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Abstract—Power cables are critical assets for the reliable oper- into account influential parameters. However, the degradlat
ation of the grid. The cable lifetime is generally estimatedrom  modelling of power cables is a challenging task [1], and in

the conductor temperature and associated lifetime reductin. 5y cases, the availability of run-to-failure data is tieni
However, these tasks are intricate due to the complex physe

of-failure (PoF) degradation mechanism of the cable. Thiss
further complicated with the different sources of uncertainty
that affect the cable lifetime estimation.Generally, simplified or
deterministic PoOF models are adopted resulting in non-acaate
decision-making under uncertainty. In contrast, the integation of
uncertainties leads to a probabilistic decision-making pocess im-
pacting directly on the flexibility to adopt decisions. Accadingly,
this paper presents a novel cable lifetime estimation frams&ork
that connects data-driven probabilistic uncertainty modds with
PoF-based operation and degradation models through Bayesi
state-estimation techniques. The framework estimates theable
health state and infers confidence intervals to aid decisiemaking
under uncertainty. The proposed approach is validated with a
case study with different configuration parameters and the #ect
of measurement errors on cable lifetime are evaluated with a
sensitivity analysis. Results demonstrate that ambient tapera-
ture measurement errors influence more than load measuremen
errors, and the greater the cable conductor temperature the
greater the influence of uncertainties on the lifetime estirate.

Index Terms—Condition monitoring, cable diagnostics, dy-
namic thermal rating, uncertainty, sensitivity.

A. Related work
1) Data-driven PHM solutions Many data sources associ-

ated with power cables have been focused on diagnostic tests
such as elongation at break [3], partial discharge [4], time
reflectometry [5], insulation resistance [6] and polaiat
currents [7]. However, the limited availability of diagnics
tests has constrained the adoption of PHM strategies fdesab

Alternative solutions based on operational datasets have
been developed such as cable prognostics modelling based
on voltage and current [8]internet-of-things based partial
discharge sensing networks [9], cable condition monitprin
through power line modems, time-frequency reflectometdy an
machine learning strategies [10], and subsea power cable
degradation analysis due to corrosion and abrasion [11].

The interest of some other data-driven methods for cable
failure specification has been on designing statisticatridis
butions to model the cable lifetime through a parametric
function. These models can be used to estimate cable failure
occurrences [12] and plan system-level cable maintenance
strategies integrated within power system models [13]].[14

OWER cables are critical assets for the reliable operation2) Physics-of-failure PHM solutionsDue to the limited

of the grid [1]. The unexpected cable failure can leadvailability of run-to-failure and diagnostics data, piegsof-
to lack of export capability or catastrophic failures degieg failure (PoF) models have attracted a wide interest [15j],[1
on the system response and the associated circuit. The nfaifi. There are different factors that influence the remmagni
ageing factors can be classified into [2]: thermal, eleatric useful life (RUL) of a cable, and accordingly, the specifimat
mechanical and environmental causes leading to oxidatiaf,an accurate physics-based model for RUL prediction is a
partial discharges, electrical trees and space charges. challenging task. In this context, the focus of many PoF mod-

With the increase of available data sources across the powtsr has been on calculating the cable conductor temperature
grid, there has been an increased interest in the impletimmtathrough different techniques such as finite element methods
of Prognostics & Health Management (PHM) strategies. Maf¥8] or equivalent electro-thermal circuits [15], [16], 7L
PHM strategies focus on the development of data-driven solyith the estimated cable temperature it is possible to ¢atieu
tions through machine learning methods which learn a modbe associated lifetime reduction due to thermal stressutjir
that represents the asset fault-to-failure progressidimga lifetime models [17], [19], [20].

The cable temperature estimation is a widely addressed
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joint influence of electrical and thermal stresses [17]. ¥ah

Canada (e_ma”these models have been validated via experimental field test

[25].
3) Uncertainty analysis The presence of uncertainties in

cable temperature and lifetime estimation has been disduss

by different authors [2]. The increased availability ofaland
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the emergence of data-driven solutions has contributetldo t From a review of the literature, it appears that an effective
proliferation of uncertainties due to the use of diverseadatincertainty processing framework for cable lifetime estim
collection equipment with associated errors, e.g. cdiitma tion has not been proposed, which integrates systematicall
or conversion errors (measurement uncertainty) and heattfferent sources of uncertainty and propagates them to the
estimation algorithms which adopt modelling assumptiorimal cable health state estimation for decision-makingennd
(process uncertainty). uncertainty.

The cable lifetime modelling process encompasses differenTo cover this gapthe contribution of this paper is the
sources of uncertainty and there are different methods tlmaiplementation of a cable diagnostics framework that con-
can be used to integrate uncertainty criteria in the cabiects data-driven probabilistic uncertainty models wit+P
temperature and lifetime modelling processes [26]. Gdiyerabased operation and degradation models for the cablentiéeti
uncertainty modelling methods can be classified into irlervevaluation under uncertainty. The framework integrated an
theory, fuzzy set based methods and probabilistic appesachpropagates measurement and process modelling errors in the

Villacci and Vaccaro integrated measurement uncertaintieable conductor temperature and lifetime estimation nedel
in the cable thermal model through interval mathemati@nd infers the cable health state under different operatiwh
[27]. It provides fast processing times when probabilistierror scenarios. In addition, the sensitivity evaluatidritee
information is not available. Wang and Qiu used fuzzy logic tmeasurement errors is also developed to improve the deeisio
integrate uncertainty information in the cable thermal elodmaking process.

