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ABSTRACT Duct bank installation, as a popular installation type for underground power cables, has
been widely used. However, laying excessive number of ducts in a duct bank has given rise to the cable
arrangement problem. Meanwhile, the current academic research on the cable arrangement problem is
not mature. In this regard, this paper proposes a novel stochastic optimization algorithm namely the
agamogenetic algorithm to solve the cable arrangement problem. The roulette strategy is applied in the
mutation process of the proposed algorithm, leading to the development of two novel operators, namely
the excitation operator and the interchange operator. From the general agamogenetic algorithm, this paper
further designs its customized variants for the two-ends and single-end grounding modes. Subsequently,
the concept of cross-bonded grounding mode is promoted, and a cross-bonded configuration beyond the
same transmission circuit is proposed, namely the generalized cross-bonded grounding mode. Due to
its requirement to simultaneously optimize the cable arrangement and the sheath cross-bonded structure,
a specific oriented agamogenetic algorithm is also designed. Finally, a real-life duct bank installation is used
as the case study, validating that the agamogenetic algorithm has higher convergence speed, accuracy, and
stability compared to existing algorithms for optimizing cable arrangements in ducts. Simulation results
also show that the loss or voltage of the optimal arrangement decreases by 12.24%, 50.66%, and 11.67%
under the two-ends, single-end, and cross-bonded grounding modes, respectively, compared to the standard
engineering arrangement.

INDEX TERMS Cross-bonded grounding, duct, genetic algorithm, optimal arrangement, power cable.

I. INTRODUCTION
Over the past few decades in urbanization, the demand for
electric energy has increased significantly. Due to overhead
transmission lines affecting urban landscapes and occupy-
ing urban space, underground power cables become more
preferable in urban distribution networks. One of the instal-
lation types of underground power cables is to put cables
in nonmetallic ducts, as shown in Fig. 1. This installation
type reduces the probability of cables being mechanically
damaged and the corrosion to cables caused by harmful sub-
stances in the soil. At the same time, cables in ducts take up
less underground space and have a lower cost as compared to
the tunnel installation, and are more convenient to be renewed
without digging the road as compared to the direct burying
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mode. Therefore, the duct bank installation has become the
most widely used installation type in urban areas, particularly
suitable for regions with dense underground pipelines or
heavy traffics [1], [2], [3], [4], [5].

Nevertheless, the duct bank installation has a major dis-
advantage that it complicates the electromagnetic induction
in the metal sheaths of cables. This significantly reduces
the effectiveness of the cross-bonded grounding mode in
suppressing circulating currents and controlling sheath volt-
ages. Moreover, unexpected results may occur concerning
sheath voltages and circulating currents under single-end
and two-ends grounding modes. Therefore, traditional duct
bank installation may lead to increased circulating currents
and higher voltages to ground in metal sheaths. As is well
known, excessive circulating currents in metal sheaths can
result in increased joule losses and elevated temperatures,
thereby reducing the current rating of the cable, accelerating

115204

 2024 The Authors. This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License.

For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/ VOLUME 12, 2024

https://orcid.org/0000-0002-8646-2462
https://orcid.org/0000-0002-8933-7034
https://orcid.org/0000-0002-2542-1923


R. Cai, S. Yang: Optimal Arrangement of Power Cables in Ducts Using the Agamogenetic Algorithm

FIGURE 1. Schematic diagram of cables installed in a duct bank.

insulation aging, and shortening the cable lifespan. Addition-
ally, it may induce significant voltages in the metal sheaths
of nearby cables [6], [7], [8], [9], [10], [11]. Furthermore,
excessive voltages in metal sheaths can lead to insulation
breakdown and flashover at cable joints, potentially causing
short-circuit faults [12], [13], [14], [15], [16]. However, it is
observed that, for single-core power cables, different arrange-
ments of cables in ducts can lead to remarkably different
electromagnetic inductions in cable sheaths, indicating that
there is an optimal cable arrangement corresponding to a
specific goal such as minimizing the total cable losses or
the maximum sheath voltage. In this regard, the optimization
of cable arrangements in ducts is a research-worthy issue
that has garnered the interest of the academic community.
Some researchers have just explored the advantages and
disadvantages of different types of cable layouts and ground-
ing modes. Specifically, literature [17] recommends a linear
arrangement for power cables to enhance dissipation, and
a volumetric arrangement with internal separators for com-
munication cables to reduce electromagnetic interference.
Literatures [18], [19], [20], [21], [22] study the characteris-
tics of flat and trefoil formations to guide cable installation
under various operating conditions and environments. Build-
ing on the flat and trefoil formations, literature [23] further
proposes inverted trefoil and vertical flat configurations to
meet the heat dissipation requirements under unique instal-
lation conditions, and literature [24] further studies how
the cable losses are influenced by the small trefoil, large
trefoil and vertical layouts. Besides, studies have shown
that increasing the cable spacing and using cross-bonded
grounding mode and phase transposition can reduce sheath
currents and voltages, thereby decreasing sheath losses and
improving the current rating [21], [25], [26]. Nonetheless,
the aforementioned research findings merely compare some
of the most basic installation and laying forms, as well as
grounding modes, of cables, and provide certain principles
for cable layout and grounding under different operating
conditions and laying environments. They do not constitute
a true optimization of the arrangement for densely clustered
power cables. In contrast, other researchers have investigated

the optimal cable arrangement for maximizing the ampac-
ities or minimizing the cable losses or some other goals
by either selecting from the pre-given cable arrangements
[27], [28], [29], [30], [31], [32], [33], [34] or exhaustively
checking the possible arrangements to determine the optimal
one [35], [36]. Among these, literatures [27], [28], [29], [30],
[31] provide several candidate arrangements for duct bank
installations. Literature [32] artificially proposes candidate
arrangements involving different burial depths, positions, and
crossing angles for multi-circuit cables in three-dimensional
space. Literature [33] presents eight cable arrangements for
three single-core cables operating in parallel with the same
phase to screen for the optimal arrangement. Literature [34]
discusses six different phase arrangements of the flat cable
layout to search the optimal sequence impedance. However,
these methods are just error and trial approaches, and cannot
form an effective and instructive strategy for the optimiza-
tion of cable installations in a duct bank. The commercial
software CYMCAP can optimize the cable arrangements in
ducts quickly. The optimization essence of this software is to
optimize the heat dissipation conditions based on the thermal
circuit model in IEC standards [37], [38], [39], [40], [41],
thus it cannot minimize the joule losses in the metal sheaths,
that is, it cannot optimize the heat sources. Moreover, when
the optimization goal changes, such as optimizing the sheath
voltages in the single-end grounding mode, this software is
powerless.

