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Line Aging Assessment in Distribution
Network Based on Topology Verification and
Parameter Estimation

Zhi Wu, Member, IEEE, Huan Long, and Chang Chen

Abstract—The aging of lines has a strong impact on the econ-
omy and safety of the distribution network. This paper propos-
es a novel approach to conduct line aging assessment in the dis-
tribution network based on topology verification and parameter
estimation. In topology verification, the set of alternative topolo-
gies is firstly generated based on the switching lines. The best-
matched topology is determined by comparing the difference be-
tween the actual measurement data and calculated voltage mag-
nitude curves among the alternative topologies. Then, a novel
parameter estimation approach is proposed to estimate the actu-
al line parameters based on the measured active power, reactive
power, and voltage magnitude data. It includes two stages, i.e.,
the fixed-step aging parameter (FSAP) iteration, and specialized
Newton-Raphson (SNR) iteration. The theoretical line parame-
ters of the best-matched topology are taken as a warm start of
FSAP, and the fitted result of FSAP is further renewed by the
SNR. Based on the deviation between the renewed and theoreti-
cal line parameters, the aging severity risk level of each line is
finally quantified through the risk assessment technology. Nu-
merous experiments on the modified IEEE 33-bus and 123-bus
systems demonstrate that the proposed approach can effectively
conduct line aging assessment in the distribution network.

Index Terms—Line aging, topology verification, parameter es-
timation, risk assessment, Newton-Raphson iteration.
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Voltage magnitude measurement error

Index of lines ((=1,2, ...,N,)

Aging coefficient of unit resistance of the £"
line

Similarity between alternative and actual to-
pologies in topology verification

Theoretical line parameter profile

Sets of head buses and end buses of ¥,

Set of connected switching lines in the n" al-
ternative grid topology

Best-matched topology

Topology in the n™ alternative grid topology
Theoretical admittance of the £" line
Renewed line parameters

Actual admittance of the £" line

Index of connected switching lines in the »"
alternative grid topology (k=1,2, ..., N,)
Length of hours selected for topology verifica-
tion

Index of alternative grid topologies (n=
1,2,...,Nsp)

Number of buses of actual topology

Number of topologies that are correctly
matched

Number of alternative grid topologies

Number of connected switching lines in the 7"
alternative grid topology

Actual and calculated active power injection
data

Actual and calculated reactive power injection
data

Degree of abnormity severity of the £ line
Index of time slots (=1, 2, ..., T)

Sampling frequency of measurement data
Actual and calculated voltage magnitude data
Aging warning value

I. INTRODUCTION

THE lines in the power grid have a limited service life
and inevitable aging due to various factors such as hy-
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drolysis, oxidation, and pyrolysis [1]. The aging of lines has
a harmful impact on the distribution network, which can be
reflected in system reliability and state estimation. If the ag-
ing lines in the distribution network are not replaced in time,
their insulation layer may be destroyed during power trans-
mission. It seriously affects the normal power supply and
causes substantial economic losses [2]-[4]. Thus, line aging
assessment and localization in the distribution network are
essential to enhance the system reliability and ensure the eco-
nomic benefit of electric power companies.

References [5]-[9] on line aging assessment mainly focus
on the modeling and the influencing factor. In [7], a 10 kV
distribution line aging mathematical model is established.
The impedance changes of various lines with different oper-
ating years are fitted based on actual measurement data. The
equivalent resistance method is used to analyze the effect of
line aging on the power loss in the distribution network. In
[8], several long-term operating and aging conductors are
taken as the samples. Time-temperature experiments are con-
ducted to evaluate the current carrying capacity and resistivi-
ty. The deviation degree of line parameters can be used to
measure the aging degree of lines. In [10], a novel methodol-
ogy is proposed for spatial analysis of thermal aging of over-
head transmission conductors, which could be performed at
three different levels: point, line, and area. In [11], a novel
method is proposed to calculate the aging failure probability
of power transmission lines based on the dynamic heat bal-
ance equation and Weibull distribution. However, the experi-
ments of the above modeling methods are complicated and
time-consuming, and many actual environmental impact fac-
tors are ignored. Moreover, since the line aging assessment
is only conducted for individual lines, these methods fail to
locate the aging lines in the actual distribution network.