[28], which requires the formalization of expert knowledge Accordingly, a cable diagnostics framework is presented
via membership functions. The focus of this work is obased on Particle Filtering (PF) concepts [31] integratiog-
data-driven probabilistic models that do not require the folinear state-space lifetime equations with physics-baspd-
malization of expert knowledge. Shabani and Vahidi préions. The state-space model dynamically updates the power
sented an optimization approach so as to maximize ampagcigple lifetime using loading and temperature profiles along
and minimize installation costs [29]. The method solves with physical configuration parameters through a physics-
deterministic objective function and takes into accourdg tthased model. This model estimates the conductor temperatur
uncertainty of ambient temperature, load and soil via Mongecording to design and construction parameters. The cable
Carlo simulations (MCS). However, MCS lacks a systematiifetime is then estimated as a probability density functio
framework to integrate and propagate uncertainties nog orfpdf) obtained from the posterior distribution elicitecbrin

for variables, but also for modelling processes. the PF method. Subsequently 95% confidence intervals are
elicited from the obtained pdfs to assist the decision maker
L o the visualization and interpretation of the results.

B. Research direction and contribution

The lifetime reduction of a power cable varies non-linearl¢. Organization
according to different stochastic variables, state-estion and e rest of this paper is organised as follows. Section Il

degradation models, and the sources of uncertainty a$8dCigntroduces cable temperature and lifetime estimation ouh
with these variables and evaluation models. Section Il defines the proposed approach for cable health st
If these factors are not integrated in an adequate cabléhhe@kstimation under uncertainty. Section IV presents evalnat

state estimation framework this may limit the applicatidn oynq results. Section V discusses the challenges and pdtenti
PHM strategies for effective cable lifetime estimation end extensjons, and finally Section VI draws conclusions.

uncertainty and it may lead to non-optimal cable mainteaanc
decisions. Due to the complex PoF degradation process of
cables, deterministic models or simplified PoF models are
generally adopted resulting in non-accurate decisioningak The cable conductor temperature is directly influenceddy it
under uncertainty [30]. layers and materials, physical configuration and surroundi
In contrast, the integration of uncertainties leads to dpro€nvironment. In turn, the temperature impacts on the cable
abilistic decision-making process. This change of pa,mdiglifetime along with other parameters such as electricalsstr
impacts directly on the flexibility to adopt decisions. An
uncertainty-aware framework propagates the variabilify é
modelling and measurement parameters to the final healtifrhe cable temperature can be calculated from analytic
state and infers confidence intervals to aid decision-ngakimethods [15], [16], [17], finite element methods (FEM) [18]
under uncertainty. The probabilistic confidence bounds as-non-invasive inspection measurements [32]. The expensi
sociated with the lifetime estimation assist the engineer femperature measuring equipment is not cost-effectivelamd
the final decision-making process with information abow@ tHimplementation of FEM is outside the scope of this work.
confidence of the estimate. That is, if confidence bounds drberefore this work focuses on analytic methods [2], [33].
wide and the probability of the maximum likelihood value is Fig. 1a shows the equivalent thermal ladder circuit of aeabl
low, it reflects a complex decision-making situation whére t from the inner conductor layer to the external jacket.
model is not confident about the final estimate. In contrast, The temperatur® of each layer of the cable©®;, is mod-
narrow confidence bounds with a high probability indicate elled through the thermal resistancg)( thermal capacitance
high-confidence scenario for decision-making. (Q1), and power loss unitit;).

Il. CABLE THERMAL & L IFETIME MODELLING

. Thermal modelling
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cTtw : 3) Losses:The cable power loss is directly translated into
T2 T2 I, T3§% I, T, T, dissipated heat and increased cable temperature. The total

- - —— T HOC CHCH  cable temperature is the sum of self-heating, mutual hgatin
LI 11711 I between adjacent cables and the temperature rise due to the
-PC Q”’TQ“” Q"Z'-|Q'2"—|QS TQal Qa2 TQJ’ ZTQsoi' : all B soil effect. The total cable temperature is then translaiéal
(a) 6, 6; [¢]

Insulation 6 P 6™ cable power loss, which is generally modelled according to
the different layers of the cable (cf. Fig. 1a).

Assuming a cable comprised of conductor, jacket and ar-
mour, the power loss due to self-heating is calculated as:

1) Thermal resistance & capacitancé:he thermal resis-
tance models the heat dissipated in the cable: Weii(t) = We(t) + Ws(t) + W;(t) + Wa(t) )

Conductor
losses
Conductor
Sheath
Sheath
losses
Armor
Armor
losses
Jacket
Ambient

Fig. 1. (a) Thermal ladder circuit of a cable. (b) Equivalamb-loop circuit.

T= %log (Dext/ Dint) (1) whereW, is the conductor power loss, and,, W, and W,

: T , iqre respectively the sheath, jacket and armour power losses
wherep is the thermal resistivity of the cable layer’s materia 4) Cond | Th q | :
(K.m/W), and D¢y and Dj; are the external and internal ) Conductor lossesThe conductor power loss at tie

diameters of the corresponding cable layer under study. F%/F(t)' is defined as follows:
example, the thermal resistance of the insuldftys, is typi-

cally calculated by taking the diameters of the cable cotatuc

and sheathT'ins = 5-10g (Dsheatt{ Dcond) where(t) is the current that flows through the cable at time
The thermal capacitance models the capacity of the cal@tantt and Rac is the alternating resistance of the cable.