Intuitively, the cable arrangement problem (CAP) is very
similar to the travelling salesman problem (TSP) in that they
both seek the optimal arrangement of a sequence of elements.
Generally, a near-optimal solution to a large-scale TSP is
obtained by using stochastic optimization algorithms such
as genetic algorithms. The basic idea of genetic algorithms
in solving the TSP is to retain and recombine critical infor-
mation from the parent genetic structures to produce better
offspring [42]. However, the CAP is fundamentally different
from the TSP. If we define a path that passes through all the
ducts, then the cable can represent the city in the TSP, and
the sheath loss or other measures of the cable can represent its
distance from adjacent cities. It is obvious that the ‘‘distance’’
between each two cables is not a constant, which will vary
with the arrangement. This indicates that the arrangement
fragments lack the ability to maintain traits. From this point
of view, the genetic algorithms are not as effective in solving
the CAP as they are in solving the TSP. Although litera-
tures [43], [44] use genetic algorithms to optimize the phase
arrangements and cable positions in a tunnel simultaneously,
these optimization strategies only target the cable harness
composed of three cables with different phases, and have no
guiding significance for the single-core cable arrangement
in ducts. Moreover, the direct application of genetic algo-
rithms to optimize the arrangement of single-core cables will
inevitably produce illegal arrangements. To address this issue,
a customization of the standard genetic algorithm has been
reported in [45] and [46], in which the crossover operator
is removed, and only the mutation operator is retained to
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conduct the iterative procedure. Since the retained mutation
operator performs a completely random mutation and has
no environmental tendency, the evolution efficiency of the
reported strategy is not high.

Inspired by the genetic algorithm and the unique charac-
teristics of the CAP, this paper proposes a novel stochastic
optimization algorithm, named the agamogenetic algorithm,
to efficiently obtain a near-optimal solution for the CAP. Uti-
lizing the proposed algorithm, this paper further generalizes
the standard cross-bonded grounding mode and optimizes its
configuration to minimize cable losses. In the remainder of
the paper, we provide a detailed description of the agamo-
genetic algorithm in Section II, as well as its customizations
for two-ends and single-end grounding modes in Section III.
Next, in Section IV, we propose the generalized cross-bonded
grounding mode and search its optimal configuration by
using the deeply customized version of the agamogenetic
algorithm. Thereafter, in Section V, the optimization per-
formance of the agamogenetic algorithm is validated with a
real-life duct bank installation. Finally, conclusions are drawn
in Section VI.

II. AGAMOGENETIC ALGORITHM IN SOLVING CABLE
ARRANGEMENT PROBLEM
A. ENCODING AND DEFINITION
The number of cables per phase and for each load level must
remain unchanged in different cable arrangements within
the ducts. This feature implies that the existing crossover
between two different arrangements is not applicable to the
CAP, although special crossover operators can be designed to
avoid the generation of illegal arrangements. In fact, cloning
and mutation are naturally suitable for the CAP in the sense
that the cloning ensures that the type and quantity of genetic
material components remain unchanged while the mutation
ensures that evolution can proceed. Based on cloning and
mutation process, the so-called agamogenetic algorithm is
constructed below. Before the construction of the proposed
algorithm, the cable arrangement will be encoded and the
concepts of gene, base and environmental capacity will be
defined.

For the encoding of cable arrangements, firstly each cable
is assigned a character to distinguish its phase and load
level. For example, the character ‘‘A’’ represents the cable
belonging to phase A of a heavy load circuit, and the char-
acter ‘‘b’’ represents the cable belonging to phase B of
a light load circuit. No distinction is needed between the
same-phase cables in different circuits with the same load
level. If there is an empty duct, we use character ‘‘0’’ to
represent this non-existent cable. After each cable is encoded
by using a character, the gene of the agamogenetic algorithm
in solving the CAP can be seen as the arrangement itself,
which is a two-dimensional character matrix, as illustrated
in Fig. 2(a). For the convenience of programming and rep-
resentation, we map this two-dimensional character matrix

into a one-dimensional character chain in a specific order,
as illustrated in Fig. 2(b). The number at the top of each
duct represents the position index within the character chain
going from left to right. Therefore, the gene representing
each arrangement is defined as the corresponding sequence of
characters. Here, the character corresponding to each cable is
defined as the base of the gene. The environmental capacity,
which is equivalent to the concept of the population size
in genetic algorithms, is defined as the maximum allow-
able number of individuals per generation. If the population
exceeds the environmental capacity, a portion of it will be
eliminated based on the natural selection, until the population
size equals the environmental capacity.

FIGURE 2. The matrix and sequence representation of the gene for a duct
bank installation composed of a number of ducts and several cables.

B. OPERATORS
The clone and mutation are probably the most natural evo-
lution procedures for the CAP. Since the original mutation
operator in [45] and [46] interchanges two completely ran-
dom bases every time, which is somewhat crude, we propose
an excitation operator and an interchange operator to replace
the original one.

