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Abstract---There is an increasing demand for more detailed and
accurate modeling techniques for predicting transient response of
power systems caused in particular by high impedance arcing
faults (HIF). This is particularly so in relation to the design and
development of improved equipment and new protection
techniques. Accurate prediction of fault transients requires
detailed and comprehensive representation of all components in a
system, while the transient studies need to be conducted into the
frequency range well above the normal power frequency. The
HIF is a very complex phenomenon and exhibits highly nonlinear
behavior. The most distinctive characteristics are nonlinearity
and asymmetry. The nonlinearity arises from the fact that the
voltage-current characteristic curve of the HIF is itself nonlinear.
It is also observed that the fault current has different waveforms
for positive and negative half cycles, which is called asymmetry.
The nonlinearity and asymmetry exist in every cycle after the
HIF. In order to obtain a good representation of a HIF, it is
necessary to develop a model that gives the above mentioned
characteristics, as well as the harmonic content of the HIF. This
paper introduce a new HIF model, it also reviews and
summarizes some of the methods for modeling high impedance
faults and the developments which led to them.

Index Terms—asymmetry, Distribution Networks, Fault detection,
HIF, HIF modeling, nonlinearity.

I. INTRODUCTION

A High Impedance Fault (HIF) on a distribution feeder is
an abnormal circuit condition which results in energy being
dissipated in a manner other than the serving of the intended
load. Most faults can be detected and isolated in time, but high
impedance faults and arcing faults are still difficult to detect in
practice [2] because the currents the faults produce are small
and they mimic normal loads. Distribution feeder conductors
are prone to physical contact with neighboring objects such as
overgrown vegetation, building walls, asphalt, a high
impedance object or surface, which limits current values for
faults on distribution systems and prevents conventional over-
current protection from operating. In the case of an arcing HIF,
when an energized conductor contacts the ground, the electric
contact is not solid. Due to the existence of air between ground
and conductor, the high potential difference in such a short
distance excites the appearance of the arc. High impedance
faults (HIF) have characteristics in their transient and steady
state regimes that make them identifiable. They also lead to
arcing and it is the result of air gaps due to the poor contact
made with the ground or grounded objects; it occurs when a
conductor breaks and falls on a non-conducting surface such
as asphalt road, sand, cement, grass or perhaps a tree limb,
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producing very little if any measurable current. The arcing that
often results from HIFs can have deadly fire and electrocution
consequences. A HIF may result in damage to the electrical
system, loss of power to customers, public hazard, or possible
unsafe conditions due to arcing and flashing and possible
property fire.

An accurate modeling method for a HIF is essential for the
development of reliable detecting algorithms. The HIF
model’s data should contain the complex characteristics of
HIF such as nonlinearity, asymmetry, and the low frequency
phenomena typical of an arcing fault. Some modeling methods
of HIFs have been proposed [1- 4]. Although all these methods
represent well the nonlinear behavior of HIFs, difficulty arises
when the other characteristics are considered.

According to the experimental work of the Korea Electric
Power Corporation (KEPCO) [4], the HIF experimental data
was collected on a 22.9kV distribution system. The total
number of experiments was thirty two and the sampling
frequency 10 kHz. Figure 1 exemplifies the currents for the
20™ and 40™ cycle after the HIF has occurred; both currents
exhibit some asymmetry. Figure 2 shows the voltage-current
curve and demonstrates the degree of nonlinearity. We can see
that the “signature” of the current curve and the current-
voltage curve for HIF has a very unique shape. While
designing a model for HIF, it must be taken in consideration
that the developed model should give the above mentioned
characteristics and harmonic content of HIF.
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Figure 1. Currents for the 20™ and 40" cycle after HIF (asymmetry) [4]
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Figure 2. Voltage-current characteristic curve for one cycle in the steady state
after HIF (nonlinearity) [4]

II. REVIEW OF HIF MODELS

Arcing associated with the HIFs results in energy
dissipation in the form of heat that turns the moisture in the
soil into steam and burns the grass into smoke. In the arcing
phenomenon associated with downed power lines, due to the
existence of air between ground and conductor, the high
potential difference in such a short distance excites the
appearance of the arc. Also, arcing often accompanies these
faults, which poses a fire hazard. Therefore, from both public
safety and operational reliability viewpoints, detection of HIFs
is critically important. High impedance fault is a difficult case
to model because most HIF phenomena involve arcing, which
has not been perfectly modeled so far. Some previous
researchers have reached a consensus that HIFs are nonlinear
and asymmetric, and that modeling should include random and
dynamic qualities of arcing. Emanuel model is based on
laboratory measurements and theoretical components [1]
suggested two dc sources connected anti-parallel with two
diodes to simulate zero periods of arcing and asymmetry as
seen in Figure 3.

