
 
 

Bulletin of the South Ural State University. Ser. Power Engineering. 
2017, vol. 17, no. 3, pp. 102–110 102

Introduction    
The geographical position of the Russian 

Federation preconditions the availability of large 
territories (approximately ⅔) with a low population 
density (not more than 20 million persons) that 
assumes the necessity of their autonomous power 
supply. As autonomous power sources (APS), 
basically, diesel power stations and boiler units on 
coal, masout or other imported fuel are used here. 
However, these means become today more and more 
money-losing and environment-unfriendly [1–4].  

On the other hand, there is a great experience in 
power engineering of our country and worldwide 
of creating and using modern renewable energy sources 
(RES) as an alternative or in a combination with hydro-
carbon ones [5–8]. For example, a total capacity 
of wind plants (WP) in the world has reached 194 GW 
with up to 0.593 efficiency and more than 430 ТW·h 
output [8–11].  

Innovative research on improving renewable and 
combined APS have not lost their urgency nowadays 
[10–13]. Moreover, the new hardware base of electro-
mechanical engineering, power electronics and 
microprocessor technics additionally stimulates 
the developers to create hi-tech, power effective, reliable 
and quickly paid back units and systems [13–18]. It is 
especially actual for power supply systems (PSS) 
of along-the-route consumers of the gas-transport 
systems of Russia where requirements on APS 
reliability, ecological compatibility and power 
efficiency provision [19, 20] are high. 

Despite the large history of PSS designing and 
creation on WP basis and availability of state norma-
tive documents, insufficient attention is paid to study 
on improvement of power efficiency, stability, ecologi-
cal compatibility and reliability of their work. Stan

dard solutions of PSS with WP implement only certain 
tasks without providing a complex of problems 
of creation of competitive intelligent power supply 
sources (IPSS) on the basis of the principles of active-
adaptive “smart” electric grids [8, 13, 21]. The recent-
ly approved [1, 2] regulations of the Russian Federa-
tion stimulate the search of innovative power saving 
technologies of PSS on the WP basis for objects and 
consumers of various industries (agricultural, pro-
specting, gas-transport and so forth). 

At present, a part of RES in Russia constitutes 
0.6–0.8 % of the volume of internal power consump-
tion while in the industrially advanced countries 
it reaches 5–30 %. At the same time, annual wind-
energetic potential of Russia at wind speed of 5–7 m/s 
2,000 times exceeds its today's production volume. 
In separate areas where power supply problems are 
difficult to be solved: the Far North, oceans coasts, 
back-country districts etc. and these regions are cha-
racterized by low power load density, a considerable 
quantity of small and allocated consumers (including 
gas production and transport objects) which connec-
tion to the central networks is unprofitable, APS ap-
plication is reasonable, allowing to save fuel and to 
improve ecological conditions.  

The listed factors play a key role in decision 
making on the development of alternative PSS APS 
of along-the-route consumers (ARC) [11–13]. Their 
improvement is gathering a rapid pace now emphasi-
zing ecological compatibility and a quick payback. 
Besides, the anticipated natural gas price increase is 
the factor in favor of developing generating capacities 
on the APS basis. Under these conditions the expedi-
ency of natural gas use as fuel essentially decreases 
even for the objects of gas-transport enterprises, ARC 
in particular.  
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I. PSS requrements analysis of main gas 
pipelines along-the-route consumers  
The main linear consumers (ARC) of electric 

power are [20]: 
 electrochemical protection units (ECP), 
 linear telemechanics controlled stations (LT CS), 
 radio relay (RRL) communication equipment,  
 gas metering stations (GMS), 
 pig launching (receiving) stations (PLS, 

PRS), 
 gas distribution stations (points) (GDS, GDP), 
 gas reduction unit (GRU), 
 operator’s house, pipeline worker house (OH, 

PWH),  
 helipads (HP) and others. 
The technical characteristics of the main ARC are 

represented in the Table 1. 
A total power of these consumers reaches, ac-

cording to various gas transport companies, from 0.25 
to 9 МW, and the length of the along-the-route PL 
makes 150–4,800 km. Such a vast parameters range 
assumes an individual adaptive approach to forming 
the sources and APS scheme under PSS designing 
of each section. 

The structure formation of modern ARC PSS is 
determined by their specific features, and a considera-
ble extent of gas pipelines and ARC dispersion re-
moteness of objects from external power sources and 
central networks as well as small electric demands 
of linear consumers (2–40 kW) are the crucial ones.  

 
II. ARC PSS principles 
The reliability of linear consumers PSS is 

the main factor providing a stable and accident-free 
state of gas transport systems. Modern PSS of linear 
consumers are being designed in accordance with 
three basic variants. 