Before exciting bases, the excitation operator needs to
identify all feasible base pairs that can be excited for inter-
change. The criterion for a feasible base pair is that the gene
will change after the interchange of the two bases. In other
words, the base pair composed of two identical bases (cables
in the same phase and same load level) is not permitted
to be excited. At the same time, it is stipulated that ‘‘0’’
bases cannot be used to form feasible base pairs with other
bases (corresponding to the fact that empty ducts cannot be
excited). It is obvious that the number of feasible base pairs
in the proposed excitation process is less than the number of
possible interchange pairs of the mutation process as given
in [45] and [46]. This preprocessing ensures the real muta-
tion of each offspring individual, thereby accelerating the
evolution pace. Fig. 3 intuitively illustrates the feasible and
infeasible base pairs.
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Algorithm 1Main Loop of Agamogenetic Algorithm
for t = 2 toM

Qt = Pt−1 clone the parent population
for i = 1 to N
Qt [i] = excitation (Qt [i]) excite each individual of the offspring population
Qt [i] = interchange (Qt [i]) interchange excited and/or ‘‘0’’ bases within each offspring

Et = Pt−1 ∪ Qt combine the parent and offspring population
Et = sort (Et ) sort in ascending order based on objective values
Pt = Et [1: N ] reduce the extended population to environmental capacity

FIGURE 3. Examples of feasible and infeasible base pairs.

Among all feasible base pairs, the excitation operator
randomly excites one base pair at a time, but the excited
probability of each base pair is not equal, which is related
to the excitation value of each base. The excitation value
of each base is assigned according to its contribution to
the objective function. For different grounding modes, there
are usually different optimization goals, which result in the
different assigned excitation values of the bases, thereby the
different excited probabilities of feasible base pairs. This will
be discussed in Section III in details.

The interchange operator is responsible for interchanging
the excited bases and ‘‘0’’ bases. For cases without any empty
duct, the two bases of the excited base pair just exchange
their positions. For cases with empty ducts, however, the
bases of the excited base pair have a certain probability to
be interchanged with ‘‘0’’ bases. It is stipulated that the sum
of the probabilities of an excited base being interchanged
with all ‘‘0’’ bases is equal to the probability of the two
excited bases interchanging. That is to say, when there is
n ‘‘0’’ bases (corresponding to n empty ducts), the proba-
bility of an excited base interchanged with a random ‘‘0’’
base is one-nth of the probability of the two excited bases
interchanging. The purpose of this stipulation is to prevent
a decrease in the self-interchange probability of the excited
base pair. Furthermore, not both bases of the excited pair
may exchange positions with ‘‘0’’ bases. The criterion for
determining whether an excited base can be exchanged with
a ‘‘0’’ base is whether the interchange will have an impact
on the objective function. For an excited pair, whether both
bases in it are allowed to be interchanged with ‘‘0’’ bases,

the probability of all allowed interchanges must be 1. When
one excited base is interchanged with a random ‘‘0’’ base, the
other one in the excited pair keeps its position unchanged and
returns to the basic state.

For the first gene in Fig. 3, assuming that both excited
bases are allowed to exchange positions with ‘‘0’’ bases, the
probabilities of each interchange are illustrated in Fig. 4.

FIGURE 4. An example of the probability distribution of the interchange
operator, where the fractions represent the interchange probability. This
distribution is for the case that both excited bases are allowed to be
interchanged with ‘‘0’’ bases.

C. MAIN LOOP
The main loop of the proposed agamogenetic algorithm
consists of four procedures, which are clone, excitation,
interchange, and sort. At first, the population P1 composed
of N individuals (corresponding to N genes) are initialized
randomly. On this basis, the population undergoes (M -1) gen-
erations of evolutions. Tomaintain generality, we describe the
evolutionary process of the proposed agamogenetic algorithm
from the (t-1)th generation to the tth generation, of which the
pseudo-code is shown at the top of the page.

Firstly, the (t-1)th-generation population Pt−1 is copied
into one clone. All individuals of the cloned population expe-
rience excitation and interchange operations, and constitute
the offspring population Qt of size N . Then, the parent pop-
ulation Pt−1 and its offspring population Qt are combined
to form an extended population Et , whose size is 2N . Next,
the extended population Et is sorted based on the objective
values of all individuals, and the top N individuals with
good objective values constitute the tth-generation popula-
tion Pt . Since all parent and offspring population members
are included in Et and are sorted together, elitism strat-
egy is ensured, and the best individual is never lost in the
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evolutionary process [47]. The iterative procedure of the
proposed agamogenetic algorithm is also shown in Fig. 5.

FIGURE 5. The iterative procedure of the agamogenetic algorithm, where
the gene with shades of gray indicates that it has mutated.

III. ALGORITHM CUSTOMIZATIONS FOR DIFFERENT
GROUNDING MODES
In this section, we discuss the customizations of the proposed
agamogenetic algorithm for the two-ends grounding mode
and the single-end grounding mode. It mainly involves the
customizations of the excitation operator and the interchange
operator. Due to different groundingmodes and different opti-
mization goals, the customizations are not exactly the same.
We will elaborate on these customizations in the following
subsections.

A. FOR TWO-ENDS GROUNDING MODE
For the two-ends grounding mode of cables in ducts, due to
the huge circulating currents in metal sheaths, the optimiza-
tion goal is set to minimize the total loss, including the core
loss and the sheath loss, of the cable group. Based on this
optimization goal, the excitation operator and the interchange
operator are customized as follows.

