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Abstract: T-type transmission lines have been increasingly used in distribution networks because of
the distributed generation integration, but inaccurate line parameters will cause significant error in
the results of most existing fault location algorithms for this kind of line. In order to improve the
precision, this paper proposes a new fault location algorithm taking line parameters as unknowns.
The fault is assumed to occur on each section, and corresponding ranging equations can be built based
on one set of three-terminal post-fault synchronous measurements, without using line parameters
as inputs. Then, more sets of measurements are utilized to increase the redundancy of equations
to resist the influence of data error. The reliable trust-region algorithm is used to solve each group
of equations, but only equations of the assumed faulty section with the actual fault point can give
the reasonable solutions, accordingly identifying the fault point. The performance of the proposed
method is thoroughly investigated with MATLAB/Simulink. The results indicate that the algorithm
has a high accuracy and is basically unaffected by fault position, fault resistance, unbalanced fault
type, line parameter, and data error.
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1. Introduction

The use of T-type transmission lines is rapidly increasing in distribution networks due to their
greater capability and flexibility in power supply [1]. However, the fault on T-type lines will affect
the power supply reliability and the operation of distributed generation. Therefore, designing an
algorithm to locate the fault quickly and accurately for this kind of line is significant for fault recovery
and the improvement of reliability.

Fault location algorithms for T-type transmission lines can be categorized into two types: one is
based on a travelling wave and another type uses measured impedance. The fault distance is calculated
using the wave travelling speed and time in travelling wave-based methods [2-5]. These methods have
a high precision but rely on high-speed sampling devices. Another kind of method, which utilizes
the proportion of measured impedance and line impedance to calculate the fault distance are mainly
affected by the fault resistance, the accuracy of line parameter, and measurement data. Once these
effects are reduced, the impedance-based methods [6-16] can become another option for the location of
T-type line faults due to the convenience and reliability.

The existing fault location algorithms based on measured impedance for T-type transmission lines
can be categorized into two types based on asynchronous [6,7] and synchronous measurements [8-16].
The algorithms using asynchronous measurements mainly calculate the asynchronous angle on the
basis of pre-fault data or unfaulty line data, and then perform the fault location with synchronized data.
In recent years, the extensive application of synchronous measurement devices, such as uMPMU
(micro-multifunctional phasor measurement unit) in the distribution network makes accurate
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synchronous multi-terminal measurements available and promotes the research of fault location
algorithms based on synchronous measurements [17,18]. The fault location methods using synchronous
data can be divided into indirect methods [8-11] and direct methods [12-14]. Indirect methods are
subdivided into two steps, namely, faulty section (the section with the fault in it) identification and a
fault distance calculation, which first reduces the dimensionality of the complex system and can apply
the existing mature fault location algorithms for two-terminal lines. In these indirect methods, Gao and
Gaur [8,9] identify the faulty section according to the voltage of the tapping point (the intersection of
the main line and branch line) calculated using the measurements of the faulty section terminal, which
is different from the non-faulty sections. In addition, Liu and Lin [10,11] construct the fault indicators
to make comparison with relevant variables. By contrast, direct methods can identify the faulty section
and fault point at the same time, thus the setting of threshold value for identifying the faulty section
in indirect methods can be avoided or simplified. Whereas, Girgis et al. [12] calculate two distance
indexes based on the built equations involving the three-phase data and make a comparison between
indexes and line length to find the fault point, Izykowski [13] builds the ranging equations using only
the currents from three terminals and voltage at the terminal of faulty section and judges the fault
position directly. In contrast, Shi [14] uses a one-dimensional search method to find the fault distance,
and based on this search, only substituting the right fault distance can make the built function equal to
zero. Fault location algorithms in References [8-14] for T-type transmission lines all have high accuracy,
but their results are greatly affected by inaccurate line parameters.

In fact, line parameters can be affected by weather, wire aging, and so on. Furthermore,
the management of line parameters in a distribution network is not as strict as in a transmission
network [19]. Therefore, the line parameters in a distribution network are inaccurate or even unknown.
In view of this situation, Al-Mohammed [15] first calculates the line parameters based on pre-fault data
and then performs fault location, but requires continuous pre-fault line operation data to construct
three sets of independent equations. Moreover, Davoudi [16] proposes a parameter-free fault location
algorithm based on distributed time-domain line model, which transforms the fault location problem
into an optimization problem and obtains the fault distance together with line parameters at the
same time. However, this method demands a high sampling frequency.

For the fault location for distribution network T-type transmission lines, methods in
References [6-14] cannot perform well under conditions where the line parameters are inaccurate or
unknown. Despite the solving of above problem, the method in Reference [15] has the disadvantage of
requiring a long time of pre-fault data. Furthermore, the method proposed by Reference [16] relies
on measurement devices with a high sampling frequency and is better to be used for long distance
transmission lines due to the use of a distributed time-domain line model. In a distribution network,
the transmission lines are usually short. Furthermore, the measurement devices with a high sampling
frequency have not been popularized due to the high costs and numerous lines of the distribution
network; the sampling frequency of a usual measurement device in a distribution network is too low
to meet sampling requirements of the method in Reference [16].

