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1. INTRODUCTION

In (Adyaapes, 1978), a method for testing insulation under load in networks with an isolated
neutral by generating artificial overvoltages is proposed. In the proposed method, insulation
testing is performed by creating an artificial ground fault in one of the network phases.
However, since the ground-fault process is uncontrolled, the resulting overvoltage cannot be
regulated, which is considered a drawback of the method. To overcome this limitation, a new
method for testing insulation under load in networks with an isolated neutral has been proposed
(Orucov & Sadiqov, 1999). According to this method, controlled artificial non-stationary ground
faults are created in the network to test insulation under load. It should be noted that, during
such ground faults, the magnitude of the arcing overvoltage in the network depends on the
ground-fault resistance, the ground-fault angle, and the phase-to-ground capacitance of the
network. Therefore, to determine the value of the test voltage, it is necessary to specify the
ground-fault resistance and the ground-fault angle in advance. For this purpose, determining the
dependence of the arcing overvoltage factor arising in isolated-neutral networks under non-
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stationary ground faults on the ground-fault resistance, the ground-fault angle, and the phase-to-
ground capacitance of the network is a relevant and important task.

2. PROBLEM STATEMENT

In general, to determine the dependences between the above-mentioned parameters, it is
necessary to numerically solve a system of differential equations describing the transient process
of non-stationary ground faults occurring in networks with isolated neutral, using modern
computational technologies. However, the numerical solution of this problem becomes
considerably complicated due to the “stiffness” of the mentioned system of differential
equations; in some cases, the stability of the solution is violated and the results are distorted.
Therefore, in order to overcome these difficulties, it is essential to obtain analytical expressions
describing the relationships between the arc overvoltage factor (k), the ground-fault resistance
(Ry), the ground-fault angle (¢), and the network phase-to-ground capacitance (Cy). For this
purpose, the study considers obtaining a regression model describing the dependence of the arc
overvoltage factor arising in isolated-neutral networks on the phase-to-ground capacitance of the
network and the ground-fault angle.

3. PROBLEM SOLVING

For this purpose, the results of experimental investigations conducted on a low-voltage model of
an isolated neutral network ( R, =5Q ) are utilized, as presented in Table 1 (Orucov, 1998).

Table 1
Dependence K = f(Cf ,(p)

C,,mkF P

30° 60° 90° 120° 150°
1 2,45 3,16 3,30 3,10 2,16
2 2,36 2,94 2,99 2,87 1,99
3 2,28 2,76 2,85 2,70 1,87
4 2,22 2,62 2,74 2,57 1,78
5 2,17 2,52 2,66 2,47 1,71
6 2,12 2,46 2,58 2,39 1,65
8 2,06 2,39 2,47 2,26 1,56

As can be seen from Table 1, the dependence of the arc overvoltage factor on the network phase-
to-ground capacitance and the ground-fault angle can be approximated by the following
regression equation (Memmadov & Mammadov, 2005):

k==+bsing+c 1)
Cr

where @ and b are regression coefficients, and C is the constant term of the equation.

If we introduce the substitutions ci = x and sin ¢ =y in equation (1), the regression equation
f
can be written in the following form:

k=ax+by+c (2

In other words, the dependence of the arc overvoltage factor (k) on the reciprocal value of the
network phase-to-ground capacitance (x) and the sine of the ground-fault angle (y) can be
approximated by a linear regression equation (Table 2).
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Table 2
Dependence k = f (x,y)
X y
0,500 0,866 1,000 0,866 0,500

1 2,45 3,16 3,30 3,10 2,16
0,500 2,36 2,94 2,99 2,87 1,99
0,333 2,28 2,76 2,85 2,70 1,87
0,250 2,22 2,62 2,74 2,57 1,78
0,200 2,17 2,52 2,66 2,47 1,71
0,167 2,12 2,46 2,58 2,39 1,65
0,125 2,06 2,39 2,47 2,26 1,56

The coefficients and the constant term of regression equation (2) are determined based on the

least squares method (Malikov, 2006).

According the least squares method, the values of the coefficients and the constant term of the
regression equation are chosen in such a way that the sum of the squares of the errors between

the approximating function and the experimental values is minimized:

n

i=1

S(a,b,c)=>"(ax, +by, +c—k ) - min, (3)

S(a, b, C)for the function to get the smallest (minimum) value a, b and c— according to which

the special derivatives given below must be equal to zero:

oa

ob

oc

aS(a,b,c)

aS(a,b,c)

=0;
aS(a,b,c) o @

=0.