The excitation operator firstly assigns an excitation value
to each non-zero base. Since the total loss of the cable group
is the summation of the loss of each cable, it is reasonable to
choose the loss of each cable as its excitation value. However,
due to the shielding effect of the metal sheaths, the core loss
of each cable is almost unchanged regardless of the cable
arrangement. Therefore, the core loss can be considered as
ineffective contribution to the decrease of the objective value,
and should be ignored in assigning excitation values to non-
zero bases. It is only right and proper to use the sheath loss
of each cable as its own excitation value, and the excitation
probability of each non-zero base is defined as its excitation-
value ratio, which is calculated by dividing the sheath loss
of each cable by the total sheath loss of the cable group.
In addition, using sheath loss as the excitation value makes
sense. The higher the sheath loss, the more cables in the phase
of the corresponding cable around it. Meanwhile, the higher
the sheath loss, the greater the excitation probability of the

corresponding cable, which leads to a larger probability of
the corresponding cable to be exchanged to other positions,
thereby to improve the situation of too many same-phase
cables gathering. According to the principle of electromag-
netic induction, the resultant induced electromotive force in
the metal sheath tends to reduce, thereby to reduce the total
sheath loss of the cable group. If the total loss of each cable is
forcibly taken as its excitation value, because of the core loss
of each cable being a large amount and almost the same with
each other, the excitation probability of each non-zero base
will tend to be equal, which loses the meaning of assigning
excitation values to the cables.

After assignments of excitation values, the excitation oper-
ator picks up all feasible base pairs following the same
criterion as mentioned in Section II-B, and at the same time
to calculate the excitation probability of each feasible pair.
The excitation probability of a feasible pair composed of the
ith non-zero base and the jth non-zero base is formulated as:

pipj

(
1

1 − PI
+

1
1 − PJ

)
, (1)

where, pi refers to the excitation probability of the ith non-
zero base, pj refers to the excitation probability of the
jth non-zero base, PI denotes the summation of the excitation
probabilities of all bases identical to the ith non-zero base, PJ
denotes the summation of the excitation probabilities of all
bases identical to the jth non-zero base, subscript I represents
the set of bases that are identical to the ith non-zero base,
subscript J follows the same principle. It should be noted
that PI and PJ include the excitation probabilities of the
ith and jth non-zero base, respectively. The summation of
excitation probabilities of all feasible base pairs equals to 1,
as demonstrated in Appendix.

After randomly exciting one base pair according to the
probability distribution of feasible base pairs, the interchange
operator startsmutating the gene. Regardless of which excited
base changes its position, it will alter the loss of that cable,
thereby affecting the total loss of the cable group. Therefore,
both excited bases are allowed to interchange with ‘‘0’’ bases.
Here, for the two-ends grounding mode, the probability of
interchange between the two excited bases equals to 1/3, and
the probability of interchange between either excited base and
any ‘‘0’’ base equals to 1/(3n), where n refers to the number of
‘‘0’’ bases. The interchange probability distribution has been
illustrated in Fig. 4.

B. FOR SINGLE-END GROUNDING MODE
For the single-end grounding mode of cables in ducts, due
to the high sheath voltages, the optimization goal is set to
minimize the maximum sheath voltage, thus to prevent the
cable insulation from being penetrated. Therefore, the exci-
tation operator and the interchange operator are customized
in the following way.

Firstly, the excitation operator needs to assign excitation
values to the non-zero bases. Since the optimization goal
only involves the maximum sheath voltage, which means
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that only the cable with the maximum sheath voltage con-
tributes to the objective function, it is reasonable to assign
an excitation value of 1 to the base corresponding to the
maximum sheath voltage, and to assign an excitation value
of 0 to any other non-zero base. This leads to the excitation
probabilities of the feasible base pairs without the maximum-
sheath-voltage base being zeros. For the feasible base pairs
including the maximum-sheath-voltage base, the excitation
probabilities are also zeros based on the assigned excitation
values. However, in order to complete the excitation process,
the excitation probabilities of the feasible base pairs including
the maximum-sheath-voltage base cannot be zero. Therefore,
we need to re-assign excitation values to the other excited
base in the feasible pair with the maximum-sheath-voltage
base. We choose the sheath voltage of the other excited base
as its own excitation value, and the excitation-value ratios are
defined as the excitation probabilities for each feasible pair
that includes the maximum-sheath-voltage base respectively.
It is noted that the re-assigned excitation value only works
when the corresponding base constitutes a feasible pair
with the maximum-sheath-voltage base. The customized
excitation probability of each feasible base pair with the
maximum-sheath-voltage base is formulated as:

Vi

/
l∑
i=1

Vi, (2)

where, Vi denotes the sheath voltage of the other excited base
in the base pair including the maximum-sheath-voltage base,
l represents the number of feasible base pairs that include the
maximum-sheath-voltage base.

It is reasonable to define excitation probabilities as in (2).
A cable has a higher sheath voltage because of more cables
around in the phase of this central cable. Giving a higher
excitation probability to this central cable increases the pos-
sibility of it being exchanged. Therefore, it is more likely to
improve the situation of too many same-phase cables gath-
ering, thereby reducing the resultant induced electromotive
force in the sheath, which finally reduces the sheath voltages
under the single-end grounding mode.

When the other excited base of an excited feasible pair that
includes the maximum-sheath-voltage base is interchanged
with a ‘‘0’’ base, owing to the exchanged base not corre-
sponding to the maximum sheath voltage, this interchange
has little or almost no contribution to the reduction of the opti-
mization goal. According to the criterion for the interchange
operator discussed in Section II-B, only the excited base cor-
responding to the maximum sheath voltage is allowed to be
interchanged with ‘‘0’’ bases. Therefore, the self-interchange
probability of the excited base pair is equal to 1/2, and the
probability of the interchange between the maximum-sheath-
voltage base and any ‘‘0’’ base is 1/(2n), where n refers
to the number of ‘‘0’’ bases. For the first gene in Fig. 3,
the interchange probability distribution under the single-end
grounding mode is illustrated in Fig. 6.

FIGURE 6. An example of the probability distribution of the interchange
operator for the single-end grounding mode, where the fractions
represent the interchange probability.

IV. GENERALIZED CROSS-BONDED GROUNDING MODE
AND ITS OPTIMIZATION
For the cross-bonded grounding mode of power cables in
ducts, the standard configuration in engineering is shown in
Fig. 7, where the cables are arranged in a specific order, and
the metal sheaths are only cross bonded within their own
cable transmission circuit.