Therefore, this paper proposes a novel parameter-free fault location algorithm for T-type lines in a
distribution network with the neutral grounding by low resistance. In detail, the fault is assumed to
occur on each section, then corresponding fault location equations can be built based on Kirchhoff’s
law by using one set of sampling data at three terminals, and the number of equations can also be
increased by utilizing the redundant sampling data. Then, the fault point is directly found because
only the group of equations of the assumed faulty section with the actual fault can give reasonable
solutions. In such a case, the data of measurement devices with a typical sampling frequency (e.g.,
6.4 kHz) can be used due to the use of a IT-type equivalent line model in this algorithm. Line parameter
values are not required in the algorithm because they are taken as unknown variables to solve together
with the fault distance. The influence on the algorithm caused by data error of the voltage and current
(referred to as data error for short) can be reduced to some extent based on the redundant sampling
data and estimation theory. The global convergence and high robustness can be ensured for the use of
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the trust-region algorithm to solve the non-linear equations. The fault point can be identified directly
according to the reasonability of the equations’ solutions, avoiding the setting of the threshold value
used for faulty section identification in most indirect methods for a T-type line.

In the rest of this paper, Section 2 indicates the derivation of the fault location equations,
the reduction of the influence caused by data error, the solution of equations via the trust-region
algorithm, and the direct identification of the fault point. Then the performance of the algorithm is
evaluated in Section 3 and the summary is made in Section 4.

2. Fault Location Algorithm

The proposed algorithm can locate the fault without line parameter values and resists the influence
of data error due to measurement, background noise, and fundamental component calculation using a
DFT (discrete Fourier transform [20]) algorithm to some degree.

The fault location process is divided into four steps. The first step is to assume that the fault
occurs on each section of the T-type line, and form one group of equations for each assumed faulty
section, where equations do not require the line parameter values as inputs. The second step is to
increase the number of equations for each assumed faulty section by using redundant sampling data to
reduce the influence caused by the data error of the voltage and current. The next step is solving the
three constructed equation sets using a trust-region algorithm. The last step is to identify the fault
point directly according to the reasonability of all solutions.

The Sections 2.1-2.4 describe the four steps of the algorithm in sequence.

2.1. Establishment of the Fault Location Equations

Considering that T-type transmission lines of a distribution network are usually short,
this algorithm assumes that transmission lines are fully transposed and neglects the shunt
capacitances [6]. However, the IT-type equivalent line model is still adopted for simulation verification.
T-type transmission line is usually divided into two types, namely three-terminal line and tapped line,
where the former means the branch line is fed by a power source and the latter means the branch
line is terminated at loads [16]. These two structures are all shown in Figure 1. In this paper, the line
from terminal M to N and the line from tapping point T to terminal P are denoted as the main line
and branch line, respectively, where each have different parameters. Each terminal is equipped with a
uMPMU and the measurements are synchronous.
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Figure 1. T-type transmission line structure.
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Assuming the fault occurs on the section MT, the current flowing from the terminal M to point F
is Im. The current I; flowing from point T to point F is the sum of the current I,, flowing from terminal

N to point T and the current I, flowing from terminal P to point T, as shown in Equation (1):

L=1I+Iy

)

The post-fault three-phase voltages of point F derived using the voltage and current measured at
terminals M, N, and P are equal. Then, the equations derived based on the above principle, as shown
in Equations (2)—(7), are:

Uma — Imazs1X¥1  —ImbZm1X1 — ImcZm11
= Una — Inazs1 (Lmn - Lmt) — LbZm1 (Lmn - Lmt)
—Inczmi (Lmn - Lmt) - (Ina + Ipa)zsl (Lmt - xl)
_(Inb + Ipb)zml (Lt —x1) = (Inc + Ipc)zml (Lmt —x1)

Umb = ImbZs1X1  —ImaZm1X1 — ImcZm1%1
= Unb — Inpzs1 (Lnn — Lmt) — InaZm1 (Lmr\ — Limt)
~IncZm1 (Lmn = Lmt) = (Inp + Ipb)zsl (Lmt —x1)
_(Ina + Ipa)zml (Lmt - xl) - (Inc + Ipc)zml (Lmt - xl)

Ume = ImeZs1¥1  —ImaZm1X1 — ImbZm1X1 = Unc — IncZs1 (Lmn - Lmt)

~InaZm1 (Lmn = Lmt) = InbZm1 (Lmn = Lmt) — (Inc + Ipc)zsl (Lt — x1)
~(Ina +Ipa)zm1 (Lt —x1) = <Inb + Ipb>zml (Lmt —x1)