to hold heat and it is calculated as follows: 5) Sheath and jacket/armour losseSheath losses depend
Q = /4 (Dext® — Dint?) C 2 On the cable configuration. For cables in trefoil formatiathw

metallic sheath, loss factors in the sheath and jacketfarmo
where C' is the volumetric specific heat of the cable layer'sre defined as:

material (J/mM°C) and Dey and Di; are defined immediately
above. For example, the thermal capacitance of the sheath,
Qshean is calculated by taking the diameters of the insulatd¥hereA are the total losses in the sheath and jackets the
and sheathQshean= /4 ( Dsheat?® — Dinsz) C. relation of the total losses in the sheath_ with respgct to the
2) AC ResistanceThe AC resistance models the resistand@tal losses in all the cable conductors, is the relation of
of the cable material to the heat. The alternating curreffte total losses in the jacket/armour with respect to thal tot
resistance of the cabl&ac, is calculated as follows: losses in all the cable conductors.
Depending on the cable configuration the calculation of
is different. For three single-core cables in trefoil fotmoa:

We(t) = I(t)’ Ry (10)

A=A1+ A2 (11)

Rac = Rpc(1+ys + yp) (3)

where Rpc is the direct current resistance of the calii¥ng), )
and y; and y, are the skin and proximity effect factors M = Rs/Rac (1/ (1+ Rs/X7))
respectively. The direct current resistanéc, is defined as:

(12

where R, is the sheath’s resistance add is the sheath’s

Rpc = p20/5(1 4 amat(90 — 20)) (4) reactance per unit lengttf2(m) defined as:
where po is the resistivity of the material at 2@ (£2.m), X = 2we™".10g(2Dayis/ Ds) (13)
amat, IS the temperature coefficient of the material ('), and
S is the cross-section area of the conductof)(m where D,yis is the distance between conductor axes of the

The skin effect,y,, is the tendency of an AC current tocables (mm), and; is the mean diameter of the sheath (mm).
become distributed such that the current density is lamget ~ Accordingly, the sheath and jacket/armour power loss are
the surface of the conductor and decreases with greatensiepgialculated as follows:
in the conductor. It is defined as:

ys = x2/(192 + 0.8z2) (5) Ws=MWe, W;=XWe (14)

where, Finally (9) can be redefined a,.;; () = W, (t)1+A1+\o).

In this analysis it is assumed that the cable has no jacket and

The proximity effect can increase the AC resistance ct)l?erefore)\g =0 and Wiy () = We(t)(1 + ).

adjacent conductors by inducing eddy currents. Proximigl 6) Dielectric loss: For AC cables the dielectric loss is

effect depends on the cable configuration. Assuming cables Iefmed as follows:

x5 = Fpks; Fj, =8mfe”" /Rpc (6)
where f is the operating frequency.

trefoil formation, the proximity factory,,, is obtained from: W4 = wCUgtans (15)
yp = Fp((0.312 + 1.18)/(Fp + 0.27)) @

where, wherew =2rf, C is the capacitance per unit length (F/m), and
Fp=22/(192 4 0.822); xp = Fikyp (8) Uy is the voltage to earth~or distribution voltages the effect

where k, and k, are directly determined from experimentabf dielectric losses can be neglected [20] and accordirigly i
tables depending on cable configuration and material [2]. has not been included in this paper.
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7) Transient OperationThe transient response of the cable The soil temperature is crucial for underground power
is calculated using the Van Wormer coefficients [2]: cables because it directly affects the final cable temperatu
The soil temperature rised.,;;(t), due to constant power

1 1 1 ‘aainati ; ; : .
P = - ——ip = - - (16) dissipation transientV.s, is defined as:
log( ins ) ins 2l0g( ext ) ( ext )2 _
Dcond Dcond Dsheath Dsheath

. — Ps . —L? . _Dsurf2
Short duration insulation capacitances are defined as [2]: Os0i(t) = alt) {Wse"ﬂ (EZ (7) — B ( 16t ))} (26)

Qr1 = 7/4(Dins.Dcond. — Dcona?)cins. 17) where L denotes the depth burial of the cable (M)t de-
Q12 = 7/4(Dins2 — DinsDcond)cins. notes the external surface diameter of the cable ¢najenotes
When modelling transient operation it is suggested to givid€ diffusivity of the soil (M/s), Wseis can be calculated from

the insulation in 2 additional sublayers with thermal regity (%) @ndEi(.) is the exponential integral function.
T1/2 (see insulation in Fig.1a). Accordingly, based on (16)- With more than one cable located next to each other, the

(17) the short-term insulator response is defined as [2]: proximity of the cables causes mutual heating. The mutual
heating temperaturé,,,.+.q:(t), is defined as follows:
Qi =p"Qn; Qur=(1-p")Qn (18)
Qi = 0" Qr2; Qion = (1 —p*)Qr2 N-1 p A2 e
, - . . _ —% —pk
Applying the same division to the shield, armour and jacket; Omuua(t)=a()> {Wse'ff (E( ot )‘E( ot ))} @n

S
k=1 4

Qa1 = p"Qamos, Qa2 = (1 - P*)Qarmor
le = P/Qjacketi Qj2 = (1 _p/)Qjacket

(19) wheredpk denotes the distance from the cabldo cablek
(m) anddp is the virtual distance from the cabteto £ (m).

where Qjackes Qarmor Qshield are calculated through (2). The attainment factor(t), is defined as follows:
In order to reduce the ladder circuit in Fig.1la to a two-loop
equivalent circuit shown in Fig.1b, capacitances are pine Oseif(t) Tu(l — =) + Tp(1 — e~ bt)

per each section of the equivalent ladder circuit, i.e. $tea Y = W) Ta + 75) Ta+Tg (@8)
capacitancg, = 14+A; and jacket's capacitaneg = 1+ 1+\z.