FIGURE 7. Diagram of the standard configuration of cables in ducts under
the cross-bonded grounding mode, where the same colors represent the
sheaths connected in series to form a circuit with the ground.

Owing to the ordered cable arrangement and sheath
interconnection, obviously, the standard engineering config-
uration is unlikely to be the optimal configuration for the
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minimum total loss of the cable group. There is a high prob-
ability that the irregular cable arrangements and the sheath
interconnections between different transmission circuits can
make the total loss smaller. Based on this understanding,
we extend the standard cross-bonded grounding mode to the
non-normalized form, namely the generalized cross-bonded
grounding mode. In order to find the optimal configuration
of the generalized cross-bonded grounding mode, we need to
conduct deep customizations for the agamogenetic algorithm.

A. CUSTOMIZATION OF ENCODING
For the generalized cross-bonded grounding mode, there are
not only the gene that records the cable arrangement in ducts,
but also genes that record the cross connections of metal
sheaths. This means that an individual here has four genes,
which are one cable gene and three sheath genes correspond-
ing to three sections of the grounding structure, respectively.

The cable gene is defined as mentioned above, which is a
sequence consisting of character ‘‘0’’, ‘‘A’’, ‘‘B’’, ‘‘C’’, ‘‘a’’,
‘‘b’’, ‘‘c’’ and so on. The length of this character sequence is
the number of ducts. The sheath gene has some differences.
It is supposed that there are totally x cables in the duct bank.
Because each sheath position is unique in each section of
the grounding structure, it is reasonable to make each sheath
correspond to a specific number between 1 and x. Conse-
quently, each sheath gene is a full arrangement of numbers
from 1 to x. The same number in different sheath genes
means that the corresponding sheaths are connected in series.
The positions from left to right in a sheath gene correspond
to the cable positions along a specific route in the duct
bank. The general sheath genes are illustrated in Fig. 8, where
the position indexes above ducts and the position indexes
above sheath-gene bases correspond, and the bases with the
same number represent the sheaths connected in series. For
example, the sheath in position ‘‘x-2’’ of section I, the sheath
in position ‘‘x-1’’ of section II and the sheath in the first
position of section III are connected in series.

FIGURE 8. General sheath genes corresponding to three sections
respectively.

B. CUSTOMIZATION OF OPERATORS
Due to different encoding methods of the cable genes and
the sheath genes, the customizations of operators for the two

types of genes are different. For the cable gene, the cus-
tomized excitation operator in the generalized cross-bonded
grounding mode is similar to that in the two-ends grounding
mode, except for the chosen amount to use as the excitation
value. Since the optimization goal is to minimize the total
loss of the cable group, which is approximately equivalent
to the minimization of the total sheath loss, we choose the
total loss of the three sheaths corresponding to this cable
as its excitation value. For instance, the excitation value of
cable ‘‘A’’ at the position ‘‘x’’ in Fig. 8 is defined as the
summation of the losses in the sheath ‘‘x-2’’ of section I, the
sheath ‘‘3’’ of section II, and the sheath ‘‘x-3’’ of section III.
The calculation formula of the excitation probability and the
probability distribution of the interchange operator for the
cable gene in the generalized cross-bonded grounding mode
are identical to those in the two-ends grounding mode.

Unlikely that the sheath losses are just determined
by the sheath’s surrounding cable-core currents in the
two-ends grounding mode, the sheath losses in the gener-
alized cross-bonded grounding mode are also affected by
the cross-bonded grounding structure. Although the sum
of the three-section sheath losses of each cable cannot
accurately reflect the crowding degree of the surrounding
same-phase cables, it still reflects the irrationality of the
cable arrangement to a certain extent. The larger the sum of
the three-section sheath losses is, the more unreasonable the
location of the corresponding cable is, and a larger excita-
tion value should be assigned to the corresponding base to
improve its excitation possibility, thereby to reduce the total
sheath loss. To sum up, the summation of the three-section
sheath losses of a same cable is a more proper index as the
excitation value of the corresponding base.

For the sheath genes, the sheath loss is naturally chosen as
the excitation value of the corresponding base. Larger sheath
loss means that the three electromotive forces of the three
sheaths in this sheath-ground circuit are more unbalanced.
Meanwhile, the excitation value assignment makes it more
possible to change the position of this certain base, thereby
to have a probability to reduce the imbalance. Therefore,
this excitation value assignment makes sense. Since there
are no same bases or ‘‘0’’ bases in the sheath gene, any
two bases can form a feasible base pair, thus there are
totally x(x-1)/2 feasible base pairs in a sheath gene. At this
point, the excitation probability of each feasible base pair is
characterized as:

pipj

(
1

1 − pi
+

1
1 − pj

)
, (3)

where, pi refers to the excitation-value ratio of the ith base
in the sheath gene, pj refers to the excitation-value ratio of
the jth base in the sheath gene, i is not equal to j. Due to the
fact that a sheath is always attached to a cable and cannot be
placed in an empty duct alone, the simultaneously excited two
bases will be definitely exchanged.
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Main Loop of the Customized Agamogenetic Algorithm for the Generalized Cross-Bonded Grounding Mode
for t = 2 toM
Qtc = Pt−1 clone the parent population
for i = 1 to N
Qtc[i] = excitation (Qtc[i], cable gene) excite the cable genes of the offspring
Qtc[i] = interchange (Qtc[i], cable gene) interchange the excited cable gene within each offspring