Uma = Imazs1¥1  —ImbZm1X1 — ImcZm1X1 = Upa — IpaZsoLpt — IprmZLpt — IpczmaLpt

_(Ina + Ipa)zsl (Lmt - xl) - (Inb + Ipb)zml (Lmt - xl)
_(Inc + Ipc)zml (Lmt - xl)

Unb = Imbzs1¥1  —ImazZm1X1 — ImeZm1X1

= Upb — IprSZLpt - IpaZmZLpt - IchmZLpt - (Inb + Ipb)zsl (Lt — x1)
_(Ina+1pa)zm1 (Lt —x1) = (Inc + Ipc)zml (Lt — x1)

Ume = Imezs1¥1  —ImaZm1X1 — ImbZm1X1

= upc - IchSZLpt - IpaZmZLpt - IprmZLpt - (Inc + Ipc)zsl (Lt — x1)
~(Ina + Ipa)zml (Lmt =x1) — (Inb + Ipb)zml (Lnt = x1)

post-fault phase voltage at the terminal M

post-fault phase voltage at the terminal N

post-fault phase voltage at the terminal P

post-fault phase current flowing from the terminal M
post-fault phase current flowing from the terminal N
post-fault phase current flowing from the terminal P
fault distance between fault point F and terminal M
distance between terminal M and terminal N
distance between terminal M and point T

distance between terminal P and point T
self-impedance per unit length of line MN

mutual impedance per unit length of line MN
self-impedance per unit length of line PT

mutual impedance per unit length of line PT

)

®)

4)

®)

(6)

@)
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To simplify the formulae, the following definitions are given:

Uma [ Una Upa
Un =| Umb n=| Unp Up = upb 8
Umc | Unc upc
Ima [ Ina Ipa
Im=| Impb |In=| Inp Ip = Ipb )
Iinc | Inc Ipc
Zs1  Zml Zml Zs2  Zm2  Zm2
Z1=| Zml Zs1 Zml |[22=| Zm2 Zs2 Zm2 (10)
Zml  Zml  Zsl Zm2  Zm2 Zs2

Then Equations (2)—(7) are simplified to Equation (11):

Un — z1Imx1 = Un — 21In (Lonn = Lint) = 21 (In + Ip) (Lt — 1)

(11)
Un — z1Imx1 = Up — zalpLpt = 21(In + Ip) (Lt — X1)

Assuming the fault occurs on the section NT, the following equations can also be derived, as given
in Equation (12).

Un — z1Inxy = Um — z1ImLmt — zl(Im + Ip)(Lmn — Lt — xz)

(12)
Un - z11nx; = Up — 22TpLpt = 21 (Im + Ip ) (Lenn = Limt — X2)
where x7 is the fault distance between fault point F and terminal N.
Assuming the fault occurs on the section PT, Equation (13) can be given similarly.
Up - 22Ipx3 = U — 21 I Lnt = 22 (I + I ) (Lpt — X3) 13

Up - ZZIpx3 = U, — ZIIn(Lmn - Lmt) — 22 (Im + In)(Lpt - x3)

where x3 is the fault distance between fault point F and terminal P.

For each assumed faulty section, an equation set consisting of six non-linear equations (e.g.,
Equations (2)—(7)) with six unknowns (fault distance, distance between M and T, self-impedance,
and mutual impedance per unit length of line MN and PT) can be established on the basis of
three-terminal synchronous fundamental frequency components. There are as many equations as
unknowns, so each equation set can be solved using a suitable numerical algorithm.

2.2. Improvement of Fault Location Equations

The aforementioned fault location algorithm can accurately locate the fault without line parameter
values under the premise of precisely obtaining the fundamental frequency voltages, currents, and each
line length. However, in engineering practice, the data error caused by the measurement, background
noise, and phasor calculation will inevitably exist. Hence, the data entered into the algorithm are
inaccurate, which would greatly affect the accuracy of the algorithm and could cause the algorithm
to fail. Therefore, the algorithm needs to be improved to reduce the influence of data error.

When data error exists, a single equation set (e.g., Equation (11)) could yield the fault location
result with considerable error. However, redundant equation sets can be built by using different sets of
fundamental frequency data, which are obtained by different sets of sampling data. Then, the solving
of equation sets is transformed into a global optimization problem, and the influence of data error can
be reduced to some extent based on estimation theory.

Different sets of sampling data can be constructed by sliding the data window, which is illustrated
in Figure 2.
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Figure 2. The mode of constructing data window.

