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N. Benchouia, M. Saaidia

OPTIMIZATION AND RELIABILITY OF THE POWER SUPPLY SYSTEMS
OF A COMPRESSOR STATION

As gas pipeline systems become larger and more complex, the importance of optimally operating and planning these facilities has
increased. The capital costs and operating expenses of pipeline systems are so large that even small improvements in the use of the
system can involve large sums of money. Purpose. This article proposes a method to improve the reliability and optimization of
power supply systems for compressor stations. The novelty of the proposed work is the development of a new mathematical model
that allows the choice of the most appropriate maintenance policies in the best way to significantly reduce costs as well as to
optimize useful key performance indicators — failure rate, average time between breakdowns, the average repair time for equipment
in compressor station electrical supply systems. Applying graph theory to represent this mathematical model from the schematic
diagram of the different energy sources with respect to the five compressor stations is adequate. Methods. The problem that arises
for the future operator or operator is, among others, how to balance two main aspects: a technical aspect and an economic aspect.
The proposed methodology introduces a research algorithm to calculate the optimal values of the operating parameters of the power
supply systems of compressor stations by combining technical and economic aspects in order to reduce costs and increase
performance indicators. The proposed algorithm can be implemented in FORTRAN code. Results. The algorithm developed is an
efficient tool for calculating maintenance costs and allows by means of programming to define the most appropriate maintenance
policy. On the other hand, this technique could be used as an essential economic evaluation indicator for other equipment in order to
choose among all the technically possible solutions the one which allow obtaining the best economic result. Practical value. The
proposed algorithm has been examined in this third variant of the supply system with two turbogenerators. The result of the
optimization shows a clear preference for selecting station C for the pipeline as this presents the minimum cost which is the
definition of the algorithm optimizer. Then, it is important to adopt the most recommended maintenance policies and practices in
order to ensure the availability of the power supply systems and to avoid unplanned outages with the resulting loss of production.
References 12, table 2, figures 7.

Key words: power supply system, reliability, optimization, economic aspects, technical aspects, graph theory.

Y mipy moco sax easonposioni cucmemu cmaiome Oedani OinbwiumMu ma CKIGOHIWUMU, 3POCMAE 3HAYEHHS ONMUMATLHO2O
Qyuryionyeanna ma naanyeamus yux o6 'exkmig. Kanimanvui eumpamu ma excniyamayivxi eumpamu mpyoonpogioHux cucmem
HACMINbKU GENUKI, WO HABIMb He3HAUHI 600CKOHANEHHS ) BUKOPUCTNAHHI CUCIEM MOJICYMb 3any4umu eeauxi cymu epoweli. Mema. Y
cmammi NPONOHYEMbC MemoO NIOGUWEHHs. HAOIUHOCMI ma OnmuMmizayii cucmem eneKmponoOCMAayants KOMAPEeCOPHUX CMAaHYill.
Hoeusna 3anpononoganoi pobomu nonseae y pospodyi HOBOI mamemamuyHoi mooeni, aKa 00380 HAUKPAWUM YUHOM GuUOpamu
HauOiIbw 8iON0GIOHI NOTMUKY MEXHIYHO20 00CIY208Y6AHHA, WOD 3HAYHO CKOPOMUMU GUMPAMU, A MAKOXIC ONMUMI3YEamu KOPUCHI
KIHO408I NOKAZHUKU eheKmUsHOCmi — pieeHb GI0MO06, CepeOHill 4ac Midc NOTOMKAMU, CEPEOHIl 4ac PeMOHMY 0ONAOHAHHS 8 CUCEMAX
e1eKmponocmayants Komnpecopnoi cmanyii. 3acmocyseanns meopii epaghie Ona npeocmaenenus yiei mamemamuyHoi mooeni Ha
NPUHYUNOBITL cxeMi pi3Hux Ojicepen eHepeii wooo n’samu KomnpecopHux cmanyiti € oocmamuiv. Memoou. 3adaua, axa unuxae y
Maibymmuvb020 abo 0ilo4o2o onepamopa, noAac, cepeod iHWo2o, y Momy, K 30anancy8amu 08a OCHOGHI ACNeKMuU: MeXHIYHU acnekm
ma eKOHOMIUHUL acnekm. 3anponoHoBaHA MemoOoNo2is 6600UMb ANCOPUMM OOCTIONCEHHS 0Nl PO3PAXYHKY ONMUMATbHUX 3HAYEHb
pobouUX napamempie cucmem eieKmponOCMaants KOMRPECOPHUX CIMANYILL WIIAXOM NOEOHAHHS MEXHIYHUX MA eKOHOMIYHUX ACNeKmMig
3 Memolo 3MeHWeH s BUmpam ma 30inbWeHHs. NOKA3HUKIE egheKmueHocmi. 3anpononoeanuil aneopumm modice Oymu peanizo8anuil y
npoepami na mogi npoepamysants FORTRAN. Pezynomamu. Po3pobnenuii aneopumm € epekmuenum iHCmpymMeHmom 015t PO3PAXYHKY
sumpam Ha mexHiune 00CIY208y8anHs MAa 00360JA€ 30 OONOMO20I0 NPOSPAMYEAHHS BUSHAYUMU HATOLILW 6I0NOGIOHY NONIMUKY
mexHiuHo20 00CY208y8anHA. 3 iHUW020 OOKY, Y10 MEMOOUKY MOJICHA UKOPUCIIOBYBAMIU SIK 8AMHCIUGUL NOKAZHUK eKOHOMIYHOL OYIHKU O
iHWOo20 0bnadnanna, wob eubpamu ceped ycix MexHiYHO MONCIUBUX piuieHb me, sIKe 00380JAE OMPUMAMU HAUKPAWULL eKOHOMIYHUI
pesynomam. IIpakmuune 3nauenna. 3anpononosanuii areopumm Oye nepesipenuti y mpemvomy 6apianmi CUCeMU HCUBNEHHA 3 080MA
mypbocenepamopamu. Pesynomam onmumizayii noxkasye uimky nepesazy wjodo eubopy cmanyii C 015 mpyoonposoody, oCKiibKu ye
npeocmasniae MIHIMAbHY 6apmicmb, KA € GUSHAYEeHHAM onmumizamopa aneopummy. Tooi eadxciuso npuiiHsmu HAUOLbWw
DEKOMEHO08aHT NONIMUKYU MA NPAKMUKY MEXHINHO20 00CY208y6anHs, wob 3abe3neuumu 0OCMynHICMb CUCMeM eleKmpOnoCmayanis
Ma YHUKHYMU He3aNnJIaH08AHUX SIOKTIIOYEHb I3 HACTIOKOM empam eupobHuymea. bion. 12, Tadn. 2, puc. 7.

