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Abstract. The relevance of the study is due to the development herein of a model for reliability
optimization of stand-alone power systems with wind turbines and electrochemical power storage
devices, with special emphasis within this model put on the specifics of power equipment operation.
The key feature of the model developed is that it enables us to factor in the requirements to be met by
the equipment as arising from the considerations of dynamic stability of the stand-alone system. When
simulating battery storage operating modes, the charge-discharge limits as well as the remaining
charge in the storage are taken into account. Thus, the reduction of the total number of considered
mixes of the equipment being commissioned is achieved, the computational efficiency of the reliability
optimization method is increased, while the validity of modeling results is improved. Development
of methods for optimization of reliability of stand-alone electric power systems with wind turbine
installations and electrochemical power storage devices while meeting requirements for electrodynamic
stability. A stand-alone power system that is assumed to be located in the coastal area of Lake Baikal
in the Kabansky State Nature Reserve, Republic of Buryatia, Russia, serves as the object of the study.
Calculations are based on multiple simulation of modes of operation of the electric power system
by means of the Monte Carlo method. The values of random variables are modeled as per specified
laws of distribution and fault rate indicators of power equipment. Modeling of power generation at
wind turbines is based on a detailed analysis of real-life weather data (average hourly wind speed,
air density and humidity). The method of reliability optimization of stand-alone power systems with
wind turbines and electrochemical energy storage devices was developed so as to take into account the
requirements to be met by electric power equipment in terms of dynamic stability. The optimization
criterion is the minimum expected value of the cost of produced electricity. Power redundanct and
energy storage devices are used as means of reliability assurance. The results of calculations attest to
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the fact that for the natural and climatic zone under consideration, the use of vertical axis wind turbines
in a stand-alone power system proves more efficient than the use of horizontal axis wind turbines.

