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Abstract

It is being increasingly recognized that the mechanism of failure in power cables is of thermal in nature. Several authors
since Whitehead and O’Dwyer had worked on this topic, however considering recent advances, this paper presents a brief
review of mechanisms of breakdown in power cables, both under steady state and transient conditions while mainly
focusing on the thermal mechanism. This helps both in formation of concrete theory for the phenomenon that is statistical
in nature and also predict the breakdown in insulation with just its material properties.
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1. Introduction

THE failure of HVDC cable insulation (especially polymeric
insulation) can be traced down to electro-thermal instability.
The electric field distribution inside the insulation matrix is
dependent on its conductivity, which in turn is a strong non-
linear function of electric field and temperature at that point.
The temperature rise in the insulation is primarily due to the
Ohmic losses in the conductor and the leakage current in the
insulation, the latter which is compoundingly dependent on
field and temperature. Thermal instability occurs primarily
due to this non-linearity.

Electrical conduction and breakdown in dielectrics has
been a subject of discussion for a long time. The earliest
works in this area were of Semenoff, Frohlich, Von Hippel et
al [1-4] who had investigated conduction in dielectrics under
low and high fields by considering the effects of electrodes,
their material and surface characteristics. Based on these
studies, the processes leading to purely electrical breakdown
were proposed by Whitehead, Austen, Pelzer, Inge and
Walther [5-8]. These works focused on dielectrics with a
predefined molecular structure.

Later on, Whitehead and O’Dwyer [9, 10] realized the
importance of mechanisms of conduction and its connection
to thermal effects in breakdown. They have proposed the
models for computing approximate breakdown fields in
commercial polymers for planar and cylindrical geometries
under fixed and ambient boundary temperatures.

Since then, several experimental observations indicated
the exponential dependence of conductivity on electric field
and temperature, yet obtaining a closed form function for
conductivity that is applicable to all dielectrics, at all fields
and temperatures was found to be difficult and often
untenable. Several models were proposed by different authors
[11-15], however they were limited to certain class of
dielectrics, and field and temperature ranges.

For a long time thereafter, the research was only confined
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to material experiments and it wasn’t until early 1970’s with
the advent of high voltage power cable transmission that the
interest on this topic was revived. Experiments had shown a
reduction in DC breakdown strength of polyethylene and oil
impregnated cables with increase in ambient and conductor
temperature difference [16].

The works of Whitehead, O’Dwyer [9, 10] and Fallou[17]
have neglected the electric stress dependence of conductivity,
perhaps for the sake of simplicity. The temperature
dependence they used were also different from Boltzmann
dependence. Later on, Eoll [18, 19] and Jeroense [20] realized
the significance of electric field dependence and have
proposed analytical expressions for electric stress with
reasonable accuracy, with certain approximations in the
conductivity equation. However, a proper closed form
mathematical model for electric stress distribution,
temperature and breakdown fields that is valid for all
conditions was first proposed by the author [21]. A
connection between breakdown and thermal instability was
established, and the mechanism of thermal failure was
codified.

The thermal instability in dielectrics involves two
components, intrinsic (internal) and interactive instability.
The interactive instability is dependent on external thermal
resistance, whereas intrinsic instability is solely due to the
nonlinear conductivity of the material.

The concept of intrinsic instability (specific to DC cables)
was first postulated by Eoll [18, 19]. While Fallou [17] and
Jeroense [20] have also worked on certain aspects of thermal
breakdown, the concept of intrinsic thermal breakdown was
not recognized by them, either due to inadequate
incorporation of leakage current losses or due to electric field
dependence on conductivity being ignored. It was the author
who dealt with this elaborately in his subsequent work [22]
and developed the concept of intrinsic thermal maximum
voltage (IMTV). Based on this, the maximum power handling
capacity of a HVDC cable was formulated for the first time
[23].

From these results, several models, both mathematical and
numerical, for electric field, space charge, temperature
distribution and breakdown in sundry dielectrics and
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dielectric configurations [24-27] including composite
dielectrics such as cable joints [28] came into picture.

Existing literature is scarcer when it comes to the transient
thermal behavior of HVDC cables. While some finite element
models (FEM) are reported [29-32] they are however wrought
with limitations such as neglecting leakage current losses in
insulation or not considering nonlinear conductivity or not
considering electric field dependence etc., that are shown to
cause convergence difficulties in their models near
breakdown. The same is the case with circuit models [33-35],
where thermal capacitances are not considered, or leakage
current losses were lumped or neglected altogether. It wasn’t
until the author [36], a circuit model that can simulate
complete thermal and electrical behavior of the cable under
transient conditions, including thermal runaway, was
proposed.

