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Including the Calculation of Transient Electric Field in the
Life Estimation of HVDC Cables Subjected to Load Cycles
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Giovanni Mazzanti
Department of Electrical, Electronic and Information Engineering “Guglielmo Marconi”
Alma Mater Studiorum - University of Bologna

Viale Risorgimento 2
Bologna, 1-40136, Italy

The calculation of transient DC electric field is included in a proposed procedure for life estimation
of HVDC cables under time-varying electro-thermal stress associated with load cycling.

1. Introduction

The need for long subsea power links, the advantages of HVDC (High Voltage Direct Current) trans-
mission and the concerns about overhead lines are promoting a booming growth of submarine and land DC
cable lines worldwide [1]. In particular the performance of HVDC extruded cable systems has been im-
proved significantly in recent years. The ratings have increased, with bipolar DC extruded cable systems
already in service at voltage and power levels up to 320 kV and 1 GW respectively [2]-[5], and DC extrud-
ed cable systems being qualified at voltage ratings up to 525 kV [6],[7].

At such ratings the long term performance of DC cable systems is critical, but uncertain, not only for
the accessories (joints and terminations) [8], but for the cable itself. The prequalification (PQ) test, pre-
scribed in CIGRE Technical Brochure 496 [9] for simulating service life so as to evaluate “the long-term
performances of the cable system”, is a crucial step in the qualification of DC cable systems. In addition,
models for estimating the life, i.e., time-to-failure, and reliability of full-size HVDC extruded cables in
service are very useful tools at the design stage, for selecting appropriate operating stress levels, and at the
testing stage, for completing and interpreting the information from the PQ test.

Estimating the service life is much more difficult for DC than for AC cables [1],[10]. In AC cables the
electric field Eac depends on the dielectric permittivity €, and can be taken as constant irrespective of load
cycle. On the contrary, in DC cables the electric field Epc depends on the volume electrical conductivity
of the dielectric, which in turn depends on the temperature 7 and Epc [11],[12]. Load cycling therefore im-
plies a time dependence of the electro-thermal stress, which makes the development of a life model for DC
cables under load cycling much more difficult than for AC cables.

A procedure for life estimation of HVDC cables under the time-varying electro-thermal stress associat-
ed with load cycles was proposed for the first time in [13]. This procedure relies on a few approximations.
The most severe is that the DC field Epc(r,t), at radius r within the cable insulation and at time ¢ during the
thermal transients associated with load cycles, is calculated using Eoll’s formula for the DC electric field
Epc(r) in steady-state [14]. This approximation was called the “quasi-steady” DC field hypothesis in [13],
since it is equivalent to assuming that the field varies slowly between one steady (or equilibrium) profile to
another. The aim of the present paper is to improve the procedure for life estimation of DC cables subject-
ed to load cycles, by replacing the quasi-steady hypothesis with an approach which involves solving Max-
well’s equations in accordance with the guidelines given in [15].

It must be emphasized that, compared to the algorithm given in [15], the proposed procedure assumes
that negligible heat is generated in the insulation, which then enables decoupling the calculation of temper-
ature from that of field. Clearly this holds for well-designed cables, but it is not true for thermal break-
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down, analysis of which lies outside the scope of the proposed procedure. However, the proposed proce-
dure provides an a-posteriori check of the heat generated in the dielectric. If such heat is considered non-
negligible, the temperature is updated and the field is recalculated.

2. Procedure for DC Cable Life Estimation under Load Cycles

The procedure for life estimation of HVDC cables subjected to load cycles proposed in [13] resembles
that given in [16], [17] for HVAC cables, but with some major differences which account for the character-
istics of the DC electric field. The procedure given in [13] consists of the following blocks:

- Block 1: load cycles are assumed to last for a time #; = 24 h, with known time-dependence [ = f{t) of
the load current /, and cable features such as geometry, materials and voltage are taken as known.

- Block 2: thermal transients associated with load cycles are calculated following the CIGRE thermal
network guide adapted for DC cables [18]. Thus temperature profiles 7(r,f) are calculated covering
various radial coordinates within the cable insulation between r; and r,, the inner and the outer insula-
tion radii respectively, and at various times ¢ during the cycle.

- Block 3: DC field profiles Epc(r,f) within the cable insulation are calculated using Eoll’s formula,
where the temperature drop across the insulation thickness at time ¢, AT(¢)=T(rit)- T(r,,t), is computed
via the temperature profiles 7(r,7) determined in Block 2.

