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ABSTRACT This paper proposes an Enhanced Fruit Fly-Based Optimization (EFFO) approach to optimize
the placement of reactors in an underground transmission system with the consideration of fluctuating
loads. The EFFO method is inspired by the foraging behavior of fruit flies, which assists in the effective
optimization of problem-solving. In this study, a mathematical model is developed to establish relationships
among interconnected reactors, sheath loss, and induced voltage. The method integrates sheath loss with
installation costs in the formulation of the objective function, providing intelligent decisions about reactor
placement in underground transmission systems. Furthermore, the study addresses diverse load currents,
ensuring that placement decisions comply with current regulations and are suitable for practical operations.
To validate the proposed method, simulation tests are conducted on two underground transmission systems
and compared with alternative methods. The simulation results demonstrate that the proposed approach
effectively reduces sheath losses and exhibits satisfactory compensating performance. This study serves as
a valuable reference for decision-making in the design and planning of underground transmission systems.

INDEX TERMS Underground cable, improved fruit fly optimization algorithm, sheath loss.

I. INTRODUCTION

Ensuring the quality and reliability of the power supply stands
as a foremost area of concern. With the changes in eco-
nomic structure and societal patterns, if the stability of power
transmission lines is inadequate, it will inevitably impact
the overall efficiency of the power system operation and
even accelerate line aging and damage, leading to additional
economic losses [1], [2], [3]. Therefore, power companies
are steadfastly committed to fortifying the infrastructure of
transmission lines and implementing a spectrum of protective
measures aimed at bolstering the stability and resilience of the
power transmission system [4].
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By observing the rapid development of power technology
and urbanization in recent years, the 69 kV and 161 kV
underground power transmission systems have been deployed
and applied in science parks, industrial areas, and metropoli-
tan regions in Taiwan. Underground transmission not only
reduces susceptibility to external environmental influences
but also contributes to urban beautification. However, the
extensive use of underground cables has also given rise to
new operational issues. For in- stance, single-core shielded
cables are susceptible to the magnetic linkage between high-
voltage conductors, shielding conductors, and grounding,
leading to induced voltage and circulating currents on the
cable sheath [5], [6]. If the induced voltage becomes too high,
it may cause electric shock incidents for construction per-
sonnel. Likewise, excessive circulating currents may result
in cable overheating and increase the sheath losses of the
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lines [7]. Regarding the use of underground cables, there are
already different regulations made based on their transmis-
sion levels. The way of effectively improving the operational
efficiency of these cables has become an important research
topic for academic studies and power industry operation
departments [8].

Currently, the main type of underground cables used in
domestic installations of Taiwan is cross-linked polyethylene
(XLPE) cable. To balance the three-phase induced voltage
on the shielding copper wires of the cable and reduce cir-
culating currents, it is common to employ a cross-bonding
method to group three segments while the cable shielding
layer is grounded at both ends [9], [10], [11]. Yet in practical
operations, it is challenging to ensure a perfectly uniform
and equal distance between each segment due to construction
difficulties and environmental factors. Consequently, there
have been studies proposing alternative strategies to reduce
sheath losses. For example, a method was suggested based
on the adjusting the arrangement of cable lines to decrease
sheath losses [12]. Nevertheless, this method was not suit-
able for improving existing underground power transmission
systems and did not account for additional costs that may
arise from the increased terrain-related cable length. Another
study proposed the use of cable sheath voltage limiters [13].
However, these voltage limiters may have different speci-
fications depending on the cable type, and the equipment
itself also requires regular inspection and maintenance. Addi-
tionally, some literature has adopted a grounding method to
improve the cable operation [14]. The main concept is to
ground both ends of the cable sheath without the need for
an additional common grounding wire. In other words, one
of the phases of the three-phase cable sheath is utilized as the
common grounding wire. The demerits of this method may lie
in the need of specific grounding protection devices, by which
its compatibility and applicability to domestic underground
power transmission systems needs careful evaluation.

Based on the literature discussed above, this study applies
an improved fruit fly optimization algorithm to plan the
installation of compensating reactors for underground power
transmission systems [15]. The planning decision takes
sheath losses and installation costs into account, consider-
ing both full load and varying load currents. The aim is to
enhance the transmission quality of the power grid while
also considering economic efficiency [9], [11], [16]. While
numerous individuals have raised doubts regarding the pro-
liferation of heuristic algorithms, the No Free Lunch (NFL)
theorem indicates that if an algorithm excels over the other
algorithm in solving a certain problem, it does not guarantee
similar superiority in tackling the other problem [17]. In other
words, there is no universal algorithm capable of optimizing
all problems. Consequently, given the increasing complexity
of problem domains, the academic community continues to
encourage the development of diverse optimization algo-
rithms. The distinctive features of this research are presented
below:
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1) By integrating sheath loss and installation costs into the
objective function for making decisions about reactor
placement, this study takes the diverse load currents
into consideration, offering solutions that not only con-
form to current regulations but also align more closely
with practical operations.