Keywords: stand-alone power system, resource adequacy, reliability optimization, dynamic stability,
Monte Carlo method, wind turbines, storage battery.
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AHHOTAMsA. AKTYyaJIbHOCTh MCCIIEJOBaHUsI 00yCIIOBIICHAa pa3pabOTKOi B AaHHOW paboTe Moaenn
ONTHMH3ALUH HaJIGKHOCTH aBTOHOMHBIX SHEPrOCHUCTEM C BETPOr€HEPATOPaMH M 3JIEKTPOXUMHUECKUMHU
HaKOIUTEJISIMH DHEPTUH, TPU 3TOM 0c000€ BHUMAHHNE B pAMKax JaHHOI MOZIEIH y eI TCs criennpuKe
9KCILTyaTallii SHEPreTHUecKoro odopynoBanus. KiroueBass 0cOOCHHOCTH pa3pabOTaHHOW MOIEIH
3aKJII0YaeTCs B TOM, YTO OHA MO3BOJISIET YUYUTHIBATh TPEOOBAHMUS, IIPEIBSIBIsIEMbIC K 000PyI0BaHUIO,
KaK BBITEKAIOIIUE W3 COOOpaKeHHH TMHAMHUYECKOW yCTOWYMBOCTH aBTOHOMHOH cucteMsbl. [lpu
MOJETHPOBAHUN PEKUMOB DPA0OOTHI aKKyMYJSITOPHBIX Oarapell y4YHTBHIBAIOTCS IpEIeibl 3apsijia-
paspsizia, a TakyKe OCTaBIINICS 3apsi/] B HaKonuTese. Takium 00pa3oM, JOCTUTaeTCs COKpaICHHE 00IIero
Yycia paccMaTprUBacMbIX BapHaHTOB BBOAMMOIO B IKCIUIyaTallMi0 OOOPYNOBAHMUS, IOBBIIIACTCS
BBIUMCIIATENbHAS 3PPEKTUBHOCTH METOAA ONITHMHU3ALINH HAJIS)KHOCTH U TIOBBIIIAETCS IOCTOBEPHOCTH
pe3ynbTaToB MoAeaupoBaHus. Llens: pazpaboTka METOOB ONTHUMHU3AIMHN HAJIS)KHOCTH aBTOHOMHBIX
JIEKTPOIHEPTETHUECKUX CHUCTEM BETPOIHEPIeTHUECKHUMH YCTAaHOBKAMHU W 3JIEKTPOXMMHUYCCKUMHU
HaKOIUTEJISIMA SHEPTUU TIPH COOIIONCHUH TPEeOOBAaHUI K 3JIEKTPOAMHAMUYECCKOW yCTOWYMBOCTH.
OOBEKTOM  HCCIICIOBAHUS  SIBISIETCS ~ aBTOHOMHAsi ~ OHEPrOCHCTEMa,  MPEIOIOKUTEIBHO
pacriosio)keHHasi B MpuOpexxHol 30HE o3epa baiikan B KabaHckoM rocymapcTBEHHOM NPHPOJHOM
3anoBerHuke PecrryOonmukn Bypsitus. PacueTsl OCHOBaHBI Ha MHOTOKPATHOM MOJICJIMPOBAHUH
PESKHUMOB PaOOTHI AIEKTPOIHEPTETHUECKON cucTeMbl MeTogoM MonTe-Kapio. 3HaueHus ciydaiiHbIX
BEJIMYNH MOJICIMUPYIOTCS B COOTBETCTBHH C 3a/IaHHBIMU 3aKOHAMHU PACHpPEACICHUS U MOKa3aTeIsIMu
aBapUHHOCTH SHEPreTHUYECKOro o0opynoBaHUs. MojenupoBaHue BBIPAOOTKH 3JIEKTPOIHEPTUU Ha
BETPOTreHEPaTOpax OCHOBAHO Ha JIETAJIHHOM aHAJIM3€ PealbHBIX MOTOIHBIX JaHHBIX (CpeaHedacoBas
CKOPOCTH BETPA, TNIOTHOCTh U BJIAXKHOCTh BO3/yXa). PaspaboTana METOAMKa ONTHMH3AINHN HAICKHOCTH
ABTOHOMHBIX 3HEPrOCHCTEM C BETPOI'CHEpPAaTOpaMH M IEKTPOXMMUYECKHMMH HAKOIUTEISIMH
SHEPTHUU C y4eTOM TpeOOBaHMH, MPEABABISIEMBIX K 3JIEKTPOIHEPTeTHYECKOMY OO0OPYHAOBaHHIO C
TOYKH 3PEHHUS] TUHAMHMUYECKOH ycToWYMBOCTH. KpruTeprnem ONTHMHU3AIUH SBISCTCS MHUHHMAaIbHOE
OXHUJaeMOe 3HaueHHE CceOEeCTOMMOCTH NPOM3BEICHHONW 3JIEKTpOIHEepruu. B kadecTBe CpeacTs
obecrieueHNsT HaJIe)KHOCTH UCTIONB3YIOTCSl YCTPOMCTBA PE3EPBUPOBAHMSI MOITHOCTH M HAKOIIJICHUS
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OHEPruu. Pe3yJ’IBTaTBI pacye€ToB CBUACTCIBCTBYHOT O TOM, UTO JIA paCCManHBaCMOﬁ IIpUPOIAHO-
KJIMMaTUYECKOM 30HBI HCIIOJIb30BAHME BETPOIEHEPATOPOB € BEPTUKAJIBHOM OCbIO B aBTOHOMHOM
SHEPrOCUCTEME OKa3bIBacTCs Oosee 3(P(PEKTHUBHBIM, YEM HCIIOJIB30BAHHE BETPOrCHEPATOPOB C
TOPU30HTAJIBHON OCBIO.
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Introduction

Integration of renewable energy sources into centralized and autonomous power systems requires
a number of theoretical and applied problems to be solved. Such problems include the following:
mathematical modeling of power system elements, making up of initial arrays of natural and climatic
data, analysis of power supply reliability in these power systems, solving problems of equipment mix
optimization. The following can serve as optimization criteria: the minimum of levelized cost of
electricity, the maximum saving of fossil fuel, the minimum undersupply of electricity to the consumer,
etc. [1].