Thus, to deal with the actual situation, the actual informa-
tion of the grid topology and line parameters is the premise
of locating the aging lines in the distribution network. It is
noted that the topology of the distribution network is usually
changed through the switching lines to optimize the network
operation [12]. It brings great difficulties in obtaining accu-
rate topology information. Fortunately, with the development
of the smart grid, massive operation data are continuously
generated, which provide a basis to achieve the actual topol-
ogy and line parameters.

Currently, the actual topology can be achieved based on
topology verification [13]-[16] or topology identification
[17]-[20]. In topology verification, the existing line infra-
structure and the theoretical line parameters can be obtained.
The actual topology is determined based on alternative oper-
ating structures and the actual operating measurement data.
In [13], a meter placement strategy is developed to allow dis-
tribution system operators to deploy only a few real-time me-
ters, ensuring unique recovery of the true distribution net-
work topology in real time. In [14], a voting-based topology
detection method is presented, working with active power, re-
active power, voltage magnitude, and voltage phase angle da-
ta. In [15], a statistical learning framework is put forth for
verifying grid structures using active power, reactive power,
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and non-synchronized voltage angle data. In [16], a sensor
placement strategy is proposed to identify the energized grid
topology by exploiting real-time active power, reactive pow-
er, and voltage magnitude data collected at partial buses. Dif-
ferent from the topology verification, the task of topology
identification is to find both the line connections and line pa-
rameters. In [17], the error-in-variables model in a maxi-
mum-likelihood estimation framework for joint line parame-
ter and topology estimation is proposed. The PaToPa ap-
proach uses a full set of active and reactive power, voltage
magnitude, and voltage phase angle data to estimate the pa-
rameters. In [18], a two-step framework is developed to iden-
tify the topology and estimate line parameters with the ac-
tive power, reactive power, and voltage magnitude data. The
specialized Newton-Raphson (SNR) is proposed to use the
pseudo power calculation without the voltage phase angle da-
ta to estimate the line parameters. In [19], smart inverters
are employed to perturb the distribution network to actively
infer its topology and estimate line parameters. In [20], a
mixed-integer linear programming method is employed
based on McCormick relaxation for the topology identifica-
tion of distribution network using inverter probing.

The above topology identification methods [17]-[20] not
only recover the actual topology structure, but also estimate
line parameters. However, they need the voltage angle data
or require high measurement accuracy, which causes great
measurement costs. In most cases, the theoretical topology
profile can be obtained. Thus, the topology verification with-
out voltage angle measurement data is considered. Since the
SNR [18] is sensitive to the voltage magnitude measurement
error, it is easy to be trapped in the non-convergence prob-
lem. The fixed-step aging parameter (FSAP) algorithm is
proposed in this paper to estimate the line parameters, which
can be the initial value of SNR to improve its robustness of
the measurement noise.

After topology verification, it is also a key point to mea-
sure the aging degree of all lines in the distribution network
to locate the specific aging line and send the aging warning.
In this paper, the risk assessment technology of the distribu-
tion network is employed to measure the line aging risk se-
verity level. The risk assessment has been gradually applied
to various power industry areas, mainly including operation-
al risk monitoring, equipment management, etc. [21]-[24]. In
[22], the risk assessment technology is utilized to quantify
the stability degree of power system under hidden faults and
cascading faults. In [23], a hierarchical risk assessment meth-
od is introduced to properly consider the impacts of active
distribution networks on the risk analysis of the transmission
system. The values of line parameters can directly reflect the
impact of aging lines [8]. Thus, the risk assessment is suit-
able for line aging assessment to locate the aging lines based
on the reasonable severity utility function.

In this paper, a novel approach for line aging assessment
is proposed, which consists of three parts, i.e., topology veri-
fication, parameter estimation, and line aging assessment.
The alternative topologies are generated based on the differ-
ent connections of switching lines. Based on voltage magni-
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tude and power injection data, the best-matched topology is
selected by comparing the actual voltage magnitude curves
with the calculated ones of the alternative topologies. The
theoretical line parameters of the best-matched topology are
taken as a warm start of line parameter estimation. The line
parameters are renewed to best fit the actual measurement
data based on the proposed FSAP-SNR iteration method,
which reduces the high requirements of voltage magnitude
measurement of SNR in [18]. To further assess the aging
lines, the aging severity risk level of each line is quantified
based on the deviation between the renewed and theoretical
line parameters. The main contributions of this paper can be
concluded as follows.