This review paper will briefly introduce conductivity
models before beginning from Whitehead and O’Dwyer’s
thermal breakdown models in plane parallel geometry (steady
state) and then expounds on thermal breakdown in DC cables
(steady state). The circuit model for dc cable which simulates
complete transient behavior of DC cable is also explored.

2. Models for Electrical Conductivity

As mentioned in the previous section, a theoretical model for
the conductivity that is applicable to all kinds of solid
dielectrics for all fields and temperature ranges is not yet
available. There are only semi-empirical models that are
applicable for limited dielectrics and field and temperature
ranges.

The first model was proposed by Austen and Whitehead
[5, 6, 9] which is of the following form.
)

-b eaE/ZkT_e—aE/ZkT
= T —_—
o Ae ( 2(1_e—aE/2kT) )

This above equation can be compacted to Blythe’s form

[12]
. aE
sinh (m)
(1 — e~aE/2kT)

—b
og=AeT

)

The disadvantage of this model is that, the stress related
enhancement in the conductivity is only marginal.

Later, two different models were proposed for polymeric
materials, one by Boggs [13, 14] and another by Klein [15].
The Boggs’ equation is shown below.

-b sinh(BlEl))
og=AeT |———= 3
< IE] 3
Klein’s equation is shown below.
-b
o = AeT e®El 4

Boggs’ equation is slightly more accurate; however, it
often runs into convergence problems when used in numerical
models and the fact remains that A’ does not represent
conductivity. Hence Klein’s equation is more commonly
used.
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3. Maximum Thermal Voltage of a Dielectric Thick
Slab — Steady State

The geometry of a general dielectric thick slab is shown in the
Fig. 1. In a plane-parallel geometry whose boundary planes are
perfectly conducting, the heat source is only due to the leakage
current flowing through the insulation. In other words, the heat is
uniformly distributed along x-y plane. The voltages are also
uniformly distributed along x-y plane. Hence this simplifies to
one-dimensional problem.

The backbone of any field problem is continuity equation.
Under steady state, the net charge accumulation in an
infinitesimal volume is zero, which yields the current continuity
equation.

V.J] = 0=] = constant (5)
Fig. 1. Infinite dielectric thick slab
In one dimension, it reduces to,

_, %@ 6
] =0 dZ ( )

Similarly, there is no net heat accumulation inside the
material under steady state, which gives thermal continuity
equation.

(Heat flow) + (Heat generated by source) = 0  (7)

~V.q + (J.E) = 0= k,V2T + (J.LE) =0 )
In one dimension, it reduces to,

PRy ©
0z dz

Here ] is the current density, Q heat flow and @ potential
distribution. Equations (6) and (9) are solved simultaneously
with their corresponding boundary conditions to obtain field (E)
and temperature (T) distributions.

Now the thick slab dielectric can have three different
types of boundary conditions.
o Constant temperature (Dirichlet) boundaries
e Thermally sealed (one-end) boundary.
e External heat injection.

The first two conditions are already discussed in [9, 10]
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by Whitehead and O’Dwyer, and will be briefly touched
upon. The third condition however is more practically
relevant, since heat is injected into dielectric due to ohmic
losses from current carrying conductors.

A. Constant temperature boundaries (Whitehead and
O’Dwyer)

As shown in the Fig. 2, in constant boundary temperature
conditions, heat flows in both directions, normal to the
notional mid-plane. Hence it is reasonable to assume that the
hotspot occurs at midpoint.

The potential at the mid plane is VV /2. This leads to a boundary
condition.

dT(2) _dT(2) 1
i dz lo=or = ki dz |Z=Zl_ - 2V] (10)
A
: Ambient
11tettt
RiIAIAIE
1
Mid-plane i ........................................ T,
1
- —————
0 : Ta X

Ambient
[ ] Insulating Material

7=2;, Electrode 1, at potential V'
z=0, Electrode 2, Grounded

z=2,/2, Mid-plane, is the hottest plane

Fig. 2. Heat flow pattern when both boundaries are exposed.

Solving equations (6), (9) and (10) and integrating until

critical ~ temperature(T,) yields maximum thermal
voltage(Vp,1).
Te 8k;
VZ, = f dT (11)
r O

B. Thermally sealed boundary (Whitehead and O ’Dwyer)

As shown in the Fig. 3, if one end of dielectric is thermally
sealed, the heat flow is restricted to single direction. The
hotspot will be at sealed boundary.