2) In contrast to existing optimization algorithms, the
method introduced in this study incorporates an
additional position-updating mechanism in tandem
with a search enhancement technique. This enhanced
approach has demonstrated its effectiveness in address-
ing the specific problem under consideration

3) The proposed method is systematic and can be seam-
lessly integrated into any commercial software for
utility planning applications.

The proposed method was tested on two real underground
systems in Taiwan, and the obtained results were compared
with those achieved using existing methods. The remainder
of this paper is organized as follows: Section II describes
the paradigm of reactor placement problem, Section III
presents the proposed method and its computation procedure,
Section IV discusses the numerical tests, and Section V draws
conclusions.

Il. PROBLEM DESCRIPTIONS

A. MODELING OF UNDERGROUND CABLE SHEATH
Cross-bonding is the grounding implementation of cable
routes using three consecutive manholes as a group, as shown
in Figure 1. In the figure, D1, D2, D3, and D4 represent the
manhole numbers, while d1, d2, and d3 represent the lengths
of each section. The first manhole (D1) utilizes a regular
joint box, with the metallic sheaths on both sides of the joint
box continuously connected, and the three-phase sheaths are
grounded together. On the other hand, the second manhole
(D2) and the third manhole (D3) use insulated joint boxes to
rearrange the sheaths in sequence through protective devices,
effectively reducing the sheath-induced voltage. Fig. 2 illus-
trates the distribution of the sheath-induced voltage.

FIGURE 1. Diagram of cross-bonding.

Fig. 3 shows the equivalent circuit diagram of the cable
sheath. As depicted in the figure, this paper focuses on
series-connected compensating inductors at the second phase
swapping location of the three-phase cable. The circulating
currents in the three-phase sheaths can be obtained from (1),
as shown at the bottom of the next page, where V4, Vp, and
Vc represent the sheath-induced voltages of the three-phase
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FIGURE 2. Sheath-induced voltage distribution of cross-bonding.
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FIGURE 3. Equivalent circuit diagram of the cable sheath.

cable, and R is the ground resistance, whose value can be
obtained from the following calculation:

3
Vi =D joo x di x My XIL )
i=1
where V,, represents the sheath-induced voltage of the nth
phase of the cable, w is the angular frequency, d; is the
distance of the ith segment, Iy is the load current, and M,,,
is the coupling inductance coefficient of the nth phase cable
sheath affected by the load current of the mth phase. Its
calculation is done as follows:

e

4, D .
Mym =2 x 107" In , ifm#n
Xnm (3)

4, Do .
Muyn=2x100"In—, ifm=n
Is

where r; is the average radius of the cable’s shielding copper
wire, xp,;, is the mutual spacing between the nth phase cable
and the mth phase cable, and D, represents the skin depth
when the shielding layer acts as a loop with the ground. In (1),
Za, Zp, and Zc¢ represent the sheath impedances of three
phases, and their calculation are shown as follows:

3
Zy= > Zi+R; +jwL, 4
i=1

Zi=d; x (Rsn +szh) (5)

where Z, represents the sheath impedance of the nth phase
cable, R; is the connection resistance, L, is the value of
the compensating reactor added to the nth phase, Z; repre-
sents the sheath impedance of the ith segment, Ry, denotes
the sheath resistance, and X, represents the sheath reac-
tance. The sheath reactance may vary depending on the cable
arrangement and mutual spacing, and its calculation is per-
formed below:

4. JXABXBCXCA
In ————

Is

X = 2w x 10~ (6)
where r; is the average radius of the cable’s shielding copper
wire, and x4p, xpc, and x4c represent the mutual spacing
between the cables.

B. FORMULATION OF OBJECTIVE FUNCTIONS

When addressing the planning of compensation inductance
installation, this article simultaneously encompasses the
goals of minimizing both sheath loss and installation cost
within the framework of its objective function. First, concern-
ing the sheath loss of Py after adding compensation reactor
to the system, it is calculated as follows:

i
Py = ZZRsh “dj - |Ish,ni2 @)
i=1 n=1

where j and p represent the total number of segments and
total phases of the underground cable system, respectively.
To achieve the solution consistency, it is necessary to normal-
ize the sheath loss. Therefore, the first objective function fi
is formulated as follows:
min
fi= H ®)
sl sl
where ;’l’i" is the sheath loss of the cable system after com-
pensating with maximum capacity of reactors at all installable
locations, Pj;** is the total sheath loss before compensation,
and Py is the sheath loss of the cable system prior to com-
pensation. Furthermore, by taking economic benefits into
account after installing reactors, the computation of invest-
ment is given below:

