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ABSTRACT — This paper presents a global sensitivity analysis with factor screening to efficiently test conventional distance
relay algorithm models used as transmission line protection devices with series compensators. Various system indeterminacy
parameters (factors) may affect the functional performance of the fault impedance measurement algorithm model of
intelligent electronic devices, specifically the SEL-421 type distance relays. The purpose of global sensitivity testing is to
determine the influence strength of individual and interacting factors on the output of the fault impedance measurement
algorithm. Global sensitivity analysis, conducted through variance analysis using quasi-Monte Carlo methods, aims to
compute the error in fault impedance measurement results. As an initial step, the Morris method was employed to filter out
factors that did not predominantly affect relay performance, thereby reducing the computational burden of the global
sensitivity analysis. Several simulated transmission line faults with series compensators and multiple factors were modeled
using DIgSILENT PowerFactory. Automatic fault simulations, both before and after compensators, were developed using
DIgSILENT Programming Language. The sensitivity of the relay algorithm output was tested for each simulation based on
read-out voltage, fault current signals, and the values of sampled factors using both Morris and Sobol methods. The variance
of the algorithm output model influenced by several factors was calculated using SIMLAB software. Fault resistance
emerged as the dominant factor affecting algorithm performance, with sensitivity indices exceeding 0.9 and 0.7 for faults
before and after the compensator, respectively. This technique has effectively tested the SEL-421 distance relay algorithm.

KEYWORDS — Relay Performance, Intelligent Electronic Devices, Global Sensitivity Analysis, Morris Method,

DIgSILENT Program Language.

I. INTRODUCTION

Transmission lines with series compensators are often
considered as alternatives due to their increased electrical
power delivery and efficiency [1]. The network’s structure
significantly influences the performance of the non-pilot digital
distance relay installed to protect the transmission line during a
fault [1], [2]. Figure 1 shows the equivalent circuit of a power
system with a series compensator placed in the center of the
protected line. When a fault occurs after the compensator
(CVT+MOV), the fault current read by the relay through the
current transformer (CT) affects the fault impedance
measurement at the relay point, potentially resulting in relay
maloperation, such as overreaching or underreaching [1], [3],
[4]. Additionally, uncertain and unknown values of system
parameters, i.e, Rr ground fault resistance, 85 source voltage
angle at fault, k, zero sequence current compensation, and Z;,
line impedance introduces further errors in impedance
measurement and fault location determination. These factors
cause relay operation faults when the fault occurs before the
compensator, and the situation worsens for faults occurring
after the compensator [3]. The limitations of using
conventional distance relays (such as the SEL-421 distance
relay) for line protection with series compensators have been
investigated previously [3], [5], [6]. However, a systematic
approach to testing the sensitivity of the algorithm, using
statistical calculations to assess the influence of various factors,
has not been undertaken in previous studies.

The single-phase ground fault shown in Figure 1 is either in
the M-O segment before the compensator (fault location at F;)
or in the second O-N segment after the compensator (fault
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location atF,). Various indeterminacy parameters (factors)
affecting the fault location are shown in red. Several factors
influence the performance of the fault impedance measurement
by the relay (SEL-421 distance relay) [3]. In the observed case,
sensitivity analysis was attempted to be used to assess the
influence of such factors on the performance of the relay
measurement algorithm. A global sensitivity analysis (GSA)
method based on the estimated value of the variance of the
algorithm output (error variance) through a quasi-Monte Carlo
(QMC) sampling in multidimensional factor space is presented
in this paper. This method, originally proposed by Sobol [7],
was implemented through SIMLAB software [8]. GSA is a
computational process that requires a large number of samples
for numerous factors. To expedite the computation, it is
recommended to implement a preprocessing stage to reduce the
dimensionality of the factor space. Therefore, in this study,
Morris’ method [9] was implemented to identify the factors that
had no effect before applying GSA. This study requires a
mathematical model of a transmission line with compensators
under fault conditions and a closed-loop impedance fault
measurement element, as implemented in an intelligent
electronic device (IED), as shown in Figure 1. The SEL-421
distance relay multifunction IED model [10] was implemented
using DIgSILENT PowerFactory software [11]. The GSA
implementation includes a step to automatically vary the factor
values in the transmission line model and run simulations for
each fault scenario. Program scripts developed using
DIgSILENT Program Language (DPL) are employed for
automation functions in fault simulation. Additional scripts are
created to calculate the performance index for each fault
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Figure 1. Single transmission line with series compensator: F;-fault before SCs + MOVs dan F,-fault after SCs + MOVs.

