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Abstract - This paper summarizes the results of 
research recently carried out on the inception and 
propagation of electrical discharge on an ice surface. 
Investigations on discharge inception were performed 
using a simplified physical model consisting of a rod-
plane gap half submerged in ice. Empirical models are 
proposed, based on elements derived from the 
inception parameter analysis, to account for corona 
streamer propagation velocity and inception 
voltage/field on an ice surface. Furthermore, a 
dynamic model is proposed to predict flashover of ice-
covered insulators. Assuming arc behavior to be a 
time dependant impedance, it was possible to 
determine various arc characteristics, such as leakage 
current time histories and flashover voltage. The 
results indicate the feasibility of icing severity 
assessment and flashover prediction, using the 
proposed model.  

 
Key words – insulators, atmospheric icing, corona 

streamer, leakage current, flashover voltage. 
 
1. Introduction 
During winter, power lines and communication 

towers can collapse as a result of freezing rain storms. 
The combined action of ice load and wind on power 
network structures is responsible for these failures. 
The most remarkable event of this nature during the 
last decade is certainly the famous January 1998 ice 
storm, when more than 85mm of freezing rain fell on 
Ottawa, 73mm on Kingston, 108mm on Cornwall, and 
100mm on Montreal. As a result of this event, power 
network and telephone lines collapsed over a total 
length of 120,000km, depriving more than 900,000 

households of electricity. Millions of people had to 
live in the dark for hours, days, or even weeks [1].  

In addition to the phenomena leading to mechanical 
damages, the accumulation of ice or melting snow on 
outdoor insulators can also lead to a considerable 
reduction in their electrical performance. When 
combined with the aggravating factor of atmospheric 
pollution, ice or wet snow on insulators can induce 
corona discharges or partial arcs, leading to complete 
flashovers under certain conditions, and consequent 
power outages [e.g. 2-7], involving both line 
insulators and station post  insulators. 

Ice surface flashover has received much less 
attention than the phenomena leading to mechanical 
damages. Reviews of ice surface flashover literature 
[e.g. 2-7] indicate major lacks and the need for further 
research in this area, in order to be able to solve 
related practical problems. This is also necessary to 
establish powerful mathematical models able to 
account for the entire flashover development process. 
Understanding the fundamental causes of flashover on 
ice-covered insulators, such as electron avalanche 
formation conditions on an ice surface, is important 
for proper design of HV insulators destined to cold 
climate regions. In order to further our knowledge in 
this area, a research program has been initiated at the 
CIGELE and INGIVRE research chairs. 

More precisely, the major objectives of this research 
are: 

Furthering our knowledge of the inception and 
propagation conditions of discharges leading to 
flashover on ice-covered insulators. 

Developing powerful mathematical models to 
predict the flashover process of ice-covered insulators. 
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The following fundamental investigations are 
necessary to meet these goals: 

Theoretical study to represent the physical 
phenomena by mathematical models. 

Setting the appropriate numerical methods to solve 
the proposed mathematical models. 

Analysis and validation of the results with 
experimental data gathered under various conditions. 

Such an approach is necessary to design insulators 
for cold regions. 

In the first part of this paper, the investigations on 
streamer corona inception and propagation are 
summarized in a way which is accessible and useful to 
power engineers. The results are discussed and used to 
establish empirical models. 

The second part is devoted to the mathematical 
modeling of the ice-covered insulator flashover 
process. The results from the model are compared to 
the minimum flashover voltages measured 
experimentally on a simplified physical model, as well 
as on a short string of five IEEE standard insulator 
units. 

 
2. Insulator Icing and Flashover Processes  
Flashover on an ice surface is an extremely complex 

phenomenon resulting from the interaction between 
the following factors: electric field, wet and polluted 
ice surface, presence of air gaps at the ice surface, 
environmental conditions, and the complex geometry 
of an ice-covered insulator [4].  

To the best knowledge of the authors, there exists 
practically no exploratory research work providing an 
explanation of the mechanisms of flashover 
occurrence on ice-covered insulators. However, it is 
well established that several ice parameters, including 
type and density, amount and distribution, as well as 
the conductivity of freezing water forming the ice, 
have a significant influence on the flashover voltage 
of ice-covered insulators [2-15].  

Natural atmospheric ice deposits on insulators 
generally result from a variety of conditions, including 
hoarfrost caused by condensation of vapor, in-cloud 
icing involving the freezing of super-cooled droplets 
in clouds or fog, and finally precipitation icing 
involving freezing rain, drizzle, or wet snow. 