Kniouosi cnosa: cucrema eJIeKTPONOCTAYaHHS, HAAIHHICTH, ONTHMIi3alisi, eKOHOMIYHi acNeKTH, TeXHIYHi acmeKkTH, Teopis
rpadgis.

Introduction. Compressor station (CS) is an integral
and an essential part of a gas pipeline, providing gas
transportation by means of power equipment. It serves as a
control element in the complex of buildings, belonging to the
trunk gas pipeline. The pipeline operation mode is defined
through the compressor station operation parameters.

Power supply system (PSS) is a combination of
sources and systems of conversion, transmission and
electric energy distribution. Power supply system does not
usually include consumers (or electricity receivers).

The following requirements are to be met by power
supply systems:

o reliability and continuity of power supply to
consumers;

e quality of electric energy on consumer input;

o safety of PSS elements maintenance;

¢ unification (modularity, standardization);

e cconomic efficiency (includes such concepts as
energy efficiency and energy conservation);

e ccological compatibility;

e ergonomics [1].

As natural gas pipeline systems have grown larger

and more complex, the importance of optimal operation
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and planning of these facilities has increased. The
investment costs and operating expenses of pipeline
networks are so large that even small improvements in
system utilization can involve substantial amounts of
money saving [2].

For electric power supply systems, intended to
provide the work of processing facilities with a
continuous cycle (such systems include compressor
stations of trunk gas pipelines) reliability and
maintainability are considered to be the main properties.
Problems of durability and safety of the system are not
too much crucial. For modern electrical driven, equipped
with powerful synchronous motors, problems of stability
and vitality of the systems and their power supply are
considered to be additional important properties [1].

In a gas transmission network, the overall operating
cost of the system is highly dependent upon the operating
cost of the compressor stations of the network. In fact,
this compressor station’s operating cost is generally
measured by the quantity of the consumed fuel.
According to [3], the operating cost of running the
compressor stations represents between 25 % and 50 % of
the total company’s operating budget.

Recently, the issues of reliability improvement and
configuration optimization of power supply systems of
industrial facilities have been gaining significance [4].
Reliability is all that is required for a product to function
without failure, or with a failure frequency low enough to
be acceptable in its intended use. Its conservation
concerns the Maintainability which takes care of what
must be done so that a product is brought back under
conditions as close as possible to those foreseen at the
beginning of its operation.

Many researchers have presented and described
proposed optimization and reliability methods for power
supply systems of a compressor station. Literature
reviews have been written to summarize the methods and
the achievements. In [5] authors have illustrated the
different influencing factors for the economic success of a
gas compression station. Important criteria include first
cost, operating cost (especially fuel cost), capacity,
availability, life cycle cost, and emissions. Decisions
about the layout of compressor stations such as the
number of units, standby requirements, type of driver and
type of compressors have an impact on cost, fuel
consumption, operational flexibility, emissions, as well as
availability of the station. An overview of important
mathematical optimization and artificial intelligence (AI)
techniques used in power optimization problems.
Applications of hybrid (Al) techniques have also been
discussed in [6]. The statistical data on the failures of the
elements of the electrical power systems for the gas
pumping compressor stations is studied in [7]. The
distribution functions of operating time between failures,
operating time between unplanned repairs, restoration
time are chosen for power supply systems’ elements.
Parameters of Weibull distribution function are
determined. The reliability of power supply system for
gas pumping compressor station is  simulated.
Comparative analysis of the system reliability with hot
and cold reserve is processed. The role of elements and
their parameters for ensuring reliability are determined.

The rational boundaries for increasing reliability for the
most important system elements are determined in [7]. In
[8] authors solve the reliability design problem which is a
very interesting problem often encountered in the energy
industry. It is formulated as a sequence of redundancy
optimization problems (ROP). The resolution of this
problem uses a developing Ant Colony Optimization
(ACO) method. This new algorithm for choosing an
optimal series-parallel power structure configuration is
proposed. It minimizes the total investment cost subject to
availability constraints.

However, many of the algorithms currently used by
the system operators and planners are based on heuristics
and have severe limitations. Therefore, optimization
algorithms used during operations need to be timely in
detecting problems and suggesting corrective actions.