Considering the effects of the decaying direct current component and the action time of the relay
protection equipment, only the post-fault second and third cycle of sampling data in the measurement
devices are used. One cycle of voltage and current data consists of 128 sampling values in this paper.
First, starting from the first sampling value of the second cycle of sampling data after the fault, a total
of 128 sampling values are selected to form the first data window, and the corresponding fundamental
voltage and current are extracted using a DFT algorithm to construct one set of equations. Then,
the data window is slid over one sampling period step to extract the corresponding fundamental
voltage and current. The fundamental voltage and current of the M, N, and P terminals extracted using
the s-th data window are defined as follows: Ums, Uns, Ups, Ims, Ins, Ips,s =1, 2,...,].

Thus, assuming a fault occurs on the MT section, j equation sets can be constructed as shown in
Equation (14):

Umi — z1Im1x1 = Un1 — z1In1(Lmn — L) — Zl(Inl + 1p1)(Lmt —x1)
Um1 — z1lm1x1 = Up1 — z2lp1Lpt — Zl(Inl + Ip1)(Lmt - x1)
: (14)
umj - ZIImjxl = Uyj - ZIInj(Lmn - Lmt) - zl(Inj + ij)(Lmt - X1)
Umj - zllmqu = up]' - ZZijLpt - Zl(Inj + Ip]')(Lmt - xl)

Similarly, assuming a fault occurs on the NT section, equations shown in Equation (15) can be built:

Un1 — z1ln1x2 = Um1 — z1Im1Lme — Zl(Iml + Ip1)<Lmn — Lt - x2)
Un1 — z1ln1x2 = Upr — z2lp1Lpt — 21(1m1 + Ipl)(Lmn — Lt — x2)

: (15)
Upnj — z1InjX2 = Umj — Z1ImjLme = Zl(Imj + 1pj)(Lmn —Lmt — x2)
Uy; — 2110y = Up; — 22l Lt — 21 (Imj + Lpj)(Lmnn — Lint — %2)
Assuming a fault occurs on the PT section, the following Equation (16) can be established:
Up1 — z2Ip1x3 = Um1 — 21Im1Lmt — 22 (Im1 + In1)<Lpt - xs)
Up1 — z2Ip1x3 = Un1 — z1In1 (Lnn — Lint) — 22(Im1 + Inl)(Lpt - X3)
: (16)

Hpj - Zzijx3 = LIm,- - ZIImijt — z2(Imj + Inj><Lpt - x3)
Up; — 221y X3 = Upj — 211nj(Linn — Limt) = 22(Imj + Inj )(Lpt — 3)

where x1, X2, X3, 21, 22, Lmt, Lmn, Lpt have the same meaning as that in Equations (11)-(13).

The equations corresponding to each assumed faulty section involve six unknowns, that is,
x1 (or x2 or x3), Lmt, Zs1, Zm1, Zs2, and zmp. As such, the overdetermined Equations (14)—(16) can be
solved using a numerical algorithm. The details of solving via a trust-region algorithm are illustrated in
Section 2.3. Considering the speed of solving and accuracy of the solution, j is set to 30 in the proposed
fault location algorithm.



Energies 2019, 12, 1534 7 of 17

2.3. Solving the Fault Location Equations

The basic idea of the Newton-Raphson method is to approximate the objective function with its
second-order Taylor series around the iteration point f;, and use the minimum value s to correct #.
This method can only guarantee local convergence and may fail to give the solution if the initial value
is improper.

By contrast, the basic idea of the trust-region algorithm is to set ¢ as the current iteration value
and solve a sub-problem in a closed spherical trust region with t; as the center and 7y as the radius to
obtain the trial step size dy. If the trial is successful, in the next iteration, the radius of the trust region
remains unchanged or expands, and # is updated to f; 4 di. Otherwise, the radius is reduced and
tr does not change. Therefore, the trust region algorithm needs to continuously update the trial step
size dy, the trust region radius i, and the iteration value f; until the objective function converges.

The trust-region algorithm can directly determine the search area and dynamically correct it,
producing a global convergence with higher robustness, which can guarantee a solution whenever
it exists [21]. Therefore, in order to realize the solving of fault location equations more reliably,
a trust-region algorithm is preferred in this paper. Equation (14) corresponding to the fault on section
MT is taken as an example to describe the solving process. Here, j is set to 1 for the convenience
of explanation.

If j is equal to 1, the Equation (14) contains six equations (i.e., Equations (2)—(7)) involving complex
variables. When the trust-region algorithm is used, the six equations in the complex domain need to be
transformed into 12 equations in the real domain by separating the real and imaginary parts. If zg,
Zm1, Zs2, and zmyp are respectively represented as rq1 +j X Is1, ¥m1 +j X Im1, *s2 +j X Is, and rm2 +j X Im2,
the unknowns x1, L, Zs1, Zm1, and zs», zm2 will be transformed into x1, Limt, #s1, Is1, "m1, Im1, ¥s2, ls2,
m2, and Iy» accordingly.