- Block 4: the life fractions LFpc(r) lost during each cycle #; at each radius r within the insulation are
calculated using Miner’s law of cumulated aging [19], and DC cable life Lpc is estimated as the insu-
lation life at the most severely-stressed point. More precisely

t
LFpc(r)= g’dr/L[EDc(r,r),T(r,r)k 1/ Kpe(r) (1)
Lpc(r)=1,xKpc(r) (2)
Lye =min{L,.(r),rel[r.r,]} =min{t; XK. (r),re[r.r,1} 3)
where:
. L[Epc(r,t),T(r,t)] = cable insulation life at field Epc(r,t) and temperature 7(r,t)
° Kpc(r) = number of cycles-to-failure at each radius r within cable insulation
. Lpc(r) = insulation life under load cycles at each radius r within cable insulation.

(3) shows that cable life Lpc under load cycling is the minimum value of insulation life Lpc(r), where r
is the insulation radius at which maximum stress occurs.

This procedure works satisfactorily for any expression used to describe the dependence of ¢ on Epc and
T, provided it is valid for DC cable insulation. The experimentally-verified expression used in the proce-
dure is [1],[2],[15]:

o(T,Epc)=0yexpla(T —T,)+b(Ep- —Ej)] 4)

where a and b are respectively the temperature and electric stress coefficients of the volume electric con-
ductivity © of the dielectric, and oy is the conductivity at 7= To and Epc = Eo. To and Ejy are reference val-
ues of field and temperature respectively.

The procedure also works satisfactorily for any electrothermal life model used to estimate
L[Epc(r,t),T(r,1)], provided that it is valid for DC cable insulation, e.g., the physical model given in [20].
The so-called IPM-Arrhenius model [21] is sometimes adopted to estimate L[Epc(r,t),T(r,t)]. It is a combi-
nation of the IPM electrical and the Arrhenius thermal life model, and yields

L[EDC (r, Z),T(l’, Z)] — LD [Epc(r; Z)/ED (r)]*[”D*bET[l/TD(V) =1T(r,0)l} [ED (I”)/EO ]bET[l/TD(r)fl/T(r,t)] e—B[l/TD(r) =T (r,1)] (5)
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where Lp is the design value of cable life, Ep(r) and Tp(r) are respectively the design values of electric
field and temperature at a generic coordinate r, np = no—ber(1/To—1/Tp) where no is the life exponent at
temperature 7o, B = AW/kp, where AW is the activation energy of the main degradation reaction of the insu-
lation material and kg is Boltzmann's constant, and ber is a positive quantity (whose units are K) describing
the synergism between electrical and thermal stress (for more details on this synergism see [32]).

The IPM-Arrhenius electrothermal life model was chosen in [13] because the IPM and Arrhenius mod-
els are supported by the International Standards applicable to HVDC cable insulation [9], [22], and the
IPM-Arrhenius electrothermal life model it is in good agreement with times-to-failure data measured on
several insulation materials subjected to various voltage/temperature combinations [21],[23].

3. Improving the Procedure by incorporating the Calculated Transient DC field

As pointed out above, Eoll’s formula holds only under steady state DC conditions, and even then is only
an approximation [1],[15]. Immediately after voltage is applied to a previously-unloaded DC cable, the
field distribution in the cable insulation is purely capacitive. The distribution then moves gradually towards
a purely resistive distribution, which theoretically it attains only after an infinite time. The intermediate
field distributions can be computed numerically using the time-dependent Maxwell’s equations [1], [15]

Irrotational field E=-VV (6)
Ohm’s law J=0E (7
Poisson's equation -V (eVV)=p @)
Current continuity V-J=-dp/ot )

where E and J are the electric field and current density vectors, V is the electric potential, and p is the
charge density. (6)-(9) imply that the evolution towards steady-state is governed by a time constant T = €/C
which varies strongly with temperature and electric field, mainly because of the corresponding variation in
o [1], [9].

In the proposed procedure, Epc(r,t) during the thermal transients associated with load cycles is obtained
by solving (6)-(9) numerically with appropriate initial and boundary conditions, rather than by using Eoll’s
formula. These initial and boundary conditions are as follows:

(1) load cycles start at =0, each cycle lasting z; = 24 h, with known time-dependence [ = f{t) of the load
current /. Thus, the distribution of cable insulation temperature vs. radius and time, 7(r,f), can be deter-
mined straightforwardly as illustrated in Block 2 and Block 3 of Section 2;

(2) at =0 a known and constant DC voltage Upc is applied across the cable insulation.