Our analysis of the published research that deals with issues of the reliability of electric power
systems with renewable energy sources backs up our conclusion that recently the academics have
been seeking to detail their studies and to take into account various aspects of the operation of these
power systems, which certainly increases the efficiency and importance of the research findings
thus obtained. To illustrate, the study [2] provides a detailed review and classification of reliability
indicators for power systems with a high share of renewable energy sources. Combinations of reliability
indicators are offered, as constructed from the point of view of technical and economic performance
efficiency, the flexibility of the power system operation, and availability of initial statistical data. The
article [3] investigates a stand-alone hybrid power system with photovoltaic converters, fuel cells,
solar panels, and a heat recovery system. In this study, the issues of power supply and heat supply
are treated in an integrated fashion, an overall indicator of system reliability with the calculation of
the probability of fault-free operation is introduced. To this end, the problem of optimization of the
mix of equipment with determining the most suitable engineering solution that meets the criteria of
the minimum levelized cost of energy and the maximum value of the general indicator of reliability
of the system is discussed. Thus, the range of Pareto optimal solutions is determined. The study [4]
addresses the issues of ensuring sustainability and reliability of the power system that has generators
run by renewables. This paper uses real-life data from the state of Texas (USA), presents the existing
structure of generation, energy transportation, and various scenarios of energy system development to
2030. Data are given on current operation of the energy system, load factors of energy facilities, and
their stable operation in case of instability of wind turbine generation. The article [5] discusses the
failures of elements of wind turbines that are part of offshore wind farms. This contribution describes
the method and software that implements it. The algorithm behind reliability analysis of wind turbines
operation is made up of 7 modules with the following being factored in: technical features of employed

wind turbines; long-term average monthly values of climatic indicators; a climatic model forming an
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array with the discrete step of 6 hours; detailed mathematical models of wind turbine components
with the simulation of their failures; a model of power generation by the wind turbine. The reliability
analysis model makes an allowance for the estimated time required to eliminate the failure of each
element of an offshore generating set. The study [6] analyzes the reliability indicators of the stand-
alone wind-diesel hybrid system. The article proposes an approach to the development of a fault-
tree based probabilistic logic method. Calculation of reliability indicators is based on the intensity
of failures of system elements and relative duration of failures. The presented overview is conclusive
of the need for detailed consideration of specifics of power equipment operation when studying the
reliability of power supply in power systems with generation fired by renewables. An overview of
reliability optimization methods and reliability analysis models can be found, for example, in [1, 7].
When integrating wind power plants into the electric power system there is a problem of ensuring
dynamic stability of the power supply system [8-10]. The above problem is manifested in the fact that
given a sudden reduction of electrical load, an excess of active power leads to frequency growth in the
power system and, as a consequence, to the potential asynchronous run. Therefore, some countries have
developed and approved requirements for connecting wind farms to the power system. In particular,
there are constraints on the value of installed capacity of the wind farm generating power for shared
buses of the electric power system [11]. Additionally, as a countermeasure to the asynchronous run
in stand-alone electric power systems, DC inserts [12], energy storage devices [11, 13], magnetic
gearboxes and variators in wind turbines [14], elements of emergency control automatics [15] are used.
The use of power storage devices in stand-alone power systems allows smoothing out the
imbalance of generated and consumed power, thus ensuring the stability of the system operation. In
stand-alone electric power systems it is expedient to use electrochemical energy storage devices, which
compare favorably to other types of energy storage facilities having the advantage of good performance
characteristics and relatively low cost. The options for the storage link layout in the stand-alone power
system are formed depending on the mix of generating equipment and modes of its operation. For
example, in photovoltaic systems with strongly pronounced cyclic charge/discharge modes it is necessary
to use OPzS type storage batteries (shell-type flooded lead-acid storage batteries), FLA (long service
life flooded lead-acid storage batteries), LCB (lead-carbon batteries), LIB (lithium-ion batteries), and,
in some cases, OPzV (lead-acid batteries with shell-type gel electrolyte). In electric power systems with
wind turbines it is recommended to use OPzS-type storage batteries characterized by high values of
rated charge-discharge currents, a large number of charge-discharge cycles, and an affordable price
The purpose of this article is to develop and demonstrate a method for optimizing the reliability
of a stand-alone power system taking into account the requirements to be met by power equipment in
terms of electrodynamic stability. The stand-alone power system consists of wind turbines operating
in parallel with a diesel generator and storage batteries. The criterion of reliability optimization is the
minimum expected value of the cost of produced electricity. The experimental studies considered a
stand-alone consumer with typical load profiles for four seasons of the year within the Baikal climatic
zone of Kabansky District, Republic of Buryatia, Russia. Weather data (average hourly wind speed, air
density) were broken down into four seasons of the year and processed for a ten-year period.
The paper is made up of five sections, an introduction, a conclusion, and a reference list. The first
section discusses the issues of electrodynamic stability and substantiates constraints on the choice of

