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Abstract

High Voltage cables are used for transmission astdloution of electrical power. Such cables argjsated

to extensive high voltage testing for performangalwation and quality control purposes. During such
testing, the cable ends have to be prepared chréfumake a proper end termination. Usually deiedi
water terminations are used for testing XLPE caléernatively conductive paint is used to prepsueh a
termination. This paper presents an analytical ot calculating the voltage distribution acrosstsa
resistive termination when subjected to AC voltagess. The proposed method is used to determine th
effect of different design parameters on voltage siness distribution on such cable ends. The rdetho
simple and can be used to understand the importdrsteess control at a cable termination whichstitutes

a critical part of such cables.

Keywords: AC voltage distribution, cable terminations, resistterminations, stress control, XLPE high
voltage cable

1. Introduction

High voltage cables are used extensively for trassion and distribution of electrical power andypéan
important role in the electricity supply system.cBwcables are being manufactured in many countries
including Saudi Arabia. These cables are subjetttdigh voltage testing for routine as well as typsts
and for other special investigative tests [1, 2jclBtesting is essential to ensure that the cablelectric
properties are adequate to meet the specifiedpeafuce requirements over the expected life time.

The electric field in a coaxial cable varies omiythe radial direction as the field magnitude dases with
increasing distance from the conductor center amdeasily be calculated analytically. However, when
cable end is terminated for testing and other meppthe field at such an end region is no longeelp
radial and a tangential component is also introdu&ich a tangential field component can causeapart
and surface discharges which consequently cantéelacbakdown of the cable insulation.

Due to this reason, during high voltage testing polymeric cables, cable ends are immersed in
de-ionized water. Alternatively a conductive paistapplied at the cable end or some other form of
resistive-capacitive cable termination is formedirgprove the voltage distribution at such ends. The
properties and selection of such stress controlenizdé play an important role in the stress control
properties of such cable terminations [3-6]. Thexklc field calculations for cable terminations/eédeen
reported in literature [7-10]. However, most of shanethods employ numerical techniques and complex
computations for the field solutions and do notvie any analytical insight into the stress disttibns.

This paper presents a simple analytical methodatoutate the voltage distribution at a coaxial eadhd
where a certain length of the grounded shield momed and the cable end is enclosed in a resistive
medium. Analytical expressions are derived to deiee the voltage and tangential electric field
distributions at such ends. The effects of differdesign parameters on the voltage and field Histions

are discussed. The proposed method can be usathderstanding important concepts related to high
voltage cable accessories.
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2. Electric Sressin a Coaxial Cable

High voltage cables almost always have a coaxiafigoration with conductors of inner and outer radia
and b, respectively. The capacitance C (F/m) ofi sucable is given as:

_ 27EE,
€= In(b/a) I

whereg, = 8.854 x10™ F/m andk, = relative permittivity or dielectric constant thie insulation. For XLPE
insulation,g; = 2.3. When a test voltage; 6 applied across the cable, a charge q 5 iS\produced on the
cable’s conductor. By application of Gauss’s Lawe tlectric stress E in the coaxial cable insutatiba
distance r from the cable center is given as:

_ o _ v
270t rin(b/a)

@)

r

This equation clearly states that the field is puradial and is confined within the outer conductts
value is maximum at r = a and is minimum atr = b.

3. Cable Termination and Sress Distribution

In modern cables, the insulation medium used tylgica XLPE which has a high dielectric strengtidada
capable of withstanding large value of imposedteksd stress. However, at the cable end, if a higgt
voltage is applied, a flashover will take placetia air between the conductor and the shield gimese are
relatively very close. To overcome this limitatiaihe outer conductor and semiconducting screens are
removed upto a length L from the cable’s end. Ruihis modification, the field in the cable’s eregjion is

no longer radial and a tangential field componsrihiroduced. This increases the stress valuesairibund
shield cut back edge. As a result, if no correathemsures are taken, the cable will have electlisaharges
and breakdown in such a region. The corrective oreasattempt to redistribute stress in the catdat
region.

One common method employed for the corrective nreaduring the cable testing is to insert the cablds

in an insulting tube containing deionized watetoed conductivity. Such deionized water terminatars a
common feature of high voltage cable testing fae#i The analysis of voltage distribution along table
end in such a cable termination is therefore ofsmerable practical interest and is reported réke

approach presented is simple and can be easilpierpl to students and engineers to highlight thesst
control issues in a cable termination, which isey\critical component of any high voltage cablstsgn.

