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Abstract: As an independent power system, the reliability of offshore electric system is closely related
to the smooth progress of offshore oil production. There are two major characteristics of this type
of power system. One is that it includes a generation system, transmission system, as well as a
distribution system, and the other is that the load shedding measures in the event of a fault are
different from that of the onshore power grid. Therefore, traditional reliability assessment models
and algorithms cannot be used directly. Based on the theory of overall reliability evaluation, a
reliability evaluation method suitable for offshore electric systems and the corresponding reliability
indicators are proposed in this paper. In state sampling, the overall system sampling is divided into
generation system sampling, transmission system sampling, and distribution system sampling based
on the hybrid sampling theory. In state assessment, the priority decoupling load shedding model
and the cascade fault model are established considering the actual production. At the end of this
paper, the power system of an offshore oil platform is taken as an actual example to calculate the
reliability index. Based on the failure analysis, relevant measures to improve the reliability of the
system are proposed.

Keywords: offshore power system; overall power system reliability assessment; hybrid sampling
theory; priority decoupling scheme

1. Introduction

With the growing global energy gap and the further decline in onshore oil and gas
production, the development and utilization of offshore oil and gas resources are becoming
increasingly important [1]. As the energy supplier, the reliable and stable operation of the
offshore electric system is a prerequisite for the normal oil exploration [2].

The electric system of offshore oil platforms mainly includes power supplies composed
of generating sets, transmission lines responsible for long-distance transmission of power,
distribution grids used for distributing power to the internal equipment of platforms, and
the corresponding loads of specific oil extraction equipment [3], etc. All subsystems are
connected together according to the requirements of oil extraction to constitute a typical
independent small electric system. Offshore platforms consist of the central platform
(CEP) and the wellhead platform (WHP). In the case of offshore oil platforms, for example,
CEP is equipped with generator sets and other facilities. It is mainly responsible for the
production of electricity. WHP, on the other hand, does not have a generating set and is
mainly responsible for extraction operations. There are two forms of offshore platform
power systems, single-platform systems and multi-platform systems. In a single-platform
system, the only CEP transmits power to several WHPs through bridges. In a multi-
platform system, multiple CEPs and multiple WHPs are interconnected in the form of
an electrical network to achieve increased reliability. The subject of this paper is a multi-
platform system. Compared with onshore grids and island power systems, this type of
power system owns unique features.
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Different from onshore grids, some equipment of the offshore electric system, espe-
cially transmission lines, are greatly affected by ocean currents and fishing. Moreover, with
the purpose of ensuring the continuous progress of oil production, the system has a small
system capacity and relatively large spinning reserve ratio.

The load of the island power system is mainly domestic installation [4], while the load
of the offshore electric system is mostly motor load, which is mainly used for production.
In addition, the high construction cost, high failure rate, and long maintenance time of
submarine cables are critical factors that limit the reliability of offshore electric systems.
The reliability of a power supply for offshore electric systems is generally lower than that
for island power systems.

In addition, the offshore platform power system has several characteristics of its own.
The first is that it contains both generation, transmission and distribution systems that are
closely linked. Secondly, the system is characterized by an unconcentrated distribution of
generator sets and a large number of distribution networks, which makes its interconnection
of power complex. In addition, the production importance of the equipment in the system
is requested to be taken into account when the load is shed to ensure the stable operation of
the system due to a generator failure or grid disconnection [5]. Based on the characteristics
of this type of power system and the aforementioned differences from the onshore grids
and island power systems, the traditional reliability assessment methods are no longer
fully applicable. In order to effectively evaluate and analyze the reliability of the power
system of offshore platforms, it is necessary to improve the traditional reliability evaluation
algorithms to propose new reliability evaluation ideas and methods.

At present, there are few studies on the reliability evaluation of offshore electric sys-
tems, but the reliability assessment of onshore power systems is relatively mature. In
terms of evaluation objects, theoretical researches on power system reliability are grouped
in three levels [6]: The reliability assessment of a single system is at the first level; the
reliability evaluation of the bulk power system is at the second level; the reliability assess-
ment of the entire system with each subsystem included is at the third level. The current
power system reliability evaluation research basically adopts the method of evaluating
different voltage classes separately. Certain research results have been obtained in the
first two levels. Reference [7] established a generator capacity model based on Bayesian
networks, which could conveniently describe the equilibrium relationship between the
maximum capacity of the system and the load demand, thus enabling quantitative analysis
of the reliability of the generation system. Reference [8] modified the component reliability
parameters by means of connection numbers to account for the effects of weather when
performing transmission system reliability assessments. Reference [9] applied an index
search method to analyze the consequences of failure modes for complex distribution
systems. This method improved the calculation speed while ensuring the accuracy of
the calculation. Reference [10] achieved an effective assessment of the reliability of the
composite system by applying the anticipatory assessment and screening techniques to
the simulation method and pre-treating multiple faults based on the concept of concentric
relaxation. A reliability model for distributed generators is proposed in [11]. Based on this
model, different distribution system planning schemes containing distributed generators
are analyzed, leading to a solution that balances operating costs and system reliability. Ref-
erence [12] established a random output model for distributed generators and a time-series
model for loads to assess and analyze the reliability of the islanded operation state of a
distribution system containing distributed generators.

