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ABSTRACT

In recent years, with regional integrated seabed resource exploitation continuing to

expand, offshore oilfield power systems have gradually become networked, forming an offshore oilfield
multi-platform interconnected power system. In this paper, a two-level optimization model for offshore
oilfield multi-platform interconnected power system structure is developed. The lower-level model uses
a minimum cut-load cost model that considers load priority to calculate the power outage losses of all
N—1 fault conditions. The reliability assessment method helps to achieve a balance between economy and
reliability. Additionally, an optimization model simplification method based on graph theory is proposed,
and it uses the minimum cost maximum flow (MCMF) algorithm to optimize the power flow of the grid and
narrows the problem’s solution space. At the end of modeling, a parallel global taboo search algorithm is used
to reduce the computational time and improve the probability of finding an optimal solution. Investigations
of a real offshore oilfield multi-platform power system verify the accuracy of the model, the simplification

method and the parallel global taboo search algorithm.

INDEX TERMS Graph theory, optimization, power system planning, power system reliability.

I. INTRODUCTION

In recent years, with growing demand for resources, the
exploitation of seabed resources has become an important
part of the world’s resource structure. As the primary facilities
for the exploitation of seabed oil and gas resources, off-
shore oilfield platforms have been widely used. The offshore
oilfield platform power system, which serves as the energy
supply system of offshore oilfield platforms, supplies energy
to exploitation and storage equipment and living facilities.
Existing offshore oilfield platform power systems contain a
single power station platform that supplies power to other
platforms through submarine cables. The total load of the
power supply system in this mode is typically small: a single
generator’s output accounted for a high proportion of the
total system load, and submarine cable failure would cause
power outages in connected platform production and living
equipment. All these features lead to poor power supply
reliability, poor impact resistance, large equipment start dif-
ficulty, etc., which seriously affect the production of offshore
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oilfield platforms [1], [2]. As the scale of offshore oilfield
exploitation continues to expand, the density of offshore
oilfield platform distribution continues to increase, gradually
forming a regionally integrated model of offshore oilfield
exploitation [3]. In this scene, an offshore oilfield platform
power system gradually becomes a power grid and transforms
from a single generation-radiation power supply to a dis-
tributed multi-generation power supply, thus forming an off-
shore oilfield multi-platform interconnected power system.
In an offshore oilfield multi-platform interconnected power
system, system capacity is increased, and mutual support
is provided among multiple power station platforms, which
improves generator utilization efficiency, increases system
stability and reliability, and enhances the economic benefits
of offshore oilfield. To achieve this goal, it is necessary to
optimize the structure of the offshore oilfield multi-platform
interconnected power system, which includes both a grid
frame and generation expansion planning, to achieve an opti-
mal balance of economy and reliability.

Currently, because offshore oilfield power systems are
still being developed into multi-platform interconnected
power systems, the scale of offshore oilfield multi-platform
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interconnection power systems is typically small, and few
grid structure options are present, leading to low demand for
structural optimization. Therefore, there are few studies that
investigate offshore oilfield multi-platform interconnection
power system structure optimization. Reference [4] estab-
lished a power-grid cooperative optimization model for off-
shore oilfield multi-platform interconnected power systems
that considers generator construction costs, submarine cable
construction costs, system operating costs and outage loss
costs using a hybrid contraption search genetic algorithm.
However, this study neglects the influence of submarine cable
specifications on the construction cost, and the calculation
of outage loss cost is based on the difference between the
total installed capacity and the total load to calculate the
cut-off load but does not consider outage losses caused by
grid capacity limitations in the event of failure; thus, the
optimization results have strong limitations.

In the field of power system planning, researchers pri-
marily focus on land-based power systems to perform
research. The planning model of related research based on
an optimization objective can be divided into economic
models [5], [6], reliability models [7], [8], and comprehensive
models [9]-[14]. The economic model is the most widely
used model, which only considers the investment cost of
the generator, the grid frame and the operating cost of the
system, and requires the reliability of the system to meet
the normal operation condition or pass the N—1 calibration.
The reliability model only optimizes the reliability of the
system; thus, the optimized scheme also must be checked
with an economic metric. Reference [7] selects network
destructive measurement indicators to obtain alternative net-
work structures with higher reliability; however, the results
obtained from the reliability optimization model typically
have high economic costs. The comprehensive model com-
prehensively considers the economic and reliability optimiza-
tion models, and considers different indicators in two ways.
First, researchers weighted multiple indicators to obtain the
objective function. [9], [10] The problem with using this
method of managing multiple objectives is how to reasonably
determine the weight of different indicators. Also, normal-
ization is required if the order of magnitude of the indi-
cators are different. Second, a multi-objective optimization
model is established [11]-[14]; however, this model typi-
cally requires Pareto optimality as a stopping criterion, and
there are many such Pareto-optimal solutions in the solution
space of multi-objective optimization. Thus, it is difficult to
obtain a true balance between the multiple objectives in a
multi-objective optimization model. In this paper, a compre-
hensive model is used to balance the two important optimiza-
tion goals of economy and reliability, where the reliability is
represented by the cost of the outage losses, which makes it
simple to add up the economy and reliability indicators and
avoid the trouble of determining weights.