P
Cost = Z Cprice,n(Ln) 9
n=1
where Cost represents the reactor installation cost, Cpyice,n
denotes the cost of compensating reactor at the nth phase,
and L, is the value of reactor for the nth phase. Through the

Ro(Va-Zp+Va-Zc —Vp-Zc — Ve -Zg)+Va-Zp-Zc

Ish,A =

RG(Zp -Zp+Z4 - Zc +Zp-Zc)+Za - Zp - Zc

Ro(Vp-Zps—Va-Zc — Ve -Za+Vp-Zc)+ Vg -Zp - Zc

sh,B =

ey

RG(Zp -Zp+Zp - Zc +7Zp-Zc)+Za - Zp - Z¢

Rc(Vec -Zo—Vp-Zy—Va-Zp+Vc-Zp)+ Ve -Zs-Zp

Lgc =
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following normalization, the second objective function of f>
for this study is formulated below:

Cost — Costyin
- Costyax — Costiin

f

(10)

where Costy,;,, and Costyy,,, represent the minimum and max-
imum values of the reactor installation cost, respectively.
Finally, based on the derived objective functions for sheath
loss and installation cost, by incorporating their respective
weight values, a multi-objective function model can be con-
structed and expressed as follows:

Minimizef = wi X fi + w2 X f> (11)

where fi and f> individually represents the objective func-
tions for sheath loss and installation cost, and wi and wy
are the weight values assigned to each function with a total
weight summation of 1. Depending on practical power appli-
cation requirements, the weight values can be adjusted to
allocate proportions to the objective functions. Moreover,
by considering the impact of induced voltage rise after reac-
tor compensation, this study simultaneously introduces the
induced voltage constraint. Given that the upper limit of the
induced voltage is 65 V, the constraint is formulated as shown
below:

v < g5y (12)

where V"* represents the maximum induced voltage of the
nth phase cable after compensation.

lIl. COMPUTATION OF PROPOSED ALGORITHM

Based on the formulation of objective functions and corre-
sponding constraints, this paper utilizes the enhanced fruit
fly-based optimization (EFFO) approach for the reactor
placement of underground transmission system. The aim is
to utilize the excellent solving capability of this algorithm
to ensure that the planning meets the optimal compensating
reactor configuration requirements. This section describes
the establishment of the algorithm model and the calculation
process.

A. IMPROVED FRUIT FLY-BASED OPTIMIZATION
ALGORITHM

The fruit fly optimization algorithm mimics the foraging
behavior of fruit flies in the natural environment [18], [19],
[20], [21]. The fruit fly is an insect distributed in tropical and
subtropical climates, often found in areas abundant in fruits
or food sources. When a fruit fly seeks food, it utilizes its
snap-tentacles to detect specific odor molecules in the air.
By comparing the strength of odor signals received by its two
tentacles, the fruit fly determines the direction of the food
source. If one tentacle receives a stronger odor signal than
the other, then the fruit fly will move towards the direction
of the stronger signal to locate the food. Fruit flies also
communicate using chemical signals such as pheromones.
If they discover the location of food, they release chemical
substances to attract other fruit flies. However, during the
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process of foraging, fruit flies may encounter environmental
changes or predator attacks. Upon detecting danger, they
immediately move in a different direction to escape and avoid
the threat.

Based on the aforementioned foraging behaviors of fruit
flies, the equivalent relationship between the algorithm
and compensation planning is first delineated. During the
algorithm-solving process, the coordinates of each food
source is regarded as feasible solutions for the instal-
lation planning of a set of compensation devices. The
intensity of food odor represents the quality of the instal-
lation of that set of compensation devices. It is known
that once the fruit fly receives signals emitted by compan-
ions located at the positions with the most significant odor
of food, they would move towards that location to con-
duct a search. Therefore, the algorithm initially denote the
fruit fly population as F= (F1,F3,...Fj,...Fy) consisting
of M individual fruit flies. The position of each fruit fly
represents a coordinate, equivalent to M sets of different
reactor installation plans. Subsequently, the fruit fly popula-
tion searches towards the direction of the food and updates
their position coordinates, which is modeled by the following
equation:

Filk + 1) = Fik) + vi(k) (13)
[ vilk + 1) = vi(k) + £i(Fpess (k) — Fik))

€ = &min + ¥ (Emax — €min)
(14)

where Fj(k) and F;(k+1) represent the position coordinates
of the i-th fruit fly in the k-th and k+-1-th iteration, Fp,g (k) is
the position coordinates of the food in the k-th iteration, v;(k)
and v;(k+1) represent the displacement of the i-th fruit fly
in the k-th and k-+1-th iteration, with r is a random variable
ranging between 0 and 1. Meanwhile, due to variations in
the sensitivity of each individual fruit fly to odor reception
and differences in flying capabilities, their abilities to search
for food also vary. This diversity in searching ability con-
tributes to differences in effectiveness. Therefore, in (14) of
this mechanism, distinct flying abilities are assigned to each
fruit fly to enhance the diversity of their movement speeds.
This, in turn, increases the likelihood of finding high-quality
solutions, where ¢; represents the searching ability of the i-
th fruit fly, while epnax and eni, denote the upper and lower
limits of searching ability.