However, due to the difficulty of harmonizing subsystem reliability assessment meth-
ods and the large calculation involved in conducting a third-level evaluation, the overall
power system reliability evaluation and related research are rarely carried out for on-
shore power grids. Roy Billinton took the reliability assessment results of the composite
generation and transmission system as the power supply parameters for the reliability
assessment of the distribution system [12], assembling the overall power system reliability
evaluation theory. Reference [6] aimed at the problem of insufficient analysis of the rela-
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tionship between the distribution system and the superior power grid, establishing the
connection of them by the substation equivalent model. In reference to the reliability of
micro-grid with distributed generation, Reference [13] established an equivalent model of
wind turbines and analyzed all sequential simulation of the system reliability. However,
considering the tight integration of subsystems in the offshore electric system, its grid struc-
ture, together with recovery processing, is quite different from the onshore power system.
In this situation, the traditional onshore reliability assessment method is not necessarily
applicable anymore.

The power system of offshore oil platforms is different from the onshore grid in that
it has a smaller capacity, fewer buses, lower voltage class, and weaker grid structure [14].
In the traditional power system reliability evaluation, subsystems are assessed on the
assumption that other subsystems are completely reliable [15], whereas this assumption no
longer exists in the case of offshore power system reliability assessments. The reliability
calculated under traditional evaluation methods could be exaggerated, which has an
influence on the objectivity of the power system reliability assessment. Therefore, it is
required that the offshore electric system should be assessed by the overall power system
reliability evaluation methods to consider the interaction between the subsystems.

In terms of evaluation methods, there are two typical types of power system reliability
evaluations: Analysis methods and simulation methods. The analysis method has clear
physical concepts and precise models [16], yet its computational effort increases sharply
with the complexity of the system, which makes it susceptible to dimensional disasters. The
simulation method determines the state of the system by random sampling, in which the
computational effort is independent of the size of the assessment object and the mathemati-
cal model is relatively simple [17]. However, the accuracy of the method is related to the
amount of calculations. More calculations are required to achieve the higher accuracy [18].
Simulation methods are mainly divided into the Sequential Monte Carlo method as well as
the Non-Sequential Monte Carlo method, depending on whether or not the time scale is
taken into account [19].

The hybrid method combines the advantages of the above two methods [20]. Since
its model is accurate and a physical concept is clear, the analysis method should be ade-
quately utilized. Where the solution scale exceeds the capacity of the analysis method, the
simulation method is applied [21]. At present, the research on the hybrid method of power
system reliability assessment is in the development stage. Considering the limitation of the
complexity of the assessment object on the convergence of reliability assessment and the
calculation speed, the hybrid method is mostly applied in the distribution system.

Reference [13] utilized the analysis method to reduce the complex network to a simple
main feeder system and performed Monte Carlo sampling of the resulting main feeder
system to finally obtain the reliability-related indicators in the system. Reference [22]
introduced the frequency and duration (FD) method in the state transition process and
combined it with the time sequential simulation to achieve the reliability assessment of
AC-DC networks. Reference [23] applied the analysis method to determine and process
the load shedding state of the system, followed by a sampling of system states that did
not lead to load shedding through the simulation method. Reference [24] proposed an
analysis method that took into account the capacity constraints of feeders and combined
it with the time Sequential Monte Carlo method to assess the reliability of a distribution
network with distributed generators. A fuzzy probabilistic modelling approach for system
component failure parameters and load profiles was proposed in [25], which established
fuzzy affiliation functions for system components through statistical records. Based on
the fuzzy probabilistic model, a hybrid method for the power system risk assessment that
integrated fuzzy sets and Monte Carlo simulation was proposed, which could capture both
the randomness and fuzziness of load and component failure parameters. In response
to the characteristics of system reliability assessment and the problem that the data were
easily overwhelmed in the traditional Bayesian method, reference [26] proposed a hybrid
Bayesian assessment method for the reliability of complex systems based on unit reliability



Energies 2021, 14, 3035

40f21

data. Reference [27] blended state-of-charge models from the simulation method and the
analysis method to finally obtain an equivalent averaging model. Based on this model,
the wind integrated power system was evaluated in terms of seasonal accumulation and
diversion of energy. Reference [28] described a range of methods to reduce the sampling
variance of the simulation method. In the reliability assessment, the generator with the
highest power rating in the system was chosen to apply the analysis method, thus reducing
the variance of the test.

It could be concluded from the related research that, for the hybrid evaluation method
of power system reliability, the key to the research is to utilize the analysis method in
each stage of the simulation method to evaluate the power system. In this article, the
hybrid method is operated in the simulation sampling process, which is mainly reflected
in the application of the analysis method to attain partial information before sampling.
Specifically, it is achieved by first developing the outage table for each distribution network
through the analysis method and then accomplishing Monte Carlo simulations on the main
grid to acquire the results of the overall power system reliability evaluation. This method
of compressing the state space simplifies the subsequent sampling and judgment to a large
extent, accelerating the calculation process.

Studies on the assessment of the reliability of power systems on offshore platforms are
scarce and mostly refer to reliability indirectly. For example, the configuration of relay pro-
tection for offshore oil platform power systems was studied based on the characteristics of
their equipment and structure [29]. The configuration of energy management systems was
analyzed [30], and a rating system for offshore oil platform power systems was established
to resolve issues such as grid planning and modification [31]. In traditional offshore oil
exploration planning, the reliability of the power system of offshore oil platforms has not
been placed at a critical position. Moreover, most of the related researches to improve its
reliability have only been qualitatively explained from an empirical point of view, without
describing its specific effects from a quantitative point of view [32]. Therefore, the foci of
this paper are calculating the reliability of the power system of offshore oil platforms and
quantifying the degree of reliability improvement of different measures.