Et = Pt−1 ∪ Qtc combine the parent and offspring population
Et = sort (Et ) sort in ascending order based on objective values
Rt = Et [1: N ] form the middle population
Qts1 = Rt , Qts2 = Rt , Qts3 = Rt copy the middle population into three clones
for i = 1 to N
Qts1[i] = excitation (Qts1[i], sheath gene of section I) excite section-I sheath gene of the first cloned population
Qts1[i] = interchange (Qts1[i], sheath gene of section I)

for i = 1 to N
Qts2[i] = excitation (Qts2[i], sheath gene of section II)
Qts2[i] = interchange (Qts2[i], sheath gene of section II)

for i = 1 to N
Qts3[i] = excitation (Qts3[i], sheath gene of section III)
Qts3[i] = interchange (Qts3[i], sheath gene of section III)

St = Rt ∪ Qts1 ∪ Qts2 ∪ Qts3 combine middle population and its offsprings
St = sort (St )
Pt = St [1: N ] reduce the super extended population

C. CUSTOMIZATION OF THE MAIN LOOP
Due to different weights of cable genes and sheath genes in
the optimization process, the customized main loop for the
generalized cross-bonded groundingmode is divided into two
stages, which are the evolution of the cable gene and the
evolution of the sheath genes, respectively. Two stages are in
a progressive relationship. Each stage consists of procedures
of clone, excitation, interchange and sort. In the algorithm
customization for the generalized cross-bonded grounding
mode, the population P is composed of N individuals, each
individual containing one cable gene and three sheath genes,
and the population P undergoes totallyM generations of evo-
lution. The pseudo-code shown at the top of the page outlines
the evolutionary process of the customized algorithm.

For the evolution of the cable gene, firstly, the
(t-1)th-generation population Pt−1 is copied into one clone.
All individuals of the cloned population experience excitation
and interchange operations only for the cable genes, with
all sheath genes unchanged, and constitute the offspring
population Qtc of size N . Then, the parent population Pt−1
and its offspring population Qtc are combined to form an
extended population Et , whose size is 2N . Next, the extended
population Et is sorted based on the objective values of
all individuals, and the top N individuals with good objec-
tive values constitute the middle population Rt . These are
the procedures of the first stage, which optimize the cable
arrangements under the current established sheath-ground
structure.

Based on the optimization results of the first stage, we car-
ried out the optimization procedures of the second stage.
At first, the middle population Rt is copied into three clones.
All individuals of the first cloned population experience

excitation and interchange operations only for the section-I
sheath genes, with all other genes unchanged, and consti-
tute the offspring population Qts1 of size N . The offspring
population Qts2 only excites and interchanges the section-II
sheath genes, with all other genes unchanged. The offspring
population Qts3 can be deduced by analogy. Then, the middle
population Rt and its offspring populations Qts1, Qts2 and
Qts3 are combined to form a super extended population St ,
whose size is 4N . Next, the super extended population St is
sorted based on the objective values of all individuals, and the
top N individuals with good objective values constitute the
tth-generation population Pt . By mutating only one-section
sheath genes in one cloned population, the second stage can
search the optimal cross-bonded configuration in a more
methodical and effective way.
To sum up, through the two-stage strategy, the population

is efficiently evolving in a positive direction. The customized
main loop for the generalized cross-bonded ground mode is
also shown in Fig. 9.

V. SIMULATION RESULTS
In this section, a real-life installation of cables in ducts
is investigated, which consists of sixteen ducts and twelve
cables including one heavy-load three-phase circuit and three
light-load three-phase circuits. The purpose of the case study
is to compare the performance of the agamogenetic algorithm
with the VIS algorithm, as described in the only two litera-
tures ([45], [46]) that genuinely and substantively optimize
cable arrangements. These comparisons are made under
the two-ends grounding mode and the single-end ground-
ing mode respectively. Additionally, the case study aims
to validate the effectiveness of the agamogenetic algorithm
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FIGURE 9. The customized iterative procedure of agamogenetic algorithm
for the generalized cross-bonded grounding mode, where the gene with
shades of gray indicates that it has mutated.

in optimizing the generalized cross-bonded grounding
configuration.

The main loop of the VIS algorithm in [45] and [46] is the
same as that of the agamogenetic algorithm in Fig. 5, except

that the excitation and interchange processes are replaced by
a completely random exchange process. For each of the first
two grounding modes, we conduct six simulations for the
two algorithms respectively, with the initial populations of six
simulations for one algorithm are the same as those for the
other algorithm respectively, to compare their optimization
performance in a relatively fair way. In each simulation of
both algorithms for the first two grounding modes, the popu-
lation size and the number of generations are chosen to be:
N = 15 and M = 100, respectively. In the simulation of
the agamogenetic algorithm for the generalized cross-bonded
grounding mode, the above parameters are set to be: N = 50
and M = 50. It is noted that we have not made any effort
in finding the best parameter settings, just pick up them
based on the experience. Numerical methods of electromag-
netic fields are used to compute the objective values of each
configuration. The load current of light-load cables is set to
the effective value of 633 amperes, and the load current of
heavy-load cables is set to the effective value of 799 amperes.
At the beginning of the simulations for each grounding mode,
we provide the standard engineering configuration and com-
pute its objective value as reference.

A. FOR TWO-ENDS GROUNDING MODE
The standard engineering arrangement of cables in this duct
bank for the two-ends grounding mode is shown in Fig. 10.
Numerical results show that the standard arrangement for the
two-ends grounding mode will lead to a total cable loss of
448.73 W/m, including the total core loss of 157.81 W/m and
the total sheath loss of 290.92 W/m.

FIGURE 10. Diagram of the standard engineering arrangement in the
chosen duct bank for the two-ends grounding mode.