First, define the unknown variable vector:

t = [x1, Lmt, ¥s1, Is1, *m1, Im1, 72, Is2, "'m2, Im2] (17)

Then, Equation (14) can be expressed as Equation (18):

A(t) =0
f(t) =0 a8)

fi2(t) =0

Now, make another definition as follows:
§(t) = [At), f2(8), -, fr2a(t)] (19)
Therefore, the solving of the equations can be transformed into a minimization problem in the
form of Equation (20), where [|g(#)ll = +/g(#) X g(t)T:

min(f) = %Ilg(t)llz (20)

When the trust-region algorithm is used to solve the minimization problem, a trial step size d,
a trust region radius r; and an iteration value f; need to be specified for each iteration. The initial value
to and ¢ can be set to 1 here due to the low initial value requirement of the algorithm.

2.3.1. Calculation of d

The step size dj is calculated by solving the following optimization sub-problem, as given in
Equation (21), by attempting to make h(t; + di) smaller than h(t), where, gi(dy) is the second-order
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Taylor series of h(t) around t; and its behavior approximates to h(t). Vh(t;) and V2h(t;) respectively
represent the gradient and Hessian of /(t) at t;. The superscript T represents matrix transposition.

mingy(di) = h(ty) + Vh(t) Tdi + 3dTVZh(te)dy

@1
s.t. |ldill < ¢ )

Due to its great effect, the dogleg algorithm is used in this paper to solve the sub-problem [21].
The details are as follows:
First, define two variables B, and U, so as to obtain the index tj:

-1
By = ~(V?h(t)) " - Vh(t) (22)
V2h(t))" - Vh(t
U = - ( (Tk)) (tx) Vh(ty) 23)
(V2h(tx))" - V2h(t) - Vh(tx)
If Ukl = 1., 7 is updated to 7i/||Ugll. If [IBil = 7, 7¢ is updated to

\/(ri - Ugllk)/((Bk - Uk)T X (Bp — Uy)) + 1. Otherwise, 1y is set to 2.
Finally, if 74 is smaller than 1, di = 74 X Uy. Otherwise, dy = Uy + (75 — 1) X (Bx — Uy).

2.3.2. Calculation of ri and #;

The adjustment of the trust region radius r; and the update of the iteration value ¢ are based on

the built index py.
o = h(t) = h(te + di)
qx(0) = gk (di)

If pr > 0.9, this means that gy (dy) can effectively reflect the behavior of h(t;). In order to improve
the convergence speed, the radius 7y is set to 2 X 7. If px < 0.01, this means that the approximation of
qx(di) is not effective, so 7y is set to 0.5 X . Otherwise, rx remains unchanged.

Furthermore, if py > 0.01, this indicates that the objective function value is successfully reduced.
Then, the solution is modified with the trial step size, that is, ty,1 = tx + dy. Otherwise, t; is
not modified.

(24)

2.3.3. Determination of the Solution

The iteration process continues until the convergence condition is satisfied, that is, h(f;1) < €.
Finally, ., 1 is taken as the solution of Equation (14). The flowchart of solving using the trust-region
algorithm is shown in Figure 3.
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Indicate the ranging equations f{) and
unknown variables t, and form a global
optimization problem

‘ Specify the initial value of f and r« ‘

Indicate the trust region, namely
aneighborhood with # as sphere
center and 7« as radius

l

Generate the subproblem about
the Taylor series of the optimized
objective function

|

Use dogleg method to obtain the
optimal solution dx of the subproblem

l

Calculate the index px

e e
k=k+1 — px <001 =" px=09 :>—>{ Tkl =TkX% 2

\/

N T
L ) <e e

LY

‘ Take tk+1 as the solution of equations ‘

End

Figure 3. Flowchart of solving by trust-region algorithm.

2.4. Identification of the Fault Point

Regardless of which section the fault occurs on, Equations (14)—(16) can all be tried to solve the
trust-region algorithm. However, only equations of the assumed faulty section with actual fault point
can give the reasonable solutions. Reasonable solutions mean that the calculated fault distance and the
distance between M and T are greater than zero and less or equal to the length of the corresponding
section. They also mean that the calculated line parameters are positive. The reasonable results of
Equations (14)—(16) are described as Equations (25)—(27) respectively.

Finally, the calculated fault distance in the reasonable solutions is taken as the correct fault distance.
The assumed faulty section, which corresponds to the reasonable solutions, is taken as the correct
faulty section. For example, the solutions of Equation (14) are reasonable, but Equations (15) and (16)
give the unreasonable solutions or have no solutions, which means the faulty section is section MT and
the fault distance is x;. Using the comprehensive analysis in Section 2, the flow chart of the complete
fault location algorithm is given as Figure 4.