The power system planning optimization model is a
MINLP problem, which can be solved directly only by
heuristic algorithms. Heuristic algorithms include genetic
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algorithm [15], [16], particle swarm algorithm [17], simu-
lated annealing algorithm [18], ant colony algorithm, taboo
search [4], etc. These algorithms have few requirements for
optimization models and are insensitive to the optimization
model size. However, these algorithms cannot guarantee find-
ing the global optimum solution, that is, the algorithm is easy
to fall into a local optimum. Improvements in heuristic algo-
rithms have been made by adjusting the parameters within an
acceptable time frame to try to avoid the algorithm falling
into a local optimum, yielding good results from an engi-
neering perspective. To obtain an accurate optimal solution,
many studies have simplified mixed-integer nonlinear mod-
els using methods like segmental linearization [10], using
DC power flow equations [18] or retaining quadratic terms
instead of AC power flow equations [19], to step down the
order of higher-order constraints in the optimization model.
These simplified models are typically mixed integer quadrati-
cally constrained programs (MIQCP) [5], [19] with quadratic
terms in the constraints or mixed integer linear program-
ming (MILP) [20]-[22], allowing commercial solvers such
as CPLEX and Gurobi to be used to obtain exact solutions.
However, these optimization models that can be simplified
often tend to only consider the economics of the solution (i.e.,
they use economic models that only require the solution to
work properly in normal condition in terms of reliability).
Therefore, in this paper, to fully consider the reliability of the
power system, the structure optimization model of an offshore
oilfield multi-platform interconnected power system remains
a mixed-integer nonlinear model; however, the model uses
the DC power flow equation instead of the AC power flow
equation for simplification. Also, a parallel global taboo
search algorithm is used to reduce the computation time of
the optimization problem.

The remainder of this paper is organized as follows.
Section II describes the offshore oilfield multi-platform
power system structure optimization model. Section III intro-
duces the simplification of the optimization model using
graph theory. A parallel global taboo search algorithm is
proposed in Section IV, and Section V demonstrates the
effectiveness of the optimization model and the algorithm by
the results achieved from a real application on an offshore oil-
field multi-platform interconnected power system in China.
Conclusions are then drawn in Section VI.

Il. OPTIMIZATION MODEL

The offshore oilfield multi-platform interconnected power
system structure optimization model is a two-level optimiza-
tion model. The upper level model sets the total annual cost
of the scheme as the optimization objective, and the lower
level optimization model optimizes the annual outage loss
cost of the scheme. However, the upper level optimization
model provides the grid scheme and unit allocation scheme
to the lower optimization model, and the optimization results
of the lower level optimization model are components of the
objective function of the upper optimization model.
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A. UPPER LEVEL OPTIMIZATION MODEL
1) OBJECTIVE FUNCTION OF UPPER LEVEL
The upper level optimization model views economy as the
optimization objective, and the economic items considered
consist of investment cost, system operation and mainte-
nance cost and outage loss cost. The investment cost includes
generator investment cost and submarine cable investment
cost. The system operation and maintenance cost includes
generator maintenance cost, generator fuel cost and subma-
rine cable maintenance cost. Considering that the offshore
oilfield power system primarily uses self-produced crude oil
and natural gas to generate electricity, the power generation
cost is low. Additionally, the offshore oilfield interconnected
power system, which is interconnected by many single-source
radial traditional offshore oilfield platform power systems,
is small in scale. In normal conditions, the power transmission
distance is short, the network loss is small, and the difference
of generator fuel cost between different grid schemes is small
and negligible. Additionally, the cost of submarine cable
maintenance is small compared to the generator maintenance
cost, which is also negligible. Therefore, the system operation
and maintenance costs primarily consists of the generator
overhaul maintenance costs. Outage loss costs include the
loss of oil and gas production caused by system failure.
Because system failure is effectively random, outage loss
costs are calculated for the expected outage loss costs in a
year.

The objective function of the upper level optimization
model is shown in (1):

i1+ GIC + LIC + GMCP) + OC 1
Gy =7 (GIC+LIC+GMCP) +0C (1)
where TC indicates the total cost per year; GIC, LIC and
GMCP represent generator investment cost, submarine cable
investment cost and all generator overhaul maintenance costs
over the planning period discounted to the present value,
respectively; OC indicates the expected outage losses per year
due to power failure. i(14i)V /((14i)" — 1) is discount factor
from present value to equivalent year value; i is the discount
rate; and N is the planning year.

The generator investment cost (GIC) can be calculated
as shown in (2), where Xl.gen represents the number of new
generators installed on platform i, c2°" represents the price of
one generator and €2, represents the platform set:

GIC — Z Xlgencgen (2)

i€y

min TC =

The present value of the generator overhaul and mainte-
nance cost (GMCP) is calculated by the formula shown in (3),
where GMC is the cost of a single generator overhaul and k
is the kth generator overhaul:

GMC

GMCP = — 3)
5% (1 + i)k

The total investment cost of the submarine cable includes
the investment cost of the new cable and the enhanced
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cable (LIC), as shown in (4):

LIC = > ajci Iy )
e

where €2; represents the set of the optional corridor existing
lines; ij represents a corridor or existing line; i, j represents the
platform at both ends of the corridor or existing line; and /;; is
the length of the corridor or existing line ij; For the optional
corridor ij, when making the decision to erect the line in the
overhead corridor ij, o;; equals 1; otherwise o;; equals 0. k is
a variable for corridor ij that represents the type of new line
to be constructed. For the existing line ij, when deciding to
enhance the existing line, o;; equals 1; otherwise, a;; equals 0.
In this case, k is a constant that is based on the type of the
existing line. cg{) represent the investment cost per unit length
of the kth type of submarine cable.