Hence the boundary conditions change to:
dT (2)

kl dZ |Z=()+ = V] (12)
And
dT(2)

i dz b:z; =0 (13)

Again solving equations (6), (9), (12) and (13), and
integrating until critical temperature(T,) in the similar
manner, yields maximum thermal voltage(V,,,).
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(14)

We can immediately observe that the maximum thermal
voltage is exactly halved when compared to previous case,
provided all other parameters remain the same.

Ambient

1

z =2, , Electrode 1, at potential }
z=0, Electrode 2, Grounded

zZ =2z, is the hottest plane
Fig. 3. Heat flow pattern when one boundary is sealed.

Insulating Material

C. External Heat Injection (Author’s Emendation)

Practical cables rarely follow Dirichlet temperatures. Heat is
always injected externally into the insulation due to ohmic
losses of the conductor. Such case is diametrically different
from previois two.

. External Heat Injection

2 T,
-—- —————
T, x

Ambient
[ ] Insulating Material

7=2;, Electrode 1, at potential V'
z=0, Electrode 2, Grounded

z=2z,, is the hottest plane
Fig. 4. Heat flow pattern with external heat injection.

The temperature is maximum at the point of injection. If
Q is the heat injected per unit surface area, then the boundary
conditions would be:

dT (z)
dz

ki =0 (15)

|Z=zf

and
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dT (z)
ki dz

l—g+ = Q@+ V] (16)

Proceeding as in previous sections, and integrating until
critical ~ temperature (T,)  yields maximum thermal
voltage (V,,3), which is more generalized expression, that
also includes boundary heat injection. This will be discussed
in further detail in subsequent sections.

TC .
V2, = J' 2k;
7, O

4. Electric Field and Maximum Thermal Voltage of a
DC Cable — Steady State

711
dT—ZQf —dz (17)
0 o

A power cable conforms to the cylindrical geometry as shown
in Fig. 5. Unlike thick slab case, the conductor is always at
the higher potential than sheath, unless otherwise mentioned.
Hence, the heat flow pattern is always from conductor to
sheath

Fig. 5. 3D view and cross section of cable.

If I, is the load current, [ is the leakage current per unit
length and R, is the conductor resistance per unit length, then
the thermal boundary conditions are obtained by invoking
Fourier laws at boundaries.

dT(r)

2nr1ki7|r=r1+ = _IERC (18)
And
dT(r) .
21Tr2kl- 7|r=r{ = _IL RC —-VI (19)

And of course, the Dirichlet boundary condition at the
soil.
T(r) =T, (20)

The thermal continuity equation for cable is obtained in
cylindrical coordinates as

1d dT(r) do(r)\*
;a(”‘iT)“’( ar ) =0

And similarly, the current continuity equation becomes

(21

do(r)
dr

I =2nro

(22)
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Solving as in previous sections until critical
temperature(T,) yields maximum thermal voltage(V;,.)

Te 2k, I2R. (™ 1
V,,2w=f Lar — 2 Cf — dr (23)
T, O T J., 1o
I2R. (2 1
2 _y2 _ L C —
= Vi = Vi — = f = dr (24)

We can observe the similarity between the expressions of
maximum thermal voltage for thick slab with external heat
and cable with load current. For a given voltage, instability or
failure would occur when load current is increased beyond
certain limits. Hence thermal instability in DC cables is
decided by both voltages and load currents.

If R; is the bulk resistance per unit length of the cable, then
equation (24) can be compacted to
Vie = Vina — 2ILRcRyc (25)

Here R, is the bulk resistance when temperature reaches
its critical value

"2 dr
Ric =J; 2nro (26)
1
Equation (25) can be rewritten as
IfRcR;.
Vmc e sz 1- V2 (27)
m2

Or, the estimated reduction in maximum thermal voltage due
to load effect is given by:

(28)

The computation of maximum thermal voltage becomes
complex when we consider the non-linearity of conductivity.
Eoll [18] has approximated the stress dependent portion of
conductivity equation to obtain the expression of electric field
distribution for an oil impregnated paper cable, both with and
without insulation power losses.

A. Eoll’s method:
Eoll has considered a slightly different model of resistivity
from Klein as shown below.

—aT ,—kE

p=poe e (29)

Where, a and k are empirically determined constants. Also
assume that

Er)\ ©
—KE(r) ~ [ —Z
e < A ) (30)
Where Ejis defined by
o3}
E (31)

* el -n)

Here c is chosen so that the approximation is as accurate
as possible when E|, takes such a value. One estimate for c is
given by
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ko

-1

c= (31)

r

Without considering power losses in insulation, the
electric stress is given by

Ipo 0 VA
— —aT T2 —KE(r
s -] ()
And the breakdown voltage is simply obtained by
T2
Ve = f E(r)dr (34)
61
Where
_ 4 35
T 2mk, (%)

L

And W, are conductor losses per unit length. Eoll’s results
will be discussed in more detail in subsequent sections.

