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ABSTRACT

The aim of this paper is to elaborate a model describing the different phases of
flashover of high voltage insulators with continuous or discontinuous pollution deposits,
in AC or DC. This model uses an equivalent electrical circuit. It consists of three sub-
algorithms: (1) The first one is a preliminary algorithm enabling the quantification of
the electrical equivalent circuit parameters based on analytical and semi-analytical
formulations; (2) the second one is relative to the steady state of discharge (static sub-
model), at the beginning of flashover; and (3) the third one describes the unstable mode
(dynamic sub-model). The whole algorithm describes the evolution of the discharge up
to flashover. It enables to determine the different parameters characterizing the
discharge such as the current, length, radius, propagation velocity, linear resistance
and temperature. The simulated values are found in a good agreement with the
experimental ones.

Index Terms — flashover; polluted insulators; stable regime; static model; critical
conditions; unstable regime; dynamic model

1 INTRODUCTION

hence the appearance of an electrolyte; the conductance of

FLASHOVER of high voltage polluted insulators is one of
the main causes of disruption in power systems. It generally
results of the development and intensification of a leakage
current generated within a pollution layer deposited at the
insulators surface. The distribution of this pollution layer
depends on many parameters such as weather conditions,
electric field, insulators catching position and insulators
material [1-6]. Its severity mainly depends on the nature and
source of pollutant deposits (natural, industrial or mixed) and
their conductivities [7] as well as the precipitation intensity.
The classification of the different types of pollution and their
severities can be found in IEC and IEEE standards [8-12].

Even if the process leading to the initiation of the leakage
current and its intensification up to insulator flashover is well
known, we recall here the main features to better situate our
work. Indeed, the humidification of pollution layer results in
the dissolution of salts contained in the pollution deposit and
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which leads to a reduction of the resistance of electrical
system and establishing a leakage current. This latter will heat
the pollution layer resulting in the evaporation of humidity
from the pollution layer leading to the drying of some areas
and gradually to the appearance of dry bands. From that
moment, the current will drop at very low values and the
resistance of the pollution layer becomes important; it takes
high values. These dry bands modify the electrical potential
distribution on the insulator and most electric field lines will
concentrate in these bands [13]. If these local electrical fields
are sufficiently high, electrical discharges occur bridging these
dry bands. And depending on the experimental conditions,
these partial discharges can either grow and cover the totality
of insulator (flashover) or turn off after a time.

In DC voltage, the discharge will lengthen until covering
the whole of the insulator, if the electrical conditions permit.
Otherwise, the dry band will extend until the voltage will be
no able to sustaining the discharge which will shut down. In
AC voltage, the current wave passage by zero constitutes a
particular problem. Thus, when the propagation velocity is
relatively low, the passage of the current by zero occurs before
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the total flashover leads to the discharge extinction. If the
discharge reigniting condition is satisfied [14, 15], the
discharge will be reformed again.

The discharge evolution consists of two steps. The first one
is that of stable state corresponding to the beginning of
flashover. During this step, the discharge maintaining depends
upon the applied voltage. Once the critical conditions are
satisfied [1], the discharge becomes unstable (unstable
regime); this is the final jump during which the discharge will
cover the entire length of insulator.

This paper deals with modeling of discharge propagating on
polluted insulator surface up to flashover using an equivalent
electrical circuit. A preliminary algorithm is first used to
determine the electrical components of this circuit enabling to
build a static model describing the stable state using a static
algorithm. Then, a dynamic algorithm is proposed to describe
the discharge when it enters in unstable mode resulting in
flashover after some critical conditions are satisfied. This
model enables to determine the main characteristic parameters
of discharge such as the current, length, radius, propagation
velocity, linear resistance and temperature. The linear
resistance is determined by using an analytical equation we
will establish in this work instead that one met in literature
which uses empirical and semi empirical equations. A
comparison of the computed results with the experimental
ones is achieved.

2 DETERMINATION OF EQUIVALENT
CIRCUIT PARAMETERS

The used equivalent electrical circuit is inspired by the one
proposed by Obenaus [16]. It consists of a cylindrical
discharge of axial length Xy and resistance Ry, in series with
the non-crossed width of pollution layer represented by a
resistance R, in parallel with a capacitance C, (Figure 1); the
leakage length (electrode gap) being L.