0<x1 <Lmt

0< Lmt < Lmn
1’51,151 >0
Tm1l, lml >0
rs2,ls2 >0
"m2,lm2 >0

(25)
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0<xp <Lnt
0< Lmt < Lmn
rslrlsl >0
m1, lml >0
rs2,1s2 > 0
"m2,Im2 >0

(26)

0<x3 < Lpt
0< Lmt < Lmn
rslrlsl >0
m1, lml >0
rs2,1s2 > 0
"m2,Im2 > 0

(27)

( Start )

1

Input the post-fault second and third cycle of sampling data
at three terminals, together with the line length

}

Calculate the 30 sets of fundamental components using the
DFT algorithm based on different sets of sampling data

l

Construct the 30 sets of fault location equations for each
assumed faulty section, namely Equations (14)-(16)

}

Solve the Equations (14)-(16) respectively
using the trust-region algorithm

}

////'////E(/luation (14) gives the solutions
— inacco

rd with Equation 25) Y

l N Fault occurs on section MT and
—— the value of x is taken as fault distance

_— '//]ilruation (15) gives the solutions ———_

<;\\\\\\\,;Ein accord with Equation (26)//////////: Y

l N Fault occurs on section NT and
T the value of x: is taken as fault distance

—

<,//*//'/7E;;1;ation (16) gives the soluégﬁ\sr\'\\—\,\
~———___inaccord with Equation(27) _—

lY

Fault occurs on section PT and
the value of xs is taken as fault distance

—

End

Figure 4. Algorithm flow chart.

3. Performance Evaluation

3.1. Simulation Data

The performance of the algorithm was evaluated for various faults on T-type transmission
line in 10 kV distribution network with neutral grounding by 10 (2 resistance. MATLAB/Simulink
(MathWorks, Natick, Massachusetts, USA) was used to build a three-terminal transmission line
model and tapped transmission line based on a Il-type equivalent line model. Compared to the
three-terminal line, a tapped line has only one difference, that is, terminal P is terminated ata 2 +j0.5
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MVA load. The sampling frequency was 128 sampling points per cycle and the system parameter
settings were as given in Table 1.

Table 1. System parameters.

Component Parameter Symbol Value
Length Lin 5 (km)
Positive sequence impedance per unit length Zmnl 0.194 +j0.559 (()/km)
MN line Zero sequence impedance per unit length Zmn0 0.3 +j1.92 (()/km)
Positive sequence capacitance per unit length Cmnl 0.015 (uF/km)
Zero sequence capacitance per unit length Cmn0 0.0049 (uF/km)
Length Lpt 3 (km)
Positive sequence impedance per unit length Ztp1 0.332 +j0.408 (Cy/km)
PT line Zero sequence impedance per unit length Ztpo 0.482 +j1.444 (O/km)
Positive sequence capacitance per unit length Cip1 0.0087 (uF/km)
Zero sequence capacitance per unit length Cipo 0.0048 (uF/km)
. Voltage Em 10 £ 0° (kV)
Terminal M Impedance Zm 0.2+5.9 ((0)
. Voltage En 10.5 £15° (kV)
Terminal N Impedance Zn 024 +j6.1(Q)
. Voltage Ep 10 £ 10° (kV)
Terminal P Impedance Zp 0.25 +j5.85 (2)
Load P Active power Load,, 2+j0.5 (MVA)

3.2. Performance of Fault Location Algorithm without Data Error

First, in order to verify the self-consistency and effectiveness of proposed algorithm in the absence
of data error, three unbalanced faults (a-g, a-b-g, a-b) with four fault resistances (1, 10, 100, 500 (2) were
considered at nine fault points (0.1-0.9 p.u.) from the head of each line in a three-terminal line model
and tapped line model.

All simulation tests indicated that the results of the fault location were accurate. Due to space
limitations, traversal simulation results of fault location for section PT in three-terminal line are listed
as Figures 5-7 to show the general performance of the algorithm. The representative and specific
calculation results are listed in Tables 2—4 for detailed analysis. Given the similarity between the
three-terminal line model and tapped line model, only partial results of the fault location in the tapped
line model are listed in Table 5 to verify the effectiveness of algorithm in tapped line.

In this paper, the error of distance calculation is defined as in Equation (28):

Errory = |Lactual — Leatcutated! (28)

The error of line parameter calculation is expressed as in Equation (29):

Z -Z
Error, = actual calculated % 100% (29)
Zactual

3.2.1. Effect of the Fault Position

Figures 5-7 show the errors of the computed fault distances with the change of fault position and
fault resistance when an a-g, a-b-g, or a-b fault occurs on section PT, respectively. Table 2 also lists
the specific results of the fault location in the typical fault positions. The results have a very small
difference between them and their errors are all within 10 m.

In addition, research was conducted in order to verify the validity of this algorithm on the
condition that the fault occurs near the tapping point. The simulation results listed in Table 3 show
that the obtained fault location results are still accurate.