power equipment. The second section presents the description of reliability optimization methodology,
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a simulation model of power supply system operation, a reliability analysis model, and a reliability
optimization model. The third section is devoted to the peculiarities of modeling of different types
of wind generators, electricity storage devices, as well as technical and cost characteristics of power
equipment. The fourth section presents the following: a description of the object of the study, that is
a stand-alone hybrid power system located in the natural and climatic zone of Lake Baikal, Republic
of Buryatia, Russia; an analysis of weather data in this region. The fifth section contains the results of

optimization of equipment mix of the investigated stand-alone power system.

1. Stability of operation of a stand-alone electric power system

Operation of wind turbines as part of stand-alone power systems with diesel generators has a
number of special aspects to it. In particular, when there are abrupt changes in the mode of electric load
or wind speed, there is a short-term excess of active power, which leads to acceleration of generators.
Therefore, within a stand-alone hybrid power system, one can observe an asynchronous run with
respect to the generators that keep operating [14]. The low moment of inertia of the synchronous
generator rotors and virtually zero moment for the frequency converter lead to the asynchronous
run. Therefore, the modern development of the distributed sources of electric power is impossible
without perfecting the means that would allow to improve the controlling capability of the generating
equipment, and, as a consequence, to ensure the redundancy of the dynamic stability of the stand-alone
electric power system in case of abrupt changes in its mode of operation. It is important to highlight the
influence of individual control components of generators on the dynamics of their output parameters
when operating as part of a stand-alone electric power system, which can cause poor electromechanical
compatibility of equipment. The share of installed capacity of wind power plants relative to that of
the diesel generator should not exceed 10% on average. This is due to the low electromechanical

compatibility between diesel generators and wind turbines.

Dynamic stability of generators

The issues of stability of electric power systems were studied by a well-known Russian scientist
Pyotr Sergeyevich Zhdanov. He conducted stability studies of two plants of comparable power. The
equation that describes the power and torque angle relationships is as follows:

2
TI%:POmesiné',

where T} — rotor inertia constant, P, — turbine power, P,, — electromagnetic power of the generator,

0 — torque angle.

Solving this equation in form & = f{¢) provides an overview of the time-varying behavior of the
angle and allows one to determine whether the machine remains in sync. This equation is non-linear.
Therefore, special numerical methods are applied to solve it. One of them is the method of successive
intervals, which is used to solve the problem in finite increments.

In the case of the problem that describes dynamics of two plants working in parallel, the finite

increment will be of the following kind [9]:
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where f'— grid frequency; AP; — exchange power between the first generator and the system; AP, —
exchange power between the second generator and the system; A¢ — short-circuit time. It follows from
the analysis of this equation that there are constraints on generator power and disturbance duration.
Thus, the rationale behind the requirements put forward with respect to the mixes of power equipment

to be added into the power system is provided.