Ice deposits may be produced following a dry or wet 
regime [4, 5, 7, 9]. The ice grown is referred to as a 
dry regime when the ice deposit temperature remains 
below 0°C. On the other hand, it is referred to as a wet 
regime when the deposit temperature is 0°C. 

The density of ice accretions depends on several 
major parameters, such as the median volume of 
droplets and their impact velocity, as well as the 
deposit temperature. Dry ice accretion is called hard 
or soft rime according to its physical appearance and 

density, as described in Table 1 [7, 9]. In a wet 
regime, the accreted ice is called glaze. Icicles are 
formed when the flux of water is high enough. Glaze 
with icicles is known as the most dangerous type of 
ice associated with a high probability of flashover on 
insulators [4, 5, 7, 9]. 

 
TABLE 1: CHARACTERISTICS OF ICE FORMED ON 

STRUCTURES [7, 9]. 
Type of 

ice 
Density 

(g/cm3) 
Appeara

nce 
Shape 

Glaze 0.8 – 0.9 
Transpa

rent and 
clear 

Cylindrical 
icicles 

Hard 
rime 0.6 – 0.9 Opaque 

Eccentric 
pennants into 
the wind 

Soft 
rime < 0.6 

White 
and 
opaque 

Feathery and 
granular 

 
The amount of ice accumulated, the number of 

icicles, and ice thickness layer all have a considerable 
effect on the withstand voltage. In general, when ice 
thickness increases, the maximum withstand voltage, 
Vws, decreases [4, 5, 7, 9, 16]. However, it seems that 
the Vws levels off after complete icicle bridging is 
reached [4, 5, 7, 9]. 

As concerns ice distribution along insulators, it 
should be noted that, in general, during icing events, 
only the windward face of the insulator is covered 
with ice and icicles, while the opposite side is free of 
ice. Ice uniformity is affected by wind velocity during 
ice accretion [7, 9]. For higher wind velocities, icicles 
were tilted away from the wind. Experimental 
laboratory results showed that the lowest values of Vws 

for various insulators tested corresponded to the 
vertical icicles formed at a low wind velocity [7, 9]. 
Also, ice accretion along insulators is not uniform, as 
several parts of the insulators are free of ice; these 
zones are referred to as air gaps. Air gaps are caused 
by ice building and shedding during or after ice 
accretion. This is due to the heating effect of partial 
arc activity, increase in air temperature, or ice 
shedding.  

It is generally agreed that the presence of a water 
film on the surface of the ice is necessary for flashover 
to occur [4, 5]. The water film on the ice surface may 
be caused by sunshine, a rise in air temperature, 
condensation, electrical discharge on ice particles, or 
by leakage current at the ice surface [4, 5, 13, 14]. 
Water film is highly conductive, sometimes ten times 
as much as freezing water [13, 14], due to the fact 
that, during the solidification process of the super-
cooled droplets, the impurities tend to transfer from 
the solid to the liquid part. Moreover, the water film is 
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polluted by products of corona discharge. Under such 
conditions, voltage drop is predictably high across the 
air gaps (Figure 1) [17]. 

 

(a) (b) (c) 
Figure 1: Potential distribution for a clean insulator. 
Equivalent potential curve separation: 3.125%. (a) 
Clean insulator, (b): Ice layer with upper air gap and 
(c): Ice layer covered with water film with upper airgap. 

 
If the electric field across air gaps is high enough, 

corona discharges are initiated. This can lead to the 
development of local arcs across the air gaps (Figure 
2) causing a substantial increase in leakage current 
and a concomitant melting of ice. If the electrical 
current circulating through an arc is interrupted (AC 
arcs), the plasma does not disappear instantly because 
the time constants for plasma decay are, in general, 
not negligible at the scale of the other durations 
involved in the phenomenon [18]. The relevant plasma 
is termed “afterglow”. As a rule, exact knowledge of 
the behavior of afterglow plasma is important in order 
to determine the possible conditions of either direct or 
inverse re-ignition. 

Under sufficient electrical stress, local arcs 
propagate along the ice surface, forming a white arc, 
possibly bringing the insulator to flashover when it 
reaches a critical length. 

Freezing water conductivity, which plays an 
important role in the flashover process, significantly 
influences the Vws of ice-covered insulators [4, 5, 10-
12]. In general, an increase in conductivity leads to 
lower flashover voltages. 