1) The framework of line aging assessment in the distribu-
tion network is proposed.

2) A new parameter estimation approach, FSAP-SNR itera-
tion, is proposed, which only requires the voltage magnitude
and active and reactive power measurement data, and is ro-
bust for the measurement noise.

3) A severity utility function based on the admittance is
developed for line aging assessment.

The remainder of this paper is as follows. Section II intro-
duces the structure and details of the proposed approach.
Section III presents the case study by using the proposed ap-
proach based on the modified IEEE 33-bus and IEEE 123-
bus systems. The conclusion and future work are given in
Section IV.

II. STRUCTURE AND DETAILS OF PROPOSED APPROACH

In this section, the structure and details of the proposed
approach are presented, and the details of each part are de-
scribed later.

A. Structure of Proposed Approach

The proposed line aging assessment approach in the distri-
bution network is composed of topology verification, param-
eter estimation, and line aging assessment, as presented in
Fig. 1. In the stage of topology verification, the alternative
network topology set is firstly generated based on the switch-
ing lines. The best-matched topology is then selected based
on the difference of actual and calculated voltage magni-
tudes. In the stage of parameter estimation, the actual line
parameters of the best-matched topology are estimated based
on the proposed FSAP-SNR iteration. In the stage of line ag-
ing assessment, the aging severity risk level of each line is
assessed based on the proposed severity utility function by
comparing the deviation of the estimated and theoretical line
parameters. The aging lines are finally detected based on the
values of the severity utility function.

B. Topology Verification

The purpose of topology verification is to determine the
best-matched topology among different possible topologies
by minimizing the difference between the actual and calculat-
ed voltage magnitudes. A pseudo-code of the topology verifi-
cation algorithm is provided in Algorithm 1.

Assume that a radial distribution grid with N, buses can
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be admitted to operate with N, alternative grid topologies
due to the different connected switching lines. The theoreti-
cal line parameter profile @ includes conductance and sus-
ceptance. The measured data over T time instances include
the voltage magnitude V*‘={V/,t=1,2,..., T}, active power
injection P‘={P/,t=1,2,...,T}, and reactive power injec-
tion, Q“={Q% t=1,2, ..., T}. In the n" alternative grid topolo-
gy, the calculated voltage magnitude, V,={V/,,t=1,2,...,T},
is obtained by power flow calculation f(-) (line 2 to line 4).
Considering that the fluctuation degree of voltage magnitude
is mainly related to the node injection and grid topology, the
smallest difference between V* and V; can infer the best-
matched topology. By comparing the similarity of fluctuation
of V* and V at the buses in ¥, the best-matched topology
Q' is obtained, which is considered as the actual topology
(line 5 to line 8).

C. Parameter Estimation

In order to further detect and locate the aging lines in the
best-matched topology €', the actual line parameter profile
of the topology €' is estimated based on the measurement
data V“, P, and Q“. This paper proposes a novel parameter
estimation approach, FSAP-SNR, which is robust to the mea-
surement noise without the information of voltage phase an-
gle. It should be noted that the FSAP algorithm renews the
line parameters by the fixed step, which is suitable for the
small distribution network. In large-scale distribution net-
work, the SNR algorithm is utilized to further renew the pa-
rameters based on the result of FSAP. The flowchart of pa-
rameter estimation is shown in Fig. 2.

1) FSAP

The FSAP algorithm is a parameter estimation algorithm
with the fixed iteration step. Considering that the voltage
magnitude measurement error ¢, is usually smaller than the
load measurement error ¢,, in the actual distribution system,
the FSAP algorithm selects voltage magnitude as the itera-
tive convergence condition to guarantee the robustness. A
pseudo-code of the FSAP algorithm is provided in Algo-
rithm 2.