B. Author’s method:
Unlike Eoll’s method, the author uses mean value theorem to
obtain the closed form expression for maximum thermal
voltage with non-linear conductivity.

Let the conductivity be defined as product of arbitrary
functions of field and temperature.

o = 0of (T)g(E) (36)
Now from equation (14) and (36) we have,
Tc 2k
2 = f __N_gr (37)
e 1, 9of (Mg(E)
If d is the insulation thickness and E, = %, then from
mean value theorem, we obtain:
1 Te 2k;
V2, = daT (38)

9(Ey) Jr, oof (T)

where nE, = E(r;,) for some known values of  and 7,
inrn <n,<n

2k; 1

V2, (ﬂ)——

f D ——=dT 39)
n can be any random number depending on the linearity of
field distribution, 0 <7 < 2. n=1 is often the most
reasonable choice.

Using similar approach, the critical insulation resistance
is found out to be:

1 "2
mZ) fl

2rwo,g(m

dr
rf(T)

R = (40)

Now, a logarithmic temperature distribution is essential
for this approach.
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In (:2)
n (%)

Substituting equation (41) in (40) will yield closed form
solution for critical insulation resistance. Since the
conductivity has positive temperature coefficients, it accounts
for positive feedback of thermal runaway.

Tr) =T, + (T, — T)

(41)

C. Temperature distribution of DC cable
Rewriting equation (22) in terms of leakage current and
separating E(r) and T (r), we get:

b

™ (42)

I
In(E E(r)=1
n(E() +aE@) = n(2 rA)
Now, expanding the above equation into Taylor’s series
onto some known values E, and T, for up to two terms, and
simplifying, we get:

E(r) = by + by In(r) + b3T(r) 43)
Where

b, = —b, (1 i S 2b 44

G ( ”(ZnAEO) To) (44

b, = L0 45

2T aEy+1 (45)
b

b; = b, 2 (46)

Thus the heat continuity equation (21) can be modified
and rearranged by substituting equation (43)

d*T(r) 1dT(r) B
D B0 Ly =Zome -0 @)
Where a = kb,, B = —k.b;,y = —kb, and k;, = Py

This is an inhomogeneous modified Bessel’s equation
whose solution is given by

T(r) = a;1,(2,/Br) + a,Ko(2/Br) + = - —ln(r)

(48)

Where a, and a, are arbitrary constants determined by
boundary conditions, and /, and K|, are the modified Bessel
functions of zero order.

D. Electric field distribution of a DC cable
Computing electric field distribution is just straightforward
back substitution of T (r) in equation (42), which yields:

E(r) =—2+ ¢ 1 L Ve 2 13) o
=20 T a2 T ¢ ( n(anAEO) o) 2) (49)
1 —2—akE,
where ¢; = Y3 and ¢, = % .

E. Mapping electric field and temperature distributions
The details of the cable used by the author are listed below:

e 7,=225mm, r,=442mm, r; = lm;
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e R, =1738x10°Q/m;

o k=034 WmK, k,=1W/mK;

e A=22896x10°(Q m)';

e a=0.142x10°(V/m)', b=7600 (°K);
o @$=006549¢v.

e B=19112x107 (V/m);

o A=341118862x 10>V /(Qm?);

Using equations (37), (48) and (49), the electric field and
temperature distributions are obtained at different voltages
and load currents. First, they are computed at 600 kV for
different load currents are plotted in Fig. 6.

340 - : :

(] W
(] W
Q o

Temperature ( K)
w
N
3]

320
315
= 30 35 40
Radial Distance (mm)
315}

1800 . -

w
o w
o -

Electric Stress (kKV/mm)
(8]
[

295t
29 f
28,5} . . . . 1
25 30 35 40
Radial Distance (mm)

Fig. 6. Temperature and Electric Stress distributions at different load
currents.

We can see that E(r) is a strong function of load current
unlike AC case and clearly observe the field inversion effects.
Now, the field and temperature distributions are plotted with
increasing voltages until critical limits in Fig. 7.