 

Variant 1. Centralized power supply from along-
the-route overhead line OL-6 (10) kV, energized from 
switchgears of compressor stations or distribution 
networks of SS 110/10; 35/10 kV. The categorization 
requirement is provided by the installation in a line of  
the automated partitioning points and ATS points.  
The given schemes differ by relative reliability, remote 
control possibility, flexibility of control algorithm, ser-
vice life up to 50 years but have an essential drawback 
which is a high cost of the construction and connection of 
PL. Fig. 1 presents a standard block diagram of electrical 
supply of gas pipelines linear consumers. 

Variant 2. A combined power supply system with 
external sources supply (MRSK networks) in area 
of ARC location, with the installation of step-down 
transformer substation (TS) 6(10)/0.4 kV. PSS relia-
bility categorization requirements are provided 
by installing APS at the site (DPS, “ORMAT” energy 
converter, hydrogen fuel cell, microturbine).  

Today combined PSS represent the most preferable 
option for linear consumers since they possess a suffi-
cient reliability and flexibility ensuring the work of all 
the installations irrespective to fuel gas availability and 
keeping an optimum extent of feeding OL-6 (10) kV.  

Variant 3. Completely autonomous systems 
are applied at ARC location where OL-6 (10) kV are 
absent, for example, the ORMAT energy converter 
is the main feed power and diesel power station while 
the hydrogen fuel cell and other sources may provide 
stand-by power supply. 

The independent (autonomous) electrical supply 
with self-contained source of supply, based on fuel 
gas, demands essentially less capital costs but has 
a direct dependence on fuel gas availability and  
the necessity to monitor equipment condition and op-
erating modes, the autonomous sources nowadays are 
of a high cost. 

Table 1  
Technical characteristics of main ARC 

ARC name 
PSS reliability category 

according to STO 
Gazprom 2-6.2-149-07 

Average power, 
kW Primary power supply Standby power 

supply 

ECP units 2 7 OL (overhead line)-
(6)10kV 

OL-(6)10kV, APS 

LT CS 1 5 OL-(6)10kV APS 
RRL communi-
cation 1 5 OL-(6)10kV APS 

GMS 1 20 OL-(6)10kV OL-(6)10kV, APS 

PLS 3 2 OL-(6)10kV  
of APS 

– 

PRS 1 2 OL-(6)10kV OL-(6)10kV, APS 
GDS, GDP 3 40 OL-(6)10kV – 

GRU 3 15 OL-(6)10kV  
of APS 

– 

OH, PWH 3 10 OL-(6)10kV – 
HP 2 3 OL-(6)10kV APS 
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III. Examples of WP construction 
at along-the-route objects 
In terms of the stochastic nature of amplitude-

frequency characteristics of wind flow under the Wei-
bull – Gudrich law of wind speeds distribution, 
the amount and quality of WP energy generation are 
influenced by a reasonable choice of parameters of 
a synchronous generator (SG) (Рunit, ω0) and wind 
turbine operation at the optimum points of corre-
sponding ranges of wind speeds. 

Thus, under the conditions of 115 meteorological 
stations of the Russian Federation [8, 13], the calcula-
tion of basic wind power characteristics (mean annual 
speed of wind V0, specific gross power Nspec, coeffi-
cient of variation Сv) has demonstrated that the range 
of their variations is wide enough and constitutes:  
V0 = 1.39÷7.48 m/s; Nspec = 0.01÷0.565 kW/m2.  
At this, a WP with a windwheel variable frequency of 
rotation has a potential possibility to transform wind 
power into electric one with a large utilization factor 
of wind power even at low speeds.  

To gain the maximum power efficiency modes 
of the WP operation in local PSS under the conditions 
of random wind flow and consumption, it is necessary 
to ensure automatic WP functioning in optimum areas 
by means of the APS electromechanical part. 

The greatest influence on the process of WP elec-
tric power generation is exerted by the values of sto-
chastic parameters having the meteorological (climatic) 
and technological nature: 

 the value of wind linear speed V, m/s; 
 wind air density ρ, kg/m3, depending on  

the current values of atmospheric pressure ра, MPa, 
and air temperature Тa, K, in accordance with 
Clapeyron equation [8, 13];  

 power consumption Wcons, kW·h, including 
consumers’ electric and heat capacity (parameter 
Gm).   

Control action assignment for frequency convert-
er or intensifier should change by analytic regression 
algorithms of the view: 

Uc = f (V, pa, Ta, Gm).                                         (1) 

For the function (1) realization it is necessary to 
use the base of meteorological data for the area 
of the supposed WP location and to process them sta-
tistically by experimental design methods. The re-
quired multi-parametric dependences are received in 
the form of nonlinear and linearized regression models 
with the use of matrix methods of the least squares. 