The goal of the paper is the proposal of a tool
allowing to optimize the power supply systems of a real
existing compressor station, taking into account the
technical aspect and the economic aspect on the basis of a
mathematical model which makes it possible to increase
the reliability of the entire operation of the mechanism
and to considerably ensure its availability in order to
minimize the total expenditure of the electrical supply
system of the BISKRA station, Algeria.

Subject of investigations. This paper carries out a
comprehensive study of calculation and optimization of
the power supply systems of compressor stations with the
essential objective of choosing among all the technically
possible solutions those which allows obtaining the best
economic result.

In this article, a new flexible and efficient model and
an optimization algorithm is proposed in order to solve
the problem of reliability, maintainability and availability
of operation in order to minimize the costs of the power
supply systems of natural gas compression stations.

This paper is structured as follows: in Section 2, the
description of the compressor station and the
technological process used in the model formulation are
presented; in Section 3, a development optimization
criterion is introduced; the development of the power
system optimization algorithm is presented in Section 4.
The results showing the graphic presentation of the
calculation and the performance of the proposed
formulation are presented in Section 5. Finally, in Section
6, conclusion on the achieved results is presented.

Presentation of the compressor station. In [9] the
gas pipeline GK1 (40°’) GK2 (42’) is designed to ensure
the connection between the departure terminal of HASSI
R’MEL and the arrival terminal of SKIKDA, as well as
the supply of the SONELGAZ (The Algerian Electricity
production and distribution company) distribution centers
in eastern Algeria.

Construction of the pipeline began in 1968 for it to
be commissioned in its first phase in 1971.

In its first phase, the gas pipeline ensured a flow of
5.7x10° m?/year with no in-line compressor station (free flow).

In its second phase and with increasing energy
requirements, two compressor stations were installed
(stations B and D) to achieve a flow rate of 9.2x10° m*/year.

In its third phase, the gas pipeline is operated with
five in-line compression stations thus ensuring maximum
speed with a flow rate of 12.7x10° m*/year.
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The natural gas pipe between HASSI R’MEL and
SKIKDA has a length of 574.87 km. It is designed to
service at an absolute pressure of 71.05+0.4 bars and a
maximum temperature of 60 °C over its entire length.

The departure terminal controls the inlet pressure of
71.05+0.4 bars absolute of the pipe. The arrival terminal
is able to maintain downstream pressure from 43 to 45
bars absolute. The annual flow from HASSI R’MEL is
12.7x10° m’/year (optimal conditions in summer and
winter). Table 1 details the operating conditions of the
five stations such as compressor suction pressure,
compressor suction temperature, maximum power, etc.

Table 1
Service condition of stations
Station
Condition A B ¢ D E
Compressor (in service + 341 | 341 | 341 | 341 | 341
reserve)
(szs/}g"w permachine 1,55 931449 96|442.46/439.80(432.30

Compressor suction

pressure (bar) 5049

48.15 | 48.30 | 48.41 | 50.14

Temperature compressor

suction (°C) 38.06

44.86 | 43.94 | 44.60 | 40.93

Compressor cooling point

(bar) 73 73 73 73 73

Compressor discharge
temperature (°C)

Maximum station output

(bar) 71.5

715 | 71.5 | 71.5 | 71.5

Description of the technological process. The
station’s gas compression system begins at the filter inlet
manifold located in the northeast corner of the facility site
(or refers to the north of the facility, not true north).

The gas passes through vertical filters that retain
moisture and filings making the gas suitable for
recompression in the station compressors to the
turbocompressors (TC) suction manifold.

In [9] the «A», «B», «C» and «D» turbocompressors
are individually connected to this manifold. The suction line
of each compressor is 60.96 cm in diameter (see Fig. 1).

The gas is sucked into the compressor or its pressure
is increased to 73 bars absolute. It is discharged into the
discharge manifold through the 60.96 cm discharge line
of each compressor. The discharge manifold directs gas to
a calibrated orifice where the rate of flow is determined.
The gas then passes into the after cooler where its
temperature is reduced to a value not exceeding 60 °C.

From the coolers, the gas passes through the
101.6 cm mainline. The pressure losses in the gas
refrigerants are 1.5 bars absolute; so at the exit of the
station, we will have the extreme values of pressure and
temperature which are 71.5 bars absolute and 60 °C.

For this technological process to be ensured, the
turbocompressors must be in good working order. So the
adopted power supply system plays a key role.

According to statistical calculations, failures of fuel
systems have a direct influence on the reduction of the
operating time of turbochargers (restarting, fuel and oil
losses, etc.). This is why the analysis of adequate feeding
systems for this type of process becomes an absolute
necessity.

Figure 1 shows the technological process of the
compressor station. We find that failures in the power
supply system directly affect the decrease in uptime of
turbocompressors.

REF ASP
¢ Raclure
i station
Cooler Valve by pass

station

E Event

vept Discharge manifold A|Gas filters

A 42 A2 ]

olleqtor Appiratipn

Event

2 L
u E P E L skid
Event gaz

Fig. 1. Technological process of a compressor station

Proposed optimization methodology. The
methodology of the proposed study is based on the
calculation and optimization of the power supply systems
of compressor stations on the basis of two main aspects: a
technical aspect and an economic aspect.

Technical aspect. The technical aspect is the ability
of the power supply system to provide the compressor
station with the electrical energy of a required quality
without interruption; which means to reduce the damage
due to accidental failures (interruption in -electrical
energy) by increasing the reliability of the power supply
system while maintaining the economic conditions
surrounding the problem. The process of reliability
evaluation may be done using two major groups of
statistical indicators: A, MTBF (Mean Time Before
Failure) and MTTR (Mean Time To Repair) are the two
main indicators of reliability used industrially [10].