Ways to increase stability of the stand-alone power system

Recently, the interest of researchers has been attracted to controlled magnetic and electromagnetic
variators to establish flexible coupling between the turbine and the generator in order to stabilize
operation mode parameters [15]. The use of magnetic and electromagnetic variators in the wind power
engineering allows to increase reliability and life of generating equipment and to expand the scope of
application of wind turbines, including that in the Arctic conditions. Application of electromagnetic
variators in the designed wind-diesel hybrid power systems increases the utilization factor of the
installed capacity of the wind farm and the share of renewable energy sources in the power system up
to 40% [11, 16].

Another way to increase the share of wind farms in stand-alone power systems with diesel
generators is the use of energy storage devices, including electrochemical ones. In this case, the
dynamic stability margin increases in proportion to the installed capacity of storage devices [17, 18].

To meet the conditions of normal operation of wind turbines operating in parallel with diesel
generator, the following solutions can be highlighted.

1. Introduction of constraints on installed capacity of wind turbines depending on the total
number and capacity of diesel generators.

2. Use of electrochemical energy storage facilities operating in a cyclic mode and acting as a
stabilizing link [19].

3. Inclusion of an electromagnetic variator in the mix of wind turbines, which allows to smooth
out disturbances in case of sharp changes in the operation mode [15].

Thus, the mix of energy equipment in the stand-alone power system can vary significantly
depending on the chosen method of controlling the stability of wind turbines operating in parallel with
diesel generators. In this study, the dynamic stability of a stand-alone power system of small capacity
is ensured by introducing constraints on the equipment mixes that can be selected. Constraints are
imposed on the share of the installed capacity of the wind farm depending on the capacity of the diesel

generators, as well as on the capacity of storage batteres [13, 20].

2. Method of reliability optimization

In this study, three successively nested models are considered: a simulation model of power supply
system operation, a model of reliability analysis, and a model of synthesis of power supply reliability
of stand-alone hybrid power systems. Random values in the models are electrical load (electricity
consumption, kWh) and generation (electricity production, kWh). The main sources of electricity are
wind turbines and diesel generators, as well as storage batteries. Electricity generation depends on
the values of random values of wind speed and air density in a given geographical area and failures of
generating and grid equipment. Providing for capacity redundancy and installation of storage batteries

are considered as means to ensure reliability of power supply.
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Variables in the reliability optimization problem are as follows: the number of wind turbines
r1, the number of diesel generators r,, and storage battery capacity r;. The set of the above values
forms vector r with components ry, r,, 3. Optimized sets rare determined with respect to the expected
value of power consumption. Requirements to be met by power equipment in terms of electrodynamic
stability entail the introduction of additional constraints on the set of vectors . Let us denote the set of

all the sets of equipment permissible with respect to electrodynamic stability as R.

Model of operation of the power supply system

The model serves as the basis for the power supply reliability analysis. The reliability analysis is
based on multiple simulations of power supply system operation during four seasons of the year being
modeled. Each season of the year is characterized by its own load profile, histograms of air density,
and average hourly wind speed.

In what follows we provide a description of the model within one season of the year. Let us denote
the sequential number of the hour in question as k —, k =1, ..., K. Here, K — is the number of hours
modeled for each season of the year. With the aid of the random number generator, for the k& —th hour,
the values of random variables are selected: y* — that of electricity consumption volume, kWh; x* — that
of electricity production volume by wind turbines, kWh. The power storage capacity (kWh) r; is set,
sk —is the remaining charge (kWh) of the storage at the beginning of hour k, k=1, ..., K.

In those case when the demand for electricity exceeds its available amount, the electricity is

undersupplied

dk = yk —xk_— min{ar3, Sk};

where o — is the charge-discharge factor of the storage battery, in the present study a = 0,25. Otherwise,
d*= 0 i.e. d* = max{0, y* — x* — min{ars, s* }}. The use of factor  in the model is due to the presence of
charge-discharge power limits of the storage battery [19].

Shortage of electricity in the model under consideration is covered by its production by a diesel
generator. When switched on, the diesel generator also charges the storage battery within acceptable
limits. Let us denote by X* — the volume of electricity produced by a diesel generator in the k — th hour,

kWh, k=1, ..., K. The value of X* is determined as per the following equation
¥ =max {0, y* - x*}.