After establishing the fruit fly food search mechanism,
this paper proceeds to introduce the adverse environment
mechanism. This mechanism considers the possibility that
fruit flies might encounter weather changes or predator
attacks while searching for food in their natural environ-
ment. In other words, when unfavorable survival factors
are detected during the food search process, fruit flies
will promptly alter their flight direction to avoid harm.
The mathematical model for this mechanism is presented
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as follows:

Fi(k +1) = Fi(k) + H X (Fnax — Fmin), If p <p  (15)
F(%) 1 1
F(z) Vo)

H(x) = (16)

where Fpi, and F,, are the lower and upper limits of
the control variable, H(x) represents the probability density
function of the z-distribution (Student’s t-distribution), I" is
the Gamma distribution function, v stands for the degrees
of freedom of the ¢-distribution, and x is a random variable
following the z-distribution. Through this probability density
function, the diversity of feasible solutions can be increased,
hence benefiting the global search capability.

Building upon the previously discussed algorithm,
we present an enhanced fruit fly optimization algorithm
(EFFO). The motivation behind this enhancement lies in the
behavior of the original method, where the fruit fly with the
highest food odor value does not respond to the pheromones
released by other fruit flies, potentially resulting in limited
movement. Such practice may overlook detailed searching
and could potentially get trapped in local solutions. Hence,
this paper strategically integrates a search enhancement tech-
nique to amplify exploration in the proximity of the current
optimal solution, fortifying the search within its immediate
vicinity. This increases solution variability, providing an
opportunity to escape local solutions and find a globally
better solution. The mathematical modeling of this search
enhancement is presented below:

Fi(k 4+ 1) = Fpes (k) + TR(k)if rand > si(k) (17)
Ri(k + 1) = (XRi(k)
(18)
[ sitk+1) =8 [l — exp(—k)]
The above equation first determines whether to initiate
detailed searching through a probability function. In other
words, if the random value (rand) is greater than the probabil-
ity s;(k) of the i-th fruit fly executing the search enhancement
method at the kth iteration, then the detailed movement
is performed. Here, t is a random number ranging from
—1 to 1, R;(k) and R;(k+1) represent the search enhance-
ment ranges of the i-th fruit fly at the k-th and (k+1)-th
iterations, rand is a random variable between 0 and 1, o
is the range parameter, and § is the probability of trigger-
ing of the search enhancement. After executing the search
enhancement, the objective function value at the new loca-
tion is calculated when moving to the new location. This
value is then compared to the objective function value of
the existing best solution, Fpes (k). If the objective value
at the new location is lower than that of the current best
solution, the new location would supersede the original best
solution, resulting in the emergence of a new optimal solu-
tion. This is equivalent to finding a better plan of reactor
placement.
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B. COMPUTATION PROCEDURE

Fig. 4 is a schematic diagram of the improved fruit fly opti-
mization algorithm process. As depicted in the figure, this
approach initiates by gathering data from the underground
cable system, which is essential for simulating the planning of
compensation device installations. Meanwhile, cable specifi-
cations, cable arrangements, cable lengths for each segment,
and cable load current data are all input into the algorithm.
Subsequently, constraints related to the safe operation regu-
lations for underground cables are established, followed by
the configuration of algorithm-related parameters.

Once the system data and algorithm-related parameters
have been configured, a population of fruit flies compris-
ing M positions is generated. The fruit fly population can
be represented as F = [F1, F, L Fi, ..., Fy], and the
control variables for solving the optimization problem are
equivalent to the positions of the fruit flies, represented as
Fi = [fi1, fi2> .-+ fij» ---» fin], where f;; represents the
Jj-th position of the i-th fruit fly. Within the framework of
the issue addressed in this paper, aimed at enhancing cable
insulation loss, each f;; can be regarded as the reactance
necessary for compensating the j-th phase of the sheath. There
exist N phases of sheaths where compensatory devices can
be deployed. A value of 0 indicates that no compensation
inductance is required for that particular sheath phase.

Next, the food odor values corresponding to the positions
of each fruit fly are computed, reflecting the objective func-
tion values for each feasible solution group. After inputting
the coordinates of each fruit fly’s position into the objective
function, the respective objective function values for each
fruit fly’s position can be determined. Subsequently, these
objective function values are sorted. It is also noted here that
this paper frames reactor placement planning as a minimiza-
tion problem, where lower objective function values signify
greater improvements in power transmission quality and cost-
effective installation.