AL R
I A
g
w
&
‘Jp_'_~|: — N

Figure 3. The Emanuel arc model

In [5] for consideration of nonlinearity in earth impedance
the arcing high impedance fault was modeled as two sets
(positive and negative) of diodes in series with a resistance
and a dc source Figure 4 illustrates that model.
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Figure 4. HIF model introduced by [5]

Reference [4] proposed two series time-varying resistances
(TVRs) controlled by Transient Analysis of Control Systems
(TACS) in EMTP are employed for modeling HIF. One TVR is
used for nonlinearity and asymmetry from the voltage-current
characteristic for one cycle in the steady state after a fault,
then, the other TVR is used to represent buildup and shoulder
characteristics from the waveforms in the transient state after
HIFas seen in Figure 5
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Figure 5. Modeling of HIF as two series connected TVRs

Based on the arc theory, a realistic model of HIF
embracing nonlinear impedance, time-varying voltage sources
and transient analysis of control system (TACS), controlled

switch, as shown in Figure 6, was introduced in [6].
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Figure 6. The HIF model based on arc essences

A simplified Emanuel model was introduced in [7]. As
shown in Figure 7 the model has two unequal resistances that
represent asymmetric fault currents. The two resistances, Rp
and Rn, represent the fault resistance: unequal values allow for
asymmetric fault currents to be simulated.
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Figure 7. The introduced HIF model in [7]

A simplified 2-diode HIF model was introduced in [8], as
shown in Figure 8. This model consists of a nonlinear resistor,
two diodes and two dc sources that change amplitudes
randomly every half cycle.
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Figure 8. The HIF model proposed by [8]

HIF model was introduced in [9], as shown in Figure 9. It
contains two diodes and polarizing ramp voltages to control
arc ignition instants. The arc model consists of linear resistor
(representing the ground path resistance), the nonlinear time
varying resistor r(t) (representing the dynamic arc) as well as
DC and AC sources. The sources ensure asymmetry of the arc
current and voltage (DC sources) and variable arc ignition
and quenching point (AC sources).
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Figure 9. The HIF model proposed by [9]

Based on Emanuel model the authors in [10] proposed a
model used several arc models in parallel where their
combination produced HIF current. Figure 10 shows this HIF
model. Random state of HIF is shown using STATISTIC
switch in EMTP. The state of on and off one arc is shown in
Figure 10 in the sixth arc model.
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Figure 10. HIF model based on several Emanuel arc model

Many authors have worked on HIF model theory and the
dynamics of voltages and currents in HIF electric arc. Most of
the studies were based on laboratory studies. As shown in
above figures, many models were introduced and developed
based on Emanuel arc model [1] and researchers have tried to
complete it and come up to a better model for HIF. Also in this
paper a new HIF model is introduced.

III. THE PROPOSED MODEL OF AN ARCING HIF

The high impedance fault model proposed by this paper
shown in Figure 11 includes two DC sources, V), and V,,, which
represent the arcing voltage of air in soil and/or between trees
and the distribution line; two resistances, R, and R,, between
diodes which represent the resistance of trees and/or the earth
resistance, and since most observed arcs occur in highly
inductive circuits [11] two inductances, L, and L, were added
to the circuit. The effect of the inductances leads to the
nonlinearity loop shape in the FV-I curve and the desired
asymmetrical shape for the HIF current. When the line voltage
is greater than the positive DC voltage V,, the fault current
starts flowing towards the ground. The fault current reverses
backward from the ground when the line voltage is less than
the negative DC voltage V. In the case when the line voltage
is in between V), and V,, the line voltage is counter-balanced by
V,or V,so that no fault current flows. Typical fault current and
V-1 curves are shown in Figures 12 and 13

Figure 11. Two diode fault model for a HIF containing V,,, V, Rn, Rp, Ln, Lp
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Figure 12. A typical current curve for HIF based on the model of Figure 11
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Figure 13. A typical voltage-current characteristic of HIF produced by the
proposed model
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Figure 14. Harmonic content of the HIF model
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The HIF current harmonic content produced by the
proposed model is analysed and shown in Figure 14. The 3rd
and the 5™ harmonics are 13.8% and 5.8%, respectively, with
respect to the fundamental current. Comparing the results with
the analysed KEPCO data done by [12], the results from the
HIF model above shows an encouragingly good match,
especially in the harmonic content. In other words, the
proposed model is capable of reproducing the experimental
HIF results reported by [4] and analysed by [12]. It is also
important that the adjustable parameters of the model allow
variation of the resultant HIF characteristics.

IV. CONCLUSIONS

The aim of this paper is to develop a model that represents
and predicts all important high impedance fault characteristics,
including nonlinearity, asymmetry and harmonic content. The
physical processes occurring in an arc result in a unique
characteristic signature. Accordingly, a new model for a high
impedance fault has been proposed and tested, containing
active as well as passive elements (voltage sources, diodes,
resistances and inductances), giving a very satisfactory
representation of the arc characteristics. The new model
preserves the unique shape of the high impedance fault voltage
and current, and it also has the harmonics content, consistent
with experimentally observed behavior. Thus the proposed
model can be considered an appropriate and physically well
justified representation of high impedance fault characteristics
and can be harnessed to generate various data necessary for
developing more reliable HIF detecting algorithms.
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