 

 
(a) 

 
 
 
 
 

 

(b) 

Figure 2:  Corona discharge along the air gap.  
(a): ice-covered post-station insulator with air gaps; 
(b): inception of corona discharge along the air 
gaps. Corona streamer on an ice surface 
 
3.1. Streamer Inception 
Corona inception is known to be a statistical event 

[19-27]. Basically, three conditions must be met to 
obtain streamer inception: (i) an initial electron, (ii) 
applied field above the so-called critical field strength, 
Ecr, and (iii) sufficient or critical volume characterized 
by the critical distance, Xcr (Figure 3).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3: Representation of the critical volume in a 

positive discharge sequence. 
It is supposed that a few electrons are always around 

in the interval between electrodes, either by the action 
of cosmic rays, from natural ionization sources, 

Sout x = 0 

Xcr 

Sin 

x 
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residual charges from previous discharges, or else as a 
consequence of field emission from asperities on the 
surface, close to which electric fields are strongly 
enhanced [23, 24, 27]. To initiate critical size 
avalanches, one of these electrons must be suitably 
situated, i.e. in the so-called ‘critical volume’. The 
critical volume is the volume of gas surrounding the 
high-voltage electrode, within which critical 
avalanches can develop sufficiently to lead to the 
development of a streamer (Figure 3). This volume is 
characterized by two boundaries defined by two 
limits, Sint and Sext, of this critical volume: 

( ) 8
x

x

in 10dxexpand0x:S
0

in

≥η−α= ∫  (1) 

 

crcrout EEandXX:S ==       (2) 
 

The critical field Ecr depends on the rod radius and 
relative air density [23, 24, 27]. 

 
3.2. Form Factor 
 
In calculating electric field distribution and 

maximum field strength, parameters such as form 
factor and geometry, are generally used. The form 
factor, F, of a non-uniform field electrode 
configuration is defined as: 

 

maxE
EF mean=              (3) 

 

where Emean is the average field strength of the 
arrangement over the electrode spacing, usually 
designated as the gap length, and Emax is the highest 
field strength appearing in the field region. 

 
3.3. Physical Model and Facilities 
 
The physical model used for streamer inception and 

propagation on the ice surface consists of a rod-plane 
gap configuration half-submerged in the ice bulk 
(Figure 4), where the inter-electrode distance, d, is 
adjustable. For the purpose of this study, rods with 
various radii (1.5, 3, 6 and 9 mm), and a fixed inter-
electrode distance of 35 mm were used. The 
electrodes were screwed into a rectangular Plexiglas 
box, which also served as a mould to form the ice [28-
31].  

 

 
 
Figure 4: Vertical section of the physical ice model. 

 
Figure 5 shows the experimental set up which 

consists of an HV impulse generator, a streak camera, 
and a cold chamber containing the physical model. 
Details of this experimental set-up and the ice mass of 
the built-up test specimen may be found in our 
previous papers [28-31]. 

A standard 1.2/50 µs positive lightning impulse 
voltage was applied to the rod to stress the inter-
electrode distance through an HV impulse generator. 
The streak sweep duration of the camera used to 
record the optical phenomena can be varied from 
0.5ns to 1ms. The wavelength covered by the camera 
ranges from ultraviolet light to the near infrared region 
(200 to 850 nm). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5: Schematic diagram for the HV circuit and 

streak camera. 
 
3.4. Results and discussion 
 
]In addition to the ice surface, the corona discharge 

was also studied in the ice-free space between the 
electrodes (air gap). This will be referred to as the air 
reference case. 

Various parameters were obtained using streak 
camera recordings, such as voltage, time to develop 

Conducting channel 

Plexiglas box 

de-ionized 
water bulk ice 

O/E delay 

CCD Trig 
Camera 

Climate chamber 
at –12°C 

PC 
Image process 

500 MHz 
Oscilloscope 
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the first corona, and axial velocity of the streamers 
propagating between the electrodes. The first corona 
was quantitatively assessed through the inception 
voltage Uinc. As for the time to develop the first 
corona (Tinc) at the HV electrode, it was obtained from 
the time delay between the start of the pulse voltage 
waveforms and the first appearance of light, as 
detected by the camera. 

Typical experimental results in the form of streak 
recordings are presented in Figures 6 and 7, for ice 
and air reference respectively. 

 

 
Figure 6: Typical recordings of corona inception 

and propagation on an ice surface. 
 
 

 
Figure 7: Typical recordings of corona inception 

and propagation in the air gap. 
 
These streak images were recorded with a sweep 

period of 100ns. The vertical axis in the photographs 
is aligned with the axis of the electrodes, whereas the 
horizontal axis represents time. From these Figures, it 
may be observed that the discharge is initiated at the 
high-voltage electrode and gradually develops to reach 
the ground electrode (cathode). It may be observed 
that the discharge propagation velocity is faster for the 
ice surface than for the air gap. 

