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Abstract

Electrical power companies are using more underground cables rather than
overhead lines to distribute power to their customers. In practice, cables are
generally installed in some compact ductbanks. Since the cost of underground
cables is very expensive, using the entire space of a ductbank is extremely im-
portant. But such usage is limited due to the overheating of cables. Overheat-
ing is generally caused by overload, which means the carrying current exceeds
the ampacity of a cable. The ampacity of a cable depends on not only the ma-
terial and design of a cable but also the distance between different cables. Thus
the configuration of cables determines the total ampacity value and the poten-
tial use of a ductbank. In this paper, the best configuration based on ampacity
is achieved for a three-row, five-column ductbank that is buried at a depth of
one meter below the earth’s surface. Both balanced and unbalanced scenarios
are considered, and all cables have two available types to be selected.
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1. Introduction

Underground cables have more advantages than overhead lines since cables offer
better protection and are not as unsightly in appearance in urban areas. In prac-
tice, cables are generally installed in some compact ductbanks in order to pro-
vide easier installation of multiple cables in a concrete space [1], as shown in
Figure 1. However, installation and maintenance of underground cables are a lot
more expensive compared with overhead lines [2]. According to [3], the cost of
laying the cables is $125 - $200 per meter. Thus it is extremely critical to use the

full potential of the ductbank. However such use is limited by the overheating of
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Figure 1. Cables in a ductbank for installation [9].

cables. Overheating is the most significant factor in decreasing cable service life
[4]. Since cables are surrounded by soil instead of air, the speed of temperature
diffusion is much slower than in air [4]. The high currents carried by cable con-
ductors are usually the cause of high temperatures. Overheating of cables gener-
ally results by overloading them [5]. Each cable has a current limitation, called
ampacity [4], that allows the cable to operate without problems. When the car-
rying current exceeds its ampacity, cable damage results, followed by failure that
may be difficult to fix. Ampacity depends on the strength of the heat source, the
material of cables, and the surrounding environment, including the ductbank
and soil [5]. When the thermal resistance of cable layers and soil is low, the heat
can spread faster, and the ampacity of the cable is higher. Conversely, higher
thermal resistance can mean lower ampacity value.

However, a cable’s ampacity value is decided not only by its own characteris-
tics but also by neighboring cables. The heat generated by one cable can influ-
ence the maximum value of the current of one nearby. This influence is called
the mutual heating effect [1]. In a ductbank, there are lots of available ducts that
can be selected. So various cable configurations are possible. Different configu-
rations cause different total ampacity value. The distance between two cables
significantly influences ampacity value due to the mutual heating effect. So
proper design of cable layout, ie. using the entire space of a ductbank, can lead
to maximum total current carrying capacity. Similarly, one cable configuration
can offer only minimum total ampacity. This worst-case scenario is useful when
a power system is being analyzed without knowing the exact layout of cables.
Thus, the configuration optimization of cables in a ductbank is hugely crucial.

Although some researchers have studied cable configuration optimization [1]
[5] [6] [7] [8], they covered only the three-phase balanced condition and only
one type of cable. However, most distribution systems are dealing with unba-
lanced loading, and the selection of cables must consider various types and de-

signs. The objective of this paper is to figure out the best configuration for deli-

DOI: 10.4236/jpee.2018.64001

2 Journal of Power and Energy Engineering


https://doi.org/10.4236/jpee.2018.64001

B. Sun, E. Makram

vering more current, if needed, in one ductbank and avoiding overheating of the

cables under both balanced and unbalanced conditions based on types of cables.

2. Methods of Analysis
2.1. Ampacity Calculation

It is known that a cable’s ampacity is based on the highest allowable temperature
that cable can hold without overheating, and it is influenced by the mutual
heating effect of nearby cables. To properly design a cable system and optimize
cable configuration, calculating the ampacity value of various cables with differ-
ent cross-sections and sizes is extremely important. Typically, an underground
cable consists of four layers, including a conductor layer, insulation layer, shield
layer, and jacket layer [10]. This paper used COMSOL [11], which is a powerful
multi-physics simulation software, to model a shielded cable, as shown in Figure
2.

Several publications proposed different methods to calculate cables’ parame-
ters and their ampacities for both single and multiple cable configurations [12]
[13] [14] [15]. Among these publications, two of them are widely used: the Neh-
er and McGrath method [16] and IEC Standards 287-3-2 [17]. These two me-
thods are similar. They summarize all existing principles and equations to calcu-
late cable ampacity in different conditions, including single cable, multiple

cables without ductbank, and multiple cables with ductbank. These two methods

Figure 2. Common layers arrangement of cables simu-
lated in COMSOL.
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are then classified and summarized by Dr. George J. Anders [4], as shown below.
In order to calculate the ampacity of cable ; a thermal circuit includes heating
sources, and the thermal resistance of different layers is built based on the high-

est allowable cable temperature.