Diesel fuel is used to generate electricity by the diesel generator, the volume of its consumption is

determined as per the following rule
fk — V)?k

where v — is the coefficient of fuel consumption in kilograms for production of one kWh of electricity.
The cost of diesel fuel spent on power generation is calculated on the basis of the value of /¥ and is
included in operating costs. At the same time, the cost of fuel consumed is descriptive of the damage
to consumers that could have been caused by electricity shortages. If the diesel generators fail, then a

non-zero value d* will be referred to as the actual power shortage and will be denoted as d*. Otherwise

~ K
5% =0and d* = 0. The total actual undersupply of electricity for the season will amount to D = >d k.

i=1
— 61 —
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Changes in the residual charge value of storage batteries are determined according to the following
rules:

. ify*>xfand d¥ >0, then

k+1 k

sk = gk — min{ars, s5;

« ify*>x*and d* =0, then

Sk+1 — Sk;

o ifxf>yk then

k+1

s = min{s* + min{ars, x* — Y5}, r3.

The value of s¥*! depends on the observed values of random variable x* — y* (with probability
density given and constant during the transition), the random variable of diesel generator failures, and
the remaining charge level s*. Hence, sequence s', 52, ..., s is a homogeneous Markov chain. Any value
of random variable ¢, evenly distributed within segment [0, 73], can be used as s'.

As a result of running the model simulating the operation of the power supply system during the
year, the amount of an increase in costs associated with the adoption of means to ensure reliability is
determined. Let us denote this value as C(r), mln rubles. Annual reliability assurance costs consist of

its operating C,,(r) and capital C,,,(¥) components
C(r) = Cop(r) + yCgp(r).

Here, yC.,,(r) — is the amount of annual annuity payment, and y — is the annuity factor calculated

as per the following equation

_id+0)"

1+ -1
i — the annual interest rate on the loan, expressed in hundredths, n — the number of years during which
the loan is paid off. In our study, we assume that i = 0,07, n = 20. In Russia, there is a common practice
to use, instead of C(r), net present costs where y acts as the reduction factor that is assumed to be
equal to 0.12 for the electric power industry facilities. Application of one or another method of cost

determination depends on the degree of power sector liberalization.

Power supply reliability analysis

Within the framework of the power supply reliability analysis model, four seasons of the power
system operation in the year being modeled are considered and the following reliability indicators are
calculated.

1. Estimation of the expected values of undersupply of electricity per year

4

2D,

MD==L__8760.
4K

Here D, — is the total actual undersupply of electricity in the ith, i =1, ..., 4.

2. Estimation of probability of shortage situations
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_H

=K
where H — is the total number of hours in all seasons, for which the value d is non-zero. Then the
estimation of the probability of shortage-free operation of the electric power system is calculated as
perrule Q=1-P.

3. Estimation of the expected value of the number of shortage hours per year

MH = §8760P

In fact, this indicator is LOLH (Loss of load hour), a well-established reliability indicator, which
is the average number of hours per year in which there is a load loss [21].
4. Estimation of the expected value of diesel generator fuel consumption per year and estimation

of the expected value of annual fuel consumption cost

M~

I
MF ==1k=L__8760 , MC, = ¢ MF.
K

e
Il

N

Here, c;— is the price of one kilogram of diesel fuel as denomated in rubles. In this study, we
assumed the price of 60 rubles per kg of fuel with its delivery to the place of consumption factored in.

5. Evaluation of the expected value of the annual volume of generated electricity

M~

T3 (45

MX ===l 8760,
4K

b
Il

where xik — is the volume of electricity produced by wind turbines in the kth hour of the ith season,
kWh, fik — is the volume of electricity produced by a diesel generator in the kth hour of the ith season,
kWhk=1,..,K, i=1,...4

6. Estimation of the expected value of electricity cost per kWh
_C(r)+MF
oMx
It should be noted that the values of variables MF and MX depend on the mix of equipment selected

ME

and installed in the power system. Thus, the expected value of the cost of electricity is a function of 7.