Let g, +jb, and g;+jb; be the theoretical and actual admit-
tance of the £ line (£=1,2, ..., N,), respectively. Renew g,
and b, based on the corresponding Ag, and Ab,, as shown in
line 1 in Algorithm 2. The power flow calculation f() is
then employed to calculate the voltage magnitudes V¢ of all
buses based on the topology £', renewed line parameters
{g,, 13,}, P and Q°. The sum of voltage magnitude differenc-
es AV of all buses over 7T time slots is compared with the
pre-setting threshold o. When AV is smaller than o, the corre-
sponding g, and 13, are considered as the best estimates.

Based on Algorithm 2, it is clear that the iterative direc-
tion of each line, sgn(g;—g,) and sgn(b;—b,), are essential
for the performance of estimation.

Since the value of the resistance inevitably increases in
the aging lines and the values of the reactance of lines are
small, sgn(g;—g,) and sgn(b;—b,) can be obtained by the
relationship between resistance and reactance.
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Stage 1: topology verification
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Fig. 1. Flowchart of proposed line aging assessment approach.
Algorithm 1: topology verification
Input: given datasets V', P%, Q°, @, 2,,and ¥, ,n=1,2,...,Ng; - -
Output: best-matched grid topology 2’ Input theoretical line
parameter profiles
1. for n<—1to N, do
z for 1 to T'do ‘F SAP: renew line parameters‘
3: Vi=/&,.®.P.0)
4: end for ‘ Calculate AV ‘
S: 1
pn)= —
Loy . y « N
Vg | 220V Vine )~ V=V, )
end for Y Obtain best—esAt'imated
=2, Obtain Pest-esAtlmated g'and b
s gand b
return 2 End

Fig. 2. Flowchart of parameter estimation.
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Algorithm 2: FSAP
Input: given dataset V“, P*, Q°, @={g,. b,} ((€Q"), 2", a, f, and ¢
Output: best estimated g and b

Ag,=o0g, sgn(g/—g,).Ab,=pb, sgn(b;-b,)

while AV>o do

1:

2

3: §[=§€+Ag,,,l;(:5,,+Ab(
4: for t<—1to T do

5 Vi=f(@2.8.b.P!. Q)
6

end for

7: AV:T—MZZVM—V“

8: end while

9: return ¢ and b

It is assumed that the theoretical and actual impedances of
the (" line (") satisfy r¢=A,r, (1,>1) and x{=x, The
difference between g,(b,) and g/ (b} ) is given in (1) and (2).

u 1 ro (A= D(x2=2,r7)
g[—gizRe( ; )_ a,al” [2 (2 2 - 2 : ;
ret+jx, r+jxs Agri+x0)r; +x7)
(1)
. 1 x, i (A2-1)
bf_b(’:Im( v a.ial” /2 2[ (2 v 2, 2
ret)x, retix, (Aeri+xp Nry+x7)

2

In (2), it is obvious that sgn(b;—b,)=1 due to 1,>1. In
(1), three conditions can be discussed as follows.

1) If x,<r, then sgn(g;—g,)=—1.

2) If x,>r, and 1<1,<x}/r{, then sgn(g;—g,)=1.

3) If x,>r, and 1,>x;/r}, then sgn(gf—g,)=-1.

2) SNR Iteration

Since FSAP is a parameter estimation algorithm with
fixed iterative step size, it is difficult to select the suitable it-
erative step size in large-scale distribution network. The
SNR algorithm proposed in [18], which is an iteration ap-
proach with variable step size, is used to further renew the
line parameters based on the results of FSAP. The data re-
quirement of SNR is the same as that of FSAP, including
voltage magnitude and active/reactive power injection data.

A pseudo-code of SNR is provided in Algorithm 3. Since
the voltage angle measurement is unavailable, the SNR first
utilizes the pseudo-power flow calculation to estimate the
voltage phase angle data in [18]. In the pseudo-power flow
calculation, all the buses (except reference bus) are regarded
as PO nodes. The missing voltage phase angle @ are estimat-
ed based on P, Q% &' and b’ through the pseudo-power
flow calculation pf(). The initial ¢’ and b’ come from the re-
sults of FSAP.