S(a, b,C) from the function a, b and ¢ —taking special derivatives according to (4), taking into

account in the system of equations, the following system of linear equations is obtained:

azn:xf erznlxiyi Jrczn:xi :Zn:kixi;
i=1 i=1 i=1 i=1

aixiyi +biy? +6iyi =ikiyi: ©)
i=1 i=1 i=1 i=1

azn:xi erznlyi +cn :Zn:ki.
i=1 i=1 i=1

To solve the system of linear equations (5) and to calculate the relevant statistical indicators, a
correlation table is constructed (Table 3).

Table 3
Correlation Matrix
k(x,y) — ki
L Xi Yi k; xf y? k? XiYi kix; kiyi + (k(xi, yi) — ki)?
13
1 1.00 0.500 245 1.000 0.250 6.003 0.500 2450 1.225 0.0215 0.0028
2 1.00 0.866 3.16 1.000 0.750 9.986 0.866 3.160 2737 0.0217 0.0047
3 1.00 1.000 3.30 1.000 1.000 10.890 1.000 3.300 3.300 0.0021 0.0000
4 1.00 0.866 3.10 1.000 0.750 9.610 0.866 3.100 2.685 0.0028 0.0001
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5 1.00 0.500 2.16 1.000 0.250 4.666 0.500 2.160 1.080 0.1586 0.1174

6 0.50 0.500 2.36 0.250 0.250 5.570 0.250 1.180 1.180 0.0950 0.0503

7 0.50 0.866 2.94 0.250 0.750 8.644 0433 1470 2.546 0.0733 0.0465

8 0.50 1.000 2.99 0.250 1.000 8.940 0.500 1.495 2.990 0.0167 0.0025

9 0.50 0.866 2.87 0.250 0.750 8.237 0433 1435 2.485 0.0507 0.0212
10 0.50 0.500 1.99 0.250 0.250 3.960 0.250 0.995 0.995 0.0733 0.0213
11 0.33 0.500 2.28 0.111 0.250 5.198 0.167 0.760 1.140 0.1169 0.0710
12 0.33 0.866 2.76 0.111 0.750 7.618 0.289 0.920 2.390 0.0572 0.0249
13 0.33 1.000 2.85 0.111 1.000 8.123 0.333 0.950 2.850 0.0113 0.0010
14 0.33 0.866 2.70 0.111 0.750 7.290 0.289 0.900 2.338 0.0362 0.0096
15 0.33 0.500 1.87 0.111 0.250 3.497 0.167 0.623 0.935 0.0767 0.0206
16 0.25 0.500 222 0.063 0.250 4.928 0.125 0.555 1.110 0.1206 0.0716
17 0.25 0.866 2.62 0.063 0.750 6.864 0.217 0.655 2.269 0.0301 0.0062
18 0.25 1.000 2.74 0.063 1.000 7.508 0.250 0.685 2.740 0.0060 0.0003
19 0.25 0.866 2.57 0.063 0.750 6.605 0.217 0.643 2.226 0.0113 0.0008
20 0.25 0.500 1.78 0.063 0.250 3.168 0.125 0.445 0.890 0.0968 0.0297
21 0.20 0.500 2.17 0.040 0.250 4.709 0.100 0434 1.085 0.1172 0.0647
22 0.20 0.866 2.52 0.040 0.750 6.350 0.173 0.504 2.182 0.0062 0.0002
23 0.20 1.000 2.66 0.040 1.000 7.076 0.200 0.532 2.660 0.0225 0.0036
24 0.20 0.866 247 0.040 0.750 6.101 0.173 0494 2.139 0.0139 0.0012
25 0.20 0.500 176 0.040 0.250 3.098 0.100 0.352 0.880 0.0885 0.0242
26 0.17 0.500 2.12 0.028 0.250 4494 0.083 0.353 1.060 0.1079 0.0523
27 0.17 0.866 246 0.028 0.750 6.052 0.144 0410 2.130 0.0081 0.0004
28 0.17 1.000 2.58 0.028 1.000 6.656 0.167 0430 2.580 0.0447 0.0133
29 0.17 0.866 2.39 0.028 0.750 5.712 0.144 0.398 2.070 0.0376 0.0081
30 0.17 0.500 1.65 0.028 0.250 2.723 0.083 0275 0.825 0.1462 0.0582
31 0.13 0.500 2.06 0.016 0.250 4.244 0.063 0.258 1.030 0.0968 0.0397
32 0.13 0.866 2.39 0.016 0.750 5712 0.108 0.299 2.070 0.0248 0.0035
33 0.13 1.000 247 0.016 1.000 6.101 0.125 0.309 2470 0.0789 0.0379
34 0.13 0.866 2.26 0.016 0.750 5.108 0.108 0.283 1.957 0.0838 0.0358
35 0.13 0.500 1.56 0.016 0.250 2434 0.063 0.195 0.780 0.1927 0.0904
* 12.875 26.124 85.23 7.5351 21.0000 213.871 9.6100 33.4060 66.030 2.1487 0.9362