scenario. By systematically analyzing the effects of multiple
factors and as part of protection testing, the proposed technique
aids in selecting the optimal IED for a specific line security task
when various factors affecting relay performance are
considered. The developed testing technique is also useful for
manufacturers in the development of protection equipment.

Il. FACTOR SPACE AND PERFORMANCE OF FAULT

IMPEDANCE MEASUREMENT ALGORITHM

The transmission line model with the series compensator
located in the middle of the protected line and the fault location
is shown in Figure 1. All elements in the figure were modeled
in the DIgSILENT PowerFactory software. The proposed
model was used to determine the performance of the distance
relay for a phase-A-to-ground fault under various fault
scenarios, specifically fault points before and after the
compensator (F; and F,) and through the Ry fault resistance.
The model includes a set of factors highlighted in red in Figure
1. The performance index values calculated by the SEL-421
impedance measurement algorithm depend on the voltage and
current signals resulting from the fault scenarios.

The external system was modeled using a Thevenin
equivalent circuit with two voltage sources, E,, and E,, and
positive sequence source impedances, Zigy and Zisy ,
respectively (Figure 1). During the simulation of the phase-A-
to-ground fault, the fault impedances (1) and (8) were
calculated by the relay based on the zero-sequence current
compensation method, I,, using the k,correction factor [3],
[12]. The k, factor in (3) depended on the Z,; zero-sequence
line impedance which was not precisely known. For faults on
segment-2 (between P and N in Figure 1), the fault impedance
calculation could become more complex due to the presence of
compensators affecting the fault impedance calculation [2], [3],
[13]. For fault location in segment-1, the Z,, fault impedance
in (1) measured from the relay location to the F; fault point
(p, distance in Figure 1) is not always the actual fault
impedance, i.e., p;Z;y - The fault impedance, Z,, (Q),
estimated by the relay algorithm is derived as follows [3].

A

Zn(before) =

M)

given Vyy, (V) represents the phase-A voltage and If,, (A)
denotes the I,, current measured from phase-A current

M= p1Zym + 821y

v
Iim
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through the secondary of the current transformer (CT),
compensated by the 1,4, zero sequence current , which is also
measured by the relay algorithm. The compensated phase-A
current measurement is further expressed by (2).

)
The k, zero-sequence compensation factor is further expressed
by (3) [12].

Liy = Lim + koloam-

_ ZoL=Z1L
ko = 2L, ©)
It is observable that in the calculation of the impedance
measurement in (1) for a single-phase to ground fault, Z,,,, there
is a fault impedance measurement error of AZ, (), which is
influenced by several factors. The zero-sequence compensation
factor, kg, in (3) needs to be corrected to avoid errors in fault
impedance calculation when a phase-to-ground fault occurs
[12]. This positive sequence impedance error, denoted by AZ,,
is an f; nonlinear function of several factors, namely the
P,, P, P, parameter vectors, the Ry fault resistance, the p,
fault distance, and the & load flow angle, as stated in (4).

AZypry = f1(Pg, Ps, Py, Rp, 1) 4)

given

Py = [Zyms Z1ins Zowms ZOLN]T.
Ps = [Zism, Zisn» Zosm» Zosn 17,
Pg = [Ey £8p1, Ey £8p2]"; 82 =0.

The fault impedance calculation became more complex for
faults occurring after the compensator fault (fault at F,). To
address this, a sequence of symmetrical components was used
for the impedance calculation.