The stress distribution is more or less linear until the
critical point, where it begins to fold into two solutions. The
upper fold corresponds to higher leakage current regime and
is unstable. The lower fold yields stable solution, however the
temperature beings to increase dramatically after the critical
point. This criticality is termed as maximum thermal voltage.
This phenomenon is better illustrated in Fig. 8, where peak
temperature and field is plotted with increasing voltages, load
currents and sheath temperatures.
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e
&=
=]
=]

w
[l
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=
2

(b)
Fig. 7. (a) Temperature and (b) Electric Stress distributions with applied
voltage until critical limits.
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Fig. 8. Peak stress and temperature with increasing voltages at different
load currents and sheath temperatures.

F. Intrinsic thermal instability of DC cables

External thermal resistance also plays an important role in
deciding the thermal instability of the insulation. Even when
the ambient environment (soil) is assumed to be of zero
thermal resistance, the unstable conditions still persist, save
for the difference in their magnitudes. This type of thermal
instability in cables was first addressed by Eoll [21, 22].

—“-----z --------- S.
- ) PO L R . \\
X Mo e ->
e Bl S 5 ->
Tieeeee 8959 ->
o= ->
@———» — = —-> -
== S => =
2 5}
O == g.).— - ]
- E>--> &
S-==3 5 gl
LIl E- > <
o —>
8—--» —+
oslgT ->
ooos ->
O T ->
Eal Pt mme- ->
r ¥ === ->
N S T, T
R S—————
0 rI rz r

|:| Insulation
[ conductor

Fig. 9. Heat flow patterns in DC cable.
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Referring to Fig. 9, the thermal boundary conditions are
quite similar to that of section IV.

—I2R, (50)

However, since the external thermal resistance is zero,
temperature at r = r, is ambient temperature.
T(r,) =T, (51)

Now the dc conductivity at any position r can be
estimated using already established field and temperature
distributions (equations (48) and (49)). The steady state
voltage across the insulation can now be written in terms of
leakage current and bulk resistance as
V=R (52)

Now, from Fig. 10, we can observe that the bulk insulation
resistance monotonically decreases with leakage current, until

a certain point, after which, the decrement of bulk resistance
is much more rapid than increment of leakage current.

At the point of maxima, the product of bulk resistance and
leakage current is maximum, which corresponds to intrinsic
maximum thermal voltage (IMTV). Application of voltages
higher than this result in imminent thermal instability.

Intrinsic instability is a direct consequence of stress and
temperature dependence of conductivity, in other words, for a

given sheath temperature, IMTV is purely material
dependent.

10"
T 102l i
G
by
2
< 1
v 10 ¢ E
7
Q
~
=l
g
= 10", |
E Sheath Temperature 25° C

Load Current = 1400 A
10° ; ; ; ;
0.01 0.1 1 10 100 1000

Leakage Current (pA) —

Fig. 10. Dependence of bulk insulation resistance on leakage current.

It is the ultimate upper limit of a cable. Interactive thermal
instability on the other hand occurs due to the failure of
thermal equilibrium with surroundings (non-zero external
thermal resistance), in addition to the nonlinear conductivity,
hence Interactive maximum thermal voltage is lower.

G. Dependence of thermal breakdown strength on insulation
thickness

It is generally believed that the breakdown strength of
insulation has only marginal dependence on insulation
thickness [9]. However, it is only true for plane-parallel
geometry case where conductivity is only a function of
temperature. In dc cables (cylindrical geometry) where
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conductivity has radial dependence with electric field and
temperature, breakdown strength does depend on insulation
thickness. This is further enhanced due to field inversion
occurring in dc cables.

The conductor radius (r;) and sheath temperature T (r;)
are kept constant at 22.5 mm and 25°C respectively, while the
outer radius (r,) is varied corresponding to different
insulation thicknesses.

&
®
<3

—
IS
5
3

w w I IS >
& & S i) =
3 3 3 =) S

Maximum Insulation Temperature (K)
©
'S
3

L L L L i L
1200 1400 1600 1800 2000 2200 2400

Voltage (kV) -

Fig. 11. Maximum insulation temperature with increasing thickness.

i [ [
600 800 1000

Fig. 11 shows the variation of maximum insulation
temperature with voltage at different thicknesses. With
increasing thickness, the maximum insulation temperature
curves seem to have shifted up. This is due to the fact that
thermal resistance of insulation increases with thickness.

The maximum insulation stress curves are plotted with
voltage at different thicknesses in Fig. 12, and the critical
maximum and average stresses (or breakdown stress) are
plotted with thickness in Fig. 13. We can observe how both
the maximum and average breakdown stress decrease with

insulation thickness, despite the increase in ITMV.
90 T T T T T T T

T T
0 - Stress at Breakdown

—
@
o

~
=
T

[ 267mm

Maximum Insulation Stress (kV/mm)

31.7mm

1400 4

L L I I L I
1200 1400 1600 1800 2000 2200

Voltage (kV) —
Fig. 12. Maximum insulation stress with increasing thickness.