Then, ¢’ and b’ are updated according to (3):

ne] [OP P or]

g e o o .
|| & b e |[AP _[A B C] AP] o
1"|ee o0 colse] o £ rllae

AO'l 15 b 00

where T represents generalized inverse. The partitioned matri-
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ces A, B, D, and E are the power-branch partitioned matri-
ces. C and F are the power-angle partitioned matrices. The
details of partitioned matrices and the generalized inverse of
Jacobian matrix calculation based on multiple samples can
be referred in [18].

Algorithm 3: SNR
Input: given dataset V%, P, Q°, &', g, b, and ¢’
Output: best-estimated g’ and b’

1. g'=g b'=b

2:  while AS>¢* do

3 O=pf(2.8'. b, P, 0")
Ag' .

. s _[A B C} AP

: A p E R A
A

5: 'gj = 'gj + [Ag }
b b Ab'
1 v,
. — 2 2
6: AS= ™, ;(AP, +A0?)

7:  end while

8: return g'and b’

The convergence criterion of the SNR is the sum of
squares of the deviation between the actual and calculated
values of the load power smaller than the pre-setting thresh-
old ¢

It should be noted that the SNR is sensitive to the voltage
magnitude measurement data. If SNR is employed alone
based on the theoretical line parameter profile, the SNR may
suffer non-convergence when ¢, is large. The estimated re-
sults of FSAP provide a good initial solution for SNR to
benefit its convergence. Thus, the FSAP can be conducted
alone, which is suitable for the small-scale distribution net-
work, and the FSAP-SNR is preferred in large-scale distribu-
tion network.

Significantly, the step size of SNR can also provide an al-
ternative choice for FSAP to guarantee its convergence per-
formance. To simultaneously conduct the FSAP and SNR
based on the initial theoretical line parameters, the step size
of FSAP is determined by min{Ag, Ag'} and min{Ab, Ab'} in
each iteration.

D. Aging Line Risk Assessment

In this subsection, the aging severity risk level of each
line is quantified to assess the aging lines in the distribution
network. The aging lines with obsolete equipment can easily
cause grid failures and affect the stable operation and eco-
nomic benefits of the distribution network, which is reflect-
ed in the variation of line parameters. Two risk indexes are
constructed, i.e., the conductance offset 5; and the suscep-
tance offset J), in the topology €', which significantly im-
pacts the aging degree of each line ¢, as expressed in (4).

522 ‘él_g[|/g[

3= |b.—b,| /b, @
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In order to measure the aging severity risk level of each
line £, the severity utility function is utilized as (5), which
represents that the degree of abnormity severity increases
with the sum of &, and 4,

S(0)=d.+7, (5)

III. CASE STUDY

The performance of the proposed approach, including to-
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pology verification, parameter estimation, and line aging as-
sessment, is validated in the modified IEEE 33-bus and
IEEE 123-bus systems in this section.

A. Data Description

The topology structures of modified IEEE 33-bus and
IEEE 123-bus systems with 10 and 14 switching lines, are il-
lustrated in Fig. 3 and Fig. 4, respectively.

[]Load

— Switching line

Fig. 3. Topology structure of modified IEEE 33-bus system.

i
e
4 {e17)

Fig. 4. Topology structure of modified IEEE 123-bus system.

To simulate aging of lines, the unit resistance of the aged
conductors is increased by 4%-14% compared with the new
ones in the IEEE 33-bus and 123-bus systems based on [8].
Thus, 4, is randomly set to be 1.04-1.14 for line £. In this pa-
per, the active and reactive load profiles for power consum-
ers sampled per 5 min are collected from Tianjin Electric
Power Company in China on March 1, 2019. The voltage
magnitude is obtained through power flow calculation based

D Load

— Switching line

[62—160]

on the above load profiles and simulated aging line parame-
ters.