Using historical failure statistics of the offshore oilfield
multi-platform interconnected power system, the loss caused
by the generator and submarine cable N—1 failure is shown
to make up a large proportion of the total loss. Therefore,
the outage loss cost primarily includes the loss of capacity
due to generator and submarine cable N—1 failure in a year,
thus fully describing the reliability of the power system and
avoiding a detailed analysis of the type of failure that may
significantly increase computation time. The formula shown
in (5) describes this loss, where Qxy_; represents the set
of N—1 fault of power system, A; represent the occurrence
number of failure i per year, MTTR; indicates the repair time
of failure i and VOLL; shows the production loss per unit time
due to power outages caused by failure i:

OC= Y AMTTR;VOLL; 5)

i€eQn-1

2) CONSTRAINTS OF THE UPPER LEVEL MODEL

In the upper-level optimization model, the optimization solu-
tion is subject to many constraints, including those faced by
the structure optimization problem of the land power sys-
tem and those imposed by many ocean-specific conditions.
A qualified solution must satisfy the following constraints.

(1) System normal operation constraint. The offshore oil-
field multi-platform interconnected power system structure
optimization model coordinates the economy and reliability
of the scheme by considering the cost of power outage in the
objective function. However, a qualified scheme must satisfy
the most basic requirement of system normal operation (i.e.,
three constraints).

The first includes power balance constraints. As shown
in (6), each platform must balance power during normal
operation. The DC power flow equation is used in this study
to simplify calculations, where B is the system conduction
matrix during normal operation, 6 is the node voltage phase
vector during normal operation, and P#" is the platform
generator output vector during normal operation and P is
the platform load vector:

BO — pegen — Pload (6)
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The second includes generator output constraints.
As shown in (7), the generator output of the power station
platform must be below the installed capacity of the plat-
form. In the formula, PE"4¢ js the rated power of a single
generator:

0 < Plgen < XigenPgenfrate (7)

The third includes cable capacity constraints. As shown
in (8), the power delivered by the line is limited, and exceed-
ing the power limit will cause the cable to heat up and burn
out. In this formula, 6; and 9§- are node voltage phases at
nodes i and j, respectively. xi(jk represents the reactance per
unit length when the kth submarine cable is selected in the
corridor ij, and P*) represents the rated transmission capacity
of the kth submarine cable:
0; —0;

k
l,-jxi(j )

< p® ®)

(2) Constraints on the number of generators on the
platform: As shown in (8), the cost of the offshore oilfield
platform is high, and the cost of the platform increases
markedly as the platform space and load increase due to
limited platform space, and the fact that the number of plat-
form generators is not allowed to exceed the maximum allow-
able value of the platform. N¥"™** indicates the maximum

l
number of generators on platform i:

0< Xigen < Nigen,max (9)

(3) Grid topology constraints: The offshore oilfield
multi-platform interconnected power system is intercon-
nected by multiple single-source radiating offshore oilfield
platform power systems, and the grid structure is typically
radiating or single-ring. Thus, the optimized solution must
meet the grid structure requirements.

B. LOWER LEVEL OPTIMIZATION MODEL

1) OBJECTIVE FUNCTION OF LOWER LEVEL

The lower optimization model is a minimum cut-load model
that considers load priority and is used to calculate the loss of
outage capacity for a specific N—1 fault condition.

The load on the offshore oilfield multi-platform intercon-
nected power system can be divided into public and pro-
duction loads. The public load is the load in the subsequent
processing process for oil extraction and has a higher priority
than the production load because if the processing process
is interrupted by a power outage, oil extraction must also be
stopped. The production load is closely related to oil extrac-
tion and is proportional to the amount of crude oil extracted.
However, due to the different depths of each platform from
the seabed reservoir and the variations in oil content of crude
oil, the same production load on different platforms to obtain
oil and gas production typically leads to different oil and
gas output. After analyzing the oil and gas capacity and load
data of each platform, the production load of each platform
can be prioritized based on the ratio of oil and gas output
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to production load of each platform. Therefore, in case of
system failure, the load can be cut based on the load priority
of each platform; thus, the loss caused by power outage can be
reduced by arranging the load cut of the platform with a low
ratio of oil and gas output to production load, while the public
load is supported. Based on the production load cut during
system failure, the VOLL of the failure can be calculated as
shown in (10):

output shedding

i i,production

VOLL = ) 5

i€y

(10)
i,production

where ¢"""' represents the value of oil and gas output of plat-
form i, P; production indicates the production load on platform i,

and Pshed ing

i production refers to the amount of shedding production
load on platform i.

The objective function of the minimum load-cutting model
that considers load priority levels based on these load-cutting
rules is shown in (11):

min C = VOLL + F ) P} (11)

i€
where C is a load-shedding evaluation index, where the
smaller the index, the lower the priority of the load cut by
the current load-shedding scheme; F is a constant used to
distinguish the priority of production load from public load,
which must be greater than the ratio of oil and gas capacity to
production load for all platforms; and Pi};el;ﬁlirclg is the amount
of shedding public load on platform i.