Specifically, for a phase-A-to-ground fault after the
compensator (fault at F,), the calculation is explained using
symmetrical components. The symmetrical voltage sequence,
incorporating the Ry fault resistance factor, is expressed by (5)

[3], [14].
V, +V, + Vo = 3Ryl 5)

Furthermore, the symmetrical stress in (5) is expressed as
shown in (6).
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System voltage (Em) KV 230267,° (8), the measurement error is expressed as shown in (9).
System voltage (En) kv 23046x,° AZy(ppy = fZ(PE' Pg, P, Ry, pz,C) =fx), i=1,..,n(9)

Vl = VlAM - ZlLMllAM - VlC - leLNllAN
VZ = VZAM - ZZLMIZAM - VZC - mZZLNIZAN (6)
VO = VOAM - ZOLMIOAM - VOC - mZOLNIOAN

given m is the P-N segment, representing the distance from the
capacitor to the F, fault point; V, is the voltage drop at
SCs+MOVs, and V;,, are the positive, negative and zero
sequence voltages, respectively.

The positive sequence line is expressed similarly to the
negative sequence impedance, i.e., Z,;, = Z,;. Then, the phase
voltage measurement is described as in (7).

ZOLM - ZlLM

Vam = Ve + Zyy |Lam + loam| + 3Relp

Ziim
Vam = Ve + Zymllam + kOIOAM] + 3Rplp
Vam = Ve + ZlLMI,gM + 3Rplp

()

given

Vam = Viam + Vaam + Voam
Ve =Vie + Vo + Vi

Ism = liam + oam + loam
Zymn = Zym +MZyy
Zomun = Zoim + M2y
Zowmn = Zorm + MZopy

so that the impedance measurement at the F, fault point is
expressed by (8).
I Ve

VAM
Zm(after) = Tc_ = ZlLMN + SRFT + o
Lim Iiv i (8)

=Zyun + 421 (r2)
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where X is a vector of n factors, p, represents the fault location
distance, and C denotes the series compensator.

Several simulation experiments were conducted to assess
the influence of various factors on the fault impedance
measurement error by the relay. The utilized circuit model is
shown in Figure 1, with the parameter values for the simulation
experiments presented in Table I.

The distance relay protection range for the Zone-1 area was
set to 0.8 p.u of the total positive sequence impedance of the
line, which included the length of segment-1 (M-O in Figure 1)
plus the length of lines after the compensator (segment-2, P-N).
The line was homogenized so that the line impedance per unit
length for both segments was identical. Figure 2 demonstrates
the fault impedance measurement results for a simulated single-
phase A to ground fault at point 0.6 p.u before and after the
compensator. In addition, Figure 2 also shows that fault
impedance measurement error, which is directly proportional
to the distance to the fault point, is influenced by several
factors, such as the ground fault resistance, Ry, and load flow
angle, 8. It is evident that the impact of ground failure
resistance on impedance measurement is significant, depending
on the failure resistance. Similarly, this effect is noticeable
when combined with the load flow angle. Due to the influence
of ground resistance, the measurement results are shifted to the
right. Additionally, the impact of the load flow angle causes the
impedance value to shift up or down, as shown in Figure 2 in
black and red. The worst condition of impedance measurement
is interference after the compensator, which may lead to the
relay overreaching, as illustrated in Figure 2.

Under real conditions, certain system parameters are often
uncertain (as shown in Figure 1 in red). Therefore, a range of
parameter values, as shown in Table Il, was assumed for the
Pg, Pg, P, Ry, 65, k, parameters (several factors) that might
cause errors in the fault impedance measurement. This study

assumed a total of 19 factors, each with a uniform variation of
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TABLE Il
FACTOR SPECIFICATIONS
Indeterminacy Description Interval variation
Parameter x; x;
X1 Rp [0;10Q]
Xy Or1 [-10;10]
X3 k, [0.714;0.873]
X4 Re{Z sy} | [0.590;0.721 Q]
X5 Im{Z,sn} | [6.75;825Q]
Xe Re{Zysy} | [1.05;1.28Q]
X7 Im{Zysy} | [10.125;12.375Q]
Xg Re{Z sy} [118;144Q]
X9 Im{Z,gy} | [135;16.5Q]
X10 Re{Zysn} | [2.09;256Q]
X11 Im{Zysn} | [23.94;29.26 Q]
X1 Re{Z;;m} | [0.025;0.030 Q]
X13 Im{Z;; ) | [0.283;0.346 Q]
X14 Re{Zy .y} | [0.247;0.302Q ]
X15 Im{Zy .y} |[0924;1.129Q]
X16 Re{Z;n} [0.025;0.031 Q]
X17 Im{Z,;n} | [0.283;0346Q]
X1g Re{Zyn} | [0.247,;0302Q]
X19 Im{Zyn} | [0.924;1.129Q]
10%. These factors were described as having high