Thus the electric field distribution at =0 is known (purely capacitive field), the conductivity, current densi-
ty and space charge distributions at =0 are known via (4), (7), (8), respectively. Charge injection from the
semicon electrodes of HVDC cables is assumed to follow the Schottky law, since the applied fields are
usually less than 100 MV/m [24]. Consistent with the findings reported in [25] for LDPE flat samples with
attached carbon-loaded XLPE semicons, injection of holes at the anode is neglected and injection of elec-
trons at the cathode is treated using the Schottky equation [26]. These assumptions yield the direction of
main charge carrier velocity, which is used later for implementing upwind differences in equation (9).

The proposed procedure is thus that described in [13] with the addition of an ad hoc algorithm for the
numerical solution of (6)-(9) under the initial and boundary conditions stated above. This algorithm pro-
vides the transient electric field Epc(r,f) throughout the insulation during the load cycle duration.

The numerical solution of (6)-(9) is summarized in the flow chart of Figure 1. In the algorithm, space
and time derivatives are discretized using the finite difference method. In the current continuity equation
(9), forward differences were used for 1% order derivatives in time, and upwind differences (an adaptive
finite difference scheme which simulates numerically the direction of main charge carrier velocity)

3



¢ Known whole temperature distribution 7(r,t), re[r,r.], t€[0,t4]
o Known initial distributions at #(i=0)=0" and iteration k=0 of:

o Electric field: Epc(r,1(i),k)=Epc(r,07)

o Space charge: p(r,«(7),k)=p(r,07)

o Current density: J(r,#(i),k)=J(r,0")

o Conductivity: o(r,/(i),k)=c(r,0")

»
»

A 4

Time iteration i=i+1
Time #(i)y=t(i—1)+dt

v

Iteration k=k+1, re[r.r,]
Electric field Epc(r,1(i),k)=Ep-(r,1(i),k—1)
Space charge p(r,1(i),k)=p(r,(i),k—1)
Current density J(r,1(i),k)=J(r,1(i),k—1)
Conductivity o(7,6(i).k)=c(r,1(i),k-1)

v

Compute new p(r,#(7),k), from (9)

'

Compute new Epc(r,1(i),k), from (8),(6)

v

Compute new o (7,#(i),k), from (4)

v

Compute new J(r,1(i),k), from (7)

O O O O

Max{ | Epc(r,1(i).k)-Epc(r,1(i).k-1) | }<8,20.1%

YES

Figure 1. Flow chart of the calculation of transient electric
field Epc(r,t) using numerical solution of (6)-(9).

[271,[33]) were used for 1% order deriva-
tives in space. As recommended in [28],
the stability of this combination was
checked by repeating the calculation for
different time steps (1 s to 1 min), and for
different space steps (5 to 50 points over
the insulation thickness). Centered finite
differences were used in order to solve
(7). The flow chart in Figure 1 was vali-
dated for the so-called “standard” cable
treated in [15], with Uy (rated voltage) =
450 kV, 1600 mm? copper conductor
cross-section, and mass-impregnated
non-draining (MIND) insulation [15].

In Figure 2, the lines show the field
distribution computed using the algo-
rithm proposed here for the standard ca-
ble at different times after the voltage
was switched on (¢ = 0), with the lead
sheath at a stable temperature 05 = 35 °C
and a temperature drop A8 = 15 °C across
the insulation. The circles show the same
field distribution computed in [15] at O,
25, 50, 75 and 100 % of the insulation
thickness. The field distribution is shown
at 10 min intervals, with the purely ca-
pacitive distribution at # = 0 and the pure-
ly resistive distribution as t — oo, The
agreement between the two calculations
is very good, the maximum difference at
any time and any position being around 1
%. As expected from the large tempera-
ture drop across insulation thickness,
Figure 2 shows the well-known “field
inversion phenomenon” [1],[15], namely
a displacement of maximum electric field
from the inner to the outer insulation sur-
face as + — oo, and the transient field
changes from a purely capacitive to a
purely resistive distribution. Conversely
little field variation is observed at inter-
mediate points [15].

As stated in the Introduction, the field

calculation algorithm in the proposed improved procedure is decoupled from the computation of insulation
temperature by assuming initially that heat generation in the insulation is negligible, and checking the va-
lidity of this assumption later. Figure 2 below and a detailed calculation example reported in [15] show that
neglecting ohmic insulation losses is a reasonable hypothesis for a standard MIND cable under typical ser-
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vice and testing conditions. The same assumption holds for the extruded cable discussed below.

