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Abstract. In accordance with the Energy Strategy until 2035, the possibility of increasing the efficiency of energy use
of secondary energy resources in the form of associated oil and waste gases has been substantiated by increasing the
energy efficiency of the primary energy carrier to 90-95 % by means of cogeneration plants with a binary cycle of
electricity generation and trigeneration systems with using the energy of the waste gas to cool the air flow at the inlet
of gas turbine plants. The conditions for maintaining the rated power of the main generator with variations in the
ambient temperature are shown. An effective topology of electrical complexes in a multi-connected power supply sys-
tem of oil and gas enterprises according to the reliability condition is presented, which allows increasing the availability
factor by 0.6 %, mean time between failures by 33 %, the probability of failure-free operation by 15 % and reducing
the mean time of system recovery by 40 %. The article considers the use of parallel active filters to improve the quality
of electricity and reduce voltage drops to 0.1 s when used in autonomous electrical complexes of oil and gas enterprises.
The possibility of providing uninterrupted power supply when using thyristor systems for automatic reserve input has
been proven. A comparative analysis was carried out to assess the effect of parallel active filters and thyristor systems
of automatic transfer of reserve on the main indicators of the reliability of power supply systems of oil and gas
enterprises.

Key words: autonomous power supply systems; secondary resources; trigeneration mode; bridge topology of power
supply systems; power quality; reliability of power supply; parallel active filters

Introducton. The production processes of oil and gas enterprises (OGE) are carried out with
a high consumption of electricity, the payment for which can be 0.5-0.6 of the total costs of
enterprises. Electricity consumers of OGE technological units mainly belong to the first and sec-
ond categories in terms of power supply reliability. Installed capacity of electrical receivers
ranges from hundreds of kilowatts to tens of megawatts, input voltage — 6(10) kV [6]. In accordance
with the Energy Strategy of the Russian Federation, through the use of secondary energy re-
sources, the use of the primary energy carrier in the production of electricity for the own needs
of industrial enterprises should be reduced [ 14, 21].

Under the conditions of oil and gas production, secondary energy resources are associated oil
and waste gases of gas turbine plants (GTP), which cause significant increases in the energy effi-
ciency of the processes of oil and gas production, transportation and processing by generating elec-
tricity by autonomous power plants in cogeneration, binary cycle and trigeneration modes, as well
as by improving the technological and electrical facilities of OGE.

Modern power generating plants have an efficiency not exceeding 42 %. The utilization fac-
tor of the potential of the primary energy carrier with such work is 0.4 [16]. The efficiency of
using secondary energy resources can be increased in the cogeneration mode. However, in the
conditions of oil and gas production, as a rule, there are no significant consumers of heat energy.
The process of generating electricity in a binary mode can proceed with a coefficient of utilization
of secondary energy resources up to 70 % [33]. In such installations, there must be a main and a
secondary, dissimilar in physical properties, generating sets, which prevents the organization of
their stable parallel operation [32].

Formulation of the problem. Energy efficiency of electricity generation in trigeneration
mode is achieved by using the energy of secondary energy resources to cool the ambient air and
supply it to the input of the turbine generator set. This will make it possible, with appropriate

408



[Ei:5E Journal of mining institute. 2021. Vol. 249. P. 408-416 DOI: 10.31897/PMI.2021.3.10
%ﬁ;’?‘% Boris N. Abramovich, Ivan A. Bogdanov

automatic control, to reduce the installed

- 1.15
=)
power of the turbine generator, ensuringa 8 31\
Q
constant power at the generator output < |
when the ambient temperature varies from 5 i 2
5 S
—40 to 40 °C. = 0.85
. . . . = :
Technological installations for oil pro- % §
. . .o, . . =4
duction are highly sensitive to the quality of £
. . z 07
electricity. Voltage dips of 0.15 s can lead g _45 30 15 0 15 30 45
to shutdown of mining electric motors and Compressor inlet temperature, °C
disruption of technological processes, the 7
restoration of which will require 30 min or Fig.1. Dependence of indicators of output power (1)
more. Due to the unjustiﬁed app]ication and specific fuel consumption (2) from the ambient temperature

