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Abstract. This article is devoted to the analysis of components of variance of the results of measurements of dielectric
dissipation factor of insulation layers between the conductive elements of the construction of three core power cables with paper
impregnated insulaion in a common sheath. The anadysis of components of variance was carried out by applying presented
relations for the direct calculation of the dielectric dissipation factor. The accuracy of presented relations for the calculation of
variance components was verified. The results of carried out analysis have shown that the variance of the dielectric dissipation
factor measurements is mostly determined by the variances of multiplication of measurements of aggregate values of dielectric
dissipation factor and coefficients depending on the partial capacitances of tested three core cable.
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1. Introduction

The value of the dielectric dissipation factor is
pretty often used for solving engineering issues which
concern the assessment of the quality of insulation of
power cables [1-3] and communication cables [4, 5].
Measurements of this parameter often should be carried
out not only for power cables of a comparatively simple
coaxial construction but also for a pretty spread type of
three core power cables with paper insulation in a
common metal sheath. For the mentioned type of power
cables in [6], there have been established criteria for the
determination of the extent of electrical insulation dete-
rioration. Due to the sophisticated construction which
causes humerous parasitic couplings concerning the exa-
mined layer of insulation, measurements of dissipation
factor of layers of insulation between the eectrically
conductive elements of construction is complicated.
Developed techniques for the determination of dielectric
parameters of insulation are based on the applying of
both direct [7] and aggregate [8] measurements. Ac-
cording to [7] the direct measurements are possible for
the case of sufficiently constrained values of parasitic
capacitances of the examined layer of insulation. The
determination of the parameters of examined layers of
insulation utilizing aggregate measurements alows
avoiding the influence of paragitic parameters on the re-
sults of carried out measurements. The drawback of such
techniques is the unacceptable impact of errors of mea-
surements of aggregate values of examined parameters
on the individual values of calculated characterigtics of
examined layers [9]. The applying of aggregate measu-
rements for the determination of partial capacitances and
corresponding values of dieectric dissipation factor has
been substantiated in [10-12]. In [10] the analysis of the
stability of solutions of systems of equations for the
caculation of partial capacitances and didectric
dissipation factor for fluctuations of the right side of the
system of equations was carried out. In [11, 12] methods
of forming systems of linear algebraic equations for the

determination of the parameters of insulation layers by
applying aggregate measurements and aso issues of
regularization of systems of equations for the deter-
mination of insulation parameters from badly conditioned
systems of equations have been considered. Thisarticleis
dedicated to the solving of issue which concerns the
estimation on components of variance of the resaults of
didectric disdpation factor calculation

2. Shortcomings

Despite the pretty detailed development of issues
that concern the determination of partia capacitances
and corresponding values of dielectric dissipation factor
based on the applying of aggregate measurements, issues
which concern the estimation of uncertainties and com-
ponents of variance remain unconsdered.

3. Objective of the Study

The analysis of components of variance of the
results of measurements of dielectric dissipation factor
of layers of insulation between the eectrically conduc-
tive elements of the construction of three core power
cables.

4. Dielectric Dissipation Factor of the
Cables

4.1. Methodology of measurement of dielectric
dissipation factor of layersof insulation

Fig. 1 presents the equivalent scheme of insula-
tion of three core power cables in a common metal
sheath [11]. For the presented scheme developed and
described in [10-12] methods of measurement of
individual parameters of insulation layers according to
the terminology of [6, 13] is based on the formation of
the system of equations by applying the following
schemes of insulation examination:



Measuring equipment and metrology. Vol. 82, No. 2, 2021 51

—“conductor acrosstwo other conductorsand shesth”.
In this case the test voltage is consecutively applied to the
layer of insulation formed between the each of power cable
conductors and, connected and with the shegth, two other
conductors of power cable. Obtained by applying this scheme
of examination aggregate values of dectrical capacitance and
didectric diss pation factor will be denoted as C,, Cg, Cc and
tgoa, t00e, tdc. In this case, C,, and tgoa denctethe aggregate
values of dectrical capacitance and didectric dissipation
factor measured by applying a tes voltage to the layer of
insulation between the conductor A connected with the metal
shegth, and conductors B, C of the power cable

Fig. 1. Equivalent scheme of layers of insulation between the
eectrically conductive e ements of the congtruction of three
core power cablesin a common metal sheath: Cpag, Ccg, Cac
are the values of partial capacitances between the conductors
of power cable, Cag, Cca, Cgs iSthe values of partial
capacitances between the conductors and the sheath of power
cable, Rag, Reg, Rac are the values of eectrical resistance due
to diglectric power losses in insulation gaps between the
conductors of power cable, Rag, Reg, Reg arethe values of
electrical resistance dueto dielectric power lossesininsulation
layers between the conductors and the sheath of power cable