20 L L L
400 600 800 1000 2400

H. Comparison of Author’s and Eoll’s methods:

The variation of MTV with load current at increasing sheath
temperatures and MTV with sheath temperature at constant
load current is plotted in Fig. 14.

The authors results are found to be in close conformity
with Eoll’s results on oil impregnated paper cables. Eoll has
worked on two types of cables shown in table I, with a slightly
different conductivity model (equation (29)).
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Eoll’s and authors results for cable 1 data is shown in Fig.
15. Eoll has assumed an intrinsic breakdown strength of 1.2 x
10® V/m, which is the reason for steep deviation in Eoll’s
results at lesser sheath temperatures. The Authors results
more or less match with Eoll’s barring that constraint.

The authors results were also compared with Eoll’s results
for cable 2 data, which are again observed to be in close
conformity with each other.
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Fig. 13. Maximum and average stresses with increasing thickness.
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Fig. 14. Variation of MTV with load current and sheath temperatures.
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Fig. 15. Comparison of Eoll’s and Author’s results for cable 1.

5. V. Transient Behavior of a DC Cable

Obtaining a closed form analytical solution of electric field
and temperature for a DC cable in transient conditions is
wrought with utmost mathematical complexity. Even a
numerical solution is challenging enough. Hence all the
FEM/circuit models hitherto [29-35] were approximations, be
it neglecting leakage current losses, or not considering non-
linear conductivity, or lumping thermal capacitances and so
on and so forth. In this section, a proper distributed circuit
model for both thermal and electrical phenomena of a DC
cable considering non-linear conductivity and thermal-
electrical interdependence is discussed.

A. Electro-thermal circuit model of a DC cable
Since thermal quantities such as heat flow, temperature and
thermal conductivity are analogous to their respective
electrical quantities such as current flow, voltage and
electrical conductivity, the thermal behavior of cable can be
modelled with their equivalent distributed electrical
parameters. Fig. shows the DC cable with all its layers and
Fig. 16, shows how they can be modelled by dividing into
several concentric cylindrical strips/elements.

All the quantities are in the form M, where

M — small letter denotes thermal quantity, block letter denoted
electrical quantity

y — denotes the node/section number

& — denotes the type of layer ('c’- conductor, 'cs’- conductor
screen, '’ - insulation, 'is’- insulation screen, 'wr'- water
resistant layer, 'sh’- sheath, 'os'’- outer serving and 'su'’-

surrounding medium)

The thermal resistance per unit length between nodes y
and y + 1 is given by

d
log( Cyl;:l)
5 _
= 27tk;§ (33)

The variation of the thermal conductivity(kg) with
temperature(1 ) is taken into account by

ki = k®+a® (vf —293) (54)

The thermal capacitance per unit length is given by

57

g =m [(dyH) (dy)z] p°s’ (55)

The heat source in conductor and insulation are
represented as current sources in thermal circuit, which are in
turn just I?R losses in electric circuit.

(15)°Rg
L= ()R]

These ultimately comprise the thermal circuit of a DC
cable as shown in Fig. 18. The electrical circuit on the other
hand is straightforward. The resistance per unit length of
conductor is modeled around the standard resistivity p, at

+

standard temperatures (293 K).
Po <1 + a(% - 293))
Ry = 2 2
T ((dy+1) - (dy) )

The resistance per unit length of insulation can be written

(56)

(57)

(58)

as:
d
log( Cylﬂ)
Ry = 21my (>9)
Now substituting equation () we get
b
log (le+1) e(W - a|EV|)
R = —— (60)
The electric field in the strip can be estimated as
v, =V
E, ~ 11" (61)
(dy+1 dy)

The electrical capacitance of insulation is modeled with
constant permittivity

2meyE,
d
o ( y+1)
g _dy

The electrical circuit of conductor and insulation is
ultimately shown in the Fig. 17.

G = (62)

B. Cables used in the simulation

A 400 MW, bipolar, £200 kV, 500 mm?2, HVDC cable is
used for simulation. Its physical parameters are listed in table
1.