multidimensionality within the data space. To illustrate the
factor influence, several fault experiment scenarios were
conducted for both before and after the compensator, with
parameter values adjusted according to the created data
samples. Each fault simulation simultaneously read the changes
in each x; € S random variable vector, from S sample through
the developed algorithm. The algorithm developed for
simulating the SEL-421 distance relay model read each value
of the sample vector as a factor and calculates the fault
impedance for each simulation. The impedance calculation
results are marked with “** and ‘+’, representing the function
of the y; = f(x;) sample vector, as shown in Figure 3.

Several factors with random values affected the
performance of the relay algorithm observed for two fault
locations: a fault before the compensator on segment-1 and
fault after the compensator on segment-2. Figure 3 illustrates
the x; indeterminacy factor on the accuracy of the fault
impedance calculation algorithm, manifested as y; output
indeterminacy. It was further observed that various factors
affecting relay performance and impedance calculation errors
were going to be introduced due to the compensator. A fault in
segment-2 resulted in a measurement that placed fault location
in Zone-2 for all fault positions at 0.4, 0.6, and 0.8 p.u after the
compensator. This might lead to relay maloperation in the form
of underreach or overreach in distance relays. This issue is
explained by a systematic fault impedance measurement error
or a deviation in the measurement results caused by the
influence of an x; single factor, or the interaction between
factors x; .. x,,. Weaknesses in relay performance due to
various influencing factors are mitigated by improving the
impedance calculation algorithm on the relay (i.e., impedance
calculation while ignoring its influencing factors). This
research solely explored these issues through systematic testing,
specifically by observing the influence of these factors on the
algorithm’s performance.

The algorithm performance was observed through
quantifying the y;.,ror) (10) output error as a function of the
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Figure 3. Influence of a number of factors (Figure 1) on fault impedance
measurements before and after compensators.

x; factor vector. The technique developed for analyzing the
algorithm’s sensitivity to factors was based on error variance
analysis of the expected error of several x; = R™ samples
where n is the sample dimension. The value of n = 19 factor
dimension was quite large for the observed case. Therefore, it
took a very high computational time when the variance analysis
approach using Sobol’s technique was performed. In this case,
a factor screening method needed to be performed to increase
the computational efficiency of the analysis of variance. The
factor screening technique using the Morris method was
intended to eliminate factors considered unnecessary before the
Sobol technique for measurement error variance analysis was
performed. This sensitivity analysis technique employed the
sampling technique, making it possible to estimate the
sensitivity of the impedance error of the measurement results
caused by several factors, both individually and due to the
interaction between two or more factors.

[ll. SENSITIVITY ANALYSIS OF FAULT IMPEDANCE

MEASUREMENT ALGORITHM

The impact of a single factor and the interaction of multiple
factors were evaluated based on the fault impedance error value
in (10) derived from the measurement results by the relay
algorithm for each ith simulation. The performance index of
the measurement error was calculated as the absolute difference
between the actual impedance measurement result, y;, and the
expected value, E[y;], as follows:

Yiterror) = ly; — E[yi]l Q. (10)

The impedance error measurement, as the relay algorithm
output, is a nonlinear function of several factors and is
expressed as y; = f(x;), as described in (1) and (8). The
number of factors wused and stored in x=R"
factor (where R is the set of real numbers with n factor
dimension) is shown in Table Il. For the data-sampling-based
fault simulation, all factors x; were continuously varied based
on a sequence of quasi-random data generated over a
predetermined range of uniformly distributed intervals. Using
the quasi-random technique with several n factors generated a
relatively large Q data universe. Consequently, significant
computational time was required to meet the GSA requirement
for measurement error, as referenced in (10).
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Figure 4. Local sensitivity with Morris method, (a) before compensator, (b) after
compensator.