The mathematical models of the WP control al-
gorithm PCH-SG for the operation in the optimum 
area are received on the basis of the operation parame-
ters data or experimental data of a prototype. For this 
purpose in (1) we obtained the parameters “aj” 
of the linearized four-factors model of the view 

Uc = а1V+ а2pa + а3Ta + а4Gm + ζ,                     (2) 

where ζ – disturbance matrix (of unaccounted factors). 

 
 

Fig. 1. ARC PSS scheme based on modular containerized power plant with APS 



Крюков О.В., Серебряков А.В.         Энергоэффективные системы электроснабжения 
                                                                                                                электроприводов нефтегазопроводов 

Вестник ЮУрГУ. Серия «Энергетика».  
2017. Т. 17, № 3. С. 102–110  105

As a result of calculations by the model (2) for 
the WP of “Briz-5000” type located at coast of Ladoga 
lake, the 4-factorial equation of linearized regression 
is received: 

Uc = 12.214 V+ 0.219 pa  + 0.92 Ta –  
–0.022 Gm + 9.602,      (3) 

which is the desired algorithm of the invariant task 
and control of the WP electromechanical system. As it 
is seen from the expression (3), the factors V (12.214) 
and Ta (0.92) have got the largest influence. Therefore, 
in the non-expert systems it is possible to calculate  
the given wind parameters alone. 

The covariance analysis of the received dependen-
cy (3) has shown [13] that these regression algorithms 
to the full extent trace the current input disturbances 
and correct the maximum of electric power generation.  

The automatic stabilization of the WP output pres-

sure is provided in the system of invariant control SG-
PCH (Fig. 2) which contains: external perturbation ac-
tions sensors; block of calculation of the optimum speed 
of SG shaft; pressure PI-controller at WP outlet;  
PCH-SG generating system with the control law 

2 =constU f , output voltage sensor, WP mechanic part. 
The basic lack of the given scheme is the necessi-

ty to install a step-by-step controlled intensifier which 
automatically adjusts the SG rotational frequency 
to the reading of maximum capacity according to 
characteristics. Therefore, at output voltage stabiliza-
tion availability by means of consumers’ automatic 
unloading, ballast loading or an internal contour of SG 
stabilization, it is possible to apply structure with an 
output current control loop (Fig. 3). A number of pa-
tents for the utility models [5, 6, 22] has been received 
for these WP structures.  

 
Fig. 2. Structure of combined ACS of local WP: Upreset – preset voltage signal; U –  preset wind flow 

optimization influence; Uc – frequency converter control action, Uout – WP output voltage 
 

 
Fig. 3. Structure of combined ACS of local WP: Ufb – feedback signal on output current Iout (capacity), 

ωs – windwheel shaft speed; Uout – WP output voltage 
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IV. Linquistic approach in power generation 
predicting 
The wind flow power fluctuations lead to signifi-

cant fluctuations of generated electric power, and  
at the regions where there is a constant wind flow,  
the WP power won’t comply with load schedule even 
at the optimized wind cadaster [13].  

As the linguistic variable of wind speed can be 
represented by the ordered term-set of fuzzy variables, 
the linguistic approach allows one to describe the de-
cision problem elements of electric power generation 
adequately. The approximate estimations expressed by 
means of fuzzy concepts formalize fuzzy descriptions 
by means of fuzzy sets in the conditions of uncertainty 
of the energy carrier. At the comparison of the deve-
loped WP power with the load schedule it is possible 
to justify electric power accumulation. 

In this case the WP application enables to save 
diesel fuel. It is obvious that in calm a diesel unit ca-
pacity is determined by the schedule of electric load-
ing, and in case of the wind plant operation, the ener-
gy lack is made up with the diesel station while 
the quantity of spent energy (hydrocarbonic fuel) can 
be analyzed using power coverage belonging. 

The problem of effective energy accumulation 
generated by the WP via wind use is one of the signif-
icant and the most challenging problems of the WP. 
The choice of type and capacity of the accumulating 
device refers to the field of the optimization of power 
supply reliability by backing up.  

The ability to operate fuzzy initial data can be re-
ferred to the features of a linguistic approach [22–26], 
and, within this non-traditional method, there is a pos-
sibility to correctly consider such kinds of uncertain-
ties as variability of wind.  

It is possible to state that such method is flexible 
enough, and in case of its application, it is possible 
to consider the opinions of experts at drawing up 
the ownership of the fuzzy Beaufort scale. 

In case the area corresponds to a relatively even 
wind speed variation, and deviation of a random vari-
able from the expected value is low enough, the ad-
justment of the fuzzy scale with the reduction of 

the basis of fuzzy triangle membership functions (Fig. 4) 
is possible. 

The pulsations of speed and air flow energy are 
caused by a general character of wind structure form-
ing, local features, in particular, by specific landscape 
and relief. The simplicity and vizualization of the of-
fered approach for coordination of the generated and 
consumed power on the basis of a short-term forecast-
ing of mode management also provides the premise 
for the invention of adaptive fuzzy control. 