of the simplified topology of switchgears

with voltage of 6(10) kV and 0.4 kV, up to 10 failures per year occur under OGE conditions, which
leads to significant economic damage. Reducing the duration of power supply interruptions can be
achieved by introducing into the power supply system the devices for high-speed automatic transfer
and sectioning of sections of electrical networks using power electronics and electrical grid automa-
tion. However, there are no recommendations on the substantiation and selection of circuit solutions
and parameters of a multi-level power supply system using these means. The choice of the topology
of electrical complexes with different voltage levels and multi-connected power supply systems
should be made subject to ensuring uninterrupted power supply to consumers and achieving techni-
cally and economically sound reliability indicators. To optimize technological processes and energy
saving, frequency converters are widely introduced, which complicates the task of ensuring the
quality of electricity in accordance with GOST 32144-2013.

Methodology. Trigeneration mode as an effective means of maintaining the power at the outlet
of the turbine generator regardless of the ambient temperature. In the article, the most important
considered consumer of cold energy is a gas turbine unit. According to the technical characteristics
of the GTP operation, the power at the generator output can vary depending on the ambient air tem-
perature within 40 % (Fig.1): when the temperature rises from 15 to 40 °C, the output power of the
GTU decreases by 25-28 % [2], and the per unit fuel consumption rises to 8 %.

The use of the trigeneration mode of power supply allows achieving the utilization rate of the
primary energy carrier up to 90-95 % and at the same time effectively using the generated thermal
energy [4, 11, 24].

The ambient air temperature can vary by more than 20 % during the day. For the effective oper-
ation of the trigeneration system, it is necessary to maintain a constant temperature at the inlet to the
gas turbine unit by promptly regulating heat exchange processes in the compressor air cleaning unit
[29]. The residual potential of the secondary resources energy at the outlet of the gas turbine plant
can provide production processes and household needs of the oil and gas industry with high-temperature
energy and cold energy. Using the transfer function of the heat transfer process [3] and models of the
automatic control system of the air cooler [20, 31] the possibility of maintaining the power at the
outlet of the turbogenerator, when the ambient temperature 771 changes from 10 to 40 °C (Fig.2, @) and
relative humidity from 0 to 100 % according to a sinusoidal dependence on time, is assessed.
As a result of the research [9] the time dependence of the temperature 7> of the turbo generator air
supply system entering the inlet was obtained, confirming the possibility of maintaining the temperature
T> = 15 °C at the gas turbine inlet with variations in the environmental parameters within the above
limits and, as a consequence, the possibility of reducing the installed power by 25 %. Without cooling
the turbine generator supplied to the input, the installed power of the gas turbine should be taken
equal to 1.25 of the rated power of the generator.
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Fig.2. Dependences of the temperatures of ambient air (@) and air at the inlet to the gas turbine unit (b) on time
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Fig.3. Divided (@) and bridged (b) power structures

G1, G2 — generators of the independent electrical engineering complex of OGE; QF1, QF2, QF3 — sectional switches of high voltage
sections, PTS of the compressor workshop and PTS for auxiliary needs, respectively; Q1-Q10 — high-voltage switches 10 kV
in indoor switchgear 10 kV; T1-T6 — transformers 10/0.4 kV

Justification of the effective topology of electrical complexes in a multi-connected power
supply system of OGE according to the reability condition. In the power supply systems of OGE,
the topology of power distribution is applied using single and separate busbars [13]. Taking into
account the results of data collection at the facilities of the oil and gas production department (OGPD),
the MTBF of such a topology can be estimated at 15000-16000 h, and the recovery time — 16 h or
more [22, 26]. To select a more optimal topology, a comparative assessment of the reliability of the
divided and bridged power structures was carried out (Fig.3) [28].

The use of a bridge structure increases the reliability of the backup power supply of the low-
voltage load in the event of a breaker failure on the 10 kV side or insufficient speed of the relay
protection. In traditional structures (Fig.3, @), automatic sectioning of especially critical low-voltage
consumers is not always provided.