4. Comparison of the Procedures

We now present some results obtained by applying the original and the improved procedure to one of the
two cables considered in [13], i.e., a land XLPE-insulated HVDC cable for use with Voltage-Source Con-
verters (VSC), with typical maximum voltage and power ratings of 320 kV and 1000 MW respectively [4],
[5]. The main design parameters are conductor cross section S = 1600 mm? (copper), DC-XLPE insulation
with thickness s = 18 mm, rated current Ip = 1727 A, rated conductor temperature 7p = 70 °C. The values
of the insulation life model parameters in (1)-(3),(5) were the same as those adopted in [13]. The design
life and life exponent were set to the values prescribed in [9], i.e., Lp = 40 y and np = 10 . The parameter B
was set at 12430 K, a typical value for XLPE [16],[17]. The synergism parameter between electrical and
thermal stress ber was set to zero, which yields the maximum effectiveness of electro-thermal stress syner-
gism in reducing insulation life [21]. The parameters appearing in the CIGRE transient thermal network
calculation [18] were chosen in agreement with Standard IEC 60287 [29], e.g., the thermal resistivity of
the insulation pr¢ was assumed to be temperature-independent with a value of 3.5 Km W,

As the DC field profiles are very sensitive to the volume electrical conductivity ¢ of the insulation
[11],[12], the comparison of the improved procedure with the original procedure includes a parametric sen-
sitivity analysis of the transient DC field profiles to 6. The sensitivity analysis illustrates the magnitude of
changes in the field profiles, and in the life estimates, when ¢ varies within its typical range for the XLPE-
insulation of DC cables. The analysis involves calculating the transient field with three different pairs of
values of the exponents a and b in (4). These are ar,br. (low set), ay,by (medium set) and an, by (high set),
listed in Table 1. Since the values for @ and b are not easily found in the literature, these three sets were
carefully selected from those reported in [12] for crosslinked compounds. The selection criterion was the
level of agreement between the values of time constant T = €/G of the insulation obtained using the three
sets of a and b, and the typical ranges of ¢ and T versus temperature reported in the Appendix of [9] for
various materials used for DC extruded cables. A similar analysis based on low, medium and high sets of
a,b was reported in [13], but while ay, by in Table 1 are the same as in [13], ar, b and an, by are signifi-
cantly lower than those in [13]. The reasons are (a) the high set given in [13] yields much lower values of ©
than those reported in [9], while the high set selected here yields values of t at the lower limit of the ranges
reported in [9], and (b) the low set given in [13] yields values of t within the ranges given in [9], but the
low set chosen here enables broadening the analysis to cases of slow variation of field with time, which
could not be treated in [13].

The original and improved versions of the procedure were used to estimate the PQ life of the chosen
sample cable, i.e., the cable life under the load cycles of the PQ test for HVDC extruded cable systems pre-
scribed in [9]. The load cycles of the PQ test were chosen since, as pointed out in the Introduction, this test
is crucial when evaluating the long-term reliability of a cable system. For VSC cables the PQ test consists
of 360 days at constant DC voltage magnitude Upp = 1.45 Up (with changes in voltage polarity omitted
here for the sake of brevity) grouped in three periods, namely LC (load cycles), HL (high load) and ZL (ze-
ro load). LC consists of 160 24-hour load cycles ; in each cycle the conductor temperature is increased
from approximately 7, (room temperature) to a temperature 27p (typically a few °C above Tp) over the
first 6 h (1** step), maintained at or above Tp during the next 2 h (2" step), and then reduced to approxi-
mately T, over the next 16 h (3™ step). HL consists of 80 days of continuous heating such that the conduc-
tor temperature reaches Tp within the first 8 h and is maintained at that temperature for the remainder of
the HL period. During ZL (120 days) the cable is not heated, i.e., its temperature is 7.

To satisty the protocols given in [9], in the simulations no current is applied in the ZL period. In the HL
period a heating current /y>Ip is applied so that the conductor reaches temperature 7p in 6 hours, and the
rated current /p is applied throughout the rest of the period. In the LC period, 160 24-hr load cycles are ap-
plied, each consisting of 3 steps lasting 6 h, 2 h and 16 h and with rms currents I} = Iy, I = Ip, I = 0. Thus



Table 1. Sets of values of conductivity coefficients
a,b used in the comparison of the original and im-

35

| proved procedures
=% Temperature Electric stress
E coefficient of coefficient of
z 2 el. conductivity| el. conductivity
W 0} K] [mm/kV]
il i i i low set ar =0.042 by =0.032
s %0 rmm] 35 10 medium set] ay = 0.084 by = 0.0645
Figure 2. Transient field profiles for a standard cable high set ar =0.101 br =0.0775

at various times after switching on the voltage. Lines
- computation using the proposed algorithm, circles -
computation given in [15].

the conductor temperature reaches Tp in a time A#;=6 h, remains at 7p for a time Az,=2 h, and then falls to
T, in a time Az=16 h.