After assessing the quality of each fruit fly’s position, the
fruit fly searching for food mechanism is executed, followed
by the adverse environment mechanism, which is the search
enhancement method to update the positions of the fruit flies.
Next, the food odor values at the new positions are compared
with those at the previous positions. If the odor value is
higher after the movement, the fruit fly’s position is updated,
replacing the original position. Conversely, if the odor value
at the new position is not higher than the previous one, the
fruit fly remains in its original position.

The fruit fly population undergoes continuous updates via
the previously mentioned mechanism. With each increased
iteration, the fruit flies progressively converge towards the
location with the highest odor value, signifying the ongoing
refinement of feasible solutions toward the optimal solution.
The output decoding result of this best solution signifies
the precise placement location of the compensation device.
This planning outcome can serve as a valuable reference for
the design and planning of underground power transmission
systems.
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and operation constrains
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v

Update the positions of fruit flies
v
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v

Save the best solution for each iteration

C Output results )

FIGURE 4. Flowchart of computation process.

IV. NUMERICAL STUDIES

This paper utilizes the improved fruit fly optimization
algorithm for the planning of underground cable compen-
sation device installation, with the aim of maximizing the
effectiveness of the device placement. The algorithm is con-
figured with a maximum iteration limit of 150 iterations,
a population of 100 fruit flies, and search enhancement range
and triggering probability parameters set to 0.9. Once the iter-
ation count, fruit fly population size, and power transmission
system parameters are all determined, the calculation process
begins.

A. TEST 1

Fig. 5 shows the system architecture of test 1, where the cir-
cuit is divided into six segments from substation E/S to C/S.
Each manbhole in this system is individually labeled as D1 to
D5, with D1 being the closest to substation E/S and D5 being
the farthest away. This test line is divided into two alternating
grounding segments: E/S to D3 and D3 to C/S, with a total
length of approximately 1.9 kilometers. Both underground
cables in the test lines of this system use 161 kV cross-linked
polyethylene cables, as specified in Table 1. As shown in the
table, this system operates in a dual-circuit configuration with
a conductor size of 2000 mm? for each single-core copper
conductor, which is capable of transmitting a rated current
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FIGURE 5. System architecture of test 1.

TABLE 1. Cable specification of test 1.

Mutual Distance

Segment Distance Three-phase cable

Section (km) bethzrir:nc)ables placement
E/S to D1 0.375 115
D1 to D2 0.371 115
D2 to D3 0.357 115
D3 to D4 0.2304 115
D4 to D5 0.317 115
D5 to C/S 0.235 115

of 1080 A. The primary focus of this test line is on phase A,
B, and C, while X, Y, and Z form another parallel circuit.
Therefore, when investigating the primary circuit, it is also
necessary to consider the effects generated by the parallel
circuit.

1) SCENARIO 1: FULL LOAD CURRENT

This simulation scenario aims to investigate the operational
conditions and compensation of cable sheaths when both
circuits are at full load current. The simulation includes the
induced voltage limit to ensure the reactor compensation
planning meets the requirement of safe voltage operation.
Table 2 presents the compensation results for this scenario.
From the table, it can be observed that the total three-phase
sheath losses have decreased from 1714.3 W to 147.97 W
after the compensation. There is a decreasing trend in the
three-phase sheath circulating current after the compensation.
Fig. 6 illustrates the distribution of induced voltage with and
without the compensation. It is evident that the arrangement
of test line is relatively symmetrical, but there is a difference
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TABLE 2. Compensation results of scenario 1.

E/Sto D3 D3 to C/S

Compensation reactor 0.2, Phase A 0.7, Phase A

P (D 0.15, Phase B 0.7, Phase B

0.05, Phase C 0.6, Phase C
Installation cost 526 p.u.
Sheath loss befpre the 17143 W

compensation

Sheath oss after the 147.97 W

compensation

——  Phase A(Without inductors) Phase B(Without inductors) Phase C(Without inductors)

Phase A(compensated) ——  Phase B(compensated)
a5

40
35
30
25
20 N\
15
10

‘7 |

0

——  Phase C(compensated)

Induced voltage(V)

(,
i
it

E/S DI D2 m D4
Distance(m)

FIGURE 6. Distribution of induced voltage with and without the
compensation.

in segment lengths, particularly in the D3 to C/S section due
to topographical factors. Consequently, this section exhibits
a higher maximum induced voltage and sheath circulating
current compared to the E/S to D3 section, exhibiting the
improvement in the sheath operation. The compensation
strategy proposed in this paper hence suggests installing a
larger reactor in this section, leading to a relatively greater
increase in three-phase induced voltage. It is, however, worth
noting that at any point in each segment, this induced voltage
remains within the safety standard of 65V.