A. LOCAL SENSITIVITY ANALYSIS

The classical approach to relay sensitivity analysis, as seen
in previous research, requires only a small number of samples,
examining the influence of one factor while holding others
constant. This technique is primarily used to rank the factors
affecting relay performance but does not consider the overall
concurrent uncertainty of these factors or analyze their
sensitivity comprehensively. Therefore, in this study, a
combined technique involving both local and global analysis
approaches was employed for accurate and efficient sensitivity
analysis [15]. Local sensitivity analysis using the Morris
method was conducted to measure the influence of individual
factors on relay performance (see Figure 4). Screening various
factors through the Morris method identifies their individual
influence levels on relay performance, allowing the subsequent
global sensitivity analysis using the Sobol technique and quasi-
random samples to require a smaller sample size.

In this study, the Morris method was utilized for local
sensitivity analysis. This method is simple yet effective for
screening input factors that may affect the characteristics of
relay algorithm models [9], [16]. The technique employs a
uniquely randomized scheme of varying a single factor at a
time. The evaluation index of the Morris method is called the

p-ISSN 2301-4156 | e-ISSN 2460-5719

one-factor effect, which measures the effect of the ith factor by
performing computations exclusively with that factor.
Considering that the computational model of the relay
algorithm was affected by several input factors as shown in red
(Figure 1) and expressed by x, i = 1,2,...,n, the variation
of N; values of the x random factor over the unit
interval [0.1] was at (p — 1) partition level with p (an even
number) being the specified level, and N; € Q. For a given
factor vector value at each x simulation, the influence of the ith
factor on the model was defined by (11) [9].
d;(x) = [J’(xlr---rxi—1'xi+AA'xi+1""rxk)_Y(x)]. (11)
The value of A is determined from the
{1/@-1),..1—1/(p — 1)} data set. The value of x =
(x4, x5, ... x,) is determined in the Q data universe such that,
from (10), the value of x; transforms to (x; + e;A) € Q. The
value of e; is a zero-vector adapted according to the ith data
sample. Based on the above explanation, the value distribution
pattern of F; is expressed as d;(x)~F; in (11). The data of the
input random variables, i.e., the elements of F;, are p*~1[p —
A(p — 1)]. The local sensitivity analysis of the impedance
measurement algorithms in (1) and (8) is based on the Morris
method. The local sensitivity of the fault impedance
measurement is determined by mapping the F; value (value
distribution) in the form of the u mean value to the ¢ standard
deviation value. The degree of influence of factor x; on the
relay impedance measurement algorithm Z,,, is determined by
calculating the u and o values based on the d;(x)~F; value
distribution. The u value indicates the influence level of a
single factor, while the ¢ value indicates the influence level
resulting from the interaction between multiple factors (see
Figure 4).

B. GLOBAL SENSITIVITY ANALYSIS

GSA using the QMC technique with quasi-random
sampling data was effectively implemented after performing
the x-factor screening process with the Morris method, as
described above. This approach reduces the factor dimension
computed through the Sobol method for GSA. For a small n
factor universe dimension, GSA with QMC and quasi-random
sampling is the most effective global sensitivity method and
achieves fast convergence [15], [17], [18]. The GSA was
performed based on the sampling data, with the solution
procedure described in Figure 5.

The indeterminacy of the relay algorithm output, which
serves as the performance index for impedance calculation, was
measured by the variance of the calculation error. To determine
the degree of influence of x factor, whether individually or
through interactions with other factors, it is necessary to
calculate the variance component attributable to the factor. It
was achieved by calculating the average of f; in (12), which is
affected by multiple x factors except for the factor under
observation. The variance of f; influenced solely by the
individual factor x; is then described as follows.

fitx) = [ £ Mier dxic — fo (12)
Vi = fi(xi)z = ff(x)z [Tk dxi _f02 (13)

where V; is the variance performance index attributed to x; and
is expressed as

D; = o {E{f (®)|x;}} (14)
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given E{x} is the expected value of the output variance
expressed as

fo = f()dx. (15)

Then, the global sensitivity attributed to the S; individual factor
is expressed by (16).