Furthermore, to simulate the measurement error in the ac-
tual distribution network, the measurement noise of the load
and voltage magnitude profiles are modeled by zero-mean
Gaussian with a 3-sigma deviation matching ¢,, and ¢, of the
original values, respectively. Take the modified IEEE 33-bus
system as an example. The value of 4, is set to be 1.14. The
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relative errors between g¢ and g7, and b and b? are shown
in Fig. 5(a). ¢, and ¢, are set to be 5% and 0.5%, respective-
ly, as an example. The relative errors of loads and voltages
between the values with measurement noise are presented in
Fig. 5(b) and (c), respectively.

——e Between g¢and g

E g %8 —a Between b¢ and b}
5 5 SHNLIG ety
M=% 10 15 20 25 30 35
Line
(a)

—* Active power load
—= Reactive power load

o (o
52 0
& 5 -5
0 5 10 15 20 25
Time (hour)
(b)
<1>) :\S 1.0
£% 05 ategts A ‘,T,,}I .-
2 505 LIS LR
0 5 10 15 20 25
Time (hour)
(©)
Fig. 5. Relative errors of line parameters, load, and voltage magnitude. (a)

Line parameters. (b) Load. (c) Voltage magnitude.

B. Line Aging Assessment on Modified IEEE 33-bus System

1) Topology Verification
The accuracy of topology verification, o, is evaluated by:

Ne s 100% ©)
GT

Based on the switching lines, the modified IEEE 33-bus
system in Fig. 3 has 87 alternative topologies. The switching
lines (1), (3), (6), (8), and (10) in Fig. 3 are set to be con-
nected, and the rest of the switching lines to be disconnect-
ed, and this topology is assumed to be the actual topology
©'. The parameters are set to be ¢, =5%, ¢,=0.5%, and 1,=
1.14. The sampling frequency 7, is set to be 15 min. In this
case, p of each alternative topology structure is depicted in
Fig. 6. In Fig. 6, each circle represents p of the correspond-
ing alternative topology structure. It is clear that the 1™ topol-
ogy structure with the largest p is regarded as the best-

matched topology.

Qry=

1.0
0.8 1
0.6
0.4+

Similarity

0.2+

1 16 31 46 61 76 86
Number of alternative topologies

Fig. 6.
system.

p of each alternative topology structure in modified IEEE 33-bus
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The sensitivity analysis of the effects of ¢,, ¢, and 1, on
oy 1s also conducted. In this paper, the default settings of to-
pology verification are ¢,,=5%, ¢,=0.5%, 4,=1.14, and T,=
15 min. The result of sensitivity analysis with varying set-
tings is depicted in Fig. 7. When ¢, is less than 10%, a, is
stable and more than 90%. Once ¢, exceeds 10%, o, drops
rapidly. Compared with the effect of ¢,, on ay, ¢, within the
normal measurement error range has a more obvious impact
on o4 The smaller ¢, is, the higher a,, will be. 4, changes
from 1.04 to 1.36 with the step size of 0.04, and o also de-
creases accordingly.

1004
90M_\
80 — . . . . . . . . -
0510 20 30 40 50 6.0 7.0 80 9.0 10.0
by (4
(a)
100 ¢
N
Qot—'—'\.—-—n\-

80 L— A A A A .
05 1.0 20 30 40 5.0

&, (%)

(b)
100
N
05 T—.—-\‘\—*.—-\_\-

1.24

azy (%)

oy (%)

azy (%)

1.20 1.28 132 1.36

A
()

Result of sensitivity analysis with varying settings. (a) ¢,

90 T —
1.04 1.08 112 116

Fig. 7.
(c) A,

. (b) &,

2) Parameter Estimation

The validity of FSAP and FSAP-SNR is evaluated by the
mean absolute percentage error (MAPE) of conductance g
and susceptance b, as shown in (7) and (8), respectively.

MAPE(g):iz 287 | 100% )
N[ (e g[
_ L[zt g0
MAPE(b)= N, [zg 5 x 100% (®)

The settings of parameter estimation are given as ¢, = 5%,
e,=0.5%, A,=1.14, T,=10, a=0.1, f=0.22, and T,=15
min. The objective function error in each iteration is present-
ed in Fig. 8. The FSAP-SNR takes 55 iterations until conver-
gence, and the final values of MAPE(g) and MAPE(b) are
2.344% and 3.212%, respectively. The best estimates and rel-
ative error between the renewed and actual values of line pa-
rameters of each line are shown in Fig. 9.

