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This paper proposes effective and general-purpose insulation design method of the power cable joint. To
improve the insulation performance of the cable joint, the electric field strength on the inner electrode sur-
face should be made as low as possible. The evolution strategy (ES) method is employed for obtainitig the
optimum shape of the electrode. The multi-objective evaluation is performed as well as the single-objective
evaluation. The one of the objective functions is the maximum electric field strength on the electrode and
the other is the maximum electric field strength along the interface.” The electrode shape that shows the
smallest maximum electric field is obtained among the shapes that satisfy the constraint condition.
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1. Introduction

To improve the insulation performances of the power
cable joint, it is necessary to make the electric field
strength on the inner electrode surface as low as pos-
sible (¥ @ The constraint condition is that the electric
field strength along the interface between insulation rub-
ber and, XLPE lies within the range of the permissible
value. Experimental design method has been usually
employed for designing the power cable joint . In this
case, the expected shape can be obtained after a few
iterations. However, it is difficult to obtain the exact
optimum shape, because the obtained shape depends on
the selection of design parameters (for example, the cur-
vature radii and the lengths of the electrode).

The object of our research is to establish a general-
purpose and exact insulation design method of the power
cable joint. There are two-type methods for performing
the electric field optimization: gradient methods® ®
and direct search methods® . Gradient methods can
reduce the objective function effectively because it em-
ploys the derivatives of the objective function. However,
the obtained shape depends on the initial shape and the
search.is apt to fall into the local minimum. On the
other hand, direct search methods do not depend on the
initial shape and can widely search the optimum shape.
Moreover, they can insert the constraint condition into
the objective function easily.

Then, we examine the electric field optimization by
using the evolution strategy method (u + A)-ES®©
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that is one of the direct search method. The symbol
1 presents the number of the parent individuals and the
symbol A presents that of the offspring individuals. The
1 parents create the A offspring by cross-over and mu-
tation and (u + A\)-ES individuals compete for survival.
Therefore, the (1+ A)-ES can search the optimum shape
widely and locally. The surface charge method that
provides accurate solutions on the boundaries for the
multi-layer substances with relatively small number of
elements is employed for the calculation of the electric
field distribution. The second order of Riesenfeld spline
function *© is applied for modeling the inner electrode
contour. Riesenfeld spline curve is not only smoothly
drawn by a few control points, but also can connect the
neighboring line smoothly and continuously.

First, we attempt the single-objective evaluation. The
maximum electric field strength on the electrode is cho-
sen as the objective function. In the case where the
maximum electric field along the interface exceeds the
permissible value, the objective function is increased and
the shape is made hard to survive as the optimum one.

Next, we attempt the multi-objective evaluation .
One of the objective functions is the maximum elec-
tric field strength on the electrode, and the other is
that along the interface. The multi-objective evaluation
is performed in order not to fall into the local mini-
mum. The search results by multi-objective evaluation
are compared with those by single-objective evaluation.

2. Electric Field Analysis at the Power
Cable Joint

2.1 Structure of the Power Cable Joint
Fig.1 shows the structure of the power cable joint
that is so called SPJ (Self-Pressurized Joint) ™. The
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Fig.1. A structure of power cable joint
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Fig.2. A cross section of power cable joint used

for analysis

end parts of two XLPE cables are connected each other
by connection pipe. XLPE cables are fixed by interface
pressure that is generated by contraction of insulation
rubber. In such a power cable joint, it is necessary to
reduce the electric field strength on the inner electrode
and that along the interface between insulation rubber
and XLPE. ‘

2.2 Analytical Model Fig. 2 shows a cross sec-
tion of the power cable joint used for analysis. The an-
alytical model considers axial symmetry and symmetry
of the joint configuration. The relative permittivities
of insulation rubber and XLPE are 2.5 and 2.3, respec-
tively. The radii of conductor and XLPE are 10.5 mm
and 19.0 mm, respectively.