The model consists of three parts. The first one is a
preliminary algorithm enabling to determine the parameters of
the equivalent electrical circuit. This algorithm uses the
experimental values of the discharge current, applied voltage
and phase angle between those last two for different discharge
lengths. The values of the discharge resistance, and the
resistance and capacitance of pollution layer are determined
for different discharge lengths, using analytical and semi-
analytical formulations. Note that when the flashover occurs,
the equivalent impedance of pollution layer will be equal to
zero. Using the values of parameters so calculated and an
interpolation with Matlab software, we establish two
equations: the first one for the resistance of pollution layer and
the second one for its capacitance. The total leakage length is
divided into different intervals for discharge lengths. We
choose the most appropriate formulation for each interval
between polynomial in different degrees, Gaussian,
logarithmic, rational or power formulations. The discharge
resistance is calculated from the discharge current value.

The voltage drop at the electrodes is ignored as showed by
Rizk [17] and Rizk et al [18] in the calculations of critical
conditions.
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Figure 1. Model of discharge in series with the non-crossed width of pollution
layer according to (a) Obenaus and (b) its corresponding electrical circuit.

Thus, the equivalent electric circuit impedance Z, is:

U
Zeq =T (1)

d

where U is the applied voltage and /; the discharge current.
—— 2)
P

or

_ Rp*Cpw
Zeq = [Rd 1+wzc 2R,? ] ][ 1+w2cp2R,,2]' ©)

This equation can be written in the following form

Zeq =Zp +qu (4)
with
— Rp
Zp =R, + m (5)
and
_ Rp%Cpw
24 = " Trurc, g ©

where Z,, and Z, are respectively the real and imaginary parts
of the equivalent impedance of the whole circuit. These values
are determined from the module of the equivalent impedance
and the phase angle between the applied voltage and the
discharge current.

By dividing equation (6) by equation (5), it yields

Z
RyCpw = Rd_qu (7
which gives
Z
Cp=——"12 8
pr (Ra—2p) ®)
and by substituting eq. (8) into eq. (5), one gets
R
Zy—Rq = #~ €
1+ 5
(Ra-2p)
This gives
(Rd—Zp)2+Zq2
R, = =t (10)

The discharge resistance R; can be determined from the
discharge current and length X; by equation (11) [19]
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AX
=4 (11)

with A and n the flashover constants.

Rdz

Iq

Generally, the radius of discharge channel is assumed to be
constant and the discharge resistance is computed using
Mayer’s equation [20]. While in practice, it increases with the
current. In our modeling, this radius is considered to be
variable. Figure 2 gives the flowchart describing the different
steps of computation.

Initialize the discharge length and current, applied
voltage, current-voltage phase angle.

v v v

Discharge Applied Phase angle
current voltage current - voltage
Discharge Module of the equivalent
resistance impedance
+ A 4

Real and imaginary parts of the
equivalent impedance
v v

Resistance of the pollution layer

v

Capacity of the pollution layer

Figure 2. Chart of the equivalent electrical circuit parameters identification
algorithm.

3 STATIC MODEL FOR STABLE MODE

The stable mode is the first phase of flashover. During this
step, each increasing in the voltage leads to an increase in the
discharge length. The different equations used in this static
mode to determine the different parameters of discharge are
described in the following.

In AC, the discharge reigniting condition gives [14] [15]

kX, = UI" (12)

where k is the discharge reinitiating constant and by
substituting equation (12) in equation (1), it yields

U = 22y (42

(13)

or,

1
U= (kXqZog" )™ (14)

The equivalent impedance Z., depends on the discharge

length (previous algorithm). So we can determine the different
values that this last takes for a given voltage value.

In DC, there is no capacitive effect. Thus, the voltage across

the system will be
U= (Rq+Rply (15)

R, and R4 being respectively

(L-Xq)

R, = ppT (16)
and
Xa
Ry = Pdg (17)

where p, and py are the resistivities of pollution layer and
discharge channel, respectively. Thus the linear resistance of
pollution layer r,, and discharge channel 14 will be, respectively

Pp

=3 (18)
and
T, = ’S’—Z . (19)

According to the impedance criterion established by Dhahbi
et al [21], the critical case of discharge propagation is

Pp _ Pd
5 = Sa (20)
or
T, =14 21
And from equations (16), (17) and (20), it yields
R R
—F_ =4 (22)

(L-X) X4

By substituting equation (22) into equation (15), one can write

U=2Lr,, 23)
Xa

and by using equation (11), the voltage at the discharge will be

AXg

Ud = RdId = Id_n . (24)

After arrangement of equation (22) and equation (24), it
comes

Xd _ AXgq
Ry ((L_Xd)) T (25)
that gives
n+1 _ AL—Xg)
Iy =& (26)
So, the current I will be
1
1 _ Py
I, = An (M) 1 Q27)
Rp

and by substituting /; in equation (23) and by using equations
(22) and (27) we will have

1

_ L L ((L—xg)\n+1
U= o (5 2)" @9
That is to say,
n
_ 1 Rp \n+1
U = LA+ (—(L_Xd)) . (29)

By using the first algorithm, one determines the resistance of
pollution layer versus the discharge length. This later is
determined by equation (29), for different voltage values.