In order to further verify the validity of the proposed ap-
proach for parameter estimation in this paper, the compari-
son experiments of FSAP, FSAP-SNR, and SNR are conduct-
ed with varying values of ¢,, which are set to be 0.5%,
1.0%, 3.0%, and 5.0%, respectively. The result is presented
in Table I, where the SNR algorithm based on the initial pa-
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rameter profiles needs high measurement accuracy of volt-
age and fails to converge when ¢,20.5%. Thus, the results
of SNR are not given in Table I. When ¢, is small, the
FSAP-SNR has better results than the FSAP. The FSAP en-
ables the parameter estimation to reach a good result, and
then the SNR fine-tunes the parameters to achieve more ac-
curate result. However, when ¢, increases, the SNR makes
the estimation result worse. This is because the convergence
condition of the SNR is that the sum of AP? and AQ? should
be smaller than ¢°. When €,, is large, the parameter estima-
tion may deviate the real values to meet the convergence
condition. Thus, the parameter estimation accuracy of FSAP
is acceptable for the simple distribution network.
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Fig. 8. Objective function error in each iteration.
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Fig. 9. Best estimates and relative error between renewed and actual val-

ues of line parameters of each line in modified IEEE 33-bus system. (a)
Conductance. (b) Susceptance. (c) Relative error.

3) Line Aging Assessment

To assess the aging severity of each line in the modified
topology in Fig. 3, the risk assessment is employed based on
the determined topology and renewed line parameters.
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TABLE I
RESULT OF COMPARISON EXPERIMENTS IN MODIFIED IEEE 33-BUS SYSTEM

v FSAP FSAP-SNR

&

ra 0 MAPE(g) MAPE(b) MAPE(g) MAPE(b)
0.5 2.466 3.594 2.344 3212
1.0 2517 3.616 2.396 3.379
3.0 2.535 3.678 2.493 4399
5.0 2.597 3.988 3.222 6.695

The result of line aging assessment is shown in Fig. 10.
The more serious the line aging, the higher the d,, J;, and
S({). The distribution network operators can set the aging
warning value V¥, according to the actual situation. If S(¢)
exceeds V , the electric power company should replace the
line £ as soon as possible. In this paper, V, is set to be 0.18.
As presented in Fig. 10, there are 5 lines exceeding V,,

which needs to be alerted.

Line

[ ] Load

— Seriously aging line

Fig. 10. Result of line aging assessment of modified IEEE 33-bus system.
(a) S(¢). (b) Topology structure.

C. Line Aging Assessment on Modified IEEE 123-bus System

The proposed method is further conducted on the modi-
fied IEEE 123-bus system to validate its performance on the
complex distribution network.

1) Topology Verification

Based on the switching lines in the modified IEEE 123-
bus system in Fig. 4, it has 161 alternative topologies. The
switching lines (1), (2), (3), (4), (6), and (14) in Fig. 4 are
set to be connected, and the rest of the switching lines are
set to be disconnected, and this topology is assumed as the
actual topology £'. The default settings of topology verifica-
tion are the same as those of the IEEE 33-bus system. In
this case, p of each alternative topology is depicted in Fig.
11. The topology with the highest value of p is the best-
matched topology.
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The sensitivity analysis of the effects of ¢,, ¢, 4,, T,, and
the length of hours selected for topology verification L, on
aqy 1s conducted. The default settings are ¢, =5%, ¢,=0.5%,
A,=1.14, T,=15 min, and L,=2. The result of the sensitivity
analysis with varying settings is depicted in Fig. 12. Like
the IEEE 33-bus system, a,, falls with the increase of ¢,
¢, and 4, When L,=1 and 7,=1 hour, a,, is 90.683%. As
the sample size is too small and only one sample is used in
topological verification, the result is random and inaccurate.
As L, is set between 2 and 7, T, and L, do not have particu-
larly obvious effects on a;,, which are stable between 93%
and 94%. When L, is larger than 7, the lower T, the lower
o The reason is that too many samples may bring in large
measurement errors, which leads to inaccurate results of to-
pology verification.

Similarity

0 . .