_ogEr@Ixg oy

PTG Erm) T o2re)
where a2{f (x)} is the total performance variance of the output
index, which is also calculated with the integral through QMC.
When the sum of the sensitization probabilities of S; is not zero,
the total sensitization is generated due to the interaction effect
between the factors [19]. The V;; variance and D;; sensitivity
resulting from the interaction between the two factors, x; and
x;, is then be defined as in (17) to (19).

fij(xi:xj) =[f(x) k=i j dxi — fo — fi(x) — fj(x;) (17)
Dy = fii(x %) = [ FOO? Tiwi dxic — fo = Vi~V (18)
Vi = 0%, {E{f(x)lxi, x,-}}. (19)

Furthermore, the sensitivity index for the interaction
between factors is defined by (20).

(16)

k@) vy
Y aR{EF (03} a2{f ()}
It is stated that the analysis of variance using the Sobol

technique is based on decomposing the f model into multiple
dimensions of subfunctions, as described in (21).

FOO = fo+ ) FiG)+ ) fyux) +-

(20)

i<j
+ fia(Xiy o X) (21)
= fO + ZuCD fu(xu)
given D={1,..,n}, , let x,be the sub vector

of x, where x represents the random variable and factors
expressed by u= {il_ ...,is},S <n subset. For several
indeterminacy parameters (factors), n, the total variance of the
index is the sum of the variances of the subsets [20], [21], as
shown in (22).
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Furthermore, the total sensitivity index is represented as
follows:
1S+ ZicjSijt o+ S12.a=1. (23)

!

The GSA procedure depicted in Figure 5 is utilized to assess
the global sensitivity of impedance measurements to various
influencing factors. Figure 6 illustrates the results of sensitivity
testing for faults both before and after the compensator.

IV. RESULTS AND DISCUSSION

Simulation of phase A to ground faults at various fault
locations (Figure 1) was conducted using DIgSILENT
PowerFactory software. The variation in the values of several
factors, represented as x = R'%, was uniformly distributed
within a specific range, as shown in Table Il. The fault
impedance measurement performance of the relay was
evaluated for both before and after compensator faults within
the data universe of the x factor. This data universe of factors
was generated through SIMLAB software, utilizing the Morris
method and Sobol’s quasi-random sequence. Two sensitivity
analysis methods, namely local and global, were also applied
using SIMLAB for all statistical calculations and sensitivity
measures of the algorithm’s output performance index. Local
sensitivity, also known as one-at-a-time (OAT), was observed
based on changes in a single factor. In contrast, global
sensitivities were derived from the entire factor space.

The results of measuring local sensitivity using the Morris
method are shown in Figure 4. This technique presents
sensitivity results for factor ranking purposes through a
mapping between the standard deviation value o and the mean
value (u) for all effects of the x; factor. In this study, the results
were calculated using the Morris technique with 80 data
samples, which is considered sufficient for the number of
x; factors. Figure 4 shows that a large value of u indicates the
dominance of the factor on the relay performance index, while
a large value of ¢ indicates a significant interaction effect
between factors. Figure 4(a) shows the simulation results
before the compensator, identifying the dominant
factors: x; (Rp), x15 (imZyy), x3(k,). Figure 4(b) displays
the simulation results after the compensator, identifying the
dominant factors affecting the performance of the relay
algorithm, which include x; (Rg), x5 (6p1),  x3(kg),
x13 (reZyim), x15(imZy ), x17(reZyy), dan xi9(imZy ).

From the results obtained using the Morris method, it is
evident that factor x; has a significant u variance, indicating
that the performance of the model index, specifically the
impedance measurement error value, is influenced by the value
of x, individually. The o standard deviation of x; is also
considerable, suggesting that the interaction of x; with other
factors significantly affects relay performance. The x;
factor also has a notable impact after x;, contributing both
individually and through interactions with other factors to the
accuracy of the relay performance. Furthermore, Figure 4
presents the analysis of the sensitivity values obtained by the
Morris method for a fault location of 0.6 p.u in two segments,
i.e., before and after the compensator. Based on this
understanding, Figure 1 and Table Il assumes seven factors to
be dominant in affecting the performance index of the relay
algorithm for the 0.6 p.u fault location example: X;, X,, X5,
X13, X135, X17, and Xy
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Figure 6. GSA of several factors, (a) global sensitivity to fault before
compensator, (b) global sensitivity to fault after compensator.