The surface charge method is employed for the elec-
tric field calculation. The shape for each element is ex-
pressed by a line and the surface charge density on each
element is defined by the first order expression. All the
elements are less than 2.5 mm length and the elements on
the inner electrode and those along the interface between
insulation rubber and XLPE are chosen more finely. The
total number of elements is 687. Natural boundary con-
dition (E,, = 0) *? is employed at z = 0 and z = 280.
Eight-point Gaussian quadrature rule is employed as nu-
merical integration. The complete elliptic integral of the
first kind and that of the second kind is calculated by
means of Landen transformation “*. The solution for
the simultaneous equation is performed by Bi-CGSTAB
method @9,

2.3 Modeling of the Inner Electrode Contour

Fig. 3 shows the contour shape of the inner electrode
to be optimized. Design parameters are z-coordinates
from control points P3 to Pg and r-coordinates from
control points Py to Ps. The coordinates of control
points P; and P7 are fixed. The inner electrode con-
tour is expressed by the second order of Riesenfeld
spline function that interpolates between the seven con-
trol points. The second order of Riesenfeld spline curve
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Fig.3. The inner electrode contour composed of
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meets tangentially to the line that connects two adjacent
control points at the center of the line and is tangent at
its end-points to the first and last line segments. Then,
the r-coordinate of the control point Pg is chosen equal
to that of the control point P so that the spline curve
is smoothly connected at the control point P7. The z-
coordinate of the control point Ps is chosen equal to
that of the control point P; so that the inner electrode
should be perpendicular to the cable insulator (XLPE).
In order to make the inner electrode contour shape al-
ways smooth, the range of each the control point is set
as the followings.

90 < z < 110 (i=3~5)
85 <2 <110 S (1)
19'<’I"i§’ri+1§33 (Z:2N5)

As another method of expressing the electrode
shape smoothly, modeling by arcs is considered. In
this case, though the insulation design is performed
efficiently 5 (*9 the optimization needs the experien-
tial knowledge to decide the direction of the arcs. The
constraint condition to connect continuously the elec-
trode contour becomes complicated. In the case of the
method described in this paper, it is not necessary to
consider the above mentioned considerations. Further-
more, the spline method can express more various shapes
than the arc method.

3. Optimization Method

3.1 Setting of Single-objective Function  The
electrode shape optimization is performed by (u + A)-
ES. The optimization procedure is shown in chapter 3.3.
The optimum condition is to reduce the maximum elec-
tric field strength on the inner electrode. The constraint
condition is to keep the maximum electric field strength
along the interface between insulation rubber and XLPE
below a permissible value. Then, the objective function
for each individual (shape) is given as a following equa-
tion in the case of single-objective evaluation.

Ec_ma,x (Eiamax < Ei_per)
Ec_ max"’lOO(Ei_max*ELper) '
(Ei_max > Ei_per)

2)

/
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where E._max 15 the maximum electric field strength ob-
tained in the optimization process on the inner electrode,
Ei_max 18 that along the interface between insulation
rubber and XLPE and E; pe, is a permissible value for
Ei_max. By means of Eq.(2), the individual on which
the maximum electric field strength along the interface
exceeds a permissible value is made hard to survive as
the optimum shape though the maximum electric field
strength on the inner electrode is small.

3.2 Setting of Multi-objective Functions On
the case of multi-objective evaluation, the two objective
functions for each individual (shape) are given as a fol-
lowing equation.

fl = Ec_max}

= B e
Fonseca’s ranking method ¥ is employed for evaluating
the two objective functions. The rank of each individual,
rank(z;) is given as,

rank(z;) =1+mn; (=1~ pu+A) --reeen

where j is the iteration number for parent individu-
als and offspring individuals, n; presents the number
of individuals of which the two objective functions are
smaller than those of individual j. The number of parent
individuals (1) is set as 30 and that of offspring individ-
uals (A) is set as 100. Eq.(4) indicates that the smaller
rank is, the more individual is preserved to the next gen-
eration. As the optimization progresses, the individuals
whose two objective functions are smaller together are
apt to be obtained.