 
3.4.1. Critical volume 
 
In our previous investigations [28, 30], where a 

system with two active electrodes was used, it was 
established that the critical volume decreases 
substantially in the presence of an ice surface, as 
compared to the case of air. In the present study, 
similar investigations were carried out using the 
physical model presented in Figure 4. In this case, 
only one active electrode is considered while varying 
the radius of the HV rod electrode and the freezing 
water conductivity, σ, of the conducting channel 
(Figure 4). Figure 8 presents the axial distance from 
the critical volume according to the model. 

 

0

0.05

0.1

0.15

0.2

0.25

0.3

0 0.2 0.4 0.6 0.8 1
H.V. electrode radius r (cm)

X c
r
(c

m
)

   Air
    2.5 µS/cm

   30 µS/cm
       80 µS/cm
      160 µS/cm

 
Figure 8: The critical distance for various electrode 

radii in the case of air and in the presence of an ice 
surface formed with freezing water of various 
conductivities. 

 
It can be seen that the critical distance, Xcr, in the 

presence of an ice surface is reduced, because the high 
permittivity of ice (∼ 75) draws in the line of force 
from the electrodes, making the field very high near 
the electrodes but weaker away from them. This 
therefore indicates that, for a given voltage applied to 
the electrode, the probability of finding an electron in 
a smaller critical volume is reduced in the presence of 
ice and, consequently, the voltage required to initiate a 
corona at a given time should be higher. This is in 
agreement with the results obtained with a two active 
electrode configuration, as well as those obtained by 
Allen et al. [20], who performed a comparative study 
between critical distances in air and on insulating 
material surfaces.  

The higher is the conductivity (σ) used to form the 
conducting channel, the lower is the critical distance. 
This finding can be explained by the fact that, contrary 
to the critical field, which depends only on the size of 
the high voltage rod electrode and on air density [23, 
24, 27], the corona streamer inception field 

35 mm 

100 ns 
Tinc 

35 mm 

100 ns Tinc 
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additionally depends on σ. By increasing the 
conductivity, σ, the discharge is initiated at lower 
voltages, which leads to a decrease in the inception 
field and, consequently, to a decrease of the critical 
distance Xcr. Because the impurities rejected into the 
ice surface during the freezing process are non-
volatile and insoluble in ice, small amounts of 
impurities contained within the ice will increase the 
surface conductivity and decrease the activation 
energy [32-34]. Moreover, experimental evidence has 
revealed the presence of a liquid-like layer, or pre-
melting layer, at the surface of ice at temperatures 
below the bulk melting transition [32]. Its thickness 
ranges from 0.3 to 17 nm for temperatures varying 
from –28°C to -0.02°C [32]. This liquid or liquid-like 
film is an electrolyte solution containing, for example, 
a monovalent ionic species such as NaCl. Among the 
various atoms and molecules that may be found on the 
surface of ice, NaCl and other Na derived ions almost 
have the lowest ionization energy [25, 34, 35]. 

The results also show that in the air, the critical 
distance increases with an increase in the rod radius, 
whereas on an ice surface, it reaches the maximum for 
a rod electrode of a radius of 3mm. This value is 
curiously close to the icicle radius accumulated on a 
structure, which is equal to 2.5mm [36]. Similarly 
with discharge observations in air [27], the concept of 
a critical radius may be introduced. The critical radius, 
which depends only on the gap spacing and electrode 
radius, is defined as a radius above which the 
breakdown probability increases. The decrease in the 
critical distance for radii higher than 3mm could be 
related to this concept. Additional investigations 
considering different gap spacings are necessary to 
draw more general conclusions. 

 
3.4.2. Corona inception electric field 
 
Knowing the development time of the first corona, 

Tinc, allows to determine the inception voltage, Uinc, 
from the voltage wave shape recorded by the 
oscilloscope. The inception time and time to 
breakdown were measured from oscillograms. The 
average value and standard deviation of these two 
parameters were calculated from a set of 10 shots. 

The inception field Einc was calculated using 
geometric field plots from Coulomb 3D, integrated 
engineering software using a method described in [28-
31]. In previous studies [31], field computation 
resulting from this software was compared to 
analytical ones. The good correlation between both 
approaches supports the reliability of the geometric 
field plot method for assessing the electric field at the 
HV electrode in the absence of surface space charges. 

The results of the maximum electric field, Emax, 

between the electrodes of the physical model 
presented in Figure 4, using Coulomb 3D, are 
summarized in Table 2. 

 
Table 2: Form factor F for various electrode radii. 
r (cm) 0.15 0.3 0.6 0.9 
Emax 

(V/cm) 
2.59 1.71 1.08 0.86 

F 0.11 0.17 0.27 0.33 
  
Figure 9 illustrates the inception electric field, Einc, 

for different values of F, as a function of freezing 
water conductivity, σ. 