To compute the discharge radius, one uses the following
relationship [22]:
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Ag = la . (30)

1.45m

To compute the discharge temperature, one assumes that the
total energy is dissipated by thermal conduction within the
discharge channel [23]. Thus, according to Fourier's law, one
can write the relationship giving this energy P per unit length:

€2))

where Ey, I, O, Aip, Aiso, U, and T, are respectively the
voltage gradient in the discharge, the discharge current, heat
quantity, thermal conductivity, isothermal surface element in
the discharge, the normal direction of the temperature gradient
in the discharge and the axial temperature required for thermal
ionization.

P=Eyl, === 1,4

iso 61.1.

By assuming (1) the isothermal surfaces of the discharge
channel to be hemispherical and the temperature propagation
equation to be uni-dimensional and (2) the discharge is in a
local thermodynamic equilibrium (i.e.; there is no temperature
or pressure gradient between the different parts of the system
and there is no variation of the chemical composition), the
energy balance will be [23]:

P = Edld = T[/‘{Cth' (32)
According to Ohm's law
1
Eq = pala = =% (33)

0dSd

where gy, Sz, pg and J; are respectively the discharge
conductivity, section, resistivity and current density.

By combining equations (19), (32) and (33) one can write:

_ rald?
Tl'lth

d (34)
where the linear resistance of the discharge, ry,, is given by
equation (24):

A

T - (35)

Td:Id

Thus, by substituting equations (35) in (34), it comes:
p—— (36)

Hlthldn_l

Generally, to characterize the dynamic evolution of the
discharge linear resistance, many authors use Mayer’s
equation [20] that is,

ldrg _1 (1 _ ﬁ)
rq dt T Py /°
This equation is not valid in the static case. It also assumes

that the discharge radius is constant what is in contradiction
with the equation (30) that corresponds to the reality.

(37

On the other hand, from equation (3), one can write the
modulus of equivalent impedance of the system

2 2 2
R Rp“Crw
Zogl = ||R e IR e I
[Zeq at 1+02Cy7Ry? 1+w2Cy7Ry?

By substituting equations (1) and (38) in equation (34), and
knowing that the discharge linear resistance, ry, is equal to

(3%
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discharge resistance, Ry, divided by discharge length, X4, we
get

RqU?
=—4 (39)
”Atth|Zeq|
or
[Ra + %] R0 — _rar” (40)
d a a AR TaXq
with
a=1+w?C,°Ry”>. (41)

Finally, we will have a quadratic equation (polynomial) where
the unknown is the discharge resistance Ry

2 Rp Ry*Cpw?+Ry® _
Re? + (28— o Ry + B2 = 0 (“2)
and the discriminant A of this equation is
_ Rp U2 2 Rp4‘Cp2w2+Rp2
A= [2 @ nldeXd] —4 [ a2 ] (43)
Thus, the two solutions of equation (42) are
1 2 Rp*Cp?w?+Ry?
Rdl - |:|:7TltthXd ] \/[2 ﬂltthXd] —4 [ a? ]
(44)

and

2 2 2
Rp [2 ] —4 [Rp‘"Cp W2+Ry, ]
nltthXd a? ’

Ry = 2 |[—L——
az =3 [mlthrdxd

(45)
When the flashover occurs, we will have
Xq=L U=U, R,=0
U, being the flashover voltage.
In these conditions
Ry;; =0Q/m (46)
and
2
Ry, = # : (48)
Thus, the corresponding linear resistances will be
141 = 0Q/m (49)
and
vz
Tgp = m . (50)

In the first case (r4; = 0), the current and temperature will be
infinite which is not realistic. By using the second solution r,;,
(r42 £ 0), and by substituting it in equation (39), one can write

2

Td =

(1

TL'Z.tthLZ '
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Knowing that R; = ryL and I; = %, it yields
d

— ralg?

d Tl'lth ’

(52)
This relationship is consistent with equation (34) we
established above. In consequence, we keep Ry, as the solution

of equation (42). Thus the linear resistance of discharge we
use in the following, will be rg = 1y,

1 u? R R vz 71?2 Rp*Cp2w?+Ry?
o=l 280 [l ) | s

In DC, this equation will be reduced to

(54)

_ 1 u? Uz 2 2
Ta = 2%, |:[nltthXd - ZRT’] + \][ZRP - mlthrdxd] — 4Ry

This relationship is an analytical one contrary to the
relationship met in literature which uses empirical and semi
empirical equations. Figure 3 depicts the flow chart of this
static mode.