These results reveal the immunity of the proposed algorithm against the fault position.
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3.2.2. Effect of the Fault Resistance

Table 2 summarizes the computed fault distances under 1, 10, 100, 500 €2 fault resistance, indicating
that the errors in most cases were no more than 5 m. Actually, the fault location equations do not
involve the fault resistance, so the relationship between the various electrical quantities in the equations
is not affected by fault resistance in principle. The results show that the algorithm was basically
independent of fault resistance.

3.2.3. Effect of an Unbalanced Fault Type

The fault scenarios considering various unbalanced fault types were tested, such as single-phase
earth fault, two-phase earth fault, and two-phase short circuit fault. The calculated results are presented
in Table 2. The errors within 5 m indicate that the proposed algorithm displayed good performance
irrespective of the unbalanced fault type.

3.2.4. Effect of the Line Parameter

The proposed fault location algorithm takes the line parameter as unknown by-products to be
solved without requiring line parameter as inputs. The calculated line parameters of line MN when
the fault occurred 1 km away from terminal M on section MT are shown in Table 4. Compared with
the true line parameter values per unit length, as in Equation (30), the maximum error of the calculated
parameter values was less than 5%, showing the high accuracy.

Ze1 = (Zmn0 + 2 X Zmn1) /3 = 0.2293 +§1.0127 (Q)/km)
Zm1 = (Zmn0 — Zmn1) /3 = 0.0353 +j0.4537 (€2/km)
22 = (2tpo +2 X 2ip1)/3 = 0.382 +0.7533 (Q/km)

Zm2 = (2tp0 — 2ip1 )/3 = 0.05 +j0.3453 (Q2/km)

(30)

Therefore, when data errors do not exist, the proposed algorithm has a high accuracy and is
basically affected by fault position, fault resistance, unbalanced fault type, and line parameter in
three-terminal line. The same simulations were also performed in a tapped line, and the partial
calculated results are listed in Table 5, which also show good performance and reveal the effectiveness
of the algorithm in a tapped line.
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Figure 5. Error of computed fault distance for a-g fault on PT section.
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Error of computed fault distance for a-b-g fault on PT section.
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Figure 7. Error of computed fault distance for a-b fault on the PT section.

Table 2. Partial calculated results of the fault location in a three-terminal line.

13 of 17

Calculated Results

Faulty Fault Distance Fault

Section (km) Fault Type Resistance () Faulty Fault Distance Error of Fault
Section (km) Distance (m)

1 MT 0.1967 3.3

ag 10 MT 0.1969 3.1

100 MT 0.1965 3.5

500 MT 0.1961 3.9

1 MT 0.1968 3.2

MT 02 -

a-b-g 10 MT 0.1978 22

100 MT 0.1984 1.6

1 MT 0.1972 2.8

a-b 10 MT 0.1983 17

100 MT 0.1985 15
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Calculated Results

SF:cL:il(t))tll Fauu(l?rf)tance Fault Type Resi:taal:\l:e Q) Faulty Fault Distance Error of Fault
Section (km) Distance (m)

1 NT 1.4991 0.9

ag 10 NT 1.4991 0.9

100 NT 1.4991 0.9

500 NT 1.4980 2

1 NT 1.5004 04

NT b ab-g 10 NT 1.4991 0.9

100 NT 1.4986 14

1 NT 1.4975 25

a-b 10 NT 1.4988 12

100 NT 1.4988 12

1 PT 2.4993 07

ag 10 PT 2.4994 06

100 PT 2.4995 05

500 PT 2.4995 05

1 PT 2.5001 0.1

™ 20 ab-g 10 PT 2.4998 0.2

100 PT 2.4997 03

1 PT 2.4991 0.9

a-b 10 PT 2.4996 0.4

100 PT 2.4997 03

Table 3. The results of fault location when the fault occurs near the tapping point.

Calculated Results

Faulty  Distance between Fault
N S Fault Type . N
Section Point F and T (m) Resistance () Faulty Distance between Error of Fault
Section Point F and T (km) Distance (m)
1 MT 10.8 0.8
1 MT 10. .
MT 10 a-g 0 09 09
100 MT 109 0.9
500 MT 10.7 0.7
1 NT 19.0 1.0
NT 20 ab-g 10 NT 19.5 05
100 NT 19.5 0.5
1 PT 30.3 0.3
TP 30 a-b 10 PT 29.8 0.2
100 PT 29.7 0.3
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Table 4. The calculated line parameters for typical fault conditions.