Firstly, an overall power system reliability assessment method based on a non-
sequential hybrid approach is proposed, which accelerates the convergence by establishing
the outage table in advance. Secondly, a hierarchical priority load shedding model based on
the AC power flow is proposed for the actual production requirements of offshore platforms.
Thirdly, taking an offshore oil platform power system as an example, the overall system
reliability indicators are calculated and the fault contribution of each subsystem is analyzed.
Finally, relevant measures to improve the system reliability are discussed. The rest of this
article is organized as follows: Section 2 provides a detailed description of the proposed
method. Section 2.1 presents the component and system reliability models and Section 2.2
proposes a hybrid method for the overall system reliability assessment. Section 2.3 es-
tablishes an overall reliability index system and Section 2.4 discusses the load shedding
model. Section 3 presents an analysis of the results of the calculations. Lastly, Section 4
summarizes the conclusions and provides an outlook on future research directions.

2. Materials and Methods

The electric system of offshore oil platforms is a typical independent small power
system. The entire system could be divided into the generation system, transmission sys-
tem, distribution system, etc. Its topologic relations are expressed by node and component
models for the analysis of the overall power system reliability assessment results.

2.1. Method for Subsystem Modelling and Division

In the electric system of offshore oil platforms, transformers, generators, etc. are
mostly enclosed type electrical equipment, and their fault factors are basically the same as
those of onshore grids [3]. Hence, the reliability models and parameters of corresponding
apparatus in onshore grids such as transformers are still applicable to offshore components.
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Significantly, the offshore oil platforms are connected by submarine cables or bridges [33].
In practice, the laying and repair of submarine cables are extremely difficult, and bridges
are generally not overhauled. Accordingly, two-state models with normal and fault states
are appropriate for submarine cables and bridges. Three-state models that contain normal,
fault, and maintenance states are appropriate for breakers, transformers, generators, as well
as buses. The reliability models of the components are connected to each other through the
actual electric topologic relations.

The division of subsystems could contract the amount of each sample and the cal-
culation of the state assessment. Furthermore, it is conducive to analyzing the failure
proportion of each subsystem in the overall system. The division proposed in this paper is
as follows:

Generation system: Turbine generator sets on platforms;
Transmission system: Submarine cables and bridges between platforms;
Distribution system: Distribution grids on platforms, buses of different voltage classes,
step-up (down) transformers, etc.;

e The division of each subsystem is shown in Figure 1.
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Figure 1. Schematic diagram of subsystem division.

2.2. Overall Power System Reliability Assessment Method

The hybrid method is utilized in this paper to procure the long-term average reliability
index of the whole system and each subsystem, which is shown in Figure 2.

The proposed overall power system reliability assessment method is based on the
following three assumptions:

Assumption 1. Faults of the overall power system are composed of the superposition of the faults
of each subsystem.

Assumption 2. Multiple faults between subsystems do not occur simultaneously.

Assumption 3. Multiple faults within the subsystem occur simultaneously, and repairs of them
commence simultaneously.

Based on Assumptions 1 and 2, the occurrence of a system-wide fault is equated to
the occurrence of each subsystem failure separately in order to divide the whole system
sampling into an independent sampling of each subsystem [34].

Based on Assumption 2, if the sampled generation and transmission system fails at
the same time, the fault will be decomposed respectively into generation and transmission
system failures, and the loss will be counted into the loss of the corresponding subsystem.
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Based on Assumption 3, the process of multiple faults within the subsystem is simu-
lated from the time they occur until the faults are repaired, which enables separate statistics
for fault indexes and load cutting indexes.

Parameters
input

Calculation of the protection range
of distribution system components

v

Establishing distribution
system outage schedules

Generation system
sampling and
calculations

Transmission system
sampling and

calculations
No Distribution system Eacl’}
sampling and sampling

calculations

Cascade fault determination

Y

Calculation of integer
reliability indicators
under current sampling

Maximum number of samples
reached?

Calculation of ultimate
integer reliability indicators

'

Results output

Figure 2. Reliability assessment flowchart.

In this paper, the distribution system outage table is acquired by the state enumeration
method [35]. The wellhead platform (WHP) generally obtains electricity from the central
platform (CEP) through submarine cables. A small number of high power devices are
connected to the medium voltage bus, while the rest of the common devices are connected
to the low voltage bus. The low-voltage equipment has a large number but a small
total power. Once the submarine cable fails, especially in winter, temporary low-voltage
generators could be transferred to the WHP by ships to protect the oil pipeline from
freezing and blockage. In addition, in order for its important loads to operate smoothly,
WHP is equipped with emergency generators and energy storage batteries for the central
control system. Moreover, redundant control is normally adopted on offshore platforms.
Therefore, line capacity constraints are no longer relevant. Its reliability is equivalent to the
graph connectivity. A typical distribution system is shown in Figure 3.
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Figure 3. Schematic diagram of a typical distribution system.

The relatively small amount of buses on each WHP and CEP signifies the low compu-
tation of state enumeration method. Correspondingly, it is convenient to apply the state
enumeration method to establish the distribution system outage table. Firstly, the path
sets are attained by the depth-first algorithm. Secondly, the various possible states of all
components are enumerated and combined from one to multiple faults. Thirdly, the output
power and probability for each state are calculated. Finally, the outage table is composed
by summarizing the system status according to the output power.

The depth-first algorithm is a type of search method [36], the basic principle to traverse
all the points in a topological graph along a path from a vertex. Each point is traversed
only once. Taking Figure 4 as an example, the traversal order in the diagram is TO — T1 —
T3 — T5 —+ T4 — T2.

Figure 4. Topology example.

In accordance with the above algorithm analysis, the flow chart of the state enumera-
tion method based on the depth-first algorithm proposed in this article is shown in Figure 5.
The outage table of the distribution system is acquired by this method.