0.5
| MG —W, (05T, + (T, + T, +T,) - AG,, )

" RT,+nR(1+ A) T, +nR(1+ 4 + 4, ) (T, +T,) @

Arvax = Ornax ~ Oy )

AG; =W, *T; (3)

Ay =" AG, (4)

Wj:n[ljsz(l"’ﬂl“'/lz)/”j "’de] (5)

U. =%Inj—j ©)

where |; is the ampacity of cable 4 |; is the carrying current of cable j R is

the AC resistance of cable j, A, is cable j’s shield loss factor, A4, is cable jacket
loss factor, n is the conductors number, y; is the loss factor, W, is the dielec-
tric loss of cable j, T, 7,, T;, T, are the thermal resistance of different layers in-
cluding ductbank and soil, 6,,, is the highest temperature that allows the cable
to operate without problems, &, is the ambient temperature, and A8, is
the reduction factor of conductor temperature. All these parameters depend only
on the material and design of the cable and of the surrounding conditions [18].

The influence of mutual heating from nearby cables is corrected by A6, ,.

2.2. Optimization of Cables in a Ductbank

From the Equations (1)-(6) shown in Section 2.1, it can be noticed that to find
the ampacity of cable j carrying currents of all other cables should be
pre-known, given the mutual heating effect. So if these equations are applied to
all cables, a set of mutually interconnected equations is obtained. However, a set
of interrelated equations is challenging to solve, and frequently, the iteration
method can be used. But it is time-consuming, and not convergent in some con-
ditions. So a more efficient method is the optimization method, which is rec-
ommended by Dr. Moutassem [5]. Finding the ampacity value of each cable for
a specific configuration could be described as an optimization problem. The ob-
jective function is the sum of all carrying currents. The constraints are that the
temperatures of all cables are smaller than the highest allowable temperatures. In
this paper, the same equations are used to decide the best configuration based on
ampacity for cables in a ductbank assumed a constant frequency system. The
detailed transformation steps of this optimization problem are summarized in
Appendix B.

The optimization problem for multiple cables installed in a ductbank for a

specific configuration can be summarized as follows:
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The objective function is

L+, 4+ 41 (7)
The constraint for cable 1 is:
1 C
—|f+£|§+~--+ﬁlfsl (8)
d = 4 d,
Similarly, the constraints for the other cables are:
C C 1 C.
d—'_llf+d+zlzz+---+gli2+m+flnzSl 9)

Using MATLAB, the constraints can be acquired in a matrix form.

c*(l.z)’./d’ (10)

where all elements in matrices ¢ and d are calculated based on Equations
(13)-(14) in Appendix B and matrix ¢ has one on its diagonal terms.

The procedure for finding the total ampacity value for a specific configuration
of cables in a ductbank is completed. The next step is to find the configuration
that leads to the maximum total ampacity value and minimum total ampacity
value. The method applied in this paper includes three steps. Firstly, assume all
ducts have their own cables with some initial guess as to current values. Second-
ly, randomly choose some of these cables to have current equal to zero, which
means these ducts don’t have cables installed in them. Thirdly, find the best and
worst configuration that produces the maximum total ampacity value and min-
imum total ampacity value. But since, in this program, the types of cables should
be selected automatically, one more step is added that introduces additional
ducts for different cable types selection. The steps of configuration optimization
of cables in a ductbank are shown in Figure 3.

In this paper, a three-row, five-column ductbank is selected. It is buried at a
depth of one meter below the earth’s surface. The distance between two ducts in
the same row is 0.3 meter, and the distance between each row is 0.5 meter, which
is shown in Figure 4. Both balanced and unbalanced conditions are considered.
In a balanced scenario, all cables are equally loaded. For an unbalanced scenario,
l,=1.051, and I =1.1l, are studied in detail as a particular example of un-
balanced cases. Then the general patterns for unbalanced conditions are also
obtained. In this paper, cables have two available types that can be selected. The
detailed data of these two types of cables are listed in Appendix C.