Power supply reliability optimization model

The model of power supply reliability optimization is presented as the following problem

ME(r) — min.

reR.

This problem belongs to the class of nonlinear stochastic optimization problems in their
discrete setting. The search for the optimal solution is carried out by the full enumeration method,
by comparing the values of function ME(r) as calculated with the aid of the Monte Carlo method.
The reduction of computational time is achieved by significantly reducing the number of options

under consideration.
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3. Modeling power equipment

When modeling the stand-alone power system, two modes of its operation are considered: parallel
operation of wind turbines and a diesel generator; operation of wind turbines with storage batteries
and a diesel generator used as a backup source of electricity. Characteristics of the power equipment
are set: they are installed capacity of generating equipment, current and voltage values in cable and

overhead lines, electrical losses, capacity, and state of charge of storage batteries.

Modeling wind turbines

In practice, two types of wind turbines are used: those with the horizontal and vertical axis of
rotation, respectively. Horizontal axis wind turbines, usually three-bladed, became very common in
constructing wind farms around the world. The unit capacity of the serial installation of this type
varies from 0.1 to 5 MW.

Vertical axis wind turbines are well-proven in stand-alone and integrated low-power systems (up
to 100 —200 kW). Such installations can be used in regions where the average wind speed at the height
of the wind wheel installation is 4 — 5 m/s due to the low breakaway speed.

The equation for calculation of generated power for two types of wind turbines is of the same form:
scppv3

y
where s — is the swept area of the turbine surface, m?; ¢, — power factor, p.u.; p — air density, kg/m?;

Pgyy =

v —wind speed, m/s.
The swept area is calculated depending on the type of the wind turbine:

e horizonal axis rotation
s =mr?,

where r — is radius of the windwheel, m;

e vertical axis rotation
s = hd,

rae i — the height of a wind turbine blade, d — diameter of the wind turbine, m.

Air density with humidity factored in is determined as per the following equation

_ PRk,
R,R1
Here p, — dry air partial pressure, Pa; R, — dry air gas constant (287,058 J/kgeK); ¢ — external air
temperature, K; p, — water vapor pressure, Pa; R, — vapor constant (461,495 J/kg*K).

Conversion of the wind speed to the height of the wind wheel installation

va=vi(h/ hz)ﬁ,

where v; — is the measured wind speed at a height of 10 m (%;),v, — is the adjusted wind speed at the
working height /,, ff — is the roughness factor of the underlying surface.
This study uses horizontal and vertical axis wind turbines with installed capacity of 20 kW each.

Table 1 shows the main technical characteristics of wind turbines and their cost.
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Table 1. Technical and economic characteristics of wind turbines

Vertical axis wind turbine Horizontal axis wind turbine
Installed capacity, kW 20 20
Power factor, p.u. 0.39 0.45
Swept area, m 30 36
Initial speed, m/s 1.5 2.5
Equipment cost, mln. rubles 1.25 1.32

Making up arrangement options of the energy storage system

In this study, the method of classifying storage batteries depending on the operating
conditions is used. The main purpose of this method is to form such options of the storage battery
arrangement where the modes of operation will meet normal operating conditions. When making
up mixes of equipment the following parameters are estimated: discharge current ratio, actual
values of charge and discharge current, time intervals at which the state of charge of storage
batteries is low charge. The values of these parameters are calculated according to the algorithms
described in [19].

The integration of the approach described in the article [19] allows to define such storage battery
technologies that meet all necessary requirements of engineering and regulatory documentation.

As aresult of solving the problem of storage batteries classification, there were obtained alternative

arrangements with OPzS and FLA type storage batteries using the electrolyte circulation system.

Characteristics of storage batteries

In this study, flooded lead-acid storage batteries of the OPzS type with the capacity of 1000 A-h
and rated voltage of 2 V are used as electric power storage. A special feature of these storage batteries
is the use of tubular