A 4

Applied voltage
v

Discharge length

¥

Pollution resistance and capacity.
discharge resistance

v

Discharge current || Discharge radius
Increasing +
applied Discharge temperature
voltage

3 4

Discharge linear resistance

Critical
conditions

Unstable mode

Figure 3. Chart of static model.

4 DYNAMIC MODEL FOR THE UNSTABLE
MODE

Once the flashover critical conditions are reached, the
discharge enters in the unstable mode resulting in the final
jump and the overlap of the entire leakage length. This mode
is described by a dynamic model. The initial values of this
dynamics are the final values of the static model which
describes the previous phase of flashover. For this dynamics
model, the used propagation criterion is that one proposed by
Dhahbi et al [21].
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To compute the discharge propagation velocity, one uses
Beroual’s formula [24]

3 [2BP,(t)

va(t) = orag (55)
where B is the fraction of the whole electrical energy (power
P)) injected into the system and dedicated for the displacement
of discharge; it ranges 0.05 to 0.10; p is the density and a, is

the discharge radius.

Concerning the discharge length, it is computed at each step
dt by iteration using the dynamic model algorithm. Thus, at
each iteration, the new discharge length X;;.1) = X4¢;)will be
the sum of the former length X,, and the product of the
velocity vy (t).dt

Xag+1) = Xaw + va®dt (56)

where i is the iteration number.

Figure 4 gives the flow chart of the dynamic model.

‘ Steady state |

v
_»| Applied voltage and system
impedance parameters I
radius
v

Increasing | Discharge temperature |
applied voltage

r 3 +
|

Discharge linear resistance ‘

No
t=t+dt
Yes
‘ Discharge velocity ‘
v
‘ Discharge length ‘
No
Yes
| Flashover ‘

Figure 4. Chart of dynamic model.

5 EXPERIMENT AND VALIDATION OF
MODELS

To validate our modelling, we compare the experimental
values of the discharge length versus the voltage under AC
with those computed using equation (14) for the characteristic
applied voltage — discharge length and equation (1) for
discharge current.

The experiments are carried out in the high voltage
laboratory of the Ecole Nationale Polytechnique of Algiers,
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Algeria. The experimental setup consists of a test transformer
(500 V/300 kV, 50 kVA, 50 Hz), camera SONY DCR-SR for
visualization of the flashover evolution and numerical
oscilloscope connected to computer for recording the voltage
and the leakage current.

The insulator model is a glass plate (500x500x5 mm)
covered with a humidified sand. The electrodes consists of
two aluminum foil bands (500x3x0.003 mm); one is
connected to the tests transformer and the other to the ground.
The total leakage length (distance between both electrodes) is
of 292 mm. Figure 5 gives an overview of the experimental
device.

H. W, Transformer

I i Insulating I-:" 1
. surface »

-J- I i-]_ . Resistor

Computer

Oscilloscope
Figure 5. General view of experimental device.

The used pollution layers consist of sand originate from two
algerian Sahara desert regions. The first one is from Bechar
situated in the South West of Algeria, the surface conductivity
of which is 30 nS for a NSDD of 0.0308 g/cm” and the second
one from Boussaada which is in the South East of Algeria, the
surface conductivity of which is 23 nS for a NSDD of 0.0205
g/cm’. The sand layers are moistened with a spray of 15 ml of
distilled water.

Figures 6 and 7 present the experimental characteristics of
the applied voltage and the current versus the discharge
length, as well as the simulated results obtained by our model,
respectively for both types of sands. The simulations are
achieved using Matlab 2015a software. One observes a good
accordance between the experimental and simulated results.
Thus, one can consider that our model works well. It will be
used in the folowing to compute the other characteristic
parameters of discharge up to flashover.