Local sensitivity using the Morris method was employed to
screen the x = {x, x,, ..., X5}, factors reducing them from 19
factors to 3 factors before the compensator and 7 factors after
the compensator. This dominant factor screening significantly
reduces the computational effort required to assess overall
sensitivity with GSA based on quasi-random sampling. The
optimal value of the data universe for the seven factors selected
by the Morris method was generated through SIMLAB, which
was 80 data samples. Furthermore, for GSA analysis, fault
simulation with DIgSILENT was used to estimate impedance
faults at locations of 0.4 p.u, 0.6 p.u, 0.8 p.u, and 1 p.u of two
MN line segments. For each fault simulation, variations in the
values of the three and seven factors were performed, with a
total of 16,384 and 15,360 data samples based on quasi-random
sampling, respectively.

The performance index calculation against the fault
impedance measurement function, based on variations in the
factor value, was executed by the relay algorithm. Additionally,
the procedure for sensitivity index calculation was estimated
using SIMLAB (see Figure 5). The results of the estimated
sensitivity index calculation, employing the statistical
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calculation approach, are presented in Figure 6. The
conclusions of the global sensitivity analysis, as illustrated in
Figure 6, are detailed as follows.

As depicted in Figure 6(a), the x; (Rp) factor exhibits a
decreasing trend when the fault occurs before the compensator
and further from the relay location. Conversely, when the fault
occurs after the compensator (Figure 6(b)), the influence of the
fault resistance increases. Both scenarios indicate that the
influence of the Ry fault resistance remains very dominant for
each fault location.

The x, (8r;) factor significantly impacts relay
performance following a resistance failure, particularly for
faults occurring after the compensator (see Figure 6(b)). The
influence of x;(k,) also pertains to faults after the
compensator, exhibiting a decreasing effect relative to the fault
location. Similarly, x, (8r;) shows the same influence (see
Figure 6(b)).

For the effect of the interaction factor, the observation
focused on the interaction between x; and x;5. The
characteristics resulting from this interaction increase for fault
locations after the compensator and decrease for faults at 0.8
p.uand 1 p.u. This behavior is attributed to the installation of a
series compensator at 70% of the total channel length.

The developed testing technique is highly effective for
evaluating protection relays. This test simulates real-world
conditions, allowing all factors to be analyzed simultaneously.
Compared to previous methods, this technique enhances test
results by enabling the observation of both individual
influences and the interactions between factors on relay
performance.

V. CONCLUSION

In this paper, a methodology for a systematic sensitivity
study of the fault impedance measurement function of the
distance relay IED model SEL-421 in the context of a single
transmission line with a series compensator is presented. The
testing technique was developed through variance analysis of
the computational measurement error by an algorithm
influenced by several factors. To eliminate less influential
factors and reduce the dimension of the factor space, a factor
screening method using the Morris method was performed first.
For the presented case, the dimension of the factor space was
reduced from 19 to 7 factors, followed by a global analysis
based on quasi-random sampling of the factor space. From the
analysis, it is concluded that the ground failure
resistance x,; (Ry) is a crucial factor to consider. The working
accuracy of the relay is significantly influenced by the relay
algorithm’s ability to mitigate the impact of the dominant Ry
factor across all fault locations when calculating fault
impedance. Fault impedance is also sensitive to the x;(kg)
zero-sequence compensator. This value is significantly affected
by the uncertainty in the zero-sequence impedance of the line,
as well as by the positive sequence impedance, which is
inherently influenced by the load flow angle at the time of the
fault.

The methodology was implemented in two software
environments: DIgSILENT, for system modeling, fault
simulation, and fault impedance measurements using the SEL-
421 distance relay algorithm; and SIMLAB, for sampling
sequences and estimating algorithm sensitivity as a function of
uncertainty parameters. The proposed methodology is highly
useful for testing various IED performance applications,
facilitating comparisons, and identifying factors that influence
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relay settings and backup strategies. This testing technique
benefits both relay users and manufacturers, aiding in the use
and development of relays when uncertainty factors need to be
considered.
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