4.1 Results of the Comparison

We now apply the original and improved versions of the procedure to the sample cable, from Block 2 to
Block 4. (Block 1 has already been completed, i.e., the features of the DC cable and the dependence of
load current / vs. time ¢ during the three periods LC, HL and ZL are known).

Block 2: Calculation of Transient Temperature Profiles

The transient temperature 7(r,7) is computed at every radius within the insulation of the cable and at eve-
ry time within the PQ test, using the CIGRE transient thermal network model [18]. Figure 3 shows the
transient temperature profiles of the sample cable during the daily load cycles of the LC period at 7 posi-
tions. The transient temperature profiles are in agreement with the protocols given in [9].

Block 3: Calculation of Transient DC Field Profiles

The transient DC field profiles Epc(r,t) were computed using the improved procedure, which yielded
"exact" profiles, and using the original procedure, which yielded approximate profiles. The calculated tran-
sient fields for the LC are shown in Figures 4 and 5 for the sample cable with az, bz, at the same 5 points
within the insulation as in Figure 3. Figure 4 shows the exact profiles during the first 5 cycles. Figure 5(a)
shows the exact profiles during the 3™ cycle, and Figure 5(b) shows the approximate profiles (identical for
each cycle). The exact and approximate profiles are very sensitive to temperature, i.e., to heating/cooling
steps and to location within the insulation, and can be explained qualitatively using the transient tempera-
tures shown in Figure 3.

Figure 4 shows that the exact profiles in the 1* cycle differ from those in the following cycles ; however,
at each of the 5 points within the insulation they stabilize after the second cycle, as shown in Figure 4. Fig-
ure 5(a) focuses on the third cycle, in order to provide a more detailed picture of the stabilized exact field
profile. At the inner and outer edges of the insulation the exact profiles never reach steady state, even in
the hottest part of the LC cycles, namely from 6 h to 8 h. The reason is that although the temperatures are
highest throughout the insulation in the hottest part of the LC cycles, ar,b. have the lowest values shown in
Table 1, implying the lowest conductivity and thus the longest time constant T (1.4 to 2.4 h within the in-
sulation), and the longest time to steady state 10T [9] (ranging from 14 to 24 h). Of course steady state is
not reached in the cold parts of the LC cycles, since low temperature implies low ¢ and high t. Conversely,
Figure 5(b) shows that the approximate profiles are independent of the cycle, which is to be expected be-
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tions in the insulation for ar, br. a) exact field, 3" cycle (and following cycles); b) approximate field (all
cycles).

cause the approximate field according to Eoll’s formula is the steady-state DC electric field at a given tem-
perature.

Comparison of Figures 5 (a) and (b) also shows that
(1) in the hottest part of the LC (between 6 and 8 h) the approximate profiles are closer to each other than
the exact profiles. Since field inversion does not occur, it follows that the exact field is higher than the ap-
proximate field at the inner surface of the insulation, and lower at the outer surface
(2) the opposite is true in the coldest part of the LC (0 h and between 22 h and 24 h)
(3) at £ = 0 h (cold cable), and at the inner insulation surface, the exact and approximate fields (red curves
in Figures 5(a) and (b) respectively) are the highest over the complete cycle and within the insulation. They
drop as the cable is heated, until the conductor temperature reaches 7p = 70°C (Fig. 3). Throughout the
hottest part of the LC cycle (6-8 h) the approximate field is stable, and the exact field drops only slightly.
Both fields then increase to the no-load maximum as the cable is cooled down.
(4) at the outer insulation surface the behavior of the exact and approximate fields is the opposite of that at
the inner insulation surface.
(5) at intermediate points within the insulation, the approximate and exact fields lie between the fields at
the inner and outer insulation surfaces, as expected. Both transient fields at 50% insulation thickness are
very nearly constant throughout the daily LC, in agreement with Figure 2.

The points (1) to (5) above are noteworthy because they are essentially consequences of the absence of
field inversion in the sample cable, at the chosen values of a;,b;. The detailed qualitative and quantitative
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Figure 6. Transient electric fields for the sample cable during the daily LC at 5 locations in the insulation
for an, bu . a) exact field in the 3 cycle; b) approximate field (all cycles).

effects of the absence of field inversion on the electric field profiles cannot be predicted theoretically a pri-
ori. They can be assessed only after the calculations have been made using the original and improved ver-
sions of the procedure.

The exact and approximate field profiles are also very sensitive to the a,b values, as seen by comparing
Figures 5(a) and (b) with Figures 6(a) and (b), the former obtained using ar,br and the latter using awn,bn
(Table 1). Similar sensitivity was observed using au,by (omitted here for brevity). For both the exact and
approximate field profiles, field inversion occurs for am,br and am,bu, i.e. the field in the hottest part of the
LC (6-8 h) is higher at the outer than at the inner insulation surface. The higher a and b, the stronger the
inversion, i.e., the field at the outer insulation surface increases and the field at the inner insulation surface
decreases.