2) SCENARIO 2: VARYING LOAD CURRENT
To align reactor deployment more closely with actual con-
ditions, this simulation scenario involves applying various
daily load currents to the sheath operation model of the test
line. Since this system belongs to a dual-circuit coaxial cable
system, the load currents of the line will mutually induce
each other’s cable sheath layers. Therefore, when seeking
the reactor compensation, it is necessary to simultaneously
consider the coexistence mode and operational status of both
lines. Taking the calculation of phases A, B, and C as an
example, when formulating the sheath operation model for
the whole day, it is necessary to consider the load current of
the main circuit during that time period and pay attention to
load currents of adjacent coexisting lines, namely phases X,
Y, and Z. Fig. 7 shows the daily load current curves of phase
ABC and XYZ of the test lines. As depicted in the figures, the
maximum load current for phase ABC occurs at 8 AM with a
peak value of 1080 A. On the other hand, the maximum load
current for the coexisting line XYZ occurs at 10 PM with a
peak value of 1017.36 A.

Next, the daily load current curves of the aforementioned
test lines, the cable lengths in various sections, the way of
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FIGURE 7. Load current of test line on the whole day.

arrangement, and cable spacings are delivered to the cable
sheath calculation model to obtain simulation results for com-
puting daily sheath losses. This testing system comprises two
sets of interleaved grounding, requiring the installation of six
compensation reactors connected in series to the cable sheath
of phases A, B, and C in the grounding sections. Through
the calculation, the capacity for each compensation reactor
can be determined. Table 3 shows the compensation results
of this scenario 2. For the E/S to D3 section, the tabulation
shows that there is no need to install compensation reactors.
The main difference between scenario 1 and 2 lies in that for
scenario 1, the load current increases when operating at full
load, leading to a larger per-phase circulating current, and
therefore, the installation of compensation reactors per phase
can significantly suppress core losses. However, for sce-
nario 2 with varying load currents, the line is not operated at
full load for extended periods, resulting in smaller per-phase
circulating currents over time. There is less room for improve-
ment in core losses. Hence, after evaluating the reduction in
sheath losses and the desired increase in installation costs
for this section, the algorithm suggests that compensation
devices may not be needed.

TABLE 3. Compensation results of scenario 2.

E/S to D3 D3 to C/S
C . " 0, Phase A 0.75, Phase A
"mpe“(sa ;’)“ reactor 0, Phase B 0.75, Phase B
m 0, Phase C 0.75, Phase C
Installation cost 3.89 p.u.
Sheath loss befpre the 14497 58 W
compensation
Sheath loss afFer the 1253.80 W
compensation

Fig. 8 plots the sheath current of phase A before and
after compensation in the section of D3 to C/S. As shown
in the figure, after installing compensation reactors, both the
daily three-phase circulating currents and the daily maximum
circulating currents in this section are significantly decreased.
Moreover, the maximum induced voltages at each phase after
connecting the compensation reactors do not exceed the rated
operating standards. The sheath losses of a whole day have
also decreased from 14,497.58 W to 1,269.4 W. These test
results demonstrate that the method proposed in this paper
offers better economic benefits.
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FIGURE 8. Sheath current of phase A before and after compensation in
the section of D3 to C/S.

To further verify the performance of the method, this
test case compares the simulation results of each method
presented in Table 4 and Fig. 9. Method-1 is the particle
swarm optimization algorithm, Method-2 is the fruit fly opti-
mization algorithm, and Method-3 is the improved fruit fly
optimization algorithm. For each method, Table 4 lists the
minimum, average, and maximum objective function values,
average computation time, and standard deviation after 50 tri-
als. A smaller standard deviation indicates that most of the
optimal solutions are close to the average value. Although
the minimum objective function values for various methods
are similar, Method-3 yields relatively smaller maximum
values, average values, and standard deviations. This suggests
that the proposed method has better convergence properties
compared to the other methods. However, its average com-
putation time is slightly longer than that of the other two
methods. Fig. 9 depicts the frequency distribution of objective
functions for each method. The figure clearly shows that
Method-3 exhibits a notably higher frequency of superior

TABLE 4. Convergence results for test 1.

Approach Method-1 Method-2 Method-3
Maximum 0.2233 0.2217 0.2141
Minimum 0.2125 0.2125 0.2125
Average 0.2194 0.2176 0.2128
Standard deviation 0.0037 0.0022 0.0007
Average computation 554 534 575
time
m Method-1
50 m Method-2
Method-3

40

/
=

20

Frequency

10

0.2125~0.2161 0.2161~0.2197 0.2197 above

Range of objective values

FIGURE 9. Frequency of convergence for test 1.
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objective function solutions, demonstrating the stability and
outstanding performance of the method introduced in this

paper.