1 21 41 61 81 101 121 141 161
Number of alterlative topologies

Fig. 11. p of each alternative topology in modified IEEE 123-bus system.

2) Parameter Estimation

Take the topology structure in Fig. 4 as an example. The
settings of parameter estimation are ¢, =5%, ¢,=0.5%, 4,=
1.14, a=0.05, £=0.19, and 7,=30 min. The final values of

1 Estimated

JOURNAL OF MODERN POWER SYSTEMS AND CLEAN ENERGY, VOL. 10, NO. 6, November 2022

MAPE(g) and MAPE(b) are 2.577% and 3.199%, respective-
ly. The best estimates of line parameters and relative error
between the renewed and actual values of line parameters of
each line are shown in Fig. 13.
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Fig. 12. Result of sensitivity analysis with varying settings in modified
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tance. (b) Susceptance. (c) Relative error.

In order to further verify the validity of the proposed algo-
rithm in large-scale distribution network, the comparison ex-
periment is conducted with varying values of ¢,,, which are
set to be 0.5%, 1.0%, 3.0%, 5.0%, and 10%, respectively.

75 100 125
Line
(b)
75 100 125
Line
(©)

Best estimates and relative error between renewed and actual values of line parameters of each line in modified IEEE 123-bus system. (a) Conduc-

The result is presented in Table II. In Table II, it is clear that
the FSAP-SNR achieves better estimation results than FSAP.
It implies that the result of FSAP with fixed iteration step is
not enough for the complex distribution network. All line pa-
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rameters must be fine-tuned in combination with SNR to
make the results more accurate. Thus, FSAP-SNR is pre-
ferred for large-scale distribution network.

TABLE 11
RESULT OF COMPARISON EXPERIMENTS IN MODIFIED IEEE 123-BUS SYSTEM
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3) Line Aging Assessment

The risk assessment is employed to assess the aging sever-
ity of each line in the modified topology in Fig. 4. The re-
sult is shown in Fig. 14. V_ is set to be 0.12, and there are

5 lines exceeding V,,, which needs to be alerted.

aw?

D. Discussion

FSAP FSAP-SNR
€,, (%0) MAPE() MAPE(D) MAPE() MAPE(D) Combining the results of the modified IEEE 33-bus and
03 3085 3670 2577g 3199 123-bus systems, the FSAP displays its outstanding and ro-
1'0 3'099 3.685 2'625 3‘358 bust performance in fast parameter estimation. In small dis-
’ ' ' ' ' tribution network, the accuracy of FASP is acceptable in line
3.0 3.101 3.725 2.685 3.485 . . . .
parameter estimation. In the large-scale distribution network,
>0 3104 3797 2742 3632 the FSAP is combined with SNR to further guarantee the ac-
10.0 3.106 3810 2.787 3650 curacy of parameter estimation.
35 ] Load
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Fig. 14. Result of line aging assessment of modified I[EEE 123-bus system. (a) S(¢). (b) Topology structure.

Especially, when the voltage measurement error is high, IV. CONCLUSION AND FUTURE WORK
simply employing the SNR algorithm alone may lead to non-
convergence. To solve this problem, the estimated results of
FSAP provide a good initial solution for SNR to benefit its

convergence.

In this paper, a novel approach is proposed for line aging
assessment in the distribution network comprised of three
stages: topology verification, parameter estimation, and line
aging assessment.

In topology detection, the best-matched topology is deter-
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mined based on the voltage magnitude and power injection
data. In parameter estimation, the theoretical line parameters
of the best-matched topology are renewed to best fit the actu-
al measurement data based on the proposed FSAP-SNR ap-
proach. In line aging assessment, the risk assessment technol-
ogy is utilized to quantify the aging severity risk level of
each line in the distribution network. Experiments are con-
ducted using the dataset from the Tianjin Electric Power
Company in China on the modified IEEE 33-bus and 123-
bus systems. The experiment results suggest that the pro-
posed approach could effectively conduct line aging assess-
ment in the distribution network. Besides, case studies of pa-
rameter estimation show that FSAP is suitable for the simple
distribution network. In the large-scale distribution network,
FSAP-SNR is preferred.
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