2.3. Overall Power System Reliability Index Structure

The overall power system reliability index structure is established in this paper. In the
index structure, the fault indicators and load shedding indicators are separately counted,
as shown in Table 1. The first two columns in Table 1 show the system indicators and
their definitions. The third and fourth columns show the indicators obtained at each
sampling. The fifth column shows the formulae for calculating the system indicators with
the sampled indicators.
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Parameters
input
Solutions for fault state
probabilities and fault sets
Depth-first algorithm for
resolving the minimum path
Calculation of the
impact of faults
Statistics of unreachable
nodes and losses
v
Multi-weight reduction
Total number of states reached?
Calculation of outage
tables
Outage tables
output
Figure 5. Flow chart for the distribution system outage table.
Table 1. Overall power system reliability index structure.
. Sample . .
System Index Index Meaning In dzx Index Meaning Calculation
. . This variable indicat: hether
PR 4 Probability of component failure pr® 18 Vs sterreli' faillcs iﬁst}‘:; ethe PR o kfx PR
EPSFi in the system i EPSF,i y : EPSEi = =
k-th sampling =
Mean duration of failure of () Duration of components of kmax p)
Dpsr,i - » Daper iy ) ' Dapsri = ¥ 5~
components in the system i i system i in the k-th sampling = fmax
Probability of load cut due to This variable indicates whether —
PRgprc; failure of components in the p R](E’}))LC ; system i experienced load PRgprc,i = Y —pt
system i ’ shedding in the k-th sampling =
Average load shedding duration Duration of load shedding P
Daprc,i caused by component failure in DX%LC ; caused by the failure of i system  Dapici = Y ot
the system i ' in the k-th sampling k=1
System loss power expectation Power loss value of the k-th ke LB
LPgpNs i Y . P p LP(k) . . . LPEDNS,i =X %
’ in the system i EDNS,i sampling in the system i k=1 mex
System loss energy expectation Energy loss value of the k-th kenax E®)
LEEENSi Y . 8Y p LE(k) . 8y . . . LEEENSi = Z 7kEENS’l
’ in the system i EENS,i sampling in the system i oD Kma

kmax refers to the maximum sampling times; k represents the k-th sampling; i = 0,1,2,3,4 refers to the overall power, generation,
transmission, and distribution systems, as well as the distribution cascade fault, respectively.

2.4. Optimal Load Shedding Model
2.4.1. Priority Decoupling Scheme

When the generator set fails or the system splitting occurs due to the transmission line
failure, a number of loads should be shed to maintain the stability of the overall system.
There is a large amount of mature research on load shedding models, especially those
targeting onshore grids.

In [30], a load shedding model was developed based on the DC power flow by
combining the linear programming method with the sensitivity analysis. The number of
control variables and branch capacity constraints in the model was reduced, achieving a
simplification of the problem. Literature [37] proposed a method for load shedding based
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on the principle of regional proximity, which solved the minimum load shedding based
on the DC power flow. According to the regional proximity principle, the load shedding
nodes were no longer searched for on a system-wide basis, which decreased time for the
system state analysis. Literature [38] presented an algorithm for calculating the worst
load growth direction based on the saddle point bifurcation theory and the singular value
decomposition theory of the trend Jacobi matrix. The corresponding optimal load shedding
model could obtain more load margin increase with less amount of load shedding.

Literature [39] took into account the influence of frequency and voltage stability on
the load shedding process and investigated the relevant shedding methods. Literature [40]
investigated load shedding models for power systems containing distributed generators
and proposed a hierarchical partitioned emergency load shedding system architecture.
A load shedding optimization model considering the external network equivalence was
developed in each partition. Literature [41] proposed a hierarchical load shedding model
for different voltage levels in the power system. An improved particle swarm algorithm
is applied to build an optimal load shedding scheme for systems of voltage levels below
500 kV. In addition, there are many studies on optimal load shedding models based on
different objectives [42,43].

As can be seen from the above studies, the load shedding model mainly takes the
minimum load shedding amount as the objective function, while the constraints change
depending on the focus of the research problem. For the offshore oil platform power
system, in addition to considering the general constraints, the operation process that is
different from the large onshore grid makes it necessary to establish a load shedding model
integrated with actual production.

In view of the fact that everything in the offshore power system is centered on ensuring
production safety, when a fault requiring load shedding occurs, the measure taken is to
apply the principle of priority decoupling for load shedding [44].

The priority decoupling operates on all types of equipment of the offshore electric
system. In principle, the equipment with a power of more than 50 kW is included in the
scope of decoupling. The equipment can be summarized by function into several systems
of varying importance, as shown in Table 2. Smaller values in the first column of Table 2
indicate that the equipment is of lower importance and is preferentially removed in actual
load shedding.

Table 2. The equipment and its subordinate system.

Importance Equipment Name Subordinate System

1 Water injection pump Water injection system
Medium pressure/high pressure compressor,

2 . Natural gas system
associated gas compressor
3 Air compressor, on/ off (fhscharge system Crane, air Public system
conditioner, etc.
4 Electric submersible pump, crude oil export pump, Main process system
separator, fuel gas system
5 Drilling module, workover rigs Drilling system

When formulating the priority of these devices in decoupling, it is generally set in
the order of safety, production, and auxiliary. Furthermore, the loads of some specific
equipment cannot be heavily cut to prevent the entire platform from being decoupled.