B. TEST 2

The circuit in this test 2 is a co-constructed underground cable
system in Taiwan, where all four lines use 2,000 mm? cross-
linked polyethylene cables with a transmission voltage level
of 161 kV and a rated operating current of 1,194 A. Fig. 10 is
the system architecture of test line. As shown in the figure,
the line is divided into nine sections from the ultra-high-
voltage substation E/S to the distribution substation D/S. The
cables are grounded using three sets of cross-connections.
In this system, each of these manholes in the system is
named F1 to F7, with F1 being the closest to the ultra-
high-voltage substation E/S and F7 being the farthest. Due
to different co-construction line configurations and arrange-
ments in various sections of this test line, and the mutual
induction of load currents on each other’s cable sheaths, this
paper takes the segment length, the number of lines, and the
arrangement into considerations when determining the com-
pensation device strategy as shown in Table 5. From the table,
it is seen that the system from E/S to F1 is a single-circuit
system, which is the main focus of this section consisting
of phases A, B, and C, individually. The F1 to F4 sections
are co-constructed with another double-circuit underground
cable line, making it a four-circuit system, while the remain-
ing sections are double-circuit co-construction systems. This
line is divided into nine segments with cable grounds via the
way of cross-connection. The total length of the line spans
approximately 2.2 kilometers, segmented into three groups
of cross-connected grounding segments: from E/S to F3, from
F3 to F6, and from F6 to D/S.

Extra-High
Voltage Substation  F1 F2 F3 F4 F5 F6 F7 F8
Phase A

Distribution
Subs tation

Phase B<<_]

Phase C<<_]

FIGURE 10. System architecture of test 2.

1) SCENARIO 1: FULL LOAD CURRENT
In this simulation scenario, the three-phase load currents of
all four co-constructed circuits are modeled at their full load
capacity of 1,194 A. The simulation is carried out separately
for the sections from E/S to F3, F3 to F6, and F6 to D/S
to analyze their operating conditions before the placement
of reactors. The arrangement of each section, the segment
length, and the load currents for each phase of the cables are
all input into the calculation model to determine the induced
voltage and circulating current for each section, by which the
sheath losses before the reactor compensation are computed.
Following the completion of aforementioned calculations,
the study proceeds to determine the compensation strategy
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via the proposed algorithm. The test circuit encompasses
a larger-scale underground cable system spanning approxi-
mately 2.2 kilometers in total length, encompassing three sets
of cross-connected grounding. Consequently, the installation
necessitates nine compensation reactors. These reactors are
strategically connected to the sheaths of A, B, and C phase
cables within these three cross-connected grounding regions,
specifically spanning from E/S to F3, from F3 to F6, and from
F6 to D/S.

TABLE 5. Cable specification of test 2.

Mutual Distance
between cables
(mm)

Segment Distance
(km)

Three-phase cable

Section
placement

A-B 115
B-C 115
C-A 115

E/S to F1 0.2569

A-B 220
B-C220
C-A310

FltoF2 0.2502

A-B 220
B-C 220
C-A310

F2to F3 0.2026

A-B 490
B-C 220
C-A310

F3toF4 0.2465

A-B 310
B-C310
C-A 620

F4to F5 0.2554

A-B310
B-C310
C-A 620

F5to F6 0.2576

A-B 310
B-C310
C-A438

F6 to F7 0.2531

A-B 310
B-C310
C-A 620

F7to F8 0.2418

A-B310
B-C310
C-A 620

F8to D/S 0.2323

Table 6 tabulates the compensation results of this sce-
nario. The installation cost for this case is 6.64 p.u. Due
to the different arrangement in the section from E/S to F3
and the spacing between phases, it requires the installation
of larger-capacity compensation reactors. The total sheath
losses for all three phases can be reduced from 5859.45 W to
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TABLE 6. Compensation results of scenario 1.

E/S to F3 F3 to F6 F6 to D/S
Compensation 0.8, Phase A 0.5, Phase A 0.1, Phase A
reacfor (kD 04,Phase B 0.15,Phase B 0, Phase B
0.2, Phase C 0.2, Phase C 0.05, Phase C
Installation cost 6.64 p.u.
Sheath Loss before 5850 45 W
the compensation
Sheath Loss after the 55749 W
compensation
= Phase A(Without inductors) —— Phase B(Without inductors) = Phase C(Without inductors)
- Phase A(compensated) = Phase B(compensated) = Phase C(compensated)
i A N
/[~ [~ N\
P —— / A 1/— N\,
4
Y
Fl1 F2 F3 F4 F5 F6 F7 F8 D/S

Distance (m)

FIGURE 11. Distribution of induced voltage with and without the
compensation.

557.49 W. Fig. 11 shows the distribution of induced voltages
before and after compensation under this scenario one. The
figure reveals that both before and after installing the com-
pensation reactors, the maximum induced voltage does not
exceed the specified limit of 65 V, aligning with the cable’s
operational requirements.