3. Results

3.1. Configuration Optimization for a Balanced Condition

For two cables per phase, the second type of cable is selected, and the maximum
ampacity of each cable is 655 A, as shown in Figure 5(a). The minimum ampac-
ity of each cable is 559 A, as shown in Figure 5(b). This configuration is rea-
sonable since all cables are located near each other. So the heat generated by one
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Configuration Optimization
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‘ Assume additional ducts for

assuming all ducts have cables

( Calculate matrix d and matrix ¢

Optimize the total sum of
currents based on constraints

Best Configuration

( Additional ducts for different )
cable types selection
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different cables’ parameters.

( Matrix d and matrix ¢

calculation for all ducts

- Assume all ducts have their
own current carrying cables.
- Calculate a and ¢ matrix

for all thirty ducts

(. J

( R
Optimization for total sum of
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- Find which currents should
be zero.

- Find the best configuration

with specific zero currents.

Figure 3. Procedure for configuration optimization of cables in a ductbank.

0.3 meter

1 meter

0.5 metgr

e

Figure 4. The configuration of ductbank simulated in CYMCAP [19].

cable has more influence on those nearby. Thus the total ampacity is smallest.

The difference between these two values proves that configuration optimization

for cables in a ductbank is very important.

Normally configuration in Figure 5(c) is applied if the common sense without
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Figure 5. The optimization result compared with common sense for two
balanced cables per phase. (a) Best configuration by optimization; (b)
Worst configuration by optimization; (c) Common sense without optimi-
zation.

optimization is followed. These two results of ampacity values are compared. For
configuration in Figure 5(c), the ampacity of each cable is 634 A, which is
smaller than the optimization result as shown in Figure 5(a). This difference can
be easily explained by the distances between the cables in the two figures. At first
glance, the distances between different cables in Figure 5(c) seem more signifi-

cant than the distances in Figure 5(a). But if the configurations are analyzed
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carefully, an opposite conclusion can be reached. For example, the distance be-

«_»

tween the two cables of phase “a” in Figure 5(a) is longer than the distance be-
tween the two cables of phase “a” in Figure 5(c). Similar conclusions can be ob-
tained in these two figures by comparing the distances between different cables.
The conclusion is that the configuration of Figure 5(a) produces larger total
ampacity than the configuration in Figure 5(c). The detailed results for maxi-
mum ampacity value are shown in Table 1.

The temperature limitation of type two cable is 90°C and the resulting tem-
peratures of all cables are below 90°C. Moreover, the temperatures of the cables
are symmetric in Table 1 since the arrangement of cables is symmetric in the
ductbank and the cables are in balanced condition.

For three cables per phase, the second type of cable is selected, and the maxi-
mum ampacity of every cable is 566 A, which is shown in Figure 6(a). The
minimum ampacity of each cable is 495 A, which is shown in Figure 6(b). Simi-
lar to Figure 5(b), the configuration in which all cables are arranged together
leads to the smallest total ampacity value. According to common sense without
optimization, usually the configuration in Figure 6(c) is applied. For the confi-
guration in Figure 6(c), the ampacity value of each cable is 541 A, which is
smaller than the optimization result. The detailed results for maximum ampacity

value are shown in Table 2.

Table 1. Detailed results for two balanced cables per phase.

Cable # Temperature °C
la 86.4
2a 89.8
1b 89.8
2b 86.4
1c 84.9
2c 84.9

Table 2. Detailed results for three balanced cables per phase.

Cable # Temperature °C
la 81.1
2a 87.4
3a 89.9
1b 89.4
2b 84.5
3b 89.7
1c 83.6
2c 89.8
3c 87.1
DOI: 10.4236/jpee.2018.64001 8 Journal of Power and Energy Engineering
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Figure 6. The optimization result compared with common sense for
three balanced cables per phase. (a) Best configuration by optimiza-
tion; (b) Worst configuration by optimization; (c) Common sense
without optimization.

3.2. Configuration Optimization for a Special Unbalanced Example

For unbalanced condition, a particular example: |, =1.051, and I =1.1l, is
studied in this section.

For two unbalanced cables per phase, the best configuration is shown in Fig-
ure 7 when phase c is the highest loaded phase and phase b is the medium
loaded phase. The second type of cable is selected, and the detailed results are
shown in Table 3.
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Figure 7. The best configuration for two unbalanced cables per
phasein a particular example.

Table 3. Detailed results for two unbalanced cables per phase.

Cable # Ampacity A Temperature °C
1b 651 86.9
la 620 89.4
2a 620 88.7
1c 682 87.9
2b 651 87.2
2¢ 682 86.7

For three unbalanced cables per phase, where ¢ is the highest loaded phase,
the best configuration based on ampacity is shown in Figure 8, and the detailed

results are shown in Table 4.