Failure rate A represents the failure rate or the
damage rate. It characterizes the speed of variation of
reliability over time for a given work period, total
duration in active service

. Total number of failures during service

— M
Total operating time

In practice, the failure rate can be constant, but also
increasing or decreasing over time, with gradual change
and without discontinuity.

The failure rate is the probability that an entity will
lose its ability to perform a function during the interval,
knowing that it has not failed between [0, 7]; we note it:

1
He)= e )

MTBF is often translated as being the average of
good functioning but represents the average of the times
between two failures (7BF):

MTBF = Z?F , 3)

where N is the number of failures.
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MTTR is average time to repair which expresses the
average time for repair spots. It is calculated by adding
the active times maintenance as well as additional
maintenance times, all divided by the number of
interventions:

> intervention time for NN failures

MTTR = , (4
I (4)

repair rate u is
g )
MTTR

Economic aspect. In the economic study comparing
the different variants of the power supply system, the
factors directly influenced by reliability considerations are
investments (installation expenditure), on one hand, and
maintenance expenses, supervision expenses, expenses
due to loss of electrical power and transformers and
depreciation expenses on the other hand. These expenses
are called operating expenses [11].

Therefore, the solution to be adopted must minimize
the total expenditure on the power supply system in
question, which is given by the following formula:

G =5,Cipst +Cop+D > min,, (6)

where P, is the normative coefficient of investment
efficiency; Ci, is the installation (capital) expenses for
power system components by line; C,, is the operating
expenses; D is the damage due to accidental power
system failures.

P, depends on the period of depreciation of the
invested capital as follow:

ﬂ:

1
P, —5—0.12, 7
where the period of depreciation as follows:
7,=(8 +10) , year. (8)
Cinst 18 given by the following formula:
Cinstl =1Iy-1, )

where [ is the kilometric price, (DA/km, DA — Algerian
Dinar) and / is the length of line, km.
For transformers:

CinstTR ( 1 0)

where N being the number of transformers to install and
Itz is the price of a processor, DA.
For turbogenerators:

CinstTG ( 11 )

where N is the number of turbogenerators; /7 is the price
of a turbogenerator, DA.
C,, is given by the following formula:

Cop = Closses T dan +Crp » (12)

where Cjs 15 the expenditure due to loss of electrical energy
in the line and transformers, can be represented as follows:
Closses = (AWI + AWTR ) CO >

:N'[TR’

:N'[TG,

(13)

where Aw; represents the losses of electrical energy in the line:

2
Aw, =[S"V’a><) ol T 10°, (14)
n

where S;.x is the maximum apparent power passing
through the line (in MVA) depending on the parameters:
¥, is the electrical power transmission rating, kV; ry is the

specific resistance of the line, Q/km; / is the length of
line, km; 7. is the maximum time of loss of electrical
energy during one year, h/year; Awr is the losses of
electrical energy in the transformer:

Awpg = ARy Ty + APy K} Ty (15)

where 4P, is the active power losses in the magnetic circuit
(not depending on load), kW; Tris the transformer operating
time during one year (7y= 8760 h); 4P, is the active power
losses in windings created by Joule effect, kW; K is the
transformer load factor (K; = 0.7); C, is the cost of one
kilowatt hour of electrical energy, DA/kWh.

Annual depreciation expenses d,, to offset expenses
due to wear and tear of power system components is
given by the following formula:

a(%)

d,=——=1, 16
an- 100 (16)

where a is the depreciation rate; it varies from one
element to another (for the line o = 2.4 %; for the
transformer a = 6.4 %; for the turbogenerator = 6.5);
I is the clean investment; C, is the maintenance,
inspection and supervision expenses. These are directly
related to the degree of reliability and safety level
imposed on the power system:
C,~020-d,,. 17)
Damage due to accidental power system failures D:
D=108-Aw,-Cy, (18)
where 1.08 is the reserve coefficient which takes into
account the accidental downtime of less than 0.1 hours;
Aw, is the electrical energy not delivered for one year due
to accidental failure of the power supply system,
kW-h/year.
Aw, = Py -8760-0-¢- B, B, (19)
where P, is the maximum active power (calculated) of
the compressor station, kW; Q is the total probability of

accidental failure of two power system circuits.
Practice has shown that accidental failures follow an

exponential law:
r-(l—e_’l)/8760 , (20)

Q =
where 7 is the total repair time of the power supply system
expressed in hours; 4 is the total failure rate of the power
supply system expressed in 1/year; ¢ is the coefficient of
the carried power limitation in the damage regime:

Py —PF
g=-M_—a @1
Py
P, =14-§,rpcosp, (22)

where P, is the allowable power of the transformer in the
damage regime (in our study we considered the failure of
two circuits of the power supply system, (P, =0 = &= 1);
B and B, are respectively the filling coefficients of the
monthly and daily load diagrams for a compression
station: §,, = 0.97; B, = 0.94.