After carried out by applying described schemes
of examination 6 measurements it is possible to form a
system of equations for the determination of partial
capacitances presented on Fig. 1 insulation layers. The
estimation of values of didectric dissipation factor is
done based on the results of the theory of non-uniform
didlectrics. According to these results for two switched
in parallel eectrical capacitances with power losses the
equivalent value of didectric dissipation factor can be
calculated according to [12]:

_ & G
tgo —tQSI(quCZJHgSZ(qucJ, (@)

where C; and C, correspondingly denote the values of
the electrical capacitance of the first and second
capacitor, tgd; and tgd, are the values of dielectric dissi-
pation factor of the first and second switched in parallel
capacitors. In this case, the values of the didectric
dissipation factor of insulation layers between the elect-
rically conductive e ements of the construction of three
core power cables can be determined by solving the
system of equations:

T-d=t, )

where t is the vector that contains the results of measu-
rements of aggregate values of dielectric dissipation
factor:

t = [tgda tQds, tQ0c, t90a e, t90ec, t@0ac]’, d is
the vector which contains the unknown values of
dielectric dissipation factor of insulation layers between
the conductors of power cable and the conductors and

— “two conductors across the conductor and the
sheath”. In this case, the test voltage is applied to the
layer of insulation between the two connected
conductors of the power cable and the third conductor
connected to the sheath. For this case, the values of the
electric capacitance and tangent of the dielectric loss
angle will be denoted as Cas, Csc, Cac, and tgia s,
tgde_c, tgdac. IN such a notation, Ca g and tgdas Will
denote the insulation parameters measured for the case
of atest voltage applied to the insulation layer between
the connected conductors A and B (of power cable) and
connected with the sheath conductor C.

the sheath of power cable: d = [tgdag, t9dec, t9dac, 10,
tgdse, t19dcs]’ and rows and columns of matrix T can be
determined according to:

a4 0 a a 0 O
az3 a3 0 0 a O
0 a5 a3 0 0 a
0 &o a3 ap &3 O
a4 0 &5 O
ag a9 O

, 3

e Q7
agg 0 ayp

where al coefficients a;...ay; are determined based on
previoudy calculated values of partial capacitances between
the conductors of power cable and between the conductors
and the sheath of power cable and can be calculated as
components of vectors a;s. apo according to the
reations.

1

e s Cag +Cac +Cac Crs “
246" CpB +Cflsc +Cpgo Coe ©
70" Cae + Cic +Cco Cro ©

1
810-13 = Coc +Cac +Cro +Cog Ci0-13, (V)
417 = : Ci4-17, (8)

Cag +Cac +Cpg +Ccc



52

! ©)
Cag +Cpc +Cag +Cco
where components of vectors a; 3. aigxs can be
determined according to the relations. a; 3 = [a; & &g,
Qs = [ 3 ), A7.0 = [a7 Ag Ag], Q1013 = [0 Q11 Q12 A3,
1417 = [B44 Qs Qe 7], g1 = [Aug Aug 820 Bpq], Whereas
components of vectors C;s.. Cig o1 Can be determined
according to the relations. Cy_3 = [Cag Cac Cagl, Cas =
= [Cag Csc Caa)s Cr-9 = [Cac Cac Cea), Cioas = [Cac Cac
Cac Caal, Ci1a47 = [Cas Cac Cas Ccgl, Cig21 = [Cas Cac
Cac Ccql.

ajg21 = C18-21,

4.2. Relationsfor the calculation of dielectric
dissipation factor of layersof insulation

The solution of the system of equations (2) can be
obtained according to (10):
d=T71, (10)
here rows and columns of matrix T~ can be determined
according to:

1 1 0 -k O 0
=l ay
0 R 0 -k, O
a a7
1 0 L 0 0 —Kkg
T1l_05| & % L Ll @D
0 -kg4 -k — 0 —
2 ax
kg 0 -k, = L 0
&3 &6
k kg 0 o0 L L
&7 an

here coefficients k;..kg can be calculated by applying the
presented in Table 1 relations.

Taking into consideration (11) thereations for the
calculation of diglectric dissipation factor explicitly can
be written according to (12)—(17):
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tgon 196g
tg5AB == 0.5'(—"‘—— kltg5A—B , (12)
a 2V
t96ac = 0.5.(% 9% _ kztg5B_CJ, (13)
ag ay
g6 pc = 05- (% 9% g5 A‘Cj’ (14)
a ag

196 ac = 0.5- %np  1ac_ kstasg — kstgdc |, (15)
a2 azo

196ps = 0-5'{% +tg§i —ketgS 5 —krtgSc j, (16)
83 q6

g5 = 05- (tg‘S—BC e o5, - kgtgas} 17
&7 az

It can be seen from (12)—17) that the mathe-
matical expectation of the results of determination of
didlectric dissipation factor of insulation layers between
the conductors of power cable and between the con-
ductors and the sheath of power cable will be determined
by the results of calculation of scalar product between
the rows of matrix T™ and the results of measurements
of aggregate values of didectric dissipation factor t.