For a comparative assessment of the reliability indicators of the CS power supply system topology,
the influence of individual constituent components on the resulting structure reliability indicators was
simulated, a logical-probabilistic method was used, and a functional integrity scheme (FIS) was built.
Logical-probabilistic method is a method for calculating the reliability of complex technical systems,
in which their structural model is described by means of mathematical logic, and a quantitative
assessment of reliability is performed using the theory of probability. To enter the modeling program,
the FISs were compiled in accordance with the real topology of the structure of the electrical complex
of the OGE. Reliability indicators of structures with recoverable elements were determined on the
assumption of an exponential distribution of MTBF and system recovery time using the ARBITR
software package [15]. A diagram of functional integrity with an indication of the parameters of the
constituent components presented in the table, a structure with a single separated busbar system is
shown in Fig.4, a, and a bridge structure in Fig.4, b.
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Composition of PSS elements and parameters of their reliability

Element number Element type Ty, year Ta, h
1,5 Generators 0.214 0.5
2,6-12 Switches 45.5 11
3,4 Busbar sections 33 7
13-18 Transformers 71.4 70
19-24 Circuit breakers 20 4
25 Sectional switches 10 kV 45.5 11
27,28 Sectional switches 0.4 kV 20 4

In Fig.4, a and b, the arrows indicate the connections of the elements corresponding to the logical
“OR” indicating the direction of the flow of electricity. Element 26 denotes the function of the system,
which consists in the simultaneous power supply of all electrical receivers of the OGE, which has
connections with the rest of the elements corresponding to the logical “AND”.

When using a bridge structure, the system availability factor (Kwr) increases by 0.6 % (from
0.9989 to 0.9995), the average system recovery time (7s) decreases by 40 % (from 15.5 to 9.41 h),
mean time between failures (75sf) increases by 33 % (from 15170 (1.732) to 20.250 (2.312) h), the
probability of no-failure operation (Rs) increases by 15 % (from 0.5612 to 0.6488). The results ob-
tained allowed us to recommend for use in autonomous ETC of OGE topology with bridge structures
on the 6(10) and 0.4 kV side.

Now, in the event of an emergency shutdown of the power plant, the technological equipment
continued to work without a power outage, and the rest of the load was stepwise transferred to the
0.4 kV unit that remained in operation with a short-term loss of power.

Ensuring the quality of electricity and uninterrupted power supply in the ETC of OGE. Parallel
active filter as a means of improving the quality of electrical energy on the buses of electrical com-
plexes of OGE. In addition to long-term voltage dips due to generator shutdowns, it is necessary to
exclude the influence of short-term voltage dips and distortions associated in the oil and gas industry,
as a rule, with a sharp increase in load when starting powerful synchronous electric motors of drilling
or pumping units of pressure maintenance systems for carbon raw materials, as well as in emergency
modes, especially in the event of short circuits [17, 18].

Figure 5, a shows the structure of an autonomous power supply system based on distributed
generation sources, in which a parallel active filter (PAF) is integrated, which implements several
functions for high-quality and uninterrupted power supply to the most responsible technological con-
sumers of the mineral resource complex.

The most responsible technological consumers receive power from two autonomous sources
G1 and G2, the electrical complex of each of which is equipped with power converters SP1 and SP2

Fig.4. SPC and parameters of the components of the structure with separated sections of the busbars («) and the bridge structure (b)
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Fig.5. Structure of an autonomous power supply system based on distributed generation sources
with PAF (a) and structure of PAF (b)

with rectifiers and inverters Fig.5, a. Sources G1 and G2 are connected to two sections of buses
supplying responsible consumers through automatic switches QF1 and QF2. Both bus sections
are interconnected by a sectional switch QF3, which is normally open. In the event of a failure in
either of the two sources, the QF3 sectional breaker is tripped. In this case, the entire critical load
is connected to one autonomous source, which causes significant voltage deviations on the buses
(the deviation level may not correspond to the standards of GOST 32144-2013). In the conditions
of autonomous power systems of limited capacity, any load shedding or surge has a significant
impact on the voltage regime. There are studies [1, 23] showing that among the technological
consumers of the mineral resource complex there is a load that is extremely sensitive to voltage
dips and deviations. For these reasons, the structure shown in Fig.5, a contains a PAF, which
implements the following functions: suppression of higher harmonics of current and voltage,
compensation of voltage dips and deviations, uninterrupted power supply to responsible consum-
ers for the period of trouble-free completion of the technological process. In this case, the PAF
structure has the form shown in Fig.5, b. The operation of an active filter is described by the
following basic equations:

Ueom /|
k. =—"2- U. =Lf&
dt

tr nv
Cr

U =kl

comp grid 5

+Ucs Uy =kU,,

where Ucomp — compensaition voltage; k — coefficient depending on the power of the output trans-
former; /4ria — compensated current of circuit; ki — transformation ratio of the output transformer;
Ucy— voltage across the capacitance of the output passive filter; Ls, Cr— parameters of the passive
filter at the inverter output; d/r — current increment of the passive filter at the inverter output;
ki — function of the state of the power switches of the inverter; Ui,y — inverter output voltage;
Uac — voltage across the storage capacitor of the inverter.
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When the QF3 circuit breaker is triggered, the QF4 and QFS5 switches and PAF are simultane-
ously turned on, by means of a booster transformer T, which maintains the voltage on the buses in
accordance with the standards of GOST 32144-2013, as well as based on the level of resistance of
certain types of electrical equipment to voltage dips and deviations. The storage capacitor PAF
charges in two ways: with direct compensation of higher harmonics of current and voltage [25, 30],
as well as with the help of direct current links of electrical complexes of G1 and G2 sources when the
QF6 and QF7 circuit breakers are turned on. The principle of combining DC links of active filters
with other elements at a short distance from each other is also described and justified [25, 34]. Con-
sidering the rather high cost of the active filter, it is advisable to use it primarily as a multifunctional
device, especially in the conditions of autonomous power systems of distributed generation.

When the QFS5, QFS circuit breakers are turned on and the QF4 breaker is turned off, the PAF
performs the function of compensating for the higher harmonics of current and voltage. When you
turn off the QF8 switch and turn on QF4 and QF9, the PAF implements the function of an uninter-
ruptible power supply or a dynamic compensator for deviations and voltage dips during the trouble-
free completion of the technological process or the transition of power supply from one autonomous
source to another.

In accordance with Fig.5, a simulation model is built in the MATLAB Simulink environment
[7,8,10]. Based on the simulation results, an oscillogram of the voltage on the buses of responsible
consumers was obtained when the second source was put into operation due to the failure of the
original source, with the active filter implementing the function of a dynamic compensator for
voltage dips and deviations (Fig.6).

The results of simulation showed the ability of the PAF to compensate for short-term voltage
deviations arising from the sectioning of power supplies in emergency modes [30]. When the
voltage deviation passes into a dip in case of unsuccessful or long-term sectioning, it is necessary to
use devices for a dynamic voltage distortion compensator (DVDC), which include booster transform-
ers that can compensate for voltage drops of a given depth and duration, in contrast to PAF, the main
purpose of which is to compensate for higher harmonics current and voltage [19]. Thus, depending
on the level of power quality and the mode of sectioning power supplies in emergency modes, the
proposed structure of an autonomous power supply system based on distributed generation sources
may contain PAF or DVDC [1]. At the same time, according to the results of research, it was found
that when using PAF in the DVDC mode, no-current pauses of up to 0.1 s are possible.

With all their advantages, DVDCs do not allow to completely exclude no-current pauses due to
the fixed time of maintaining a given voltage level in the line, for which certain DVDC modifications
are designed. Upon expiration of this time, a recharge of the storage elements of the DVDC is re-
quired, which entails voltage dips in case of unsuccessful sectioning of the sources. The limitation of
power supply interruptions in 6(10) kV networks and the elimination of a no-current pause can be
carried out using thyristor high-speed automatic transfer switches (HSATS), in which the sectional
switch is shunted by counter-parallel connected thyristors to accelerate the transfer of the reserve,
which allows exclude a no-current pause.

HSATS consists of two main parts: a thyristor switch and a control module. The thyristor switch
is connected in parallel with the sectional switch and, due to its speed, contributes to the accelerated
connection of bus sections. The control module detects emergency situations in the operation of the
switchgear and generates commands to control the thyristor switch with input and sectional switches.

Fundamental features of HSATS: time of faulty input detection — 0.034 s after input disconnec-
tion; practically synchronous switching of electric motors of a faulty section of the busbars to a ser-
viceable section with a phase mismatch angle of less than 19° el.; voltage drop on the faulty section
of the busbars up to 0.85 of the nominal; absence of a transient process in switched electric motors;
preservation of the excitation field in synchronous electric motors.
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Fig.6. Oscillogram of the voltage on the buses of the responsible Fig.7. SFC of bridge structure using
customers PAF and HSATS

Currently, there are no other devices of this type capable of switching electric motors from a faulty
section of the busbars to a serviceable one with similar HSATS parameters [5, 12, 27].