C. Electric field and Temperature under step voltage

The electric field and temperature distribution for cable is
shown in Figs. 19 and 20, respectively when the cable is
switched on at full load.
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Fig. 16. (a) Sectional view of buried HVDC cable (C1) used in simulation
(1-conductor (Cu-12.6 mm), 2-conductor screen (2 mm), 3-insulation
(XLPE-12 mm), 4-insulation screen (1.5 mm), 5-water resistant layer
(5.7mm), 6-aluminium sheath (2.3 mm) 7- PE outer serving (5 mm) and
8-soil (1 m). (b) Depiction of concentric cylinders of insulation with
increasing radii from d, to d,,, and respective node 1 to node n+1.
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Fig. 18. Thermal circuit of a cable with all layers and surrounding medium.
Table 1. Parameters of experimental cables [12]
Parameter Cable 1 Cable 2
r1(m) 0.0134 0.004
1,(m) 0.0231 0.010
0o(S/m) 05X 10" 0.5X10%
a (°C)! 0.088 0.1
W; (W/m) 17.9 0
I, (A) 776 0
k(W m'eo)h 0.167 0.167
Table II. Comparison of Eoll’s and Author’s results for Cable 2.
Breakdown
Terrslll?;:lltl re Voltage (kV)
{’OC) " Eoll’s [12] Author’s
(experimental) (computed)
63 430 420.232
73 320 349.853
83 250 284.609
100 140 187.940
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Table III. Physical parameters of power cable.

Quantity Value Quantity Value

k¢ 413 (W /(m.K)) Jesoit 2.1 (W/(m.K))

a‘ -0.06 (W /(m.K?)) ssoil 700 (J/(kg.K))

p°¢ 8960 (kg/m3) Do 2.65x1078 (2.m)

s¢ 390 (J/(kg.K)) a 0.0039 (K1)

Kkt 033 (W/(m.K)) kod 0.11 (W/(m.K))

i w oil
a 153 x 10~ ( ) s 1860 (J/(kg.K))
_ m.K? _

o 920 (kg/m3) pelt 877 (kg/m3)

st 2200 (J/(kg.K)) A 2x 107 (S/m)

& 8.854x 10712 (F/p) a 7 x 10708 (M)

& 2.25 b 3.7x 103K

psoil 2270 (kg/m3) l 1(m)
_ 1805
o * 1h
£ + 2h 57
£20F 5h 2
> % 12h 20
ST ¥ 5d g
e o 10d £15
3 £
=16 210
'E 5 = AT across insulation
314} =5
E L 1 L L )
" | | A | | ‘ 0 50 100 150 200 250
14 16 18 20 2 24 26 Time (Hours)

Insulation thickness (mm)
Fig. 19. Temperature distribution across cable insulation at full load for
different time instants after switch on.
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i * 1h
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2360 * 12h
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F 3400 —
@
2‘ \’\,‘\4\_’_
3320+ ——
; M
300 ‘ ‘ : - '
14 16 18 20 2 24 26

Insulation thickness (mm)
Fig. 20. Electric Field distribution across cable insulation at full load for
different time instants after switch on.

It is immediately obvious that temperature takes much
more time to stabilize than electric field. This happens
because AT (which determines the electric field) stabilizes
faster than 7 which can be seen in Figs. 21 and 22 respectively

Temperature (K)

- Atinsulation node 1

310 — At insulation node (n+1)
300 !
0

50 100 150 200 250
Time (Hours)

Fig. 21. Boundary temperature stabilization after switch on.

Fig. 22. AT stabilization after switch on.

The steady state temperature and field for different load
currents is shown in Figs. 23 and 24 respectively. Stress
inversion phenomena can be observed as reported in previous
literature [20], though the peak field at full load is not as high
as peak field at no load.

© Noload
+ 25% load
400 * 50% load
75% load
Q380> % 100% load
< £ 120% load
5360+
=
=
EMOV M
al
g
L o
300 (¢ Or - T — T TF i <) |
14 16 18 20 22 24 26 28

Insulation thickness (mm)
Fig. 23. Steady state temperature distributions at different load currents.

© No load
+ 25% load
¥ 50% load
75% load
% 100% load

P 120% load

Electric Field (KV/mm)

—_
—
'S

18 20 22
Insulation thickness (mm)

Fig. 24. Steady state field distributions at different load currents.
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D. Electric field and Temperature under load cycle

A typical load cycle of heating for 240 hours (load) followed
by natural cooling (no-load) for 240 hours is considered. The
corresponding field and temperature distributions are shown
in Figs. 25 and 26 respectively.

B
= 20
=
<20
=
E 18 18
.E 16 - 16
214
= 14
Tlm 200 e — s umn)
e (Hours) 0 15 ‘“su\a“‘“‘ t\“cknes
Fig. 25. Electric field distribution at load cycle.
360
360 -
g 350
@
g *— 0
=
By 330
S 320
g 320
&
300 T 310
200 Y
0 15 {hickness (M™)

{nsulation

Fig. 26. Temperature distribution at load cycle.