. The total rise of temperature over ambient temperature is
Namely the capacitances are grouped as follows:

defined as follows:
Q1 = Qc + Qi1; Q2 = Qi2 + Qi3

Q3 = Qia + Quneath/qs + Qa1/qs; Qs = (Qaz + le)/qs (20 Orise(t) = Osel(t) + Osoil(t) + Omutualt) =
(2 shea a bl a. 7 . B pé (1+>\1)
Accordingly, the ladder circuit in Fig. 1a is reduced to its ~ We()(Za(l—e™")+ Ty (1) Y ar (TatTh) (29)
equivalent circuit shown in Fig. 1b to resolve the temporal _I2 D —d2, —d2,,
response. These are the parameters of the reduced cirtuit [2 ([(Bi(— )= Ei(— )2 =)= Bi(—~=)))]
Ta=T\/2 T =Ti/2+qTs + q;Ts In order to account for the temperature changing altergatin
- 3 - s J

» (21) current resistance, a correction factor is applied to thal fin

Qa=Q1; QB=Q24+Q3((¢:sT2+q;T3) /Tp)*+Qa(q;T3/Tn) temperature rise over ambief®yise o(t):

8) Temporal ResponseThe circuit in Fig. 1b is solved

using the Laplace transform as follows: Orise, (t) = Oriselt)/ (1 + %M) (30)
. amb!

(s)= Ta+Tp+TaTp@ps @2y  The total stationary temperatur®(oc), is calculated as:
14+5(TaQa+TBQB+TBQA)+52(TaQATBQB)
where s is a complex number frequency parametet o+ ©(00) = Oseif(00) + Omutual(©0) + Osoil(00)

= We(t)(Ta + Tp)
= Wee(t)ps /2mlog(kp’ /kp) (31)

= Weeit(t)ps /2mlog (ZL/DS +4/4L2/Ds% — 1)

where L is the depth burial of the cable, anBs is the
S8urface. After reorganising and reducing the total statipn
temperature can be redefined as:

iw, and F(s) = [ f(t)e *'dt. The response of the transfer eese'fEOO
mutuall &

function in (22) ?nodels the temporal response of the cable
conductor temperature due to the self-heating of the cable.

Changing froms to the temporal domair, the temporal
response of (22), i.e. cable conductor temperature dudfto
heating,0..7(t), is defined as follows:

N N R SN

esoil(OO

Oseli(t) = We(Ta (1 — ™) + Ty(1 — e ")) (23)
1+A1)ps kp' 2L
where the temporal response parameters are defined asgollow () = Wc(t){(TA +TB)+ %[loy (ﬁ) +1log (35\/@” (32)
To = (1/(a = b))(1/Qa—b(Ta+Tg)); Ty =Ta+Tp —Ta whered = 4L/D? — 1.

" (Mo N m) INo: b= (Mo B m) N (24) Finally, the cable temperature is determined from:

eca - ®am A erise 33
whereTs, T, Q 4, andQ@Qp are defined in (21), and: oie(t) o(f) + o) 33

Mo = 1/2(Q(Ta + T) + Q5Tx) Algorithm 1_defines the cable temperature estimation frame-
_ (25)  work for the time intervalk,, KJ:
No =QaTaQBTE
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o Lines 1-5: define the temperature-independent cablafluence the final estimation, and in the end these factdts wi
parameters which depend on the physical characteristizapact on the accuracy of the final estimate. Under condition

« Lines 6-12: estimate the cable temperature for thef errors and uncertainty, the estimation of a single poahie
diagnostics time horizok . It is assumed that the load,conductor temperature may not be accurate. A pdf around a
1, and the ambient temperatuf®,,,.;,, measurements arenumber of conductor temperature values with the probgbilit
collected everyAt within the time interval ko, K] and associated with each value represents better the uncertain
superposition of past transients are applied. nature of the cable conductor temperature estimate. Some

examples include measurement errors due to sensor cadibrat

or noisy environments, lack of exact knowledge of empirical

formulations, and physical configuration uncertaintieshsas

Algorithm 1 Cable temperature estimation
1: CalculateT’, @ for all the cable layers via Eq. (1) and Eq. (2)

§; gzlﬁﬂ:iﬁff °u§?r:3”§3_ %fz')(s) > A2 = 0 cable without jacket. the exact distance to the cable or the exact soil diffusivity

4: Calculatea, b, T,, Ty, from equations in (24) In this context, given the uncertainties around the cable
5: CalculateT'(c0) via Eqg. (31) temperature estimate, it is possible to re-evaluate tle¢irtie

6: for k = ko : At : K do > Cable temperaturdi agnosti cs  models to quantify effect of cable temperature estimation
7: Readi(k), ©ams. (k) > Monitored data e . .

8 CalculatelV,..; via Eq. (9) errors on gable Ilfetlme estimation. .

9:  Calculatea(k) via Eq. (28) The lifetime equation can be redefined as:

ig gz:gﬂ::igzz:lgz/l’)e\llrglutEugl ((kS:)f.%;/la (26) & (27) respectively RULt = RULt—1 +vrur, ;, — At/ (TTF +vt) (36)

12: Ocabie[k] < Ocabic(k) > Store results at instarit

wherevgyr,_, is the RUL estimate error @t 1 andv; is the

process error. At the initial time instanty ., , will denote

the uncertainty around the initial life estimatg; 1, and this

I N will be propagated in subsequent iterations.