A mathematical approach to process the data reveals 
a relationship between the inception field, Einc, the 
form factor, F, and freezing water conductivity, σ: 

( )[ ] ( )σ
4

103.8exp450ln61
−

−+−= FEinc    (4) 

where Einc and σ (measured at 20°C) are expressed 
in kV/cm, and µS/cm  respectively. 

40

60

80

100

120

140

160

0 20 40 60 80 100 120 140 160

F = 0.11

F = 0.17

F = 0.27

F = 0.33

σ (µS/cm)

E
in

c
(k

V
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)

 
Figure 9: Corona inception field on the ice surface 

as a function of freezing water conductivity for 
different form factor. 

 
It should be pointed out that equation (4) is valid 

under the experimental conditions tested in the present 
study but could be extended to other conditions. 

 
3.4.3. Corona average propagation velocity 
 
One important feature, essential to understanding 

how a streamer corona and an ice surface interact, is 
the velocity of the streamer when it propagates along 
the surface. Both the corona streamer transit time 
between electrodes and the average propagation 
velocities of the streamers were determined using the 
streak images recorded by the high-speed camera. 
Typical streamer mean velocities for air and ice 
surfaces as a function of inception voltage, Uinc, are 
shown in Figure 10. Each point represents an average 
value of 10 measurements. 

Streamer propagation velocities in air are of the 
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same order as those reported elsewhere [24]. The 
propagation velocity is of the order of 106 m/s, which 
noticeably exceeds the speed of the electrons (≅  105 

m/s) [24]. The results show that the streamer 
propagation velocity on an ice surface is higher than 
in air, as seen in the streak recordings on Figures 6 
and 7. 

1200

1600

2000

2400

40 50 60 70 80 90

 Air
   30 µS/cm

U
inc

 (kV)

V
st

r 
(k

m
/s

)

 
Figure 10: Streamer mean propagation velocity in 

air and on an ice surface, as a function of the inception 
voltage Uinc. 

 
The presence of an ‘insulator surface’ clearly 

interacts with the discharge process, making it 
different from the discharge observed in air gaps 
alone, and thus remarkably affects the dielectric 
strength [e.g. 19-22, 37, 38]. The major difference 
between a breakdown in a pure gas and one at or near 
a dielectric surface is the change in the ionization 
growth rate coefficients [21, 22]. This variation is 
attributed to the change in ionization coefficient 
and/or the transport parameters that are in turn 
affected by a wide number of other parameters [21]. 

In Figure 10, it can be observed that the streamer 
mean propagation velocity increases with an increase 
in inception voltage Uinc. This finding is in agreement 
with observations from Chiba et al. [39], who found 
that streamer propagation velocity is controlled by 
many factors, including the capacitance of inter-
electrode spacing, the shape of the electrodes, and the 
inductance of the circuit. In the present study, 
however, the presence of an ice layer between the 
electrodes modifies the spacing capacitance. 

Several factors may affect the speed of streamer 
propagation on an ice surface. The most direct 
explanation would be the electric field enhancement 
caused by permittivity [19, 30]. Since ionization rate 
is a function of the local electric field, any 
enhancement of the field at the tip of the streamer will 
increase the coefficient rate. 

There could also be other contributing factors, like 
the ones that add to or cancel the effect of 
permittivity, e.g. the charge accumulated on the ice 
surface. The presence of excess ions on the surface 

will increase the charge injected and the mean radius 
of the corona, both attributable to increased streamer 
discharges. Specific investigations have shown that 
the most important effect of excess ions on a surface is 
to provide ‘seed’ electrons for streamer propagation, 
following ion detachment in the field of advancing 
streamer tips [19, 30]. 

Another possible physical mechanism that could add 
to the effect of the accumulated surface charge is the 
release of electrons from the ice surface due to various 
mechanisms, including photo-ionization. The lowest 
energy required to remove an electron from a solid is 
called the work function (eφ). This energy can occur 
in various forms: thermal (phonons, kT), photons (hν), 
internal potential energy of the atoms and ions (eV*, 
eVi), and kinetic energy (½Mv2). From the range of 
atoms and molecules that may be found at the head of 
the streamer, NaCl and derived Na ions practically 
have the lowest ionization energy [25, 34, 35]. 
Avalanche growth and streamer propagation on an ice 
surface could therefore be controlled by increasing the 
ionization coefficient. Increased ice surface 
conductivity could also lead to a much faster streamer 
development. 