The electric fields near conductor and sheath are also
shown in Fig. 27. The peak field is high during switch on
because it assumes Laplacian field distribution, but it soon
changes to resistive distribution during steady state.

~2f = Insulation node 1
520 ** Insulation node (n+1)
;18
e
B 16 * : :
2 » . )
g4
= First load cycle | Second load cycle
12 L 1 1 1 1 1 1 1 1 ]
0 100 200 300 400 500 600 700 800 900

Time (Hours)
Fig. 27. Conductor and Sheath fields at load cycle.

E. Simulation of breakdown of DC cable

The cable is simulated at a step voltage equal to its MTV until
breakdown. The ambient temperature is fixed at 30°C. The
dynamic field and temperature distribution during breakdown
are shown in Figs. 29 and 30 respectively

1000

10
T""e (Hours)

Electric Field (kV/mm)
wE & & 9 9=
] = < = =
<
by
[
.O
E)
B

Fig. 29. Electric field distribution at breakdown.
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- ; 450
2 500
e
g 400
£ 400 -
2
£ 350
P

300

30

Fig. 30. Temperature distribution at breakdown.

The peak temperature and electric field in the insulation
increase drastically before breakdown, indicating that even in
thermal breakdown electric field increases before breakdown.
The runaway phenomenon is better illustrated in Figs. 31-33
respectively, for leakage current, peak field and peak
temperature.

2 10
H :
Bt e !
3 LS = o = 8
9 6 = At nominal voltage (200kV)
g0 = At1770kV
2 At 1800kV
=8t «= A1870KY
:
Q 10710 . . ! | |
0 50 100 150 200 250
Time (Hours)
Fig. 31. Leakage current runaway at different applied voltages.
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« S -
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= | = At1770kV
H At 1800kV
3“”[’ o At 1870KV
0 50 100 150 200 250
Time (Hours)

Fig. 32. Temperature runaway at different applied voltages.
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Fig. 33. Electric field runaway at different applied voltages.

The load effects on time to breakdown is illustrated in Fig.
34. This might look similar to volt-time (life) characteristics,
but it is not to be confused with life characteristics, as no
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ageing is involved here. These are purely the characteristics
of transient thermal breakdown.

N + Full load cable

) £ No load cable

)

:.5

2

-

=

z

=]

<

=

x

D

&

1500 ‘4 : 2 ‘0 ‘2
10 - 10 10
Time (Hours)

Fig. 34. Voltage vs time to breakdown characteristics for cable under no
load and loaded conditions.

Time to breakdown decreases with voltage magnitude and
the load effects are much severe at higher breakdown times.
The effect of soil thermal resistance on breakdown is also
observed, which is shown in Fig. 35, both at load and no-load
conditions.

E 40007
T, 3000
S
Ic) Full load cable at k=0.1
i 2000 =+ Full load cable at k=2.1
’g - Full load cable at k=5
= ‘= No load cable at k=0.1
ﬁ -4 No load cable at k=2.1
g 1000} ¢ No load cable at k=5
10™ 1072 10° 107

Time (Hours)

Fig. 35. Voltage vs time to breakdown characteristics at different soil
thermal conductivities (external thermal resistances).

Hence the back fill of the cable assumes huge
significance, as the breakdown voltages are heavily
dependent on external thermal conductivities.

F. Special setup for cable breakdown and few results
The conventional cable breakdown setup involves copper
strips; however, it is wrought with edge breakdown. The
authors have designed a special electrode setup so that
breakdown occurs at the center and the breakdown value
reflects its true insulation withstand capability.

The authors have also conducted several breakdown tests
on 1.1 kV XLPE cables (of 6 mm? conductor diameter and 0.7
mm insulation thickness) and few results at varying load
currents (at constant ambient temperature of 50°C) are shown
in the Fig. 36.

—
= \—| B
i g! Magnified view

|}
(@) (b) ©
Fig. 35. Special high voltage electrode used for cable breakdown (a) top

view, (b) front view. (c¢) Punctured XLPE cable.
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Fig. 36. Breakdown voltages and 63% breakdown values with load
current.

20 80

6. Conclusions

The problem of thermal breakdown in DC cables is evergreen
and relevant, especially with the increase in polymeric cable
installations, be it due to the advent of renewable energy
sources such as offshore energy wind turbines, or due to smart
grids, and with everchanging voltage shapes due to power
electronic converters.

This is an Open Access article distributed under the terms of the Creative
Commons Attribution License.
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