Modeling and calculation of reliability in the SFC of the power supply system with the use of
PAF and HSATS in the ARBITR software. An assessment of the reliability of the bridge structure of
autonomous electrical engineering complexes of OGE with the inclusion of PAF and HSATS in their
composition was carried out by a logical-probabilistic method. A diagram of the structural and func-
tional integrity of autonomous electrical complexes with PAF and HSATS is shown in Fig.7.

In the scheme, PAF and HSATS are designated as elements 29 and 30, respectively. Based on
the results of logical-probabilistic modeling using the ARBITR software, the following indicators of
the reliability of the power supply system were obtained.

In the scheme, PAF and HSATS are designated as elements 29 and 30, respectively. Based on
the results of logical-probabilistic modeling using the ARBITR software, the following indicators of
the reliability of the power supply system were obtained: Ksur=0.9995; Ts:=9.41 h; Tsr= 20250 h
(2.31 year); Ry, by one year — 0.6488. As a result of a comparative analysis, it was found that the
introduction of PAF and HSATS into the power supply system does not lead to a significant change
in the reliability indicators of the OGE autonomous electrical complex.

Discussion. The conducted studies have shown the possibility of efficient use of the primary energy
carrier through the use of secondary energy resources, which corresponds to modern energy problems.
This can be achieved by using a trigeneration mode with a cooling cycle of the turbine generator to main-
tain nominal operating conditions under high ambient temperature operating conditions and locations
above 1000 m above sea level. In this case, it is possible to use a cogeneration mode of operation with a
binary cycle, however, this method has a number of disadvantages, including the need to create a syn-
chronization system for dissimilar generators of the main and auxiliary electrical installations.

To improve the reliability and ensure uninterrupted operation of oil and gas industry facilities be-
longing to 1-2 categories of reliability, according to studies, it is advisable to use a bridge structure of
power supply with the introduction of a multifunctional active filter, with the possibility of functioning in
the modes of dynamic compensation of voltage dips and distortions, and also compensation of current
harmonics in conjunction with HSATS, which ensures uninterrupted power supply between bus sections.

The results of the studies carried out on the example of a specific structure of the power supply
system have shown the possibility of using an active filter as a multifunctional device for controlling
power quality indicators and power supply mode. In many domestic and foreign scientific publications,
active filters are considered mainly as a device for improving the quality of electricity. Within the frame-
work of combined power supply systems operating on the basis of parallel operation of centralized and
autonomous sources, active filters should be considered precisely as multifunctional devices.
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Conclusion. The possibility of increasing the efficiency of using the energy of secondary energy
resources in the form of associated oil and waste gases by means of cogeneration units with a binary
cycle of electricity generation and trigeneration systems using waste gas energy to cool the air flow
at the gas turbine inlet has been substantiated. The possibility of stabilizing the temperature at the
inlet of the trigeneration system at the level of 15 °C, regardless of the environmental parameters, has
been proven, which makes it possible to reduce the installed capacity of the turbine generator set to
25 % when used at the power facilities of the oil and gas industry in almost all climatic zones of the
Russian Federation.

It has been proved that in multi-connected power supply systems of the OGE, for the condition
of'increasing reliability on the 6(10) kV side, it is advisable to use bridge switching circuits for equip-
ment. Bridge structures increase availability by 0.6 %, mean time between failures by 33 %, proba-
bility of uptime by 15 %, and reduce mean time to recovery by 40 %.

The possibility of using PAF as a technical means of improving the quality of electricity by the
level of higher harmonics in an autonomous power supply system based on distributed generation
sources is shown. Also, PAF can be used to compensate for small voltage deviations arising from the
backup of power supply sources, with a duration of up to 0.1 s. The limitation of power supply inter-
ruptions in 6(10) kV networks and the elimination of a no-current pause can be carried out using
HSATS, in which the sectional switch is shunted by counter-parallel connected thyristors to accelerate
the action of the reserve input and minimize the no-current pause. As a result of a comparative analysis,
it was found that the introduction of PAF and HSATS into the power supply system does not lead to
a decrease in the reliability indicators of an autonomous electrotechnical complex of OGE in com-
parison with traditional topologies.
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