Figures 6(a) and (b) also show that

(1) at the inner and outer insulation surfaces, both the exact and the approximate field profiles reach steady
state within the hot part of the LC. This happens because au,by imply higher conductivity and thus lower
dielectric time constants (T = 0.01 - 0.02 h) and shorter time to steady state (T = 0.1- 0.2 h) than a.,br
(2) in the hottest part of the LC (6-8 h) the exact field profiles within the insulation are closer to each other
than are the approximate field profiles. Since field inversion occurs, it follows that the exact field is higher
than the approximate field at the inner surface of the insulation, and lower at the outer surface.
(3) in the coldest part of the LC (0 h, 22-24 h) the approximate field profiles are closer to each other than
exact field profiles. Since field inversion does occur, it follows that the exact field is lower than the ap-
proximate field at the inner surface of the insulation and at intermediate points up to the mid-point of the
insulation, and lower from the mid-point to the outer surface.

The points (1) to (3) above are noteworthy because they are essentially consequences of field inversion
in the sample cable, at the chosen values of an,by. The detailed qualitative and quantitative effects of the
field inversion on the electric field profiles cannot be predicted theoretically a priori. They can be assessed
only after the calculations have been made using the original and improved versions of the procedure.

The approximate field profiles are constant throughout the HL and ZL periods. On the other hand the
exact field profiles are changing at the beginning of these periods, passing from the purely-capacitive (AC)
distribution at the start to the purely-resistive (DC) distribution at the end. A steady state is reached sooner
in the HL period than in the ZL period, because temperature and conductivity are higher in the former. A
steady state is also reached sooner at higher a,b, since higher a,b imply higher conductivity. The profiles in
the HL and ZL periods show the same features as those in the hot and cold parts respectively of the LC.

Block 4: Calculation of Loss-of-life Fractions and DC Cable Life Estimation

The loss-of-life fractions LFpc(r) of the cable insulation at every radius r were computed using (1) for
the LC, HL, ZL periods of the PQ tests. Details of the calculation of LFpc(r) for the exact and approximate
field, in the HL and ZL periods, are omitted here, because such calculations are straight forward.
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On the contrary, the computation of the loss-of-life fractions LFpc(r) is much more complex for the dai-
ly load cycles of the LC period. Such loss-of-life fractions for the sample cable at the same 5 locations
within the insulation as in Figure 5, calculated using the exact and approximate field profiles with az, b, are
presented in Figure 7(a) and (b) respectively. These Figures show that
(1) In all three steps of LC cycles (step At; from O h to 6 h, step A, from 6 to 8 h, step Atz from 8 to 24 h)
the highest values of LFpc(r) occur at the inner insulation surface, and the lowest values at the outer insula-
tion surface. This is consistent with the temperature profiles in Figure 3 and the field profiles in Figures 4
and 5. Figures 3-5 show that, during each of the three steps of the LC cycles, the inner insulation surface is
the most stressed point, with the highest fields and temperatures and the highest loss-of-life fractions, the
outer insulation surface is the least stressed point with the lowest fields and temperatures and the lowest
loss-of-life fractions, and the intermediate points have intermediate loss-of-life fractions.

(2) At all points within the cable insulation the highest values of LFpc(r) occurred in the 1% step (0-6 h,
blue bars in Figure 7(a) and Figure 7(b)), followed by the 2nd step (6-8 h, green bars) and 3rd step (8-24 h,
brown bars). This ordering is to be expected. Figure 3 shows that the 3rd step can be regarded as a "cold"
step during which the temperature drops rapidly (>40°C in the whole insulation for less than 2 h) and has a
lesser effect than in the other steps, independent of the a,b values. Conversely the 1st step can be regarded
as a “hot" step during which the temperature rises rapidly (> 40°C in the whole insulation for more than 4
hours). The 2nd step has values of LFpc(r) lower but comparable to the 1st step, as temperature in the 2nd
step is always the highest over the entire insulation. This ordering implies that the loss-of-life fraction over
the whole PQ test will be affected greatly during the HL period, where the insulation is always at the high-
est temperature, less affected during the LC period, which is the longest but includes hot and colt parts, and
negligibly affected during the ZL period, where the insulation is always at the lowest temperature (room
temperature).