4.3. Theresults of measur ements of aggregate
values of dielectric dissipation factor

The results of measurements of aggregate values
of dielectric dissipation factor which have been used for
the determination of components of variance and
standard deviation of measurement results are presented
in Fig. 2. All measurements have been carried out for
three core power cables of AAShv 6-3x150 type after 24
years of operation on a Khmelnytsky nuclear power
plant by applying an immittance meter E7-22 for the
case of frequency of applied voltage equal to 100 Hz 5.

Table 1

Relations for the calculation of elementsk;...kq of matrix T~

Coefficient Relation for the calculation Coefficient Relation for the calculation

kl CBC + CAC + CAG + CBG k6 CAB + CAC + CAG
Cu Cec

ka Cpg +Cpc +Cys +Coo kz Cge +Cpc +Ceg
Cec Ces

ks Cpa +Cac +Cp +Ceo ks Cae+Cuc+Cs
CAC CCG

Kq Cpg +Coc +Cys Ko Cpg +Coc +Cys
CAG CCG

ks Coe +Cpc +Ceg

Cuc
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Fig. 2. Theresults of iterated measurements of aggregate val ues of did ectric dissipation factor
by applying a scheme of examination: “two conductors across the conductor and the sheath”

Fig. 3. Theresults of iterated measurements of aggregate val ues of did ectric dissipation factor
by applying a scheme of examination: “ conductor across two other conductors and sheath”

4.4 Therelationsfor the calculation of the
variance of the results of deter mination of the values
of dielectric dissipation factor by applying aggr egate
measur ements

The relations for the variance of the results of
calculation of values of didectric dissipation factor of
insulation layers in a three-core power cable in the
articlewill be analyzed on the example of calculating the
variance of dielectric dissipation factor of insulation gap
between the conductors A and B of the power cable
(tgdas). Fig. 4 presents the histogram of the distribution
of the obtained results, which were used for the
calculation of variance components and the analysis of
the accuracy of formulas for its cdculation. All the
results presented in Fig.4 were obtained by calculating
the value of tgdas according to (12).

8 8.5 9 9.5 10 10.5 "
Dielectric dissipation factor «107?

Fig.4. Histogram of values of dielectric dissipation
factor of theinsulation layer between the conductors A
and B of the power cable
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From (12) it can be concluded that the variance of
the obtained results in general case will be determined
by the variances of multiplication of random variables
which are the results of measurements of aggregate
values of dielectric dissipation factor (tgda, t9dg, tgdas)
and random variables, which are the results of
measurement of aggregate values of €eectrica
capacitance and the results of measurements of partia
capacitances of insulation gaps in the power cable (a;™,
a; " and k). Taking into consideration (12), in the
general case the reation for the calculation of the
variance of the results of determination of tgdas can be
written in the following form:

D195 8) =  (D(p1)+ D(p2) + D(p3) +

+2K(p1p2)~2K(p1p3) - 2K(p2p3))  (18)
Py =195 a3 ", (19)

P, =198g3; ", (20)

P3 = Ktgo A - (21)

where D(p1), D(p), D(ps) denote the variances of
determined according to (19)—(21) random variables py,
p2, and ps, while K(p1p2), K(p1ps) and K(p,ps) denote the
covariance coefficients between the corresponding
values p,, p; and ps. In simplified form, without taking
into consideration the covariance between the random
variables p;, p, and ps, the relation for the determination

of components of variance of the results of tgdas
calculation can be written according to (22):
D, (195 ag) = 0-25- (D(py) + D(p2) + D(p3)).  (22)
Calculation of D(py), D(p.), D(ps) can be carried
out based on applying the relations for the calculation
of the variance of the result of multiplication of two
independent or dependent random variables. In the first
case D(p,), D(p2), and D(ps) can be calculated based on
a known relation [14, p. 213]. For the case of applying
of mentioned formula the relations for the calculation
of D(p1), D(p2) and D(ps) can be written according to
(23)~(25):

D(p1) = D(a; )D(tgd o) + (M (8 ))* D(tg5 o) +
+(M(tg55))*D(ag ), (23)
D(p) = D(a;")D(tgdg) + (M (a51))* D(tgd) +
+ (M (tgdg))*D(az"), (24)

D(ky)D(tg6 p_g) + (M (k))?D(tgS ao_g) +
+(M(tgd a_p))*D(ky), (25)

where M(ky), M(a;™), M(as™), M(tgda), M(tgds) and
M(tgdas) denote the mathematical expectation of values
ki, a7, a5, tgda, tgds and tgdas. For the case of two
dependent random variables calculation can be carried
out based on presented in [15] relation. For the case of
applying of mentioned formula the relations for D(p,),
D(p2) and D(ps) can be written according to (26)—(26):

D(p3) =

D(py) = D(a")D(tg84) | (1+ igon ) + +

D(a)

D(p) = D(@3)D(tgs )| L+ rZuges )+

mlegt)f | (m(tgss)?