Based on the correlation Table 3:

(5) the system of linear equations is solved by one of the known methods and the regression
coefficients and constant term are found, and the following values were obtained in the
considered sample:

Thus, for non-stationary earth faults in neutral-isolated networks, the relationship (2) between
the arc overvoltage factor and the reciprocal of the network’s phase-to-ground capacitance and

n=35;

x, =12,875; >y, =26124; > k =8523;
i=1 i=1

i=1

=}

X’ =7535%; >yl =21 > k’=213871
i=1 i=1

i=1
Zn: Xy, =9,61 Zn: k.x, = 33,406; Zn: k,y; = 66,03
i=1 i=1 i=1

n

z‘k(xi,yi)—ki % :g‘a)(i +byi +c—ki| 21487;

K k. | -

n

Dk, yi)—k ) =" (ax + by, +c—k ) =0,9362.

i=1 i=1

a=0,73;, b=161c=0,96.

the sine of the fault inception angle can be explicitly written as:
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k =0,73x+1,61y + 0,96, (6)

Pairwise linear correlation coefficients are defined by the following well-known expressions
(Orucov, 2018):

L XY=y,

v 0,0, '

L _kx—kex |, ()
© 0,0, 1

P ky—k-y

W 0,0,

Here X, Y, K —properly X, Y, k average prices of quantities; XY, kKX, Ky —properly average prices
of products; o,, o,, o, —properly X, Y, K mean square deviations of their quantities are

determined according to the correlation table (Table 3):

Zn:xiyi Zkixi Dk,

xy="T —=0275, kx="12—=0954 ky=-L—=1887,
n n n

Then according to statements (7):

ry =0; 1, =0,488; r, =0,783.

The multiple correlation coefficient is determined using the following well-known expression:

2 2
R - Mo Ty — 22rkX fyfy _ 092,
1-r,

The value of the multiple correlation coefficient being close to unity (R =0.92 —1) indicates that
the relationship between the arc overvoltage factor and the reciprocal of the phase-to-ground
capacitance and the sine of the fault inception angle can be regarded as a strong linear
correlation.

Verification of the adequacy of the regression equation (6) begins with the assessment of the
statistical significance of the regression coefficients (Orucov, 2018).

For this purpose, Student's t-test is applied. The regression coefficients are considered
statistically significant if the condition t>t(a;n —m—1) is satisfied, where: 1 is the calculated

value of Student’s t-statistic;c « is the significance level, o =0.05; n is the number of
experimental observations, n=35; M is the number of factors, m=2; n—m -1 is the number of
degrees of freedom, Nn—-m-1=35-2-1=32; t( a.n—-m —1) is the tabulated (critical) value of
Student’s t-distribution,
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t(a;n—m-1)=t(0.05;32) = 2.037.

The calculated values of the Student f-statistics are determined as follows. First, the standard
errors of the regression coefficients are evaluated using the following well-known expressions:

o \1-R? 1

u, =2k . — 0,10404;
T, \/1_rx2y Jn-m-1
_ 2
% N1-R 1 014224,

Hy=— )
o, \/1—rx2y Jn-m-1

Then, the calculated values of the Student’s t-statistics corresponding to the regression
coefficients are determined using the following well-known expressions:

t, =2 =7,017;
Ha

{ =2 —1132
Hy

t,=7,017>t(a,n—-m-1)=2,037 and t,=11,32>t(a,n—-m-1)=2,037 therefore, the regression

coefficients @ and b are considered to be statistically significant.

The confidence intervals of the regression coefficients are expressed by the following well-
known inequalities (Orucov, 2018).