(3) at the inner insulation surface the LFpc(r) values in the 1°' and 2" steps are approximately 30 % higher
for the exact field than for the approximate field. This is consistent with the field profiles in Figures 5(a)
and 5(b). At the inner insulation surface, the most electrically stressed point, the exact field is higher than
the approximate field in the hot part of the 1*! step and in the 2™ step of LC cycles.

(4) at the outer insulation surface the loss-of-life fractions are significantly lower for the exact than for the
approximate field. Again, this is consistent with the field profiles in Figures 5(a) and 5(b). At the outer in-
sulation surface, the least electrically stressed point, the exact field is lower than the approximate field in
the hot part of the 1°' and 2™ steps, making the loss-of-life fractions significantly lower for the exact field
than for the approximate field in these steps.

(5) at intermediate points the loss-of-life fractions are about the same for the exact and approximate fields,
to be expected because the relevant field profiles in Figures 5(a) and 5(b) are very similar for the exact and
approximate fields.

(6) The loss of life fraction over the whole PQ test is expected to be significantly higher for the exact field
than for the approximate field at the inner insulation surface, significantly higher for the approximate field
than for the exact field at the outer insulation surface, and about the same for both fields at the mid-point of
the insulation, as shown in Figures 7(c) and (d).

Figures 7(c) and 7(d) show respectively the loss-of-life fractions calculated using the exact and approx-
imate field for the sample cable, over the complete ZL, HL and LC periods and the whole PQ test, at the
same 5 locations within the insulation as in Figure 6, and for az,b.. They show that
(a) the highest loss-of-life fractions over the whole PQ test occur at the inner insulation surface, the most
stressed point
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Figure 7. Loss-of-life fractions for the sample cable at 5 locations in the insulation using ar,by.
(a) in the three steps of a generic 24 hour cycle of the LC for exact field profiles
(b) in the three steps of a generic 24 hour cycle of the LC for approximate field profiles
(c) in the LC, HL, ZL periods, and in the 360 day PQ tests (= sum of LC, HL and ZL) for exact field pro-
files
(d) in the LC, HL, ZL periods, and in the 360 day PQ tests (= sum of LC, HL and ZL) for approximate
field profiles.

(b) as expected from (2) immediately above, the loss-of-life is highest in the HL period (green part of
bars), lower in the LC period (brown part of bars), and negligible in the ZL period (blue part of bars)
(c) as expected from (6) immediately above, over the whole PQ test (whole bars) the loss-of-life is signifi-
cantly higher at the inner insulation surface for the exact field, and at the outer insulation surface for the
approximate field. Since the inner insulation is by far the most stressed point, the PQ life would be ex-
pected to be shorter for the exact field.

Figures 8(a) and (b) show data corresponding to those in Figures 7(a) and (b), but for an,by. These Fig-
ures show that
(1) in the 1st and 2nd steps of the LC periods, for both the exact and approximate fields, the highest loss-
of-life fractions occur at the outer insulation surface, and the lowest at the inner insulation surface. This is
consistent with the temperature profiles in Figure 3 and the field profiles in Figures 6(a) and (b). The latter
show that, in the Ist and 2nd steps the outer insulation surface is on the whole the most stressed point of
the insulation because of the very strong field inversion during the hotter part of these steps (in which the
conductor temperature is mostly close to or equal to 7p). Conversely the inner insulation surface is on the
whole the least stressed point of the insulation. Figures 3, 6(a) and (b) also show that, in the 3 step of the
LC, the highest loss-of- life fractions occur at the inner insulation surface. This is consistent with the fact
that the 3" step is dominated by its cold part, during which the inner insulation surface is the most stressed
point.
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(2) at all points within the cable insulation, for both the exact and approximate fields, the highest loss-of-
life fractions occur in the 1* step, followed by those in the 2nd and 3rd steps. Again, this is due to tempera-
ture, as for Figures 7(a) and (b). It follows that the loss-of-life fraction over the whole PQ test will be af-
fected greatly by the HL period, corresponding to the highest temperatures in the insulation, less affected
by the LC period with its hot and cold parts, and negligibly affected by the ZL period, with the lowest insu-
lation temperatures.

(3) at the outer insulation surface the loss-of-life fractions are lower for the exact than for the approximate
field, in the range 10-15%. Conversely, the loss-of-life fractions at the inner insulation surface are higher
for the exact than for the approximate field, in the range 9-22%. At mid-insulation the loss-of-life fractions
with the exact and with the approximate field are about the same. This is consistent with the field profiles
in Figures 6(a) and (b).

(4) It follows from (3) immediately above that the loss-of-life in the whole PQ test will be significantly
higher at the inner insulation surface for the exact field, and at the outer insulation surface for the approxi-
mate field.