However, there is a possibility that the individuals are
distributed too widely or too locally. Then, the evalua-
tion is improved as shown in Fig. 4. The permissible zone
which the individuals exist is limited so that the indi-
viduals do not distribute too widely. The range of the
permissible zone is between 90% and 110% of the per-
missible value for the second objective function fo. The
individual which exceeds the permissible zone is never
preserved to the next generation. Next, the permissi-
ble zone is divided into thirty zones and the only one
individual exists in each zone so that the individuals
are distributed homogeneously. In each zone, the indi-
vidual whose rank is smallest is preserved to the next
generation. If there are many individuals whose rank is
. equal to each other, the individual whose first objective
function f; is smallest is preserved. For example, the
symbol “e” presents the individual which is preserved
to the next generation, the symbol “X(” presents the
individual which is dumped into the dustbin in Fig. 4.

3.3 Optimization Procedure by (u + A)-ES

Flow diagram of the electrode shape optimization pro-
cedure by (u+A)-ES is shown in Fig. 5. The optimization
procedure of every step is shown as follows.

[Step 1] birth of initial individuals (shapes): The
thirty individuals are generated randomly as the initial
generation. However, all the initial individuals satisfy
Eq. (1).

[Step 2] calculation of objective function: After the
electric field calculation by using the surface charge
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Fig.5. Optimization procedure by (1 + A)-ES

method, the objective functions for each individual are
calculated by Eq. (2) in the case of single-objective eval-
uation and by Eq. (3) in the case of multi-objective eval-
uation.

[Step 3] cross-over: The two individuals are arbitrary
selected from the thirty parent individuals. Taking @,
and xpo for the two parameter vectors which are arbi-
trary selected, the component of parameter vector for
offspring individual, . ; is set as,



Tei = Tpti +rnd X (Tp2i — Tp14) (i=1~8)
................... (5)

where 7 is the repeat number for design parameters and
rnd is uniform random number from 0 to 1. Eq.(5)

- presents that the dividing point between x,1 and 2 is

selected as the parameter vector for offspring individual.
Here, design parameters are truncated a number to two
decimal places.

[Step 4] mutation: After operating Step 3, The mu-
tation is performed by the following equation.

wc,i — mc,i + N’L (O’ o‘) ........................ (6)

where N;(0,0) is normalized random number for each
design parameter whose average is 0 and the standard
deviation is 0. The setting of the standard deviation for
each design parameter is the same in magnitude so as to
adjust easily.

[Step 5] judgment of constraint condition: The off-
spring is judged whether Eq. (1) is satisfied or not. If the
offspring individual vector obtained by operating Step 3
and Step 4 does not satisfy the Eq. (1), the operation
returns to Step 3.

[Step 7] selection: The thirty individuals are pre-
served among parent individuals and offspring individu-
als by the evaluation method mentioned in chapter 3.1
and chapter 3.2 and they become the next parent indi-
viduals.

[Step 8] end condition: If the standard deviation be-

- comes less than 5.0 x 1072, the optimization is termi-

nated. The initial value of standard deviation is taken
5.0 and the value is multiplied by 0.93 as the generation
number increases. The standard deviation is adjusted
automatically under ordinary (14 X)-ES ® . However,

- the (p+ A)-ES used in this paper does not consider the

auto-adjustment of the standard deviation in order to

perform the optimization in the constant iteration num-
ber (9930 times).

4, Optimization Results

4.1 Result of Single-objective Evaluation

First, the single-objective optimization by using (u +
A)-ES is attempted. For comparison, the oblong elec-
trode contour is set as the standard shape. Fig. 6 shows
the search process for the best case and the worst case
among ten trials. Here, the maximum electric field
strength on the inner electrode is normalized by that
of the standard shape(Feo_max) and that along the in-
terface between insulation rubber and XLPE is normal-
ized by the permissible value(E; per). As a result, the
maximum electric field strength on the inner electrode
is reduced as the iteration number increases. The maxi-
mum electric field strength along the interface converges
to the permissible value (1.0). The obtained electric field
distributions on the inner electrode and those along the
interface are shown in Fig. 7 and Fig. 8, respectively. The
maximum electric field values in the best case and worst
case are 59.1% and 61.5% of the standard case, respec-
tively. It is seen from Fig.8 that the maximum elec-
tric field strength for both cases are almost equal to the
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Fig.9. The optimum electrode shape compared
with the standard shape (single-objective case)
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Fig. 10. Objective functions variation for several
generation number