3.3. Configuration Optimization for General Unbalanced
Condition

If the highest loaded phase is changed from phase c to phase b and then to phase
a, a general pattern for the unbalanced condition is observed, where H means
highest loaded phase; L means lowest loaded phase; M means medium loaded
phase. It is noticed that the best configuration for balanced condition and unba-
lanced condition based on ampacity is different according to Figure 5(a), Figure
6(a), Figure 9 and Figure 10. But the worst configuration is always arranging all

cables near each other.

4. Conclusion

Installing cables in ductbanks occurs more and more frequently nowadays since
their installation is easy. Use of the full potential of a ductbank is extremely im-
portant for reasons of economy. This paper proposes using the optimization
method to find the best and worst configuration for cables in a ductbank based
on ampacity. The best and worst configurations are decided for both balanced
and unbalanced scenarios, which are different from common sense without op-

timization. For an unbalanced condition, a particular example is studied and
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Table 4. Detailed results for three unbalanced cables per phase.

Cable # Ampacity A Temperature °C
1c 594 82.8
2¢ 594 89.7
la 540 86.6
3c 594 86.1
1b 567 88.3
2a 540 87.7
2b 567 86.9
3a 540 89.3
3b 567 87.4

ORCXO
O OO0
OROXO
ORGXO
ORORO

Figure 8. The best configuration for three unbalanced cables per
phasein a particular example.

® O G
O OO
O OO0
O OO
OROXC

Figure 9. The best configuration for general two unbalanced cables
per phase.

then extended to a general pattern for unbalanced cables in a ductbank. In the
future, the impacts of optimization during abnormal condition will be discussed.
The study will include different faulted phases and loading conditions. Based on
the results and conclusion, best case and cable configuration under abnormal

condition will be presented.
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Figure 10. The best configuration for general three unbalanced cables
per phase.
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Appendix A. Yalmip Toolbox of MATLAB

In order to solve the optimization problem, several solver programs have been built, such as Cplex and Gurobi.
However, these programs require considerable amounts of time to build optimization models. To build a model
quickly, efficient modeling programs and languages are needed. Yalmip is one of the most powerful and convenient
toolboxes for mathematical optimization model building [20].

Yalmip is a free MATLAB toolbox for modeling optimization problems. It solves the optimization problem in
combination with external solvers. The toolbox simplifies model building of optimization in general and focuses on

control-oriented optimization problems in particular [21].

Appendix B. Transfer Ampacity Calculation of an Optimization Problem

In order to write ampacity calculation equations in an optimization form, the Equations (2)-(6) in Section 2.1 are

combined into Equation (1) for cable (1), and the following equation is obtained [4] [5]:

B ABpger Wy 1 (0.5T1,1 +1y (T, + Ty +T4'1))
L=
R1T1,1 + n1R1 (1+ /11,1)T2,1 + anl <1+ ﬂn + /12,1)(1-3,1 +T4,1)
(11)
05
n, [IZZRz <1+ﬂ1,2 +A’z,2)ﬂ2 +Wd2] #Tpp 440, [IfRn (1+21,n +ﬂ’2,n)/un +de:| *Tp,
Rl + Ry (1+ ﬂ'l,l)TZ,l +nR (1+ A+ 12,1)(1-3,1 +T4,1)
pS ’
T, :Zln(dij/dij) (12)
For all other cables, similar result equations can be obtained as well.
Let
. nj|:RJ' (1”1,1'”2,1')%}*“ (13)
! R, +nR; (1+ A )Tz,i +nR; (1+ A+ Ao )(Ta,i +Ty; )
) ) 05
1| AW, (08T, 41, (Toy + Ty + i) = /20) N W, ; In(d; /) ]) ”
' RT, +nR(1+ A )T, +nR(1+ 4 + 4, )(T, +T,)
so that the ampacity calculation can be solved as an optimization problem.
Appendix C. Data of Two Types of Cables
Table C1. Data of first type cable [5].
Parameters Value Parameters Value
N 3 . 1
R 0.079e-3 W, 0
A 0 T, 0.341
, 0 T, 0
O, 20 T, 0.095
6. 90 T, 0.637
u 1 D, 72.9
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Table C2. Data of second type cable [5].

Parameters Value Parameters Value
N 1 . 1
R 0.0763e-3 W, 0

A 0 T, 0.341
2, 0 T, 0

6., 20 T, 0.095

Oras 90 T, 0.751

u 1 D, 358
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