The comparison of the convergence speed and convergence
accuracy for the two algorithms is illustrated in Fig. 11.
Although the agamogenetic algorithm has obviously higher
computational complexity than the VIS algorithm, the actual
computational times of both algorithms are identical. This
is because the time consumption is mainly in the numerical
calculation of electromagnetic fields of the tested configu-
rations. By contrast, the time consumption of the algorithm
itself can be ignored. Meanwhile, the averages of the optimal
total losses derived from the agamogenetic algorithm and
the VIS algorithm are 393.9449 W/m and 396.0651 W/m
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respectively, where the former is 2.1202 W/m smaller than
the latter. Therefore, it is shown in Fig. 11 that the agamo-
genetic algorithm can achieve better solutions in a higher
speed compared with the VIS algorithm, which indicates
that the agamogenetic algorithm converges faster and has a
higher optimization accuracy. In addition, the variance of the
optimal total losses found by the agamogenetic algorithm
is 0.0256 (W/m)2, smaller than that of the VIS algorithm,
which is 0.9617 (W/m)2. This indicates that the agamogenetic
algorithm has a better convergence stability than the VIS
algorithm. In summary, the above demonstrates the outperfor-
mance of the agamogenetic algorithm over the VIS algorithm
for the two-ends grounding mode of CAP.

FIGURE 11. Performance comparison between the agamogenetic
algorithm and the VIS algorithm under the two-ends grounding mode.

The optimal cable arrangement found among the six simu-
lations of agamogenetic algorithm is ‘‘0 c a 0 c b a b a C A b
0 c B 0’’, which is shown in Fig. 12. The corresponding total
cable loss is 393.7853W/m, which includes the total core loss
of 157.6793 W/m and the total sheath loss of 236.1060 W/m.
This optimal total loss has decreased by 12.24% compared
to that of the standard engineering arrangement. This large
decrease illustrates the importance of selecting the proper
cable arrangement in ducts under the two-ends grounding
mode. The volumetric loss density distribution of the metal
sheaths before and after optimization is shown in Fig. 13.
It can be seen that, compared to the standard engineering
arrangement, the optimization results of the agamogenetic
algorithm significantly reduce the circulating current losses

in the metal sheaths overall. This demonstrates the effec-
tiveness of the proposed algorithm in suppressing circulating
currents and their associated losses.

FIGURE 12. Diagram of the optimal cable arrangement found by the
agamogenetic algorithm under the two-ends grounding mode.

FIGURE 13. Volumetric loss densities of the metal sheaths for the
standard engineering arrangement and the optimal arrangement found
by the agamogenetic algorithm under the two-ends grounding mode.

B. FOR SINGLE-END GROUNDING MODE
The standard engineering arrangement of cables in the chosen
duct bank for the single-end grounding mode is the same
with that for the two-ends groundingmode (Fig. 10). Through
numerical calculation, this arrangement results in amaximum
sheath voltage of 109.74 V for a length of 500 meters, which
corresponds to the cable located in duct 11.

The comparison of the convergence speed and convergence
accuracy for the two algorithms is illustrated in Fig. 14. Simi-
larly, the total computational time of 100 generations for each
algorithm is almost the same. Meanwhile, the averages of the
optimal maximum sheath voltages derived from the agamo-
genetic algorithm and the VIS algorithm are 54.76 V and
56.87 V respectively, where the former is 2.10 V smaller than
the latter. Therefore, it is shown in Fig. 14 that the agamoge-
netic algorithm can achieve better solutions in a higher speed
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compared with the VIS algorithm, which indicates that the
agamogenetic algorithm converges faster and has a higher
optimization accuracy for the single-end grounding mode.
In addition, the variance of the optimal maximum sheath
voltages found by the agamogenetic algorithm is 0.1836 V2,
smaller than that of the VIS algorithm, which is 0.9485 V2.
This indicates that the agamogenetic algorithm has a better
convergence stability than theVIS algorithm. In summary, the
above demonstrates the outperformance of the agamogenetic
algorithm over the VIS algorithm for the single-end ground-
ing mode of CAP.

The optimal cable arrangement found among the six sim-
ulations of agamogenetic algorithm is ‘‘0 b C a b 0 a 0 b c A
c 0 B c a’’, as shown in Fig. 15. The maximum sheath voltage
in this arrangement is 54.15 V for a length of 500 meters,
which corresponds to the cable located in duct 3. This optimal
maximum sheath voltage has decreased by 50.66% com-
pared to that of the standard engineering arrangement. This
tremendous decrease illustrates the importance of selecting
the proper cable arrangement in ducts for the single-end
grounding mode. The sheath voltages of each cable over
500 meters under the single-end grounding mode before
and after optimization are shown in Fig. 16. It can be seen
that, compared to the standard engineering arrangement, the
optimal arrangement obtained by the agamogenetic algorithm
significantly reduces the maximum sheath voltage in the duct
bank and results in more balanced voltage magnitudes across
the metal sheaths.

C. FOR GENERALIZED CROSS-BONDED GROUNDING
MODE
The configuration of cables in the chosen duct bank for the
standard cross-bonded grounding mode is shown in Fig. 17.
Numerical results show that a complete cross-bonded config-
uration of the standard cross-bonded grounding mode has a
total cable loss of 274.39 kW for a length of 1.5 km (each
section being 500 meters long).

The optimal cable arrangement found by the agamoge-
netic algorithm is ‘‘a b c 0 0 b a c B C 0 A c b a 0’’,
and the optimal cross-bonded sheath structures are ‘‘7, 11,
12, 3, 6, 8, 9, 1, 5, 2, 10, 4’’, ‘‘1, 5, 7, 4, 2, 11, 12, 3,
8, 9, 6, 10’’, and ‘‘9, 2, 5, 1, 11, 6, 8, 10, 12, 4, 7, 3’’
corresponding to three sections respectively. The optimal
configuration is shown in Fig. 18. The corresponding total
cable loss is 242.36 kW/(1.5km). This optimal total cable loss
has decreased by 11.67% compared to that of the standard
engineering configuration. This large decrease illustrates the
importance of selecting the proper cable configuration in
ducts for the generalized cross-bonded grounding mode. The
volumetric loss density distribution of the metal sheaths in
each section of the cross-bonded configuration before and
after optimization is shown in Fig. 19. It is evident that
by generalizing the standard cross-bonded grounding mode
and optimizing its configuration using the agamogenetic
algorithm, the losses in the metal sheaths are almost entirely
eliminated. This thoroughly demonstrates the effectiveness

FIGURE 14. Performance comparison between the agamogenetic
algorithm and the VIS algorithm under the single-end grounding mode.