permissible value. Fig.9 shows the obtained optimum
electrode contours at the initial generation and those at
the last generation. The obtained electrode contours at

the last generation are different from those at the initial-

generation. It is thought that the obtained contour at
the last generation does not depend on that at the initial
generation.

4.2 Results of Multi-objective Evaluation

Next, multi-objective optimization is attempted as
well as the single-objective optimization. The search
process in the case of multi-objective optimization is
same as the case of single-objective optimization that
is shown in Fig.6. The objective functions variation
for several generation numbers is shown in Fig. 10. It is
seen from Fig.10 that the two objective functions of par-
ent individuals surely decrease as the generation number
increases. The individual of which the maximum elec-
tric field strength on the inner electrode is the smallest
among the individuals that satisfy the constraint condi-
tion, is selected as the optimum shape. The calculated
electric field distributions on the inner electrode and the
electrode shapes are shown in Fig. 11 and Fig. 12, respec-
tively. Both Fig. 11 and Fig. 12 are the same results as
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the case of single-objective optimization. However, the
difference between the best and the worst case is smaller
than that in the case of single-objective optimization.
The maximum electric field for the best case is 59.4%
and for the worst case 60.0% of the standard shape, re-
spectively. The maximum electric field strengths along
the interface are less than the permissible value in both
cases.

4.3 Comparison of Results by Two Methods

The search results for the case of single-objective



optimization and those for the case of multi-objective
optimization are compared. Fig.13 shows distributions
of the maximum electric field strength on the inner elec-
trode for ten trials. It is seen from Fig. 13 that the dif-
ference among ten trials for the case of multi-objective
optimization is smaller than that for the case of single-
objective optimization. Furthermore, all of the results of
multi-objective optimization show small maximum elec-
tric field, though the best result is obtained in the case
of single-objective optimization. It is thought that the
searches sometimes fall into the local minimums in the
case of the single-objective optimization. Meanwhile,
searching shapes in the case of the multi-objective op-
timization are distributed widely and it is possible that
the searching shapes escape the local minimum. It takes
about 11.4 hours to perform the optimization for each
trial. The personal computer with 1.0 gigabytes of mem-
ory and Intel Pentium ITT 800 MHz of CPU is used.

5.  Conclusions

In this paper, the electrode shape optimization at
the power cable joint is attempted by using the surface
charge method and the (4 + A)-ES. The results are the
following: ‘

(i) By using the second order of Riesenfeld spline
function for expressing the inner electrode con-
tour, the optimum shape design can be per-
formed easily and the obtained inner electrode
contour has smooth shape.

(ii) Both single-objective and multi-objective eval-
uations can achieve the desirable insulation de-
sign; the maximum electric field strength on the
inner electrode takes almost lowest value and
that along the interface between insulation rub-
ber and XLPE is within the permissible value.

(i) The search results of the multi-objective eval-
uation are far better than those of single-
objective evaluation. The difference between
the best case and the worst case of the multi-
objective evaluation is smaller than that of
single-objective evaluation and the search is sta-
ble.

As mentioned above, the (u+ A)-ES employing multi-
objective evaluation is proved to be effective and general-
purpose method for insulation design at the joint of
power cable. This optimization method is thought to
be applicable to insulation design for other high-voltage
power apparatuses. We should like to thank Dr. Y.
Yasuda, a Lecturer of the Department of Electrical En-
gineering, Kansai University for his helpful comments
and encouragement. This work is partially supported
by Kansai University HRC project of “Development
and Characterization of Sensor and Actuator for Micro
Robot”.
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