2) SCENARIO 2: VARYING LOAD CURRENT

This scenario explores the compensation planning under
varying load currents. Fig. 12 displays the daily load cur-
rent curves for this tested system, where the maximum load
current for phases A, B, and C occurs at 10 PM, while the
minimum load occurs at 6 AM. For phases U, V, and W, the
maximum load current happens at 12 AM, and the minimum
load occurs at 8 AM. Phases R, S, and T experience their
maximum load current at 4 PM, with the minimum load
occurring at 5 AM. Finally, phases X, Y, and Z reach their
maximum load current at 10 PM with the minimum load
occurring at 2 PM.

Phase ABC load current Phase RST load current
< 1500 < 1500
£ 1000 £ 1000 \/\/\
E E
3 500 3 500
= =
g o g o0

1357911131517192123 1357911131517192123

Time(hr) Time(hr)
Phase UVW load current Phase XYZ load current

g 1500 g 1500
g 1000 \/\/\\/v\‘\ g 1000 /\/\/\
=] =]
3 500 3 500
< <
g 0 g 0
— —

1357911131517192123
Time(hr)

1357911131517192123
Time(hr)

FIGURE 12. Load current of test line on the whole day.
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This transmission line consists of three intersecting junc-
tions, where nine compensation reactors can be added, each
installed on the sheath of the A, B, and C three-phase cables
from E/S to F3, F3 to F6, and F6 to D/S, as shown in Table 7
for the simulation results. From the table, it can be observed
that within the section from F6 to D/S, the circulating current
is lower due to the similar arrangement and permutation
length. Under non-full load conditions, the sheath loss is very
limited. Therefore, the addition of compensation reactors in
this section can only marginally reduce the insulation loss,
yet it may significantly increase the construction cost. More
attentions are suggested to pay to this outcome during the
planning process. Fig. 13 plots the sheath current of phase A
before and after compensation in the section of E/S to F3.
As shown in the figure, the circulating current of a whole day
significantly decreases after the compensation.

Table 8 presents the convergence results of each method on
test 2 after conducting 50 independent experiments. Although
all methods achieved similar minimum objective function
values, Method-3 exhibits the smallest standard deviation.
Fig. 14 shows the frequency distribution of objective function
values within a specified range. The figure indicates that
Method-3 has a higher probability of reaching high-quality
solutions. Regardless of the testing system used for simula-
tion, Method-3 consistently reaches the minimum value as
observed from the figure and the tabulation. Furthermore,
when compared to several previously published methods in
multiple test results, the proposed approach demonstrates a
greater ease of convergence to higher quality along with more
robust solutions. This makes it suitable for application in

TABLE 7. Compensation results of scenario 2.

E/S to F3 F3 to F6 F6 to D/S
C i 0.8, Phase A 0.35, Phase A 0, Phase A
rgar:;lt)(frn(sriﬂl-(l))n 0.35, Phase B 0.5, Phase B 0, Phase B
0.2 Phase C 0, Phase C 0.1, Phase C
Installation cost 541 p.u.
Sheath loss befpre 64278.14 W
the compensation
Sheath loss afFer the 5512.90 W
compensation
300 Phase A(compensated) — Phase A(Without inductors)

[SS I -]
o W
oS O

(=3
(=}

Sheath current (A)
2332

|

1234567 8 9101112131415161718192021222324
Time (hour)

[}

FIGURE 13. Sheath current of phase A before and after compensation in
the section of E/S to F3.
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TABLE 8. Convergence results of each method.

Approach Method-1 Method-2 Method-3
Maximum 0.2169 0.2142 0.2096
Minimum 0.2093 0.2093 0.2093
Average 0.2115 0.2097 0.2094
Standard deviation 0.0023 0.0011 0.0001
Average computation 11.46 10.68 14.15
time

m Method-1

50 u Method-2

Method-3

40

30

Frequency

N

20
10

0.2093~0.2116 0.2116~0.2135 0.2135 above

Range of objective values

FIGURE 14. Frequency of convergence for test 2.

the planning of underground cable compensation reactance,
presenting a better robustness.

V. CONCLUSION

This paper proposes the application of improved fruit fly
optimization algorithm in the planning of compensation
inductance for underground cable systems considering both
full load and variable load current scenarios. The paper
establishes an objective function that includes sheath losses
and the cost of installing compensation reactors. By simu-
lating the food-seeking behavior of fruit flies, the paper also
derives the mathematical model of the fruit fly optimization
algorithm and supplements it with a search enhancement
method to improve global search capabilities. Simulations
are conducted through two practical transmission systems
for the validation. The results of reactor placement planning
presented in this article contribute to reducing sheath losses
while taking the investment cost into considerations. This
proposed approach also surpasses other methods by prevent-
ing premature convergence, rendering it highly effective for
applications in reactor allocation of underground transmis-
sion systems. This study currently focuses on the planning
stage. In the future research, the proximity effect, ambient
electromagnetic fields, return currents, and environmental
influences on cable current will be considered to achieve a
model that more accurately reflects practical systems.
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