B. Lifetime estimation The uncertainty around tHess-of-life fractionAt/TTF is
There are different lifetime models that diagnose the caldgfined in terms of the process and measurement uncertain-

health based on thermal and electrical stresses [19]. HpieIp ties. The main measurement sources of uncertainty are load,

focuses on the Arrhenius inverse power model (lPM) due to i&%’ and ambient temperatur&;a’ measurements. |ntegrating

wide adoption in the community, e.g [34], [35]. IPM definegincertainty measurements in (33) results in:
the cable time-to-failure (TTF) as follows [19]:

13: return O.qpie > All cable temperature estimates K

Orise(t)(234.5 + Ogmp(t) + va)

TTF = TTRye~ BT B/ Ey (0 =<T) B4 Ocanilt) = Oamp(t) +Ya + = 66,0 (37)
whereF is the electric field (kV/mm)¢T = 1/T,—1/T is the o L Cam (O
conventional thermal stress, wheFeis temperature in Kelvin defining f1(t) and f5(t) as follows:
degrees and}, is a reference temperaturg,; is the voltage
endurance coefficient & = T} (non-dimensional)E, is a A() = [Ta(l—e™™) + Ty(1 —e™")]
value of electric field below which electrical aging is deeme i L+A1os ([Ei(—_l?)_Ei(Ds—urF)}_i_z[Ei(_d;%k )_Ei(_dik’)} (38)
as negligible (kV/mm), TTf is time-to-failure atl’ = T, and ar ot 160t 4ot 4ot
E = Ey, B is equal toAW/k (AW being the activation
energy of the main thermal Qegradation reaction arzking Fa(t) = (T'a +TB)+(1+)\1)pS(lo M)Hog( 2L a ) (@9)
the Boltzman constant) andis a parameter that models the 2 dip Dsurt \| Dsurf®

synergism between electrical and thermal stresses (K.Mm/Kesyits in:
In order to estimate the remaining useful life (RUL) itera-

2
tively (34) has been rewritten as a recurrence relation form g . )—6, ., (1)+p.+ S1(2) [234.5+4 O amp (1) +¢a] (40)
b BL5® 4t (W | (1 £, (1)

— _ Rpc(I(t)r)?
RUL = RULt—1 = AY/TTF (3%) Comparing (40) with (33) it is possible to see that the

where RU L, is the cable RUL at, RUL,;_; is the RUL at different uncertainty sources may affect the cable tentpeza

t — 1, At is the time-step, and'T'F' is the time-to-failure and accordingly, comparing (36) with (35) it is possible ¢& s
defined in (34)The fractionAt/TTF models the loss-of-life that the lifetime estimation is also affected by differemtices
fraction in each iterationAt instantt=0, RUL;_; equals to of uncertainty. The proposed framework below effectively
the initial lifetime estimationRU Lo. In subsequent iterationsintegrates these sources of uncertainty.

RU Ly is updated with the most up-to-date RUL estimation to
reflect the previous state &t-1.

I1l. A NOVEL DIAGNOSTICS FRAMEWORK FORCABLE
LIFETIME ESTIMATION UNDER UNCERTAINTY

C. Sources of uncertainty Power cable aging can be considered a partially-observable
Algorithm 1 is the method used by the IEC standard aridarkovian process, where the state of the cable cannot be

generally adopted by the research conducted around cathilectly observed, but it can be estimated from measurands

conductor temperature estimation [15], [16], [17]. Howevelike ambient temperature and load. Accordingly, so as te tak

some measurements may be affected by hardware inaccuraititss account different uncertainties and propagate themgal

or calibration errors, modelling imprecision errors magoal with inspection data, the PF method has been implemented.
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The PF is a Monte Carlo based Bayesian filtering meth@drameters and physical characteristics, which resulhén t
[31], which has been used for prognostics predictions oélculation of the cable conductor temperatérg, (k).
transformers using machine learning strategies with @iffe =~ The cable health state at the discrete instanRkRU Ly, is
measurement and degradation functions and sources of-uncafculated via (36). This equation defines the cable detjmada
tainty [36]. PF enables the estimation of cable lifetime emdtrend as a function of the cable temperature, electricaksir

different sources of uncertainty as shown in Fig. 2. the synergism between thermal and electrical stresses, and
g - oo cable health state &t— 1, which is updated at every time-step
EIPRF = ol RF e Amb. . . .
e Ef f TN ) [T with the most up-to-date cable health state estimation.
g kD= =l The pdf p(zx|z0x) defines the system statg with mea-
< T surements until the instarit, zx. The prior pdf of xx from
= &5 params [ OF Liretime [rui . o pecnened  p(xk1|zok-1) IS determined as follows [31]:

C Cable param, Rating ,,l@@wm T H—N\i\i ime ( | )
— plalzonr) = [ plardonp@elzondoe 42)

Fig. 2. High-level PF-based cable lifetime diagnostics framework

The Dynami ¢ Thermal Rating model in Fig. 2 is
Algorithm 1 adapted for uncertainty measurements accgrdi tantk
to the PF approach. It takes as input environmental parameténs antk, 2o:k,
cable parameters and external parameters which can be speci p(x|z0K) = p(@k|z0k-2)p(2k|T) /P(2k] 20K-1) (43)

fied with pdfs t del th iated tainty, e.g. amibi . . -
10 WIth pdis fo moce! the assoclated unceriainty, €.g. antbl For each instant, the PF method applies prediction, update

temperature and load. The outcomes of this model are ad i ; " | el
number of pdfs (one per each evaluated data point) ofthcecaEp resampiing steps so as o solve (43uticles are a
ey concept for the resolution, which are random samples

temperature©.qp.. The Li fetine Estimati on model i ) ) ) ; ; Np
evaluates the cable RUIRU L(t), with input cable conductor with their weights that describe a pdf, e}, w;_,}i-,
temperature estimate pdfs and calculates the lifetime (odtis  d€NOtes the system state at time- 1 with N particles.

per each evaluated data point). Finally the pdfs are coedert Algorithm 2 defines the implementation of the cable RUL
into maximum likelihood and 95% confidence intervals so &ediction under uncertainty.