2) CONSTRAINTS OF THE LOWER LEVEL MODEL

Similar to the upper level optimization model, the solution
of the minimum cut-load model that considers load priority
must satisfy the constraints shown in (12-15), where (12) is
the power balance constraint, (13) is the load cut constraint,
(14) is the generator output constraint, and (15) is the cable
capacity constraint. All variables have similar meaning to
those used in the upper level optimization model but consider
the N—1 fault condition:

gen shedding shedding
BiaultOtaute — P fault — * production ~— * public
= Iproduction + P public (12)
shedding shedding . )
0<pP production P public <P production +P public (13)
Zen gen gen_rate
0 = Pi,fault = Xi,faultP (14)

Qi,fault - ej,fault
(k)

y

< p® (15)

l,;/x

IlIl. MODEL SIMPLIFICATION METHOD BASED ON MCMF
A. IDEA OF MODEL SIMPLIFICATION METHOD

In the offshore oilfield multi-platform interconnection power
system structure optimization model, the decision variable
of the corridor is represented by a Boolean variable, and
the type of the new line to the line is represented by an
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integer variable with a value range of 1~ k. The line to be
enhanced is also represented by a Boolean variable. For the
optimization problem with [ corridors, m lines that can be
enhanced, and k optional types of submarine cables, there is
a coupling relationship between the two decision variables
of the corridors and the optional types of submarine cables
when considering the corridor and the line for enhancement.
Also, the solution space of the grid part is 2”(k + 1)/ and
increases exponentially with the number of corridors and
existing lines. Thus, if the model is not processed, and the
problem is solved directly by heuristic algorithm, it will yield
inefficient computation and typically lead the algorithm to
fall into the local optimum solution.

For offshore oilfield multi-platform interconnected power
systems, the line to be enhanced is determined by the grid
structure. Based on the chosen corridor, the basic structure of
the grid is determined, and bottlenecks in the existing lines
can be found through the optimization of the power flow of
the grid. After the chosen corridor and the line to be enhanced
are determined, the type of submarine cable to be used in the
corridor can be calculated based on the optimization of the
grid power flow. Because the structure optimization model
focuses on the reliability of the system in the N—1 fault
state, all N—1 fault states must be considered in optimizing
the grid power flow. After simplifying the decision variables
using these methods, the solution space size of the decision
variables in the grid part of the structure optimization model
is reduced to 2/.

B. APPLICATION OF MCMF

In the method shown above, both the identification of the
line to be enhanced and the determination of the line type
require the optimization of the grid power flow. Power flow
optimization when the grid is not fully defined must ensure
that power outage losses and grid construction costs are
minimized. The traditional minimum cut-load model cannot
optimize the power flow while meeting the requirements of
both objectives; however, the network flow model can meet
these requirements through the design of the weight of the
edge. For a radial grid structure, using the minimum cost max
flow (MCMF) to solve the offshore oilfield multi-platform
interconnected power system network flow model and the
flow of the edge is the real line flow of the corresponding
power system open loop operation. The network flow mod-
eling of power stations, load platforms and line based on the
characteristics of the power flow optimization model of the
offshore oilfield multi-platform interconnected power system
is introduced below.

As shown in Figure 1, the power station platform is mod-
eled as a directed edge from the source node to the power
station node in the network flow model, and the capacity of
the edge is the capacity of the generators installed on the
platform. The weight of the edge is 0, and the edge that is
full of flow indicates that the power node cannot take more
load when the output of generator reaches capacity.
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FIGURE 1. Network modeling of power stations.

(4000, 0)

4000+4000 :

(4000, 5000)

FIGURE 2. Network modeling of load platforms.

As shown in Figure 2, the load platform in the network
flow model is modeled as a directed edge from the load
node to the sink node. The capacity of the edge is the size
of load. The edge that is full of flow indicates that the load
operates at full power. The weight of the edge is related to
the load type. The load on an offshore oilfield platform can
be divided into public and production loads, and each offshore
oilfield platform may include one or both loads. The public
load provides power for the processing of oil extracted from
multiple offshore oilfield platforms; thus, the public load
power outage will cause all offshore oilfield platforms to be
unable to produce normally. The production load is primarily
responsible for the exploitation of oil, and when there is
a shortage of power supply, the production load of certain
low-priority platforms can be cut based on the ratio of output
value to production load on each platform. Therefore, in case
of insufficient power supply, the public load has a higher
priority than the production load, and the production load of
each platform is prioritized by its ratio from output value to
production load. In Figure 2, the load of platform 1 includes
a 4000-kW public load and a 4000-kW production load, and
the ratio of the output value to the production load is 0.5.
The priority of the production load is primarily represented
by the weight of the edges in the network flow model, and
the edge with low weight corresponds to the load with high
priority. Thus, for the public load, its corresponding edge has
a weight of 0 when modeling. With the production load, its
corresponding edge has a weight of the ratio of the output
value to the production load; however, to avoid the production
load priority being perturbed by line side weights, the unit
capacity consumption load must be multiplied by a large
number, which is chosen to be 10,000, as shown in Figure 2.