FIGURE 15. Diagram of the optimal cable arrangement found by the
agamogenetic algorithm under the single-end grounding mode.

FIGURE 16. Sheath voltages over 500 meters for the standard
engineering arrangement and the optimal arrangement found by the
agamogenetic algorithm under the single-end grounding mode. The
values indicate the maximum sheath voltages and their positions.

of the generalized cross-bonded grounding mode and the
agamogenetic algorithm in suppressing circulating currents
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FIGURE 17. Configuration diagram of the standard cross-bonded grounding mode in the chosen duct bank, where the
sheaths in the same-color ducts are connected in series.

FIGURE 18. Diagram of the optimal configuration found by the agamogenetic algorithm for the generalized
cross-bonded grounding mode, where the sheaths in the same-color ducts are connected in series.

FIGURE 19. Volumetric loss densities of the metal sheaths for the configuration under the standard cross-bonded grounding mode and for the optimal
configuration found by the agamogenetic algorithm under the generalized cross-bonded grounding mode.

and their associated losses in cross-bonded grounding. The
convergence curve of the agamogenetic algorithm for the

generalized cross-bonded grounding mode is illustrated in
Fig. 20.
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FIGURE 20. The convergence curve of the agamogenetic algorithm for the
generalized cross-bonded grounding mode.

VI. CONCLUSION
This paper contributes two major achievements. Firstly,
it proposes an efficient stochastic optimization algorithm,
namely the agamogenetic algorithm, for optimizing cable
arrangements in ducts, demonstrating higher accuracy and
faster convergence speed compared to the existing opti-
mization algorithm. Secondly, it generalizes the standard
cross-bonded grounding mode for power cable groups in
ducts and provides strategies for optimizing the cable
arrangements and sheath connections of the generalized
cross-bonded grounding mode using the proposed algorithm.
Concretely, the proposed agamogenetic algorithm applies the
roulette wheel selection strategy to the mutation process,
creating two novel operators namely the excitation operator
and the interchange operator. In the excitation operator, the
concept of the feasible base pair is proposed to ensure the
elimination of invalid mutations. Different feasible base pairs
have different excitation probabilities, ensuring the efficiency
of mutations. For the two-ends grounding mode and the
single-end grounding mode respectively, the excitation oper-
ator and the interchange operator are customized to cope with
the specific optimization goals of different grounding modes.
Although there are some differences between the same oper-
ators in different grounding modes, the basic principles of
them are the same. Thereafter, with the help of the agamo-
genetic algorithm, we are able to generalize the standard
cross-bonded grounding mode, and optimize the general-
ized cross-bonded grounding configuration to minimize the
total cable loss. The proposed algorithm is validated in a
real-life duct bank installation comprising sixteen ducts and
four three-phase circuits with different load levels. Numer-
ical results show that the agamogenetic algorithm can find
better solutions at a faster speed for both the two-ends
and the single-end grounding modes, outperforming the VIS
algorithm in the cable arrangement problem. Moreover, it is
indicated that the agamogenetic algorithm has better conver-
gence stability, with variance values of 0.0256 (W/m)2 for
two-ends grounding and 0.1836 V2 for single-end grounding,
compared to the VIS algorithm’s 0.9617 (W/m)2 for two-ends
grounding and 0.9485 V2 for single-end grounding. Simula-
tion results also demonstrate that the optimal loss or voltage

found by the agamogenetic algorithm decreases by 12.24%
and 50.66% under the two-ends and single-end grounding
modes, respectively, compared to the standard engineering
arrangement. Furthermore, numerical results confirm the
effectiveness of the agamogenetic algorithm in optimizing
the generalized cross-bonded grounding configuration, with
a total loss decrease of 11.67% compared to the standard
engineering arrangement.

However, there are some limitations in the proposed
algorithm. Due to the characteristics of the discrete opti-
mization problem, the search results of the algorithm cannot
always guarantee finding positions very close to the global
optimum. Additionally, in several optimization simulations,
the agamogenetic algorithm does not exhibit significant
advantages over the existing method, such as in the fourth
graph of Fig. 11 and the fifth graph of Fig. 14, where the
optimization results are very similar to those of existing
methods. This limitation could potentially be improved by
designing more reasonable base excitation values or setting
adaptive base excitation values.

APPENDIX
The sum of the excitation probabilities of all feasible base
pairs derived from the set I and J is:∑
i∈I

∑
j∈J

pipj

(
1

1−PI
+

1
1 − PJ

)
=PIPJ

(
1

1−PI
+

1
1 − PJ

)
.

Assuming that all non-zero bases can be divided intom sets
{I1, I2, . . . , Im}, each set containing only one type of base, the
total excitation probability can be calculated as:

PI1PI2

(
1

1 − PI1
+

1
1 − PI2

)
+ PI1PI3

(
1

1 − PI1
+

1
1 − PI3

)
+ · · · + PI2PI3

(
1

1 − PI2
+

1
1 − PI3

)
+ · · ·

=
PI1

1 − PI1

(
PI2 + PI3 + · · · + PIm

)
+

PI2
1 − PI2

(
PI1 + PI3 + · · · + PIm

)
+ · · · .

Considering the fact that the sum of excitation probabilities
of all individual non-zero bases is 1, which is characterized
as:

PI1 + PI2 + · · · + PIm = 1,

the expression of the total excitation probability can be sim-
plified to

PI1
1 − PI1

(
1 − PI1

)
+

PI2
1 − PI2

(
1 − PI2

)
+ · · · +

PIm
1 − PIm

(
1 − PIm

)
= 1.

Therefore, it is demonstrated that the total excitation prob-
ability of all feasible base pairs for the two-ends grounding
mode equals 1.
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