The propagation velocity, Vstr, is known to be a 
power function of the electric field [40-42]. It can 
therefore be expressed accurately in terms of the 
inception voltage Uinc (Figure 10), as follows: 

b
incstr UaV =                (5) 

where the constants a and b, depending on the 
discharge propagation support, are presented in Table 
3. 

This relationship makes it possible to predict the 
streamer propagation velocity on an ice surface or in 
air. It is valid under the experimental conditions 
tested, but could be extended to other conditions. 

 
Table 3: Parameters a and b for air and ice surface. 
 Air Ice surface (σ = 30 µS/cm) 
a (km.s-1) 164 0.067 
b 0.49 2.53 
 
4. Dynamic Modeling of Iced Insulator Flashover 

Characteristics 
 
Results of previous work in DC arc propagation on 

an ice surface [43] are in good agreement with 
experimental results obtained using a simplified 
physical model, as well as one using real insulators. 
To the best of our knowledge, this is the first time a 
dynamic model is proposed for predicting flashover 
processes on ice-covered insulators. However, it is 
agreed that any such model must be handled 
differently, whether it is used in DC or AC. Indeed, 
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comparative tests based on power supply units cast 
any doubt as to the fundamental role played by the 
zero passages of the current when tested under 
alternating voltages. A self-consistent dynamic model 
to determine AC arc characteristics, as well as the 
minimum flashover voltage on an ice surface, is 
presented below.  

 
4.1. General description of the modeling 
 
Figure 11 shows a simplified flowchart of the self-

consistent time-dependent mathematical model. 
The model takes into account the instantaneous 

changes of the arc parameters, the time lag to 
flashover, the arc propagation velocity, as well as the 
surface conductivity of the ice layer. 

The input data are the insulator geometry, ice layer 
characteristics and/or properties, applied voltage, and 
some initial values. The discharge time base is divided 
into steps dt, starting from t = 0. 

Under the estimated flashover voltage, which should 
be enough to sustain an arc beyond the first arc length, 
the arc development begins when the propagation 
criterion is met. The internal conditions (velocity, 
radius, electrical parameters, etc.), as well as the 
residual ice layer resistance, are calculated. Under AC, 
the applied voltage, Vap(t), is calculated at each time 
step. To calculate the flashover voltage (FOV), the 
same hypothesis as for static modeling [15, 44] is 
assumed, i.e. the flashover takes place during a short 
period of time around the peak value of applied 
voltage [45].  

At each time step dt, the critical conditions for 
continued propagation of the discharge are tested and, 
if they are satisfied, the discharge will continue to 
progress up to the final jump stage. Otherwise, the arc 
will extinguish and flashover will not take place. 
Then, a new step is considered by increasing the 
applied voltage. The simulation is restarted again with 
initialization of the input data. At the time the arc 
length x becomes equal to the insulator length Lf, 
flashover takes place. Under AC voltage, this moment 
happens at the peak value of the last quarter cycle 
(T/4, T being the period) [45] and so, velocity is 
adjusted to achieve a total flashover at this time. 

Before this moment, while the surface conductivity 
is less than its critical value, the length of arc is 
considered constant and the current variation is due to 
the surface conductivity change, as well as to the arc 
resistance. Then, under the calculated value of 
flashover voltage, the simulation is repeated to 
calculate the parameters in the last stage. During each 
iteration, arc resistance and length are initialized. 

 

 
Figure 11: General flow-chart of the modeling. 

 
4.2. Mathematical modeling 
One of the first quantitative analyses of arcs on 

contaminated surfaces was carried out by Obenaus in 
1958 [46]. So far, the most practical and useful 
models proposed by other authors have been based on 
the well-known design, where a polluted insulator is 
represented by a simple electrical equivalent circuit 
consisting of an arc in series with an electrical 
resistance. The air gaps on ice-covered insulators (or 
parts of the insulators free of ice) in series with the 
accumulated ice, and which have a relatively high 
surface conductivity, present situations similar to the 
dry bands in series with the wet part of insulators, in 
the case of polluted surfaces. Thus, a comparable 

 

Last quarter cycle for AC voltage 

Reading of the input data 

Arc parameter initialization 
xo and Ro (x and Rarc at t = 0) 

Test of propagation criterion 

Arc parameters computation 
Rarc(t), Iarc(t), r(t), v(t) and Rice (t) 

 x = x + v(t)dt 

Test for flashover Lf > x? 

no 

no 
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End 

yes 

yes 

yes 

yes 

Increase of V
m  
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model can be used [44].  
In the present study, the arc channel is assumed to 

be cylindrical with a radius r and length x, and is 
represented by a RLC electrical network (see Figure 
12). The model is self-consistent and time-dependant; 
its input data are applied voltage characteristics, ice-
covered insulator geometry, and characteristics. 