During load shedding, all lower priority loads are removed before higher priority
loads are removed. Generally speaking, the heating equipment is cut first, followed by the
water injection system equipment, the gas system equipment, the utility system equipment,
the main process system equipment and electric pumps on WHP, the main process system
equipment and drilling system on CEP. In this paper, a total of 15 decoupling levels from
1 to 15 are arranged.
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2.4.2. DC and AC Constraints

According to the above-mentioned features of the load, the minimum load shedding
model based on the priority decoupling sequence of DC power flow and AC power flow are
established separately by modifying the minimum load shedding model of DC power flow.

e  Objective function:
Ny
min ) _ 7, (1)
0=1

where 7, is the load shedding amount of the node 0; N; is the amount of load nodes.
The DC constraints are as follows:

e DC power flow equation constraint
B0 =Py —P;+r (2)

where 6 is the node phase angle vector; B is the node admittance matrix; Py is the
generator output vector; Py is the active load vector; r is the load shedding vector; 7,
is the element of r.

e  Decoupling level constraint

It is indicated from Constraint (3) that loads in the s+1 decoupling level cannot be cut
off before all loads in the s decoupling level are cut off.

Usi1,n0 < Usym Usm € {0,1} (3)

where Us ,, is a 0-1 variable, which demonstrates whether the m-th load in the s-th level
is permitted to be decoupled; s =1, ... syg;; m=1,... Ng;n=1,... ,Ns+1; sy is the
maximum level in the priority decoupling; N; is the number of the s-th level loads.

e  Composition constraint

Constraint (4) indicates which levels of load in the priority decoupling sequence the
load shedding vector consists of.

Smax Ns

r= Z Z us,mRs,m Rs,m €R (4)

s=1m=1

where R;;; is the vector represented by the m-th load of the s-th level in the priority
decoupling sequence. This vector is a column vector with only one non-zero element,
which represents the amount of load shedding at a node, corresponding to a certain device
or a certain type of low voltage load on the platform. R is the vector set representing all
loads in the priority decoupling sequence.

e Remaining DC constraint

Pyt < Py < PR (5)
0<r<Py (6)
|Py| < P" )

where Pg‘in and Pg®* are the lower and upper limits of output vectors for generators;
P; and P;"® are the branch power flow vector and the branch power flow upper limit
vector, respectively.

Depending on the power flow calculation method, optimal load shedding schemes
are divided into the load shedding scheme with the DC power flow calculation and the
load shedding scheme with the AC power flow calculation. Currently, the state evaluation
model based on the DC power flow is more common. It is due to the reality that the DC
power flow constraints are equational, making the optimal load shedding problem a linear
optimization problem that could be solved speedily. However, the influence of factors
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such as node voltage and reactive power on the optimization results is not taken into
consideration in this approach [45].

As the overall power system reliability assessment is much larger in a computational
scale than a single subsystem, it is required that the power flow results in the state evalua-
tion should be closer to the actual situation. The AC power flow state evaluation model
takes into account conditions such as reactive power and node voltage, which is more
acceptable to the accuracy required for the overall power system reliability evaluation.
However, in the large-scale power system reliability evaluation, the amount of component
constraints increases with the growth of system scale. The optimal load shedding problem
becomes a non-linear programming problem with a huge amount of calculation, which is
difficult to attain a convergent solution. Therefore, it is rarely utilized in the overall power
system reliability assessment of large power systems.

In contrast, the offshore electric system is a small power system compared to the
onshore power grid. It does not suffer from convergence problems. In this paper, according
to the grid structure of the offshore oil platform and the actual production situation,
the optimal load shedding model based on the AC power flow is further proposed by
improving the DC power flow load shedding model. Among its constraints, the objective
function, the decoupling level constraint, and the composition constraint remain consistent.
The different constraints are as follows:

e AC power flow equation constraints

Pgi —Pyi+ci — VZZ V] (Gl] Ccos Gij + Bij sin 91]) =0 (8)
jei
Qgi — Qai + wic; — Vi) Vj(Gijsin;j — Bjjcos b;) = 0 ©)
j€i
 Qui
Wi =D (10)

where 6 is the node phase angle vector; B and G are the node admittance matrices; Py is
the generator output vector; P, is the active load vector; c is the load shedding vector.

e  Generator output constraint
PP < Py < PR (11)

QMin < Qg < QI (12)

where P?‘in and Pg'™ are the lower and upper limits of active outputs for generators,
max

respectively; Qf;‘i“ and Qg

generators, respectively.

are the lower and upper limits of reactive outputs of

e Active load constraint
0<c<Py (13)

This constraint indicates that the load shedding amount does not exceed the active
load of the node.
e  Branch capacity constraint
|Py| < P" (14)
where P; and Pj"® are the branch flow vector and its upper limit, respectively.
e Node voltage constraint
Vmin <V < ymax (15)
where V™I and V™3 are the lower and upper limits of node voltages, respectively.

By solving the above non-linear model, the optimal load shedding volume is acquired
for a fault condition where load shedding is requested.
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2.4.3. Subsystem Simulation Characteristics

The influence of standby units and system splitting on the decoupling sequence
should be considered in the simulation of generation and transmission systems. After
validating the amount of shutdown units and the duration of the outage, the status of
standby units would be judged to confirm the startup amount of standby units and remove
the same number of failed units. In the event of islanding of the power system, the priority
decoupling sequence is separated according to the subsystem after islanding.

The impact of cascading faults on the overall power system is involved in the distribu-
tion system simulation. The cascading fault is the fault that spreads from the distribution
system into the composite system [46]. It specifically refers to the failure of the generation
or transmission system connected to a platform as a result of a fault or overhaul of the
breakers and buses on the generator outlet side and terminals of the transmission line in
the distribution system of that platform [47,48]. This fault could lead to the loss of power to
that faulty platform itself or even to the power failure to adjacent platforms and the entire
system splitting.