For the coefficient @, the confidence interval is given as:
a-ut(a,n-m-1)<a<a+pt(a,n-m-1);
a—pt(@,n—-m-1)=0,73-0,10404-2,037 =0,5181;
a+ u,t(a,n—m-1)=0,73+0,10404- 2,037 = 0,9419;
0,5181 < a <0,9419.
For the coefficient b, the confidence interval is given as:
b—t(e,n—-m-1)<b <b+ st(a,n-m-1);
b— st (,n—m—1)=1,61-0,14224-2,037 =1,3203;
b+ myt(a,n—m-1)=161+0,14224-2,037 =1,8997,
1,3202 <b <1,8997.

To verify the overall adequacy of the regression model, the significance of the multiple
correlation coefficient is evaluated using Fisher’s F-test (Orucov, 2018). At the significance level
o, the regression equation is considered adequate if the following condition is satisfied:
F >F(a;m,n—m-1), where M and n—m -1 are the degrees of freedom.

The calculated value of Fisher’s F-criterion is determined from the experimental data as follows:

2 J— —
Fo_R SR 1 _g817.
1-R? m
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The tabulated value of Fisher’s F-criterion is taken from statistical tables depending on the
significance level ¢ and the degrees of freedom (m, n-m —1) (Orucov, 2018):

=005 m=2;,n-m-1=35-2-1=32; F(a,m,n—m-1)=F(0,05,2;32)=3,29.
F =8817>F(a,m,n-m-1)=329 the multiple correlation coefficient and the regression equation

are considered to be statistically significant.

The confidence interval of the multiple correlation coefficient is determined based on Student’s ¢-
test using the following well-known inequality (Orucov, 2018):

2 2
1-R <R<R+t(a;n—m—1)l_R ;

R-t(a;n-m-1)

Jn N
1-R? 1-0,92?
R-tla,n—-m-1)———=0,92-2,037- d =0,867;
(n-m-)=0 Tis
_ 2 _ 2
R+t(an-m-1)1=F —092+2037.12292 _g73

Jn

0,867 <R <0,973.

V35

The mean relative error and the root-mean-square approximation error are determined using the
following well-known expressions, respectively (Chatterjee & Simonoff, 2013):

s Ezn“ k(. yi) —ki .100% zlzn: ax; +by, +c -k .100% = 6,14%:
Nz k; Nz k; ‘
i(k(xilyi)_ki)z Zn:(axi+byi+c_ki)2
o=1= -\ = - 0464,

n n

The coefficient of determination is R?=0.92*=0.8464, which indicates that 84.64% of the
variation in the arc overvoltage factor k is explained by the variation of the reciprocal of the
network’s phase-to-ground capacitance Xand the sine of the fault inception angle Yy, while the

remaining 15.36% is attributed to the influence of other unaccounted factors.

The mean elasticity coefficients are determined using the following well-known expressions
(Chatterjee & Simonoff, 2013):

E = KX_ X 0111
ox k k

E,=KY_pY_0493
Kk K

From this, it follows that a 1% increase in the reciprocal of the network’s phase-to-ground
capacitance X leads to a 0.111% increase in the arc overvoltage factor k , while a 1% increase in
the sine of the fault inception angle Y causes a 0.493% increase in the arc overvoltage factor k .

Since Ex =0.111< Ey =0.493, the reciprocal of the phase-to-ground capacitance X has a weaker
influence on the arc overvoltage factor k compared to the sine of the fault inception angle Y.

The fact that the mean elasticity coefficients are less than 1% indicates that the arc overvoltage
factor kis not elastic with respect to variations in the reciprocal of the phase-to-ground
capacitance Xand the sine of the fault inception angle Yy .
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Thus, for non-stationary earth faults in neutral-isolated networks, the dependence (1) between
the arc overvoltage factor and the network’s phase-to-ground capacitance and the fault inception
angle can be explicitly expressed in the following form:

k= % +1,61sin ¢ + 0,96, (8)

f
As can be seen, under non-stationary earth-fault conditions, the regression model obtained in the
form of equation (8) has a simple structure and is convenient for practical implementation.
Using the OriginLab software package, a three-dimensional (3D) representation of the
dependence of the arc overvoltage factor on the network’s phase-to-ground capacitance and the
fault inception angle was constructed based on regression equation (8) (as shown in Fig. 1).

Figure 1. 3D representation of the dependence of the arc overvoltage factor on the network’s
phase-to-ground capacitance and the fault inception angle

=~

. CONCLUSION

1. As a result of controlled non-stationary ground faults, a practically easy-to-implement
regression model has been obtained that relates the arcing overvoltage factor arising in
networks with isolated neutral to the phase-to-ground capacitance of the network and the
ground-fault angle.

2. The obtained regression model can be readily used during insulation testing under load in

networks with isolated neutral.
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