Development of power system optimization
algorithm. It is based on the graph theory which consists of
developing a mathematical model based on the layout
diagram of the different power sources compared to the five
compressor stations. Figure 2 illustrates the graphic
presentation of power supply system of compressor stations.
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A Compression Station
|:| Electric Post

. Turbogenerator
Y3 oo oo S

Y17L.-. = “\\ —-
yoing

L('}j):y (Xi—Xj)z*'(Yi—)’j)z

Existing Electric Line

New Electric Line

Fig. 2. Graphic presentation of power supply system
of compressor stations

The power supply system is completely represented
mathematically by a matrix 4 (N, M) which determines
the connection between the compressor stations and the
power sources (existing power line presents in Fig. 3).

This mathematical model allowed us to develop a
calculation flowchart taking into account three essential
conditions:

e substations (power sources) must have a reserve of
electrical energy;

e a compressor station can only be powered from two
power sources;

e the distance between the power source and a
compressor station L must be less than the critical
distance Lz which depends on the nominal voltage of
electric power transmission and power:

L(i,j)<Leg »

L(i»j):\/(Xi_Xj)z+(yi_YJ’)z ;

where (X, ;) is the coordinates of the i" electrical post or
compressor station; (X), y;) is the coordinates of J™ the
electrical post.

(23)
where

24

Optimization criteria:

Ct = Pn'Cinst + C()p + D — min

C, — total expenditure, DA;

P, —normative coefficient, P, = 0.12;
Cine — installation expenses, DA;

C,, — operating expenses, DA;

Cop = Closse: + dan + CVm

Closses — €xpenses due to losses of electrical energy
in lines and transformers;

d,,, —annual depreciation expenses;

C,, — maintenance expenses, C,, = 0.20-d,,;

D — damage due to accidental failures of PSS, DA.

Power sources
N|l6|7|8]9|—-|-|-|-|M
§ 1{fofryojo0jof{1j0(0,0
ggl2[1]ojlo[t]o]lofo]oO0]oO
=5[3]0fo[1]0][1]0]0[0]0
3 4(0/0(o0fl0ojO0O[O[1|1]O
5/0/0(0j0(1]1,0]0]O0
6(-1{]0|0|-1{]0| 0 (|-1[0]|0
8 [7]lo]-1lolo|-1]ololo]o
2 [glolo|1]lo]o]o]|1][ofo0
s [0 -|-[- |-
Nl =T=]=1=1=1=1=1]<=
-1 if (4; 4;) € E(G) — points connected by an existing line
A(i, j)= 9 0 if (4, 4) & E(G) — no connections between points
1 if(4; 4)) € E(G) — points connected by a new line

Fig. 3. The developed mathematical model of power supply system of compressor stations (where A(i, j) =—1 is connection between power
sources (existing line); A(i, j) = 0 is no connection; A(i, j) = 1 is connection between power sources and compressor stations (new line)

Figure 4 shows the flow chart of the algorithm for
optimization of n-electric power supply systems of
compression stations. It allows, in its first part, to
calculate the installation and operating expenses by
different variants of the power supply system and in the
second part, it allows us to calculate the damage due to
accidental failures by different variants of the power
supply system. This allows us to choose at the same time
the most optimal variant of the power supply system
which total expenses will be minimal.

Calculation of reliability parameters. The 100 %
confidence in electrical equipment does not exist. So the
concept of reliability only gives us the degree of
confidence in this equipment. It leads to studies of failure
rate (4), repair time (z), time of proper operation, etc.
It becomes the link between the technological aspect and
the economical aspect [11, 12]. For this reason, the
reliability of an electrical power system is the probability

that it will perform its mission satisfactorily and under
specified environmental conditions.

Considering reliability economically as high
availability is expensive. It is certain that the cost price of
the power supply system has to be increased if we want
the failure rate of the system to be reduced.

Figure 5 shows the expenditure curves according to
reliability. This approach attempts to determine the
appropriate sums to invest in reliability is to compare the
costs caused by failures (that is, the costs resulting from
poor reliability) with the costs necessary to provide
greater reliability. It is clear when increasing the
reliability of the power system it means reducing the risk
of its failure (reducing damage).

This power supply system is a set of electrical
equipments belonging to the group of repairable elements.
Therefore; reliability is characterized by the failure rate
(4) and repair time (7).
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Initial Data

j=1

I

YES NO

END

Fig. 4. The proposed and developed optimization algorithm of the power supply system

4 Expenses

Expenses + Damage

Optimal Reliability
Fig. 5. Expenditure curves according to reliability [11]

Then the proper functioning of the power supply
system results from the proper functioning of the various

! A4,Ty

Az,T

elements that compose it. In other words, the overall
reliability requirement is reflected in the form of specific
reliability requirements for each element.

These elements can be mounted in only two
methods: in series or in parallel (or mixed). Three variants
of the power supply system were considered for
compressor stations:

a) from two electric lines;

b)from a single electric line and a turbogenerator
(stand-alone power plant);

¢) from two turbogenerators.

Our case study is based on this third variant of the
supply system, i.e. from two turbogenerators.

Figure 6 shows the calculation of the reliability
parameters 4, T of the power supply system of compressor
stations from two turbogenerators.

Ay Ay Aqs %
A10 24y —_—

—

Ko(Ag+44),74Tg
AusTa An A

> 4.7 6. Tg L
@ A?.T'?‘ Ag.Tq
' Ay e AT@AQ—EF%
RIS

A3 Ag
AR T~ T,
§ 9 S L

i, A s —— — . T
IR @

Fig. 6. Calculation of the reliability parameters 4, 7 of the power supply system of compressor stations for the three variants
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First variant of the power supply system — from
two power lines.
First transformation.