to improve the readability for the end-user.

where (41) defines the cable state-transitigmy|zx.1). The
Hrior pdf is updated with new measurements gathered at
leading to theposterior pdf [31]:

Algorithm 2 Cable RUL prediction under uncertainty via PF

A. Particle Filtering for cable diagnostics 1 {RULka,7h_1,wi_}P, > Previous instant results at— 1

The parametric state-space formulation for a dynamic mod%[ for k=ko:Ak:K do > Iterate Ak timestep until finish horizon K

. . . . . Preprocess measurements collected at
at the discrete-time instaritis described as follows [31]: 4 Calsulateé)came(k) from Algorithm 1

o= (w1, vi) ‘Degradation equatl(?n" (1) 5 Extract uncertainty datara ~ N(Oata), ri ~ N(i,),
k= h(zk, k) “Measurement equation” ) rRUL, ~ N(RU Lk, vru, ) 7k ~ N(0, )

wherez). is the unobserved cable health state vectpiis the . “tor j —1: N, do > State-spacerediction step
measurements vectofy-) is the degradation functio,(-) is 7. Propagater;, via (41), RU Li.1 and Ocapie(k)
the measurement functiony is the process noise vector, andg:  Calculate{w;,}..",, through (44) > Particleupdate step
1k is the measurement noise vector. Each element of the noise  if N < Nt then > Particleresampling step cf. (45)
vectors represent a different source of uncertainty, amth ealo: Update{z},, w;,} through systematic resampling
of them is formalized through its corresponding pgf~p, 111 endif ¢ iNp _ _
andyk~p,. The uncertainty sources considered in this wor ggﬁi 1<—: %ﬁji]@}i:l g Pr:pigv?of?&cfsxﬂtggﬁon

are synthesized as follows = (k, vrug aNdYx=Wa, V). 14 o RUL > Estimated particles for the finish horizdii
The resolution of this state-space problem enables fifjerin

the cable health state at the instantintegrating multiple - . . . .
sources of uncertainty [31]. Fig. 3 shows the application of The prediction ak is done by simulating the cable dynamics

(41) to the cable lifetime estimation process. acco_rding t_o .(41). to generate new samples from the
predicted distributiorp(xk|zok-1) (I i nes 6- 7).
. Next, measurement likelihoods are calculated given the
Physlc;l . Algorithm 1 " Q, Recy A, 1 X i ” .
hgec e ] To, T, T Degradation partictes health state of the i-th particlg(z|x},), and accordingly, a

ocation

Characteristics + Ocale(K) function___ RULy i

0, (K) [ Algorithm 1 Lifetime model 18

a E 0.(k) >(Lines 6-12 Eq. (35) &
[} [}

Measurement

Lines 1-5)

MBUL weight is estimated for every particle{it,. . .,N,} (I i ne 8):

a

4

Np

[[(] s cti ; B ' . ) .
O I i) [l wh = pladel)/ S plerdad) (@)
rocessNoise m J:1 N
i i 7 7 P
Fig. 3. Framework for cable lifetime diagnostics under utaiety. The obtained set of partlcle{&:k, Wi, }i:1 are then used to

elicit the posterior pdf p(zk|zo:).

The measurement equation is defined by the cable conThe PF introduces the weight degeneracy issue [31]: one
ductor temperature calculated according to Algorithm 1e Thparticle has meaningful weight and the rest are negligiie.
measurements included in the cable conductor temperatireeffective particle size is defined to eliminate the degerera
load,i(k), and ambient temperatur®amp(k), along with their e

measurement errorgy andq),, respectively, and other cable Nett = 1/;1”13 (45)
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The systematic-resampling is appliedMeq < Nt [31], Under these assumptions, and considering a process mea-
where Nt=N,/2 is the adopted thresholdl i(nes 9- 11). surement error of,, = 0.0001 units, an initial lifetime of
vruL, = 15 yearst 10 days ¢rur, = Vrur,.,) and an

IV.  CASE STUDY & EVALUATIONS initial cable temperature 0®.qs.(t =0) =20 + 0.5°C, the

Fig. 4 shows the parameters of the three-phase cross-linkgdociated lifetime reduction is calculated from the estird
polyethylene (XLPE) cable installation in trefoil formati cable conductor temperature [cf. Eq. (36)]. Adopted ihitia
analysed in this sectiorin order to validate the developediifetime, process error and initial temperature valueshago-
thermal model (cf. Subsection II-A), cable conductor tempethetical reasonable values and they can be adapted if needed
ature results in [16] have been used as a validation strategy Fig. 6a shows the cable conductor temperature over time
Overel diameter: D=0 mm S = 05 x 107552 for fixed 5% ambient temperature measurement error and
Copper sheath: Th.o1.54 mm proi = 0.95P different load measurement errors. The maximum likelihood

(ML) and 95% confidence intervals (Cl) are elicited from the
pdfs inferred for each time instant using the PF model dehote
as [CI, CI*]. Fig. 6b shows the pdf of the last cable conductor
temperature data point, i.e. the 14000th sample in Fig. 6a.
Fig. 6¢ shows the cable lifetime reduction due to the thermal
stress and Fig. 6d shows the pdf of the last lifetime estimate
Table | displays the lifetime estimation parameter valuesdata point, i.e. 14000th sample in Fig. 6c.

Fig. 6a shows that the increase of load measurement error
has a direct influence on the 95% confidence intervals of
the cable conductor temperature. It can be noticed that the

,,/ XLPE insulation: Th.=21.7 mm
Shield: Th.=2.05 mm

Copper conductor: D=38.3 mm
Cond. area = 1000 mm?
Voltage = 220 kV

Fig. 4. Experimental case study parameters (Th: thickness, Dr digmeter).