As shown in Figure 3, the line in the network flow model is
modeled as two edges in opposite directions. The edge with
the same direction as the line flow is the positive edge, and
the opposite edge is the negative edge. Either of the two edges
can be considered to be the positive edge in the initial state.
In the residual network, the capacity and weights of the two
edges are related to the type of line and the flow f on the line.

In the offshore oilfield multi-platform interconnected
power system, the existing lines are divided into lines that can
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O— O—0C

FIGURE 3. Network modeling of line.

or cannot be enhanced. Lines that can be enhanced indicate
that when there is a capacity bottleneck in the line, a new
line of the same size is allowed to be built in the corridor to
run in parallel with the original line. In the residual network,
the residuals and weights of the two edges corresponding to
the lines can be enhanced are shown in Table 1. The residuals
and weights of the two edges corresponding to the lines that
cannot be enhanced are shown in Table 2, and the residuals
and weights of the two edges corresponding to the lines to be
constructed are shown in Table 3.

TABLE 1. Relationship between edge parameters and flow of lines can be
enhanced in residual network.

Line Positive side Pos:mve Negative side Neganve
. side . side
flow residuals R residuals .
weights weights
=0 c I c !
0<f<c cof / f -l
f=c 2¢-f 100/ f -l
c<f<2c 2c-f 100/ fc -100/

f=2c 0 0 fc -100/

TABLE 2. Relationship between edge parameters and flow of lines
cannot be enhanced in residual network.

Line Positive side Posltlve Negative side Neganve
. side . side
flow residuals . residuals .
weights weights
S50 c / c /
0<f<c cf ! / -
=c 0 0 f -l

TABLE 3. Relationship between edge parameters and flow of lines to be
constructed in residual network.

Positive Positive R Negative
Line flow side side Negat_lve side side
residuals weights residuals weights
=0 Crmax 101 Crax 101
0<f<Crmax Cmaxf 101 I -101
f=c 0 0 f -10/

With these modeling approaches, the output of the power
station platform will be below the installed capacity of the
platform, the maximum cut load will be below the load size,
and the line current will be below the maximum capacity
of the line. Because the system is a radial grid, the number
of independent nodes and independent edges of the system
are equal, and the voltage phase angles of all other nodes
can be derived from the flow of each edge after determin-
ing the reference node. Therefore, the optimization results

VOLUME 9, 2021

obtained from the MCMF algorithm satisfy the DC power
flow equation and meet the constraints of normal operation or
N—1 fault conditions. In the MCMF model of the power flow
of the offshore multi-platform interconnected power system,
the lines in the system are divided into three priorities. The
existing lines are set as the first priority, thus fully utilizing
the capacity of the existing lines and improving the line uti-
lization. Because the cost of lines to be constructed increases
as the line diameter increases, the lines to be constructed are
set as the second priority, thus limiting the power flow of
the new lines as much as possible and reducing the diameter
of the new lines. Because the lines to be enhanced require
the construction of submarine cables of the same length and
size as the original lines, which are typically more expensive
for the same length, the lines to be enhanced are set as a
third priority, thus reducing the construction of lines to be
enhanced. Different priorities can be distinguished by mul-
tiplying the weight of the corresponding edge by the priority
factor; however, for lines within the same priority, the priority
is distinguished by line length, which requires the load to
be supplied by the nearest power station platform, thereby
optimizing the power flow of the system.

IV. PARALLEL GLOBAL TABOO SEARCH ALGORITHM

To shorten the solution time of the optimization model and
improve the global search capability of the taboo search algo-
rithm, this paper integrates the ideas of the taboo search algo-
rithm, particle swarm algorithm and simulated annealing
algorithm to propose a parallel taboo search algorithm.

A. TRADITIONAL TABOO SEARCH ALGORITHM

The steps of applying traditional taboo search algorithm
to solve the offshore oilfield multi-platform interconnected
power system structure optimization model are shown in
Figure 4.

(1) Coding of optimization variables: After the simplifica-
tion described in Section III, the only independent decision
variable of the offshore oilfield multi-platform intercon-
nected power system structure optimization model is the
selection of the corridor; thus, it is possible to use a binary
coding method, where O indicates that the corridor is not
selected, and 1 indicates that it is selected.

(2) Taboo search initialization: The initial solution can be
generated using a random spanning tree algorithm to generate
a radial grid, and then a corresponding number of lines can
be added randomly based on the number of contact lines to
form the initial grid. The Kruskal algorithm [23] can be used
for random tree generation by treating each node as a tree
without edges in the initial state. Then, the algorithm picks
an edge randomly from the edge set. If the nodes at both
ends of this edge are located in the same tree, then the edge
is removed from the edge set; otherwise, the tree where the
two endpoints are located is merged, and the edge is removed
from the edge set concurrently. The selected edges are also
added to the tree. Edges are selected randomly from the set
of all edges, and these operations are repeated until a tree
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Generate initial
solution
[

v

Generate candidate set
for the current
solution

l

Select the optimal
solution from the
candidate set

Select the suboptimal
solution from the candidate

Update the best
solution
[

v

Update current
solution

l

Update taboo list

Output optimal
solution

FIGURE 4. Process of traditional taboo search algorithm.

containing all nodes is created, at which point the tree is
randomly generated. An initial solution can be obtained by
randomly selecting connecting branches based on the number
of contact lines to be added to the set of branches. This initial
solution is evaluated, and the initial solution is set as the
optimal solution. The taboo list length is then set, and the
initial taboo list is emptied.