150f 17

Faulty  Fault Distance Fault Fault Solved Results Error of Error of Error of Error
Section (km) Type Resistance ((2) 241 (Q/km) 2z (Q/km) 751 (%) Is1 (%) 11 (%) of I (%)
1 0.2385 +j1.0487  0.0370 + j0.4697 4.01 3.55 4.82 3.53
MT 0.2 ag 10 0.2384 +1.0487 00369 +j0.4697  3.97 355 453 353
100 0.2383 +j1.0487  0.0369 + j0.4697 3.92 3.55 4.53 3.53
1 0.2375 +j1.0490  0.0368 + j0.4695 3.58 3.58 4.25 3.48
NT 15 a-b-g 10 0.2371 +j1.0489  0.0363 + j0.4697 3.40 3.57 2.83 3.53
100 0.2369 +j1.0489  0.0362 + j0.4697 3.31 3.57 2.55 3.53
1 0.2387 +j1.0478  0.0366 + j0.4687 4.10 3.47 3.68 3.31
PT 25 ab 10 0.2389 +{1.0481  0.0369 +j0.4690  4.19 350 453 337
100 0.2389 +j1.0481  0.0368 + j0.4690 4.19 3.50 4.25 3.37
Table 5. Partial calculated results of the fault location in a tapped line.
Faulty Fault Distance Fault Type Fault Solved Results Error of Fault
Section (km) Resistance (02) Faulty Fault Distance Distance (m)
Section (km)
1 MT 0.1974 2.6
MT 0.2 ag 10 MT 0.1947 5.3
100 MT 0.1941 5.9
1 NT 1.4990 1
NT 15 ab-g 10 NT 1.4993 0.7
100 NT 1.4993 0.7
1 PT 2.4997 0.3
PT 2.5 a-b 10 PT 2.4998 0.2
100 PT 2.4998 0.2

3.3. Performance of the Fault Location Algorithm Considering Data Error

Considering the usual +1% data error due to measurement, background noise, and fundamental
component calculation in distribution network [22,23], the accuracy of the proposed algorithm in this
case is evaluated in this section.

Thirty sets of three-terminal post-fault sampling data were obtained using Simulink, and the
corresponding fundamental voltages and currents were extracted using a DFT algorithm in the
three-terminal line model. Furthermore, +1% Gaussian white noise was added to each fundamental
component to simulate the +1% data error. Then, the fault location algorithm was conducted in
MATLAB. Because of the randomness of Gaussian white noise, the result of one test could not effectively
explain the performance of the algorithm. Thus, tests were carried out 20 times for each fault condition.

First, only one set of sampling data was used in the algorithm and Table 6 presents the statistical
results. When the a-g fault with a 1 () fault resistance occurred at 0.5 km away from M on section MT,
the tests for the fault location were conducted 20 times, but only 6 tests gave the results with errors in
0-100 m range, and the result errors of 12 tests were greater than 100 m. Specifically, this algorithm
failed twice. In general, the algorithm yielded the results with errors greater than 100 m in most
cases and the average error was about 146 m. Furthermore, the algorithm sometimes failed to give
the results.

Then, 30 sets of sampling data were used to locate the fault. By contrast, most of the result
errors were within 0-50 m and the average error was about 36 m. There was no failure in any of
the tests. It can be seen that the improved algorithm could give the location results reliably and has
high accuracy.

The same research was carried out in a tapped line model and the proposed improved algorithm
also displayed good performance. Therefore, the fault location algorithm using 30 sampled windows
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could resist the influence of the data error to some extent and had a better performance than using one
sampled window.

Table 6. The statistical results of the fault location in the case of 1% data error.

Results from One Set of Data Results from 30 Sets of Data
Faulty Dfault F.ault Fault The Number of Errors The Number of Errors within This
Section istance Resistance Type within This Range . Range
(km) Q) Failure
0-100 (m)  >100 (m) 0o-s0m S >100m)
1 a-g 6 12 2 18 2 0
MT 05 10 abg 4 16 0 20 0 0
100 a-b 7 12 1 18 2 0
1 a-g 6 12 2 16 3 1
PT 1 10 abg 8 9 3 18 2 0
100 a-b 7 12 1 17 3 0

4. Conclusions

In view of the influence of line parameters on the conventional algorithm, this paper proposes a
parameter-free fault location algorithm for a T-type transmission line in a distribution network with
neutral grounding via low resistance. When the line parameters are unknown, this algorithm can
identify the faulty branch and find the fault distance only using the post-fault redundant synchronous
measurements of three terminals and the length of lines. This algorithm is basically unaffected by
fault position, unbalanced fault type, fault resistance, line parameter, and data error. Its accuracy and
robustness have been verified using the simulation results. This algorithm is also suitable for the
short T-type overhead lines in a transmission network when the three-terminal synchronous post-fault
measurements can be obtained. The main contributions of the proposed fault location algorithm are
as follows:

e  The line parameter values are not required because they are taken as unknowns to solve together
with the fault distance.

e The influence of data error can be resisted to some extent based on the redundant data and
estimation theory.

e  The high reliability and robustness can be ensured via the use of a trust-region algorithm to solve
the non-linear equations.

e  The fault point can be identified directly according to the reasonability of the equations’ solutions,
avoiding a series of problems when the faulty section judgment is performed first in most
indirect methods.

Research of the parameter-free fault location method, which is applicable to the distributed
parameter line model, is our next focus.
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