 
V. Simulations results 
The undertaken study of a principal possibility of 

using a predictive algorithm of fuzzy control in 
the tasks of power distribution in an autonomous elec-
trical supply system with a WP has been received 
on the basis of the simulation model designed by means 
of applied MATLAB Simulink programs (Fig. 4b).  

A fuzzy controller works under the Mamdani al-
gorithm control [25–31]. The algorithm adjustment is 
made automatically proceeding from the system pa-
rameters by four input linguistic variables and four 
output variables. Thus, the system of 33 rules of fuzzy 
control is made at various random values of wind 
flow.  

As a result of modelling, it was found out that  
the fuzzy controller under Mamdani algorithm control 
adequately fulfils the objective functions assigned to 
it. In a real time mode the optimum values of output 
control actions depending on the wind speed and load-
ing at the consumer are determined by the controller. 
Thus, the decision for each situation is determined 
in a short time in the “On-line” mode.  

Therefore, it is possible to single out such ad-
vantages as the control system flexibility because, 
during a control procedure, the controller does not 
allow premature switchings (0.5 mark) caused by  
a sudden impact of this or that parameter.  

In the course of the research it is stated that, 
at more irregular daily wind motion and schedule of 
electric loading, the quantity of switchings increases 
which, in its turn, worsens the switchgear technical 
condition. Therefore, the decrease of undesirable 

 
 

                                               а)                                                                                                       b) 
 

Fig. 4. Linguistic variable of wind speed (а) and WP model (b) 
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switchings in this case is urgent. Power distribution 
fuzzy control algorithms under the study are distin-
guished by the possibility of slight extension in case 
of the necessity in additional functional requirements. 
Under the change of the objective function of man-
agement or system elements it is enough to correct  
the rules of fuzzy control. The nature of fuzzy algo-
rithms is that it allows one to produce such changes 
quickly and with adaptation to the WP new operating 
conditions. On the basis of the undertaken research it 
is possible to confirm that the suggested fuzzy algo-
rithms are reasonably effective in terms of a computa-
tional procedure for predicting the amount of generat-
ed WP power at stochastic uncertainties of the input 
information and disturbances.  

 
Summary 
1. The analysis of the ARC PSS condition has 

demonstrated that a reliable and power efficient power 
supply of autonomous objects is an actual problem. 
As a result of the analysis of autonomous APS opera-
tion and WP structures, the technical requirements for 
the combined PSS were elaborated for power efficient 
electrical supply of remote objects. 

2. The study of new structures of the autonomous 
PSS with invariant WP based on SG-PCH has shown 
their advantages over the traditional ones. It is estab-
lished that the WP operation at optimum modes provides 
30–50 % increase of electric power generation.  

3. Adequately, the WP model represents an ob-
ject of experimental design theory with the invariant 
ACS providing electric power quality constraints. 
The models of self-contained generating complex ele-
ments are developed including WP, SG-PCH and PSS 
in the form of the equations of linear regressions tra-
cing stochastic disturbances and providing maximum 
electric power generation. 

4. Application of fuzzy logic instrument enables 
to adequately predict WP electric energy generation 
and hydrocarbon fuel consumption by traditional ener-
gy sources. 
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ЭНЕРГОЭФФЕКТИВНЫЕ СИСТЕМЫ ЭЛЕКТРОСНАБЖЕНИЯ 
ЭЛЕКТРОПРИВОДОВ НЕФТЕГАЗОПРОВОДОВ 
 
О.В. Крюков1, А.В. Серебряков2 
1 АО «Гипрогазцентр», г. Нижний Новгород, Россия, 
2 Нижегородский государственный технический университет им. Р.Е. Алексеева, 
г. Нижний Новгород, Россия 
 

Рассмотрено современное состояние развития автономных систем электроснабжения, включая объекты 
газотранспортных систем. Обосновано использование в комбинированных генераторных комплексах альтер-
нативных источников электроэнергии на базе ветроэнергетических установок. Предложены варианты струк-
тур электросетей для питания вдольтрассовых потребителей с использованием ветроэнергетических устано-
вок. Проанализированы энергоэффективные инвариантные системы на базе комбинированных установок по 
схеме «синхронный генератор – преобразователь частоты». Получены прогнозируемые объемы выработки 
электроэнергии энергоисточниками при стохастическом характере ветрового потока. Приведен ряд примеров 
внедрения новых комбинированных систем автономного электроснабжения с использованием возобновляе-
мых энергоисточников на магистральных газопроводах РФ. 

Ключевые слова: ветроэнергетическая установка, инвариантная система, энергоэффективность, 
синхронный генератор, преобразователь частоты. 
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