(3) Generate candidate set: The algorithm uses a neigh-
borhood search based on the current solution to generate
candidate solutions, which indicates repeatedly acting neigh-
borhood action on the current solution to generate a series
of candidate solutions. In the offshore oilfield multi-platform
interconnected power system structure optimization model,
only grid structure schemes are randomly searched, and the
neighborhood of a grid structure scheme can be defined
as all grid structure schemes with only two different lines.
Neighboring action makes the grid structure from the current
scheme to its neighbors in another scheme. The operation
process is actually a branch exchange process that uses graph
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theory to add a random edge in the current scheme and find
all loop edges. A loop edge excluding the new edge is then
randomly removed from the grid structure scheme to ensure
grid structure connectivity.

(4) Evaluate all solutions of the candidate set.

(5) Update the current solution: Select the neighbor in the
candidate set that has the best score and is not in the taboo list
or meets the amnesty criterion as the current solution.

(6) Update the best solution by comparing the updated
current solution with the best solution.

(7) Update the taboo list: Add the neighborhood action
from the current solution before the update to the current
solution updated and unban the neighborhood action at the
end of the taboo list.

(8) Check the termination condition: The termination con-
dition of taboo search algorithm is typically set as reaching
maximum number of iterations or maximum number of con-
secutive iterative steps of which the best solution remains
constant. If the termination condition is met, the taboo search
is stopped immediately and the optimal solution is output;
otherwise, return to step (3) to start a new round of search.

B. PARALLEL GLOBAL TABOO SEARCH ALGORITHM
Drawing from the particle swarm algorithm, the core strat-
egy of the parallel global taboo search algorithm is to exe-
cute multiple groups of taboo searches in parallel, and after
each completed neighborhood search, the evaluated optimal
scheme found by each group of taboo searches is sorted to
select the best scheme to be passed to each group of taboo
searches. When the next neighborhood search generates a
candidate set, except for the group whose best solution equals
the global best solution, other groups of taboo searches are not
allowed to swap out the lines that they share with the global
optimal scheme when using the branch exchange method to
act on neighborhood actions. This method can accelerate the
convergence and efficiency of the algorithm by guiding the
candidate set generation with the global best solution for each
group of taboo search, thus reducing computation time.

However, the strict use of globally optimal scheme to
guide neighborhood actions can lead the algorithm into local
optimal solutions. What’s more, the strict restriction of neigh-
borhood actions may lead to the generation of a large number
of identical neighborhood solutions, resulting in inefficient
searching. So there needs to be a principle to allow neighbor-
hood actions not guided by global optimal scheme. This paper
draws on the idea of simulated annealing algorithm to solve
this problem. At the beginning of the iteration, the neighbor-
hood search is designed to have a greater probability of not
receiving guidance from the global best solution to expand
the random search capability of the algorithm. The formula
for this probability is shown in (16):

p = max [e*%g, 0.2] (16)

where g is the number of iterations performed, G is the
maximum number of iterations designed for taboo search,
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FIGURE 5. Process of parallel global taboo search algorithm.

and k is the parameter which can adjust the speed of prob-
ability being smaller. Thus, in the initial run of taboo search,
e*¢/0 is near 1, and the taboo search is not guided by the
global best solution, which ensures that the algorithm has a
good global search capability. As the number of iterations
increases, e *8/C decreases. To avoid strict restrictions on
neighborhood action leading to generate a large number of
the same neighborhood solution, the minimum probability
of taboo search rejecting the guidance of the global optimal
solution is 0.2.

The process of parallel global taboo search is shown in
Figure 5, where there are four groups of parallel taboo
searches. The initialization corresponds to steps (1)~(2)
introduced in subsection A, and the neighborhood search cor-
responds to steps (3)~(7). It can be noticed that the parallel
global taboo search also adds an additional step relative to
the traditional taboo search. The global optimal solution is
transmitted once after each completed neighborhood search
for all groups. In addition, the termination criterion for global
taboo search is marginally different from taboo search, where
the termination criterion for global taboo search is to reach the
set maximum number of iterations or the optimal solution of
all groups being the same.

V. CASE STUDY

A. INTRODUCTION OF THE CASE STUDY

Figure 6 shows a case adapted from a real offshore oilfield
multi-platform power system in the South China Sea, where
nine platforms have been built. Platform 1 is a terminal pro-
cessing plant built on an island and equipped with seven gen-
erators with a rated capacity of 6000kW. Platforms 2 and 6 are
existing power station platforms with three generators with
a rated capacity of 4261kW and two generators with a rated
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FIGURE 6. Offshore oilfield multi-platform interconnected power system
to be optimized.

capacity of 2800kW, respectively. Platforms 3~5 and 7~9 are
wellhead platforms, and Platforms 1~5 and 6~9 have been
connected to form two independent radial power systems.
In this case study, oil exploitation is expanding, and it is
expected that, in the future, a total of 11 platforms will be
built, of which Platform 12 is a new power station platform.
And according to the overall load of the system, genera-
tors with a rated capacity of 7600kW are expected to be
installed on Platform 12. The connection relations and types
of the submarine cable built in the system, information of
the optional corridor, platform load information, submarine
cable parameters, and generator parameters are shown in the
Appendix.