6 SIMULATIONS AND RESULTS

6.1 DISCHARGE LENGTH

During the stable mode, the voltage is gradually increased
from 10 to 90 kV for insulator covered with Boussaada sand
and from 10 to 98 kV for insulator covered by Bechar sand. It
is observed that the discharge extends progressively to reach
the critical length that is 12.3 cm corresponding to 90 kV for
Boussaada Sand and 15.9 cm corresponding to 98 kV for
Bechar sand (Figure 8). The difference in the critical values of
discharge length and applied voltage between both cases is
due to the differences in the sand characteristics (i.e.; chemical
composition). The electrolyte with constituents of Bechar sand
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Figure 6. Applied voltage (a) and current (b) verses discharge length for
Bechar sand. Experimental results in red and simultaed results in blue.

has higher conductivity than the other one. When the critical
conditions are satisfied, the discharge will enter in the unstable
mode and will have a dynamic evolution up to cover the whole
leakage length (Figure 9).

6.2 DISCHARGE CURRENT

Figure 10 shows the evolution of the current versus the
discharge length. One observes that the current gradually
increases for both types of pollution in the first 2/3 of the total
leakage length L; and in the last third of L which corresponds
to the unstable mode described by the dynamic model, the
current sharply increases up to flashover. When the discharge
propagates, the pollution impedance decreases as well as the
discharge resistance. Over the half of total leakage length, the
current with Bechar sand is higher than that with Boussaada
sand. The current behavior depends on applied voltage as well
as pollution layer conductivity. Thus, the difference in these
influencing parameters for the two cases (Bechar sand and
Bousaada) leads to different evolutions for discharge current
during flashover.

6.3 DISCHARGE RADIUS

The discharge radius depends on the discharge current (see
equation (30)). It increases progressively in the first 2/3 of the
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total leakage length while it sharply increases in the last third
of L, for both types of sand (Figure 11). However, it is larger
with Bechar sand.

Applied voltage (V)

Discharge current (A)

Discharge length (cm)

(b)
Figure 7. Voltage (a) and current (b) verses discharge length for Boussaada
sand. Experimental results in red and simultaed results in blue.

Applied voltage (V)

Discharge length (cm)

Figure 8. Applied voltage verses discharge length during the stable mode;
Bechar sand (red) and Bousaada sand (blue).
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Figure 9. Temporal evolution of the discharge length during the unstable
mode; Bechar sand (red) and Bousaada sand (blue).
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Figure 10. Discharge current verses discharge length; Bechar sand (red) and
Bousaada sand (blue).
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Figure 11. Discharge radius verses discharge length; Bechar sand (blue) and
in Bousaada sand (red).

6.4 DISCHARGE TEMPERATURE

The increase of discharge current leads to an increase of
temperature within the discharge channel and in its vicinity
(Figure 12). The computed temperature are in the same range
as those reported in literature [25-27].

6.5 DISCHARGE LINEAR RESISTANCE

When the discharge starts propagating, its linear resistance
rq sharply decreases as it is observed (Figure 13); with Bechar
sand, r, loses 95% of its value when the discharge length
passes from 2 to 10 cm. Then, it gradually decreases up to
flashover. This decrease obeyes to Dhahbi et al propagation
criterion [22] and Fridman et al equation [28].
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Figure 12. Discharge temperature verses discharge length; Bechar sand (red)
and in Bousaada sand (blue).
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Figure 13. Discharge linear resistance verses discharge length; Bechar sand
(red) and Bousaada sand (blue).

6.6 DISCHARGE PROPAGATION VELOCITY

Figure 14 gives the evolution of the discharge propagation
velocity versus the discharge length. We observe that during
the stable regime (before 12.3 cm for Bousaada case, and
before 15.9 cm for Bechar case), the discharge is in a static
mode. After then, the discharge enters in unstable regime (i.e.;
dynamic evolution) and its velocity very sharply increases
reaching some hundreds of my/s.
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Figure 14. Discharge propagation velocity verses discharge length; Bechar
sand (red) and in Bousaada sand (blue).

7 CONCLUSIONS

The developed model constitutes a helpful tool for
characterizing the different phases of discharge propagating
over polluted insulator under AC and DC, up to flashover. It is
based on an equivalent electrical circuit and analytical and
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semi-analytical formulations. It enables to compute the main
characteristic parameters of discharge and their evolution
depending on the experimental conditions.

An analytical relationship enabling to determine the
discharge linear resistance versus the discharge temperature,
applied voltage, discharge length and pollution parameters,
was established. While the relationship reported in literature
and used till today has been established basing on empirical
and semi empirical formulations.

It is showed that the type of pollution layer influences the
electrical current and hence the evolution of the radius, linear
resistance and temperature of discharge channel.
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