Figures 8(c) and 8(d) show data corresponding to those in Figures 7(c) and (d), but for an,bn. They show
that:

(1) the highest loss-of-life fractions occur at the outer insulation, the most stressed point over the whole PQ
test

(2) as expected from item (2) of the observations on Figures 8(a),(b), the loss-of-life fractions are highest
in the HL period, lower in the LC period, and negligible in the ZL period

(3) as expected from item (4) of the observations on Figures 8(a),(b), over the complete PQ test the loss-of-
life fraction is significantly higher at the inner insulation surface for the exact field, and at the outer insula-
tion surface for the approximate field. Since the outer insulation is by far the most stressed point when us-
ing an,by, the PQ life is expected to be higher for the exact field.

Block No. 4 is now completed by computing:

(a) the number of cycles to failure at every radius r, Kpc(r) = 1/LFpc(r), using (1)
(b) the insulation life under PQ load cycles at every radius r, Lpc(r) < Kpc(r), using (2)
(c) the cable life under load cycles, Lpc = min{Lpc(r)}, using (3).

As shown in Figures 7(c) and (d), and in Figures 8(c) and (d), the loss-of-life fractions over the whole
PQ test are all << 100%, even at the most highly stressed points. Thus the PQ life will be longer than the
PQ test duration (=360 days) at all points within the insulation, and for all three a,b sets. This is confirmed
by the values of Lpc(r) listed in Table 2 for each of the three a,b sets. Lpc is the PQ life, i.e., the minimum
value of Lpc(r) at the most stressed point, denoted by a gray-shaded cell.

S. Discussion and Conclusions

Table 2 shows that the improved procedure based on the exact field, and the earlier procedure based on
approximate field [13], yield PQ life estimates much longer than the PQ test duration. Thus both proce-
dures suggest that the PQ test with maximum conductor temperature set exactly to 7Tp is not sufficiently
stressful for cable insulation testing. This finding might be expected, since thermal aging and electro-
thermal synergism are neglected in CIGRE brochure 496 [9].

All the other results provided by the two procedures differ significantly, e.g., transient field profiles
(Figures 4-6), loss-of-life fractions over the LC, HL, ZL periods and the complete PQ tests (Figures 7-8),
and most importantly the PQ life (Table 2). Table 2 also shows that for as,bu the exact field yields the
minimum value of Lpc(r) at the inner insulation surface, while the approximate field yields the minimum
value of Lpc(r) at the outer insulation surface. Although details of field profiles and life fractions for am,bu
were omitted for the sake of brevity, it can be said that the differences between the locations of the mini-
mum Lpc(r) stem from the moderate field inversion occurring for am,by and from the small, but non-
negligible differences between the exact and approximate field profiles occurring under au,bu.
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Figure 8. Loss-of-life fractions for the sample cable at 5 locations in the insulation using an,bn.
(a) in the three steps of a generic 24 hour cycle of the LC for exact field profiles
(b) in the three steps of a generic 24 hour cycle of the LC for approximate field profiles
(c) in the LC, HL, ZL periods, and in the 360 day PQ tests (= sum of LC, HL and ZL) for exact field pro-
files
(d) in the LC, HL, ZL periods, and in the 360 day PQ tests (= sum of LC, HL and ZL) for approximate field
profiles.

Table 2. Values of insulation life Loc(r) computed with the exact field and approximate field profiles for a.,b.,
am,bu, and an,br, at 5 locations within the insulation of the sample cable. Lpc is the PQ life, i.e., the minimum
value of Lpc(r) at the most siressed point, denoted by a gray-shaded cell.

Lpc(r) [y]

a,b values ar,br am,bu am,bu

Location exact field | approx. field | exact field | approx. field | exact field | approx. field
inner insulation 2.32 : 2.93 4.19 : 5.32 7.29 : 9.22
25% insulation 4.20 i 4.73 4.47 i 4.82 6.78 i 7.24
50% insulation 732 1 717 444 1 439 586 | 583
75 % insulation 11.6 ! 10.3 4.39 ! 4.05 5.17 ! 4.80
outer insulation 17.8 i 14.4 4.35 : 3.77 4.64 : 4.05

The improved procedure presented here is more flexible than might appear at first sight, since the ex-
pressions chosen for the electro-thermal life model and the electrical conductivity can be replaced with
others which fit better the particular type of DC insulation being studied.

It should be noted that the improved procedure contains an important simplifying hypothesis, i.e., inho-
mogeneities within the dielectric can be neglected. Such inhomogeneities may cause spatial variations of
the temperature and field coefficients of the volume electrical conductivity, and highly-localized space
charge distributions sometimes reported [30],[31].
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