4, Method of Analysis

Fig. 1 shows such a simple deionized water terngnatet us assume that at distance x from theecabdl,
the current in the deionized water is I(x) and agét is V(x). Let C be the cable capacitance (Fimd) R
represents the resistance of the deionized waten); Assuming that the insulation resistance ofdakle
is very large (or infinity), can write the followgnequations for the one end region:
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Figure 1. End of coaxial cable
dv(x) _
o o 3)
dl(x) . ,
roat JaRCVY — jaCV (X) (4)

In egns. 3 & 4w is the angular frequency of AC voltage angli¥ voltage applied to the conductor. From
equations (3) and (4) one can write:

2
910 _ g jac MO e (5)
dx? dx
Equation (5) has a solution of the form:
I(x) = A + Ae™™) (6)
Where, y=4]aRC) @)

and A and A are constants.
From equations (4) and (6), V(x) can be expressed a

V(x) =Vy —%(P&e”x - Aze‘”‘) (®)

At x=0, V(X) = Wy, therefore:
R
Vi =Vy _;(Al_ A) ©)

3
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Hence A = A,. Also, atx =L, V(x) =0, or

0=Vy - ; (/sleyL - Aze_”') (10)
From eqgns. (9) and (10) W,
- A = H
A=h= 2RsinhL (11)

Upon substitution of A A; into equations (6) and (8) I(x) and V(x) can beressed as:

Wy coshyx
I {x)=—"— "

( ) Rsinhpt (12)

V(x):v _VH.smhyX (13)
sinh)L

The tangential stress;&) along the cable insulation surface at distancan be expressed as:

dv(x cosh

e ()= - ) - Wi coshyx_ gy (14)

dx sinh)L

Moreover, the voltage ¥x) appearing across the cable’s insulation atadist x from the cable’s end is
expressed as:

W)= V()= T (15)

6. Results and Discussions

In a typical deionized water termination rated 820 kVrms, L=2m. In such a termination, if water
conductivity is= 0.1uS/cm, then R 10 MQ/m. The typically conductivity of deionized watesad for
testing XLPE cables in such a termination is inridwege of 0.01uS/cm to 1uS/cm which correspond® to
value in the range of 1-1009¥m for most cable sizes. For a 15 kV rated, 50°riirPE cables, C is about
200 pF/m. For 60 Hz voltage tests 377 rad/s. Figs.2&3 show variation of absoluteigsa of voltages V and
V, with x for different values of R assuming thai{%1V and L = 1m.

The results show that for R = 10(Mm, the voltage distribution is linear along thedth L of the cable end.

However, as the resistance of the surrounding medsuincreased, this voltage distribution becomas n
uniform and for R = 10,000 &/m, the distribution is extremely non uniform. Mower in case of R larger

than 155 M2/m, the maximum value of V is above 1 due to capaceffects. Fig.4 shows variations of V
with x for a few selected values of L and two valoé R (one small, one large).
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Figure 2. Variation of V with x
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Figure 4. Variation of V with x for low and high ees of R

It shows how the voltage distribution is affectgdtie length of termination in resistive mediumnad| as
the resistance of such a medium. Fig. 5 showsdhiation of absolute value of | with p.u. distanxcethen
Vy = 1 volt for different values of R. It shows thfar larger values of R, for L=1m andn¥1V, | is
significantly increased near the ground end dumfiacitive effects.

The case of R=10,000 ™'m means that the cable end is left in an extrempebr conductive medium. The
results for this case clearly show that the voltdig® is concentrated only on approximately a fewnear
the cut back edge of the shield. Therefore, thegdatial stress is very high in this region. Moreahe stress
value is very sensitive to the value of R in thgioa as shown in Fig. 6.

Generally & should be kept below 2.5 kV/cm to avoid any swefdischarges. To satisfy this condition, low
value of R is required since voltage distributismriore linear for a lower R value. However, a loReralue
will generate higher power losses in the resistivalium surrounding the cable end. Thus, in thegdest
such terminations a compromise between tangeritedsvalues and the losses in the resistive meium
required as discussed in literature [9].

The approach presented here for solving the figlwblpm is very similar to the analysis of a long
transmission line which is covered in electricajieeering undergraduate courses and is discusdgpigal
power system text books [11, 12]. The proposedaggir can be used to determine the effect of diftere
design parameters on the voltage and stress ditnits in such terminations. This method can edslysed
to explain the key concepts and challenges assdlcigith the design and use of cable terminatiotchv
represents a critical part of the high voltage esbl
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Generally & should be kept below 2.5 kV/cm to avoid any swefdischarges. To satisfy this condition, low
value of R is required since voltage distributismiore linear for a lower R value. However, a loReralue
will generate higher power losses in the resistivalium surrounding the cable end. Thus, in thegdest
such terminations a compromise between tangeritedssvalues and the losses in the resistive meium
required as discussed in literature [9].

The approach presented here for solving the figlwblem is very similar to the analysis of a long
transmission line which is covered in electricajieeering undergraduate courses and is discusdgpigal
power system text books [11, 12]. The proposedaggir can be used to determine the effect of diftere
design parameters on the voltage and stress diitnits in such terminations. This method can edslysed
to explain the key concepts and challenges assdlcigith the design and use of cable terminatiotchv
represents a critical part of the high voltage esbl

2.Conclusion

Using a circuit model for high voltage cable endriersed in a resistive medium, expressions for geltnd
stress distributions are derived. The method igpEmand can be used to study the importance ofriadec
stress control in cable terminations. The effeadifferent design parameters on the performancaich a
termination is briefly presented.
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