The cable failure rate and repair time used in the structure
optimization model are fit according to historical cable failure
statistics for the sea area where the planning system is located,
and the relationship between cable failure rate and cable
length is shown in (17):

0.0175 L 33k
ML) = <9.33km 0
0.0037L — 0.017 L > 9.33km
The relationship between the cable repair time and length
is shown in (18):

MTTR(L) = 117.75 4+ 26.201L (18)

Other parameters used in the structure optimization model are
shown in Table 4.

B. IMPACT OF RELIABILITY ASSESSMENT METHODS ON
OPTIMIZATION RESULTS

This subsection focuses on the impact of using two differ-
ent reliability assessment methods in structure optimization
model on the final optimization results. The first is to cal-
culate the outage losses for each N—1 fault condition using
the minimum cut-load model proposed in this paper that
considers load priority levels. The second is to calculate the
outage losses for each N—1 fault condition using the method
of the literature [4] and then discount the outage losses
using the power outage rate. The final optimization results
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TABLE 4. Other parameters used in the structure optimization model.

Parameter Value
Oil price 2868.4 yuan/m’
Gas price 1.54 yuan/m’
Number of generator
. 1.59
failures per year
Average. generator 2731h
repair time
Discount rate 7%
Planning year 15

using the two reliability assessment methods are shown in
Figures 7 and 8, respectively, and the corresponding costs for
the two results are shown in Table 5.

2x2800kW+
2x2800kW
(new)

3x50mm*

1x4261kW
(new)

3x50mm”
2x7600kW
(new)

3x95mm*

3x50mm’*

2x2800kW+
2x2800kW

(new) 1x4261kW

(new)

(new)
3x120mm’

(1

FIGURE 8. Optimization results using reliability assessment method 2.

It can be found that the submarine cable investment cost
of the scheme obtained using the first reliability assessment
method in the structural optimization model is 6.8067 million
yuan, which is marginally higher than that of the scheme
obtained using the second method, which is 6.5146 million
yuan. However, from the perspective of reliability, the outage
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TABLE 5. Cost of optimization results using different reliability
assessment methods.

GIC+GMCP LIC ocC TC
(million (million (million (million
yuan) yuan) yuan) yuan)
1 23.142 6.807 4.061 34.010
2 23.142 6.515 6.440 36.097

loss cost of the scheme obtained using the first reliability
assessment method is 4.0611 million yuan, which is appar-
ently lower than that of the scheme obtained using the second
method, which is 6.44 million yuan. In summary, compared
to the reliability evaluation method used in reference [4],
the reliability evaluation method proposed in this paper can
find a solution that balances economy and reliability better in
the structure optimization model.

C. EFFECT OF MODEL SIMPLIFICATION METHOD ON
SOLVING EFFICIENCY

This subsection investigates the effect of the simplification
method on solving efficiency. The model is solved using
the taboo search algorithm, where MATLAB is the software
environment, an Intel Core i7-8750H is the hardware platform
processor, and 16GB of memory are used. The number of
neighbors searched per neighborhood search in taboo search
is set to 15, and the taboo search termination criterion is
the optimal solution not changed for 10 iterations. The two
groups of taboo searches are repeated 50 iterations, respec-
tively, and the results are shown in Table 6.

TABLE 6. Comparison of optimization information with or without
simplification.

Decision variable
simplified

Decision variables
not simplified

Probability of finding
the optimal frame
Average total cost

2% (1/50) 72% (36/50)

o 35.572 34.097
(million yuan)
T‘OtZ-lI cost st_andard 1139 0.196
deviation(million yuan)
Avergge npmber of 3948 10.42
iterations
Standard deylatlgn of 15.84 517
number of iterations
Averag_e calculation 3230 12.47
time(s)
Standard Fiev1f1t10n of 13.18 6.03
calculation time(s)
Average search time 0.82 1.20

per iteration(s)

Table 5 leads to the following conclusions:

(1) After simplifying the decision variables of the opti-
mization model, the time for a single evaluation solution
increases. The average time to evaluate 15 neighbors in an
iteration with the simplification is 1.20 seconds, an increase
of 46.22% compared to the average evaluation time
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of 0.82 seconds without simplification. However, the number
of iterations required for the algorithm to converge with the
simplification decreases from an average of 39.48 iterations
to an average of 10.42, a decrease of 73.61%. Thus, the aver-
age taboo search time with simplification is 12.47 seconds,
which is 61.42% lower than the average evaluation time
of 32.32 seconds without simplification, which is a signifi-
cant improvement in the overall efficiency of the calculation.
(2) The solution space is reduced, and the stability of the
search results is indirectly improved by simplifying the deci-
sion variables. Only 1 of 50 taboo searches find the optimal
solution without simplification, and the average total cost
of 50 searches is 35.57 million yuan with a standard deviation
of 1.19 million yuan. After simplifying the decision variables,
the average total cost of the 50 searches was 34.09 million
yuan, a relative reduction of 4.33%, and the standard devia-
tion was 1.96 million yuan, a relative reduction of 83.49%.