At the end of the distribution system simulation, the status of the components as-
sociated with the cascading fault is assessed based on the current sampled distribution
system status to determine whether a cascade failure has occurred or not. If it occurs, the
corresponding generator and submarine cable faults and fault duration are entered into
the generation and transmission system state assessment to record the relevant indicators.

3. Results
3.1. Introduction to the Calculation Example
The power system of an example offshore oil platform is employed to validate the

proposed method. As shown in Figure 6b, the simplified system contains three CEP
platforms and five WHP platforms.

|
N WHP 1
| 1
! QVHP d WHP 1
|

(a) (b)

Figure 6. Actual topology diagram of the example power system. (a) Topology before simplification;
(b) topology after simplification.

In Figure 6, each purple single line represents a submarine cable, connecting two
platforms far apart, while each orange double line represents a bridge, connecting two plat-
forms close together. The installed capacity of the generator sets is 4 x 13 MW, 2 x 13 MW,
and 3 x 13 MW at CEP1, CEP2, and CEP3, respectively.

The individual generation capacity is based on the maximum summer output and the
load on the platform is based on the maximum summer load, as shown in Table 3.

The reliability parameter in the evaluation is obtained from the statistics of fault
logs and maintenance schedules of oil fields within a bay [49,50], which is shown in
Table 4. The submarine cable model is a linear model related to length, with L denoting the
actual length.
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Table 3. Summer general calculation conditions, for example.

Platform Active Generation . Generation
Name Load/(MW) Capacity/(MW) Platform Name Active Load/(MW) Capacity/(MW)
CEP 1 21.401 11.974*3 WHP 2 5.786 0
CEP 2 8.094 11.974*3 WHP 3 4.669 0
CEP 3 25.235 11.974*2 WHP 4 14.542 0

WHP 1 9.321 0 WHP 5 3.738 0

Table 4. Component reliability parameters.

Element Failure Rate/(Time-a—1) Repair Time/(h)
Submarine " "

Cable/ (km) L*0.00379 26.201*L + 597.75
Bridge/ (km) 1+0.03 1430

Element Failure Rate/(time-a™') Repair Time/(h) Maintenance Rate/(time-a™!) Maintenance Time/(h)
Turbine Unit 22 22.4 3 72

Breaker 0.18 24 0.2 48
Transformer 0.04 200 1 120

Bus 0.09 6 0.1 8

3.2. Example Results and Analysis

The non-sequential hybrid method is adopted to assess the reliability of the example,
and the number of sampling is 100,000. The partial outage table of the distribution system
is shown in Table 5.

Table 5. Part of the power distribution system outage table.

State State Probability LEEENS/(MWh) DADSF/(h) DADLC/(h)
1 0.951233 0 0 0
2 0.008792 0 120 0
3 0.008623 0 48 0
4 0.006598 0 15 0
5 0.003887 0 24 0
6 0.002182 24.69 24 24
7 0.002182 28.87 24 24
8 0.002182 38.64 24 24
9 0.002181 24.34 24 24
10 0.002181 27.47 24 24
11 0.002181 34.80 24 24
12 0.001092 31.69 24 24
13 0.001092 42.86 24 24
14 0.001092 30.64 24 24
15 0.001092 39.02 24 24
16 0.000273 47.97 48 48
17 0.000136 70.37 48 48
18 0.000060 24.87 8 8

The assessment results of the overall system are shown in Table 6, where they are cal-
culated by the DC power flow and AC power flow priority decoupling schemes separately.

It can be seen from Table 6 that in the index (AC power flow), the LEggNs of the
overall system is 980.89 MWh, and ASALI is 98.36%. According to the annual development
report of Chinese power industry, the national average power supply reliability rate
in 2019 is 99.84% [51]. It is indicated that the ASAI of offshore power system in the
example is relatively low, and LEggNs accounts for a higher proportion of annual electricity
consumption. Therefore, some measures are requested to be taken to improve the system
reliability. It is necessary to analyze the weakness in the overall system to efficiently
improve its reliability.
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Table 6. System reliability index.

Index (DC Power Flow)

Overall System Results

LEggNs/(MWh) 980.89
Percentage of Annual Electricity Consumption/ (%) 0.12
ASAIL/ (%) 98.49
Index (AC Power Flow) Overall System Results
LEggNs/(MWh) 1116.50
Percentage of Annual Electricity Consumption/ (%) 0.14
ASAI/ (%) 98.36

In addition, there are differences between indicators (AC power flow) and indicators
(DC power flow). The difference mainly arises from the power flow constraints in the load
shedding model. Firstly, in the DC power flow, it is assumed that the node voltages are
around the rated voltage value when the power system is in operation. The node voltages
are simplified to 1. Therefore, the more the node voltages deviate from the rated voltage in
the actual operation, the greater the resulting error. Secondly, the branch resistance in the
DC power flow is considered to be extremely smaller than the reactance. Accordingly, the
resistance is normally ignored. In practice, however, the line resistance does not converge
to 0 infinitely. It could cause large errors, which is related to the ratio of line reactance to
resistance. Finally, the simplified process of DC power flow makes both the reactive power
and network losses zero, which might be different from the actual situation, and ultimately
result in errors in indicators.

As shown in Table 7 and Figure 7, the PRgpsr of the distribution system is exceedingly
higher than that of other subsystems, accounting for 78.94% of the total number of failures.
The reason for this phenomenon is that the distribution system in the offshore electric
system is more complex and contains a greater number and variety of components than the
other subsystems. The Dapgr of the transmission system is the highest and accounts for
the largest proportion of the total failure time. It is due to the significant amount of time
required for fault location, submarine cable procurement, and reassembly as a submarine
cable fails, which far exceeds the fault repair time for any other component.