When the arc propagates, the potential wave and 
current initiated are described by: 

( ) ( ) ( ) ( )
dt

tdILtIRtVtV arc
arcarccap +=−      (6) 

and 

( ) ( ) )t(V
R
1

dt
tdVCtI c

ice

c
arc −=         (7) 

where Vc and Iarc are the potential across capacitance 
C and the current flowing through the arc channel, 
respectively. 

 

 
Figure 12: Modeling principle of the arc 

propagating on the ice-covered surface. 
 
The arc channel resistance, Rarc, is obtained from 

energy balance equations [23, 45]. In order to derive 
an expression of the relationship between the 
electrical conductivity of the channel and the electrical 
characteristics of the circuit, it is assumed that the 
discharge occurs in a time so short that radiation and 
heat loss by conduction are negligible. The arc 
channel resistance is calculated dynamically using the 
following equation [23, 45]: 

6.0tI
cxR

arc
arc=               (8) 

where x is the channel length and where the constant 
c depends on the voltage type. 

The arc channel root radius r (in cm), can be 
calculated according to Wilkins empirical model [47]: 

( ) ( )
π

=
k

tI
tr arc               (9) 

where k = 0.875 for AC voltage [15]. 
In order to determine the inductance of the discharge 

channel, we used a method similar to that proposed in 
[26] for discharge in air gaps, where the end effects 

are ignored and the inductance per unit length of the 
channel, Larc, is: 
















+
π

µ
=

r

Df
ln25.0

2
L o

arc        (10) 

where µo = 4π 10-7 and Df is the distance of the 
point away from the discharge axis, where the electric 
field is equal to zero. If Df is large enough for 
transient fields, the fractional error, which is of the 
order of 1/ln(Df/r), will be low. For these 
investigations, we set Df=100m, a typical value 
already proposed in reference [26]. 

The capacitance C(x, t) is calculated using a 
spherical approximation [41], which yields: 

( ) ( )
xL

r1rt,xC
f −+εΓ=          (11) 

where Γ represents the solid angle between the arc 
root and the opposite electrode, and where ε is the 
permittivity of air. 

Since ice is generally considered a non-conductive 
material [34], the resistance of this part is mainly due 
to a thin water layer at the ice surface. Such a water 
film results either from the increase in the ambient air 
temperature or from the thermal exchange between the 
ice surface and the stabilized arc. The resistance of 
such a uniform surface is calculated taking into 
account the insulator geometry and the constriction of 
current at the arc root (radius=r). The resistance of the 
insulator with a narrow ice band is given by [15, 43, 
48]: 

( )









π
+−π

πγ
=

r2

a
ln

a

xL1
R f

e
ice      (12) 

where γe represents the surface conductivity and a 
stands for the ice layer width which, in the case of a 
cylindrical configuration, is calculated as: 

( )iceD
2
1a ε+π=            (13) 

where D and εice are the insulator diameter and ice 
thickness respectively. 

In some previous investigations [4, 15], surface 
conductivity has been empirically determined as a 
function of freezing water conductivity, σw, at 20°C, 
as: 

( ) ( ) β+µασ=µγ cm/ss we         (14) 

where α = 0.0675 and β=2.45. 
Although many mechanisms have been suggested 

over the years to account for arc motion, mostly over 
contaminated surfaces, very little information is 
available on arc velocity. A review of some proposed 
models can be found in [48, 49]. A velocity model has 
been proposed for discharge in long air gaps [27], and 
used by Dhabi et al. [50] on polluted surfaces. On the 
other hand, Sundararajan et al. proposed a velocity 

B 

Arc 
Residual ice layer 

A B 

A 
R (x, t) L (x, t) Rice (x, t) 

C (x, t) Vap (t) 
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model based on the electron mobility concept [51]. 
Various simulations have, however, shown that the 
formulation proposed by Les Renardières group [27] 
is in good agreement with experimental data. These 
authors postulate that the propagation velocity is 
proportional to the discharge current [27]: 

L

arc

q

)t(I
)t(v =              (15) 

where qL can be considered practically constant. 

∫=
t

0

arcL )t(I
x

1
q              (16) 

During each iteration, after the calculation of the 
circuit parameters, if an appropriate criteria is met, the 
arc will expand to a new length (i.e. x = x + v(t)dt). To 
achieve the minimum critical flashover voltage, the 
Wilkins’ propagation criterion [47] was used: 

dParc/dx > 0               (17) 
where Parc represents the power supplied to the arc 

by the power source.  
 