(lvl(a;l))2 (M(thA))Z+2raZJIQSA{M(afl)J(M(tg5A)J . (@9

D(tg5A)

o(tgs,)

o(a)

D(a‘l)

MK)? , (M(tgda )P

D(tgd )

o a24t958( M (a;l) ( M (tgdg )J J 2

D(ps) = D(k)D(tgsA_B)[(u 2 isnp )t

D(k)

WHEXe Iauigsa, Maatgon, rktgéA_B denote correlation coefficients
between the values a,* and tgda, &, * and tgdg and also k
and tgda s, o(K), o(as™), o(as™), o(tgds), o(tgdn), o(tgoa. B)
correspondingly denote standard deviations of k, a, ™,
as ", tgds, tQda tgdas.Thus, estimation of variance
components was carried out by applying relations (18),
(22), whereas calculation of D(p,), D(p,), and D(ps) was
carried out by the direct calculation of variance and also
based on applying re ations (23)—(25) and (26)—28).

5. Results and Discussion

The accuracy of applying each of the presented
relations for the caculation of variance was determined
by comparison of calculated based on its applying

o(tgds)
© m @

standard deviation with the standard deviation of data
presented in Fig. 4. The variance for the data on Fig. 4
was calculated according to (29) [14]:

Q|
—
~
~—
N
7~ N\
<
—
«Q
[S2)
T
@
~|

4212 _
D(tgd p_p) Koo B(

N
Dltg3ss) == > (1905 ~M(955)%  (29)
i=1

where N is the number of carried out measurements,
M(tgdas) is the mean value of the results of tgdas
measurements, tgoag is the value of tgdas from the
calculated according to formula (12) array of results. The

resultsanalysisare given in Table 2.

From the results of the calculations presented in
Table 2, it can be concluded that for the shown in Fig. 4
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results neglect by the components of variance of the
results of calculation that arise from the existence of a
mutual covariance between the random variables p;, p;
and ps, leads to the overestimation of calculated standard
deviation. The reative error of calculation is equal to
9.1%. The results of calculations according to (18)
coincide with the results of calculation of standard
deviation obtained by direct calculation of variance
according to (29). It should be noted that for the case of
applying (18) the components of the variance D(py),

D(p2), and D(ps) have been calculated directly, i.e. by
applying similar to (29) formulas. At the same time,
calculation of D(py), D(p,), and D(ps), both for the case
of applying given in [14, p. 213] formulafor the variance
of the product of two independent random variables, and
for the case of applying proposed in [15] relation for the
calculation of the variance of the product of two
dependent random variables, leads to erors in the
estimation of standard deviation and, correspondingly, in
the variance of measurement results.

Table 2

Theresults of comparative analysis of variousrelations for computing the variance of tgdags

Relation for computing the variance
used for the calculation of standard Results Relative error of calculation, %
deviation
Relation (29) 55107 —
Relation (18) 55107 -
Relation (22) 6107 9.1
Relation (18) 5381077 22
in case of calculation of D(p,), D(p,) and
D(ps) according to (23)—25)
Relation (18) 5371077 24
in case of calculation of D(p,), D(p,) and
D(ps) according to (26)—28)
Reation (22) in case of cdculation of D(py), 5.93-10° 7.8
D(p,) and D(ps) according to (23)—25)
Relation (22) 5.92:1077 7.6
in case of calculation of D(py), D(py) Ta
D(ps) according to (26)—28)

6. Conclusions

The results of carried out anaysis have shown
that for the presented in this article measurement results
the variance of the results of calculations of individual
values of dielectric dissipation factor of insulation layers
between the conductive elements of the construction of
three-core power cables in a common sheath is mainly
determined by the variances of the results of multi-
plication of measured aggregate values of dielectric
dissipation factor and the results of measurement of
partial capacitances. Neglect by the covariance between
the results of measurements of aggregate values of
dielectric dissipation factor and dependent on partia
capacitances coefficients for presented in the article
measurement results leads to equal to 9.1 % relative
error of estimation of standard deviation.
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