Table 7. System failure indicators.

Index Generation System Transmission System Distribution System Overall System
PRgps /(time-a~?) 0.05 0.13 0.67 0.85
Percentage/ (%) 6.51 14.55 78.94 100
Dapsr/(h) 1.32 104.34 10.23 115.89
Percentage/ (%) 1.14 90.03 8.83 100
1%
90%

= Generation System
Transmission System

= Distribution System

(@)

m Generation System
Transmission System

m Distribution System

(b)

Figure 7. Percentage of subsystem indicators. (a) Percentage of Pgpsr for subsystems; (b) percentage of PApgr for subsystems.

The load shedding indexes of

each subsystem are listed in Table 8. Since there are
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time/a

0

certain cold and hot backups in the offshore power system, PRgprc and Dapic of the
generation system are considerably smaller than PRgpsp and Dapsp. Correspondingly;,
LEggns caused by them is also smaller. For the distribution system, there is the complex
network structure that allows for the occurrence of diversions. Although the percentage of
failure numbers is relatively higher, the PRgpsg and D spsr of the distribution system are
larger than PRgpyc and Daprc, and the resulting LEggNs is comparatively small.

Table 8. Subsystem load shedding index.

Index Generation System Transmission System Distribution System Overall System
PRepic/(time-a™?) 0.01 0.12 0.10 0.23
Percentage/(%) 491 53.09 42.01 100
Daprc/(h) 0.77 104.34 1.53 106.64
Percentage/ (%) 0.72 97.84 1.44 100
LEgens/(MWh) 4.58 1108.24 3.68 1116.50
Percentage/ (%) 0.41 99.26 0.33 100

The weak overall electrical interconnection of the offshore power system in the exam-
ple suggests that a failure of any of submarine cables could lead to the system splitting.
Hence, in the event of a fault on the transmission system, the overall system stability would
be maintained through load shedding. As shown in Figures 8 and 9, for the transmission
system, its PRgpsF is equal to PRgprc and its Dapgr is equal to Dapyc. Compared to the
distribution system, there is a lower PRgpsp but a higher Dspgp in the transmission system
due to the fact that the fault location and repair of submarine cables in special operating
environments is time consuming. It is also the reason why there is a lower percentage of
PRgpsr, but a higher percentage of Dapyc and LEggNs in the transmission system.

PR_EPLC mPR_EPSF

012 0.13

0.1
0.05
v -

Generation System Transmission System Distribution System Overall System

Figure 8. Comparison of subsystem count indicators.

The convergence process for 100,000 samples is shown in Figure 10, with all upper
bounds on the variance set as 0.01. As 100,000 samplings are performed on the same type of
computer, the CPU calculation time was 15,468.6 s for the simulation method and 1593.1 s
for the hybrid method.

Compared to the simulation method, for the same sampling accuracy, the hybrid
method proposed in this paper requires less sampling. It contributes to a swifter conver-
gence of the evaluation process and a shorter computation time.
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Figure 9. Comparison of subsystem duration indicators.
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Figure 10. 100,000 sampling coefficient of variance. (a) Coefficient of variance of simulation method; (b) coefficient of

variance of hybrid method.

3.3. Measures to Improve Reliability

The above analysis reveals that the generation, transmission, and distribution systems
all have an impact on the reliability of the overall power system, with the transmission
system having the greatest impact. From the perspective of components, reducing the
failure rate of essential system equipment such as turbine units, electric submersible pumps
and submarine cables, conducting fault diagnosis and prediction, and adopting targeted
operation and maintenance measures are beneficial to reduce the incidence of faults and
improve the system reliability. For example, the stock regulation before a fault expands or
a shutdown could reduce the outage preparation time [52]. This is particularly important
for submarine cables. Submarine cables are not normally stocked for offshore oil platforms.
In the event of a transmission line failure resulting in a power failure on the platform,
it would take a significant amount of time to reacquire and install the submarine cable.
Anticipating faults shorten the acquisition time, which in turn indicate that the repair time
for submarine cable faults is reduced.

From the perspective of structure, measures such as the conversion of the distribution
system from single to double bus sections are conductive to improving system reliability.
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The related measures of the transmission system at the structural level are mainly discussed
in this paper.

The transmission line connection modes adopted by the onshore power system to
improve the reliability are mainly triple chain, double chain, double ring network, single
ring network, and double radial network [53]. However, the chain connection modes have
power supplies at both ends. The mutual support between the power supplies is weak
and does not solve the problem of low spare capacity of a single subsystem in the case
of line failure.

The single ring network, double ring network, and double radial network are the line
connection modes that could be considered for this system. A schematic diagram of the
line connection modes is shown in Figure 11.

WHP 1

,,,,,

Figure 11. Ring network diagram, for example.

In this system, the double radial connection requires a new 12.8 km submarine cable
between WHP 6 and CEP 3 in addition to the existing submarine cable. The single ring
connection requires a 13 km submarine cable from WHP 1 to CEP 3 or a 4 km submarine
cable from WHP 2 to WHP 3 or a 17.5 km submarine cable from WHP 5 to CEP 3. The
double ring connection refers to the installation of any two submarine cables in the single
ring connection.

