocks, the control signal (in Fig. 18)
and the RES signal can be created. Finally, the
implementation method of arc conductance has been
illustrated in Fig. 20.

Fm2
tau—1 dg_dt DEV1
G—P2 fluy p——Pin out
3 CTR—Pcontrol g_cale
(U[2]-u[3]) / u[1] GES—{reset val

TACS type-58
integrator

Fig. 20 g_calc Implementation.

As shown in Fig. 4, after measuring all the necessary
quantities and in order to simulate the HIF arc model, all
the circuits in a sub circuit block have been combined. In
Fig. 13, the HIF element contains all the circuits shown in
Figs. 15 to Fig. 20.



5. Simulation and Results

5.1 HIF characteristic

For extracting voltage-current characteristic of HIF
arc, the circuit illustrated in Fig. 12 runs in EMTPWorks
software. Voltage and current waveforms of HIF are
sampled by scopes 1, 2 as shown in Figs. 21 and 22
respectively. In order to draw voltage-current
characteristic of HIF arc, voltage waveform must be
drawn based on current waveform. This characteristic has
been illustrated in Fig. 23. According to Fig. 23, it is clear
that HIF characteristic of two positive and negative half
cycles are different. This indicates that proposed HIF arc
modeling is very precise.
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Fig. 21 Waveform of current resulted from HIF occurrence.
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Fig. 22 Waveform of voltage resulted from HIF occurrence.
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Fig. 23 Voltage-Current characteristic of HIF arc.

5.2 HIF in Distribution Network

Fig. 24 is a 20 kV unearthed distribution system
simulated in EMTPWorks. The line frequency dependent
model in EMTPWorks is intentionally selected to account
for unsymmetrical faults. When the system and the fault
modeling are combined in one arrangement, the network
behavior during this fault can be investigated.

In this study, the neutral of the main transformer is
isolated consistent with an unearthed system. Although
this system is not intentionally connected to the earth, it
is grounded by the natural phase to ground capacitances.
Therefore, the fault phase current is very low allowing a
high continuity of service.
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Fig. 24 Under-study distribution system used in
EMTPWorks.

Fig. 25 shows HIF voltage and current waveforms in
fault location of Fig. 24. The behavior of these
waveforms is similar to waveforms in Figs. 21 and 22.
Also, residual current waveform (sum of three phase
currents) at the beginning of TLM4 has been illustrated in
Fig. 26. Because of very low current value of fault, it is
obvious that the behavior of single phase current
waveform at the beginning of line doesn’t change
significantly. So this waveform is the best choice for
researchers in order to extract novel approaches for HIF
detection.

6. Conclusion

Unlike the other faults that lead to current with high
amplitude, the fault current in HIF is very low. So the
traditional protection systems like the over current
protection cannot detect this fault type. Therefore, the
main property of HIF is its difficult identification. Also,
unsuccessful HIF detection can incur human damages or
leads to firing. In order to extract a precise and
appropriate approach for HIF detection, it’s necessary to
model high impedance fault arc. So, in this paper HIF
modeling methods have been reviewed and a new method
for high impedance fault modeling has been presented.
The proposed method is based on N. Elkalashy et al



model. Because the arc behavior is not assumed to be the
same in two positive and negative half cycles, the
proposed model is more complete than the model in [20]
and so it is closer to experimental results. Also,
Implementation of proposed HIF arc modeling in
EMTPWorks has been explained step-by-step in this
paper.
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