TABLE |
ARRHENIUSIPM MODEL PARAMETER VALUES[19].

P;;i;:e[t:]r fj'{’; confidence bounds widen with the increased cable conductor

b [K mm/kv] 4420 temperature, which suggests that the measurement erers ar
Ul [;°”igl;7rf]'r‘nsli°”a'] ® more critical for higher cable conductor temperatures. Bhy

ED[kV,mm] 75 shows the change of the pdf of the cable conductor temperatur

B [K] 12430 and it indicates that the greater the load measurement, error

Cable layers, materials and their configuration in Fig. @€ wider the pdf bounds.
influence the thermal model equations associated with cabld9- 6¢ shows that the greater the load measurement error,
losses, and in turn, the estimated cable conductor temperalthe lower the lifetime which is ruled according to the cable

directly influences the lifetime equation (see Subsectid)] conductor temperature in Fig. 6a. The maximum likelihood
values in Fig. 6¢ show a similar degradation trajectory for

A. Diagnostics: cable health state estimation different load error values, but it can be noticed that the
dggradation for the highest load measurement error starts

number of load and ambient temperature profiles with difﬂared_e\’iatingl faster towards the last 350 hlours pe”o‘?' due to
measurement errors have been examined. Fig. 5 showsl? er c_able cpnd_uctor tempgratures. Fig. 6d confirms that
applied hourly sampled load and ambient temperature psof”gﬁe maximum likelihood value is lower for greater load error
Note that the first 350 hour data samples of the load profif&'!€s:

without errors are taken from [16], which is done delibeigate SC @S t0 evaluate the effect of cable conductor temperature
to validate the obtained thermal results. This patterngeaged ©Stimates on the cable lifetime Fig. 7 shows the average life

. . 24 ;
periodically (see dashed vertical lines in Fig. 5) creating fractlon lost per day, i.eFiay = 1/24. izt V.TTF“ which
signal of 14000 data samples. is repeated for the whole tested period. This index enahkes t

observation of more stable trends.

It is possible to see from Fig. 7 that the effect of measure-
ment errors on the loss-of-life fraction becomes more impor
tant over time as the cable conductor temperature increases
This can be seen with the difference between three loading
cycles, were the confidence bounds of the 5% load error widen
over the evaluation timespan.

In order to calculate the health state under uncertainty,

L 9 i 28

1400~

1200~

1000~

Load (A)

800

Ambient Temperature (°C)

600!

400y 200 400 600 800 1000 1200 1400 14 200 400 600 soc) 1000 1200 1400 B Sens|t|v|ty anaIyS|S

Time (hours) Time (hours,

! . ~ Measurement errors influence directly on the cable conduc-
Fig. 5. (a) Load and (b) ambient temperature data samples and ategbci . . . .
measurement errors (inspired from [16)). tor temperature, which in turn, directly impacts on the eabl
lifetime estimation. It is possible to correlate the caljeiag
For parametric sensitivity analysis purposes the influencate with the cable conductor temperature and its assdciate
of typical measurement errors of 1%, 2% and 5% have beerror for sensitivity analysis purposes.
tested for load); = {13A,26A,65A} and ambient tempera- In this context, the equivalent cable ageing (ECA) index
ture measurement errogs, = {0.25°C,0.5°C, 1.25°C}. as a function of the cable conductor temperatufe) (and
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Fig. 7. Average life fraction lost per day.

cable conductor temp.; (b) cable conductor temp. pd480Qth sample; (c) cable RUL estimate; (d) RUL pdf at 140@kita sample.

error (ec) = 5°C
error (ec) = 4°C
error (ec) = 3°C
error (ec) = 2°C
error (ec) = 1°C

Cable cond.
1 Cable cond.
I Cable cond.
I Cable cond.
[ Cable cond.
= = Deterministic model

temp.
temp.
temp.
temp.
temp.

150

Cable Conductor Temperature (°C)

Fig. 8. Equivalent cable ageing for a cable thermally rated &t®@s a

function of cable temperature and error.

its associated erroref) can be defined by the ratio between _ _ _
the time-to-failure at the rated cable conductor tempeeatu As Fig. 8 confirms the cable conductor temperature has a di-
(I'TFg) and the time-to-failure of the measured cable coriect influence on the confidence intervals. Namely, the great

ductor temperatureI{(T'F) [24]. The ECA(O. + ¢.) for a
cable thermally rated at 9Q is defined as follows:

TTF,
ECA(O te.) = TT;‘ =e

B( 563~ oke ) £
Eo

the cable conductor temperature the greater the influence of
errors on the cable lifetime estimation. It can be noticeat th

the sensitivity of cable conductor temperature with respec

_p( L — 1
366  Octeo

(46)

ECA is not lineal and this explains why the ageing rate is
faster for different cable conductor temperatures and fileete
of higher temperatures on the RUL estimate.