Mo =h g (erey)= Ao (25)
T T

Ty =12 =1, (26)
‘L'] "L'2

where A; and 4, are the failure rates of post 1 and post 2
respectively; 7; and 7, are the repair times of post 1 and
post 2 respectively;

/13]5 =/13 +}~5 +/17 =}~11; (27)
A6 =ty +he g =12 (28)
M Ty+AsT5+7 T
T35 = 343 55 707 . (29)
I3 +A5+ 1y
A Tyg+Ac T +Ag-T
T4 = 4 "4 ) 8 '8 (30)

/14 + /16 + /18
where A; and Ag are the failure rates of the circuit breaker
0.4 kV; /5 and A4 are the failure rates of lines L; and L,;
As and ¢ are the failure rates of transformers 1 and 2;
73 and 74 are the repair times of lines L; and L,; 75 and
76 are the repair times of transformers 1 and 2.

Second transformation.

heq =t Koz +24) =133 (31)

Mgty + Kol i) 1 , (32)
S R e

12 T Koz +44
heqy =43,5%4,6(73,5 +Ta,6) =14 5 (33)
735-74,6
7 ——— =T34, 34
2135+t H Gy

where K, is the coefficient of the climatic conditions
influence; Ky(/3+44) is the failure rate of the lines L; and
L, simultaneously; 7, is the repair time of the two lines
To = T3 = T4.

Third transformation.

M5 =M3+ a5 (35)

_ A3zt Aa-Tig
A3+ Ag

Finally, the expression of the probability of failure
of the power supply system from two electric lines can be
represented as follows:

erls-(l—e_/l15)/8760,

Second variant of the power supply system —
from a single electric line and a turbogenerator.
First transformation.

715 (36)

(37

17:/114-}.24-}.34-}.4; /182/154-}.6 (38)

77:ﬂyl'fl+ﬂz'72+i3'73+ﬂ4'f4; (39)
ﬂ“l+/12 +/,L3 +ﬂ4

225'2'5"1‘&6'76’ (40)

15 + /16

where 1; — A4 are the failure rate of the electrical post,
overhead line, transformer and the circuit breaker 0.4 kV
respectively; 7; — 74 are the failure rate of the turbogenerator
and the circuit breaker 0.4 kV respectively; As and Aq are the
failure rate of turbogenerator and the circuit breaker 0.4 kV
respectively; 75 and 7, are the repair times of the
turbogenerator and the circuit breaker 0.4 kV respectively.

Second transformation.
T7 178
77 + 18

(41)

by =g dg(ty +1g) 79 =

The expression of the probability of failure of the
power supply system is:

0=19-(1-¢9)/8760. (42)
Third variant of the power supply system — from

two turbogenerators.
First transformation.

Is=M+hy; Ag=l3+14, 43)
. :/11"[14-/12'1'2_ :}~3'T3+A4'T4 (44)
> /11+/,{2 ’ /13+}~4 ’

where 4, 43 and 4, A4 are the failure rate turbogenerator
and the circuit breaker 0.4 kV respectively; 7, 73 and 15, 74
are the repair times of the turbogenerator and the circuit
breaker 0.4 kV respectively.

Second transformation.

T5 - Tg
‘L'5+‘L'6 '

Jq =5 Jg(vs + 16} 77 = (45)

The expression of the probability of failure of the
power supply system is:

0=1, (1 _e M ]/8760 . (46)

The general formula of damage caused by accidental

power system failures for all three variants is:
D=1.08-Fy -8760-0-¢- B, - B, Co,DA.  (47)

The Table 2 illustrates the reliability parameters of
electrical equipment for different voltages.

Table 2
Reliability parameters of electrical equipment for different
voltages
Electrical Failure rate 1, | MTBF, |Repair time| MTTR,
equipment 1/year h T, h h
Airline (100 km)
30kV 22 0.454 5.6 0.178
60 kV 2.0 0.5 5.6 0.178
220 kV 1.4 0.714 6.5 0.153
Circuit breaker

(6-10) kV 0.005 200 10 0.1
30kV 0.005 200 10 0.1
60 kV 0.005 200 10 0.1
220 kV 0.02 50 24 0.041

Transformer

(6-10) kV 0.023 43.478 70 0.014
30kV 0.018 5.555 90 0.011
60 kV 0.02 50 100 0.01
220 kV 0.02 50 100 0.01

Turbogenerator

0.4 kv 5.80 0.172 70 0.014

Graphical presentation of the calculation. The
operating procedure for the calculation of the optimization
algorithm of the power supply systems of the five
compressor stations has wide limits by combining the
different variants of the power supply system that may exist.

In our case, as an explanation, we are limited to three
variants of the electrical supply system for two compression
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stations, knowing that each compression station has two
independent power stations (turbogenerators).

Figure 7 clearly, shows the graphic presentation of
the calculation of the three variants of the electrical
supply system for two compression stations.

Fig. 7.Graphic presentation of the calculation

First variant. By keeping the local power supply
system from two autonomous power plants of each
compressor station, the calculation gave us the total
expenses C;.

Second variant. By replacing a stand-alone power
plant with a electric line, that is to say, power is supplied
from a substation and a stand-alone power plant, the total
expenditure which was found to be C, is lower than the
total expenditure C; (C; > Cp).

Third variant. The power supply to a compressor
station is provided by two independent electric lines,
which allowed us to obtain the total expenses as Cj; below
the total expenses C, (C,; > Cp > Cp), the variant of the
most optimal power supply system with the minimum
total expenditure (C, — min).

Calculation procedure on the computer.