D. EFFECT OF PARALLEL GLOBAL TABOO SEARCH ON
SOLVING EFFICIENCY

This subsection examines the performance of the parallel
global taboo search algorithm in terms of computational effi-
ciency and global search capability. To compare the solution
performance of parallel global taboo search and traditional
taboo search algorithms, two sets of tests are designed. The
first set of tests uses the traditional taboo search algorithm
with 15 neighbors. The second set of tests uses the parallel
global taboo search algorithm, which performs three sets of
taboo searches in parallel, with five neighbors per set of taboo
searches. The tests are repeated 50 times, and the results are
shown in Table 7.

TABLE 7. Comparison of optimization information using traditional taboo
search and parallel global taboo search.

Decision Decision
variables not variable
simplified simplified

Probability of finding
the optimal frame
Average total cost

72% (36/50) 94% (47/50)

s 34.097 34.028
(million yuan)
Tlotz}l cost- st-andard 0.196 0.083
deviation(million yuan)
Average number of 10.42 12.48
iterations
Standard deviation of 517 511

number of iterations

Analysis of the data shows that after using the global taboo
search, the algorithm’s global search capability is markedly
improved, with 47 of 50 taboo searches being able to search
for the optimal solution, an increase of 27.03% compared to
36 without the global taboo search. However, in terms of com-
putational efficiency, there is also a marginal increase in the
time taken for the global taboo search. The sets using parallel
global taboo search algorithm takes an average of 12.48 iter-
ations to find the best solution, a 19.77% increase relative to
the 10.42 iterations with the traditional taboo search.
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VI. CONCLUSION

Considering that existing structure optimization studies of
offshore oilfield multi-platform interconnected power sys-
tems do not describe the balance between economy and
reliability, a two-level single-objective offshore oilfield
multi-platform power system structure optimization model
is developed and tested in this study. The minimum cut-load
cost model considering the load priority level is used in the
model to calculate the outage losses of the system under all
N—1 fault states, which helps to achieve a better balance
between economy and reliability.

A model simplification method based on graph theory is
also shown to simplify the decision variables. The simpli-
fication method uses MCMF to optimize the power flow
of the grid, which significantly reduces computation time
and improves the probability of finding the global optimal
solution.

Additionally, a parallel global taboo search algorithm is
applied to solve the optimization model to accelerate the
calculation of the optimization model. Also, the case based on
the real offshore oilfield multi-platform power system verifies
the effect of the optimization model, the model simplification
method and the parallel global taboo search algorithm.

TABLE 8. Existing submarine cable data.

plSttfaor;m plzﬁ?(;irm Length(km) D(lfnf;%t)er

1 2 32.5 185

2 3 12 50

2 4 2.8 50

2 5 7.1 75

6 7 5.6 50

6 8 2.6 50

8 9 10 50

TABLE 9. Alternative corridors data.
Start End Length Start End Length
platform platform (km) platform platform (km)

2 8 19.5 11 19 6.1
2 10 6.9 12 13 4.92
2 11 6.5 12 14 9.6
2 12 0.05 12 15 9.8
6 11 12 12 16 7.4
6 19 6.8 12 18 6.2
6 20 3.8 15 16 6.1
7 20 1.8 16 17 1.76
8 11 15 16 18 3.7
8 19 8.5 16 20 13.1
10 11 5.8 18 19 3.7
11 18 6.9 19 20 5.3
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TABLE 10. Load and output of each platform.

Platform Production Public Oil dail); Gas daily
load(kW)  load(kW)  output(m’)  output(10* m®)
1 0 17344 0 0.00
2 1500 6872 492 20.20
3 100 0 174 0.17
4 2352 0 927 35.86
5 387 0 135 0.24
6 3406 0 767 6.99
7 450 0 318 1.00
8 2333 0 416 1.92
9 1000 0 0 3.00
10 387 0 916 438
11 506 0 290 0.82
12 0 5253 0 0.00
13 2720 0 905 18.75
14 1204 0 531 2.76
15 790 0 497 0.85
16 5186 0 479 9.63
17 4003 0 581 12.79
18 1032 0 432 6.76
19 350 0 242 0.68
20 4148 0 590 1.83
TABLE 11. Parameters of submarine cable.
Diameter  Maximum Cable cost Construction
Number " 2 current(A)  (10°¥/km)  cost(10* ¥ /km)
1 50 197 71.00 28.80
2 75 239 81.60 30.70
3 95 281 92.00 32.60
4 120 315 102.70 34.50
5 150 350 113.40 36.20
6 185 388 127.00 38.10
7 240 440 149.00 40.20
8 300 484 173.00 42.00
9 400 537 190.00 43.00
TABLE 12. Parameters of generator.
Numb  Rated capacity Investment Overhaul Overhaul
er kV) cost(10* ¥) cost(10* ¥) year
1 12700 6322.50 1264.50 5
2 10500 5690.25 1138.05 5
3 7600 4560.00 912.00 5
4 6000 3840.00 768.00 5
5 4281 2911.08 582.22 5
6 2800 1988.00 397.60 5

For future research directions, with the introduction of
offshore wind power, shore power and energy storage
devices in offshore oilfield multi-platform interconnected
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power system, further investigation of the optimization of this
kind of power system structure can be also conducted. This
is projected to be of great practical significance in guiding
the planning of new forms of offshore oilfield multi-platform
interconnected power systems.

APPENDIX
See Tables 8-12.
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