Although the double ring connection mode is highly reliable, the large construction
costs of submarine cables contribute to the low economic viability. The double radial
connection mode increases the transmission capacity of the line between CEP 3 and CEP
1, reducing the load factor on the line in the event of a total outage of the generators of
CEP 3. Furthermore, the double radial connection requires a spare line for the bridge
between WHP 7 and WHP 6 to address the lack of spare capacity on CEP 2 in the event
of a bridge failure. The single ring connection enables the three CEPs to support each
other. It solves the problems of insufficient spare capacity and insufficient transmission
capacity of the lines. Both single ring connections and double radial connections involve
the installation of an additional submarine cable. However, the length of the additional
cable is long with the double radial connection. In addition, the single ring connection
mode eliminates the requirement to provide spare lines for the bridge, which reduces the
volume of construction work.

Among the additional submarine cables, the 13 and 17.5 km submarine cable type is
3 x 300 mm? and the construction unit price is 1.75 million yuan/km, while the 4 km sub-
marine cable type is 3 x 120 mm? and the construction unit price is 1.05 million yuan/km.
Considering the relationship between the geographical location of each platform and the
cost of submarine cables, the single ring connection mode is the optimal mode for this
system. The overall system reliability results before and after the ring network and the
construction cost of the submarine cables are shown in Table 9.

According to Table 9, the addition of one or more submarine cables to the system
results in a slight increase in Dapgp, but a significant decrease in Dapy ¢ and LEggNs of the
overall power system. It is indicated that the power supply and reliability of the entire
system after the ring network are improved. The reliability enhancement varies between
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connection modes. The option with the largest reliability improvement as assessed in
Table 9 is the laying of a 17.5 km long submarine cable at WHP 5 and CEP 3. It is indicated
that the ring network with the largest reliability improvement implies larger construction
costs. However, the reliability of the power system of an offshore oil platform is closely
related to the crude oil productivity as it is both a producer and consumer of electricity.
Therefore, the ring network is feasible from a reliability point of view as well as from an
economic point of view due to the long-term economic benefits it could provide.

Table 9. Comparison of indexes before and after the ring network.

Index DApsr Dapic LEggNs Installation Costs
Ring Network /(h) /(h) /(MWh) /(Million Yuan)
None 115.89 106.64 1116.50 0
4 km 128.67 63.08 922.37 4.2
13 km 133.64 52.82 618.30 22.76
17.5 km 137.84 50.71 783.62 30.625

4. Conclusions

In this paper, the overall power system reliability assessment method based on the
non-sequential hybrid theory is proposed, which focuses on the composition feature and
the operation characteristic of offshore electric systems. As the reliability of the generation,
transmission, and distribution systems are assessed simultaneously, it is possible to acquire
accurate reliability indicators for the overall system and each subsystem by this approach.
The conclusions are as follows:

e In the process of condition assessment, an optimal AC power flow load shedding
model is developed in this article, which reflects the characteristics of the offshore
platform power system structure and its load equipment. Meanwhile, it takes into
account the decoupling priority level of the offshore oil platform, which covers the
requirements of the process of oil and gas production for the load shedding process.
Compared to the DC load shedding model where simplified conditions exist, the ASAI
obtained by the AC load shedding model in the overall system reliability assessment
is lower, which is more realistic;

e  The hybrid method is utilized in this article for the simulation sampling process of
the overall system. The analytical method is applied to obtain partial information
before sampling, which enables the speed of sampling to be increased. It is achieved
by establishing the outage table of each distribution network through the analysis
method and conducting the Monte Carlo simulation on the overall system to derive
final results. The CPU computation time for the overall system reliability assessment
with the simulation method is 15,468.6 s, while the CPU computation time with the
hybrid method is merely 1593.1s. It is indicated that the hybrid method compresses
the state space, which largely simplifies the sampling and judgment of the simulation
method with an efficient computation;

e Dapsr of the overall system is larger than Dpyc, and PRgpsr is larger than PRgp; c.
The reasons for this phenomenon are, on the one hand, the majority of sectionalized
configuration applied for power supply in the distribution system and, on the other
hand, the large adequacy of the generation system;

e  PRgpic of the overall system is relatively small. However, Dapy c is quite large. The
transmission system accounted for the largest proportion of Dapyc at 97.84%. The
particularities of the marine environment result in submarine cables being difficult to
repair. Therefore, Dap; c are largely due to submarine cable failures. It is indicated
that submarine cables are the most vulnerable part of an offshore platform power
system in terms of reliability;
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e  The ASAI of the offshore platform power system is 98.36%. In contrast, the ASAI
onshore China in 2019 is 99.84%. It is evident that the ASAI of the example system is
relatively low, which indicates that there is potential for its reliability improvement;

e  Structural improvements to the system led to a significant reduction in Dapy ¢, from
106.64 h to as low as 50.71 h. It demonstrates that the ring network is an effective
measure to improve system reliability. Considering the relationship between system
reliability improvement and the cost of additional submarine cables, the single ring
network connection mode is the optimal connection mode for the system. With
the reliability of the offshore platform power system directly related to crude oil
productivity, the long-term economic benefits of the ring network could be balanced
against the cost of construction.

In summary, it is convenient to calculate the reliability index of the overall power
system and distinguish the weakness of the system related to reliability by this approach.
In addition to the power system of offshore oil platforms, it could also be applied to
small-scale independent power systems with similar structures such as ship power systems.
In view of the development schedule for offshore power systems to be connected to the
shore power, the overall power system reliability assessments taking into account the shore
power connection will be the next research direction.
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Nomenclature

WHP Wellhead platform

CEP Central platform

PRgpsp  Probability of component failure in the system

Dapsr  Mean duration of failure of components in the system

PRgprc  Probability of load cut due to failure of components in the system

Daprc  Average load shedding duration caused by component failure in the system
LPppns — System loss power expectation in the system

LEggns — System loss energy expectation in the system

DC Direct current
AC Alternating current
ASAI Average service availability index

L Length of submarine cable
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