Fig. 8 shows the ECA as a function of cable conductor Note also that Fig. 8 informs about the equivalent cable
temperature and associated cable conductor temperatars.erageing with respect to the rated cable. That is, &9for the
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deterministic model the ECA is 1 unit, meaning that the agjeirstate) because load and ambient temperature are measurable
of the cable is equivalent to that of the rated temperatusieca values widely used by practitioners, the uncertainty of the
However, this relationship changes quickly for differeable initial health state enables the adaptation of the framkwmr
conductor temperature values. different health states and initial conditions, and thecpss
The cable conductor temperature is influenced by differemncertainty models the lack of exact knowledge of the em-
sources of uncertainty. Focusing on measurement uncertgiitical degradation modelling process. However, the desig
ties, the effect of load and ambient temperature measuremeéiagnostics framework is extendible to other sources ottnc
errors on cable lifetime can be analysed using the desigRedtRinty.
framework. Namely Fig. 9 shows the maximum likelihood and Focusing on the surrounding of the cable, it is possible to
95% confidence intervals of the last data point of the lifetiminclude other sources of uncertainty, such as soil or backfil
estimate using load and temperature profiles shown in Fig.véhich are modelled with the equivalent thermal resistafice
This is calculated for different load and ambient tempematuin Fig. 1. In this work soil properties have been assumed

measurement error values. constant, but it is possible to include soil-related uraiaties
that impact on the cable conductor temperature and then
T ot oo 294 -~ 939 . lond crer-2% integrate in the cable conductor temperature formulaafer
120610 ooy | i oad error=3% to [16] [37] to see the effect of soil and backfill propertigs o
T —— o the _ca.ble condu_ctor temperat.ure. _ _
Tt TTTTT0 Similarly, the influence of different cable configurations o
1.202 the lifetime estimate can be analysed through the appitepria

adaptation of cable conductor temperature estimation -equa

1.290 tions. The cable arrangement affects the equations agsdcia

RUL (hours)

vesg — with the proximity and loss factors [cf. (7) and (11)], which
in turn impact on the cable conductor temperature estimatio

1280 If the type of cable changes including its constituent layer
12— m o this affects the equivalent electrical circuit in Fig. 1 and
T e ??iﬁii =--g accordingly its associated thermal model formulations],[15

1.283 : [2].
These variations affect the cable conductor temperature
estimation,O.(t), which in turn affects the cable lifetime as

xamined in Fig. 8.

2
Ambient Temperature Error (%)

Fig. 9. Cable lifetime at 14000th data point for different errorues.

It is possible to see from Fig. 9 that for the tested configurs Th diff t cabl p i q f
tions the effect of load measurement error is greater than th ere are difierent cable configurations and sources o

ambient temperature measurement error. Namely, observ ertainty that can be considered when estimating thescabl

the maximum likelihood values, the lifetime variation of & ductor temperature and its lifetime. With the apprdpria

fixed load error and different ambient temperature erranesl modifications of the underlying equations the proposed éam

. . e . - . work can accommodate different measurement and process
is lower compared with the lifetime variation of a fixed P

: : .. uncertainties.
ambient temperature error and different load error valligs. e .
The specification of measurement and process errors is

also possible to see that the confidence bounds are greater fo . . . o
bigger measurement error values. The final shape of the P _delIgd using Gaussian pdfs and it is a;sumed that .thedlstr
estimate depends on the uncertainty propagation mechanlsli’ﬁon IS centrgd on the measurgd value_wnh the specified err
of the Particle Filtering framework values in Section IV (cf. Algorithm 2| i ne 5). However,
For all the evaluated metrics .includin cable conductgrOte that the Particle Filtering framework is flexible and it
. . . 9 - enables the integration of non-Normal distributions teothis
temperature, daily average life fraction lost, remainisgful ~. " . S
. . . . direction, if the noise induced by measurement errafsg, (
life and equivalent cable ageing the corresponding prob ") or process errorsvi, ) is known, it is possible
bilistic 95% confidence intervals have been estimated. &hes' P VRULo» Vit : P

confidence bounds help the engineer in the decision-makil design the associated pdf from data which represents the

process with information about the confidence of the eséma{:grrespondlng measurement or cable health state process.
Accordingly, this paper contributes with the integratioh o VI. CONCLUSIONS

complex, detailed physics-of-failure operation and ddgtian . )
process of cables including different sources of uncetain The effective development of power cable PHM strategies

within the Particle Filtering framework for probabilistife- IS cha_lllenglng d_ue_; to the mvolyed comple_x degradation tra-
time estimation purposes. jectories. The difficulty to obtain run-to-failure datesdtas

put the focus of many PHM applications on the development
of physics-of-failure (PoF) models. There are multiplerses
V. DiscussioN of uncertainty that affect the specification of the PoF msdel
There are different sources of uncertainty arising from tHéthese sources of uncertainty are not taken into account th
cable lifetime estimation process. The focus of this redeardecision-making process may not be accurate.
iS on measurement uncertainties (ambient temperaturd) loa The literature indicates that an effective uncertainty-pro
and process uncertainties (degradation process, inigaltih cessing framework for cable lifetime estimation is missing
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In this direction, the diagnostics framework presentechis t [14] A. Said and R. A. Ghunem, “A techno-economic framewask rfeplac-
paper fills this gap with the proposed Bayesian state-estima

framework that connects data-driven probabilistic uraiety

[15]

models with PoF-based operation and degradation models.
The framework systematically integrates different sosirog
uncertainty and propagates them to the final cable hea[l%ﬁ]
state estimation for decision-making under uncertaintyisT
framework leads to a probabilistic decision-making prece&’]
that impacts directly on the flexibility to adopt decisiofitie
evaluation of the cable health state under different cait

of uncertainty with associated confidence intervals assgist [18]
the decision-making under uncertainty.

The implemented sensitivity evaluation of the measuremend
errors improves the decision-making process with inforomat
about the effect of different sources of uncertainty on thele
lifetime. The analysis confirms that the influence of the amhbpo]
ent temperature measurement error on the lifetime estimmat

1
greater than the load measurement errors. It has been Z%s
shown that the influence of load and ambient temperature specific heat, thermal resistivity, and precipitatiofEEE Transactions

measurement errors on the cable conductor temperature a
lifetime estimates becomes more important for higher cadFe

2]

conductor tem peratures.
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