4.3. Results and validations 
 
The mathematical dynamic model developed was 

validated using an insulator string of 5 IEEE standard 
units (see Fig. 13) covered with artificial ice.  

 

 
 
Figure 13: IEEE standard insulator unit. 
 
Up to date, no standard method for evaluating the 

withstand voltage of insulators under ice and snow 
conditions has been devised. The development of 
testing methods for evaluating HV insulator flashover 
voltage under icing conditions is still at an early stage. 
Recently, test methods for evaluating flashover 
voltage of ceramic and non-ceramic insulators under 
ice, snow, and cold-fog conditions were recommended 
[7]. Considering that each test nearly takes one full 
day, it was proposed that the maximum withstand 
voltage method was more practical for evaluating the 
performance of iced insulators. A detailed description 

of this method was presented in our previous studies 
[7, 9]. Maximum withstand voltage, VWS, is 
considered to be the maximum voltage at which 
flashover does not occur in at least three tests out of 
four. 

Artificial ice was deposited at -12°C on a short 
string of 5 IEEE insulator units, suspended vertically 
in the center of the climate room (Figure 14). 

 

 
Figure14: Climate room and facilities at the 

CIGELE laboratories. 
 
Super-cooled droplets having a mean diameter of 

80µm, were produced by five pneumatic nozzles at a 
wind velocity of 3.3m.s-1. Water with a mean 
conductivity of 80µS/cm, was used to feed the 
nozzles. The ice deposited under the above conditions 
was glaze with a density of 0.87g.cm-3. It should be 
noted that this kind of ice is the most severe type 
associated to the flashovers on ice-covered insulators 
[4, 7]. Ice thickness on the monitoring cylinder was 15 
mm. 

AC high voltage was supplied to the insulator string 
by a 240kVA, 120kV transformer with a 240kV 
regulator (Figure 15). The overall short-circuit current 
of the HV system is about 28A at the maximum 

146 mm 

284 mm 
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operating voltage of 120kV rms. The insulator leakage 
current and the voltage were measured using a 
LabVIEW® data acquisition system. 

Different arcing distances Lf, varied from 20 to 
100cm and a freezing water conductivity σ=80µS/cm 
was used in these experiments. The initial values of 
the arc resistance and length were set to 2000Ω/cm 
and 15% of total length respectively. In equation (8), c 
was set to 5.87 for the propagation of the arc on the 
short iced insulator surface. 

 

 
Figure 15:  Measuring circuit for AC breakdown test.  

 

Figures 16 and 17 show typical variations in leakage 
current for two cases of withstand and flashover. 

It may be seen that in the flashover case, leakage 
current increased up to several mA in a very short 
period and then suddenly increased. 

Figures 16b and 17b show the calculated leakage 
current using the mathematical model developed.  

The simulated and measured leakage current 
waveforms are similar except for the high-frequency 
noise on the measured currents. 

Figure 18 compares the measured and calculated 
maximum withstand voltages, VWS, of the 5-unit string 
of IEEE standard insulators covered with glaze. It may 
be seen that there is good concordance between the 
flashover values calculated from the model and the 
experimental results obtained in laboratory. The 
maximum errors are ~7%. 
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(b) 

Figure 16: Typical waveform of the leakage current 
for a withstand case (a): Measured (b): Simulated. 
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Figure 17: Typical waveform of the leakage current 
for a flashover case (a): Measured (b): Simulated. 
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Figure 18: Comparison between the VWS measured 

under AC and those computed from the model. 
 
5. Conclusions 
 
Experiments were carried out on an ice surface to 

investigate the mechanisms of corona streamer 
inception and propagation. Interpretation was helped 
by comparison with parallel experiments in an air gap, 
using identical electrodes. 

Based on elements derived from physical analysis 
and interpretation, some empirical equations for the 
corona streamer inception field and propagation 
velocity on an ice surface were proposed. The 
proposed empirical equations, taking in account 
freezing water conductivity, HV electrode radius, and 
inception voltage, could be useful to solve practical 
problems. However, further improvements should be 
made by taking into account the influence of inter-
electrode distance and surrounding air temperature. 

Furthermore, the feasibility of using a dynamic arc 
modeling of iced insulators to predict AC flashover 
has been presented. The proposed mathematical model 
is based on a simplified simulation of the successive 
phases of flashover development process on ice-
covered insulators. The flashover voltages calculated 
from the model were compared to those obtained 
experimentally on a 5-unit IEEE standard insulator 
string covered with ice. There was good agreement 
between the measured and calculated values of 
maximum withstand flashover voltage. 
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