Initial data.

A. Expenditure calculation.

1. see if A(7, j) =1

2. calculation of L(i, j)

3.see if L(i, ) < L,

4. calculation of installation and operating

expenditure for L(i, j) (post j — CS))

5.1f L(i, /) =0

6. calculation of operating and installation expenses

for turbogenerators (74, — CSj).

7.1f A, j) =-1

8. calculation of operating expenditure for the

existing line (post i — post j)

) n m
9. calculation: Cp(i,j)z Zl Zl Cp(i,j). (48)
i=lj=
B. Damage calculation.
JfAG ) =1
.seeif K=2
. calculation of damages for the two-line PSS.
.seeif K=1
. calculation of damage for the single-line PSS and
a turbogenerator.
6.seeif K=0
7. calculation of the damage for the PSS with two
turbogenerators

DR W -

5
8. calculation: D(i)z ZD(i), (49)
i=1
9. sum total expenditure:
n om 5
D(i,j)= ¥ ¥ Cpli,j)+ £Di), (50)
i=lj=1 i=l

10. calculation of total expenditure for each variant
according to the matrix (mathematical model of PSS
chosen for the five (5) CS).

11. take the most optimal variant,
expenditure of which will be minimal.

Conclusion.

This paper proposed a recent optimization technique
based on the proposal of an algorithm combining two
technical and economic aspects to help the operator to
minimize the failures of the power supply systems
directly influencing the reduction of the uptime of the
turbocompressors (restart fuel and oil losses, etc.). In this
study, we calculated the reliability parameters of three
variants of the power supply system that were considered
for compressor stations, from two electric lines, a single
electric line, and a turbogenerator. Then, we calculated
the damage. A graphical presentation by graph theory of
this developed model is adequate.

From the calculation results, it can be concluded that
currently taking into account the economic criterion and
the initial data retained, the supply of electrical energy to
the gas compression station «C» located at CHAIBA, is
carried out from two autonomous sources, but from the
point of view of reliability (technical criteria) or clearly
sees that the power supply of the above-mentioned
station, from two independent external lines is imposed.

From the results of the research, it can be said that the
presented algorithm, developed in the FORTRAN
programming language, greatly facilitates the calculation of
the damage to the power system of any compressor station.

In the future, with the construction of new
distribution stations near the gas compressor stations and
the actual data, it can be seen that the variant of the
supply system from two independent external lines is the
most optimal. This allowed us to calculate the preventive
power supply of two independent substations and impose
the appropriate maintenance policies.
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Appendix 1 — Proposed program in FORTRAN code
! PSS SC Program
Dimension X(9),Y(9),W(11),V(11),pril(11,9),uam(11,9),
+upe(11,9),uen(11,9),d1(11,9),d(2),prixg(11,9),td30(9),
+ta030(9),td130(11,9),tdc30(11,9),taoc30(11,9),t30(2),
+s30(2),e30(2),d30(2),X30(2),h30(2),C30(2),
+prob(2)
Integer a(11,9)
Real 1(11,9),lcrl
Data td30/0.,0., 0.,0., 0.5,0.5, 0.5,0.5,0.5/
+ta030/0.,0., 0.,0., 0.02,0.02,0. 02,0.02,0.02/
Data X/55.,55.,89.,89.,32.5,115.,118.,27.5,62.5/
+Y/62.5,62.5,97.5,97.5,82.5,82.,107.,161.5,152./
Data W/55.,89.,55.,55.,89.,89.,32.5,115.,118.,97.5,62.5/,
+V/62.5,97.5,62.5,62.5,97.5,97.5,82.5,82.,107.,161.5,152/
Data Pril1/20./,Pritr1/100./,Alp1/0.02/,ALP2/0.06/,
+ALP3/0.07/,prig/3500./,:01/0.77/,R02/0.64/,taom/5948./,
+delp/3.1/,delpc/18./,ch/0.7/,betm/0.97/,betq/0.94/,
+tdtr1/0.02/,tddis/0.002/,tdg/5.8/,taol1/5.6/,

+taodis/1.75/,taog/70./,pm/2214.24/ epsi/1./,ul/30./,
+s/1232.5/,u2/60./,c0/0.00055/,taotr1/90./,td11/2.2/
Data a/1,0,-1,0,0,0,0,0,0,0,0,0,0,0,-1,0,0,0,0,0,0,0,0,0,
+0,0,-1,0,0,0,0,0,0,0,0,0,0,0,-1,0,0,0,0,0,1,0,0,0,0,
+0,-1,0,0,0,0,0,-1,0,0,0,0,0,-1,0,0,0,0,0,0,0,0,0,0,-1,
+-1,0,0,0,0,0,0,0,0,0,0,0,-1,-1,0,1,0,0,0,0,0,0,0,0,
+-1/

Data lcr1/50./

Open (unit=15,file="bou.d',status="unknown')
J=1

6 do4i=1,2

If(a(i,j).eq.0) goto 4

1(1,) = sqre((x(5)-w(D))**2+(y(j)-v(i)) **2)
if(1(i,j).eq.0.) goto 15

if(1(i,j).gt.lcrl) goto 4

pril(i,j)=pril 1 *1(i,j)+(pritr1)
uvam(i,j)=(alp1*(pril1*1(i,j))+(alp2*pritrl))
uen(1,j)=0.2*uam(1,j)
upe(Lj)=(((s**2/ul**2)*r01*1(Lj)*taom)+
+((delp*8760)+(delpc*ch**2*taom)))*c0
d1(Lj)=0.12*pril(L;j)+uam(L;j)+uen(Lj)+tupe(l,j)
write(15,12)i,j,d1(Lj)

goto 4

15 prixg(L,j)=prig

Uam(1,j) = alp3*prixg(Lj)
Uen(L,j)=0.2*uam(l,j)
d1(L,j)=0.12*prixg(Lj)+uam(Lj)+uen(L,j)
write(15,12)1,j,d1(Lj)

12 format(3x,»d1(«,i2,»,»,12,»)= «,e11.4)

4 continue

J=j+1

If(j.le.9)goto 6

J=1

3 do7i=3,11

If(a(l,j).eq.0) goto 7
L(Lj)=sqrt((x()-w(D)**2-+(y())-v(D))**2)
DI1(ILJ)=((s**2/60**2)*r02*1(L,j)*taom)*c0
Write(15,12)Lj,d1(1,j)

13 format(3X,»d1(«,i2,»,»,12»,)=«el1.4)

7 continue

J=+1

If (j.Ie.9) goto 3

I=1

80 k=0

Do 10j=1,9

If(a(1,j).ne.1) goto 10

K=k+1

If(L(1,j).ne.0) goto 10

K=K-1

10 continue

If(k.eq.2.) goto 14

If(k.eq.1) goto 16

If(k.eq.0) goto 18

14 do20j=1,9

If(a(1,j).ne.1) goto 20

If(1(L,j).gt.lcr1) goto 20

If(1(L,j).eq.0) goto 20

td130(L,j)=td11*1(L,;j)/100
tde30(L,j)=td130(1,j)+tdtr1+tddis
taoc30(Lj)=((td130(1,j)*taoll)+(tdtr1 *taotr1 )+
+(tddis*taodis))/tdc30(1,J)

20 continue

T30(1)=0

S30(i)=0

E30(i)=1

D30(3i)=1

X30(i)=1

H30(3i)=1

C30(i)=0
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Do 30J=1,9 Td8=tdg+tddis

If(a(1,j).ne.1) goto 30 Tao8=((tdg*taog)+(tddis*taodis))/td8

If (1(1,j).gt.ler1) goto 30 Td9=(tdc30(Lj)*td8)*(taoc30(L,j)+tao8)/8760
If (1(1,j)-eq.0) goto 30 Tao9=taoc30(L,j)*tao8/(taoc30(1,j)+tao8)
t30(1)=t30(i)+tdI130(L,) 107 continue

€30(1)=e30(i)*td30(j) Prob(i)=(tao9*(1-exp(-td9)))/8760
$30(1)=s30(i)+tao30(j) D(1)=1.08*pm*8760*prob(i)*epsi*betm*betq*cO
d30(i)=d30(i)*tao30(j) Write(15,26)1,d(i)
¢30(i)=c30(i)+taoc30(1,j) Goto 100

h30(i)=h30(i)*taoc30(L,;) 18 td5=tdg+tddis
x30(1)=x30(i)*tdc30(1,j) Tao5=(tdg*taog+tddis*taddis)/td5

30 continue Td7=(td5**2)*(tao5+ta05)/8760

Td9 =e30(i)*s30(i)/8760 Tao7=tao5/2

Td34=0.2*t30(i) Prob(i)=(tao7*(1-exp(-td7)))/8760
Td12=td9+td34 D(1)=1.08*pm*8760*prob(i)*epsi*betm*betq*cO
Ta09=d30(i)/s30(i) Write(15,26) L,d(i)
Tao12=((td9*ta09)+(td34*tao34))/td12 100 i=i+1

Td13=x30(i)*c30(i)/8760 If(i.le.2) goto 80

Tao13=h30(i)/c30(i) Close (unit =15)

Td14=td12+td13 Stop
Taol4=((td12*tao12)+(td13*tao13))/td14 End
Prob(i)=(tao14*(1-exp(-td14)))/8760 Result
D(i)=1.08*pm*8760*prob(i)*epsi*betm*betq*cO di(1, 1)= 0.7140E+03

Write(15,26) 1,d(i) di( 1, 5= 0.1281E+06

26 format(3x',d(,il,")=,el1.4) d1(2, 6)= 0.1288E+06

Goto 100 d1( 3, 1)= 0.0000E+00

16 do 60j=1,9 di(4,2)= 0.0000E+00

If(a(l,j).ne.1) goto 60 d1( 5, 3= 0.0000E+00

If(1(L,j).gt.lcr1) goto 60 di( 6, 4)= 0.0000E+00

If(1(L,j).eq.0) goto 60 d1(7,5)= 0.0000E+00
Td130(L,j)=td11*1(L,;j)/100 d1( 8, 6)= 0.0000E+00
Tdc30(L,j)=td130(1,j)+td30(j)+tdtr1+tddis d1(8, 7)= 0.2224E+05
Taoc30(1,j)=((td130(1,j) *taol 1 )+(td30(j) *tao30(j))+ d1(9, 7)= 0.0000E+00

+ (tdr1*taotr1)+(tddis*taodis))/tdc30(L,)) d1(10, 8)= 0.6184E+05

60 continue d1(11, 8)= 0.3204E+05

Do 107 j=1,9 di(11, 9= 0.0000E+00

If(a(l,j).ne.1) goto 107 ,d(1)=0.2011E+00

If(1(L,j).gt.lcr1) goto 107 ,d(2)=0.2011E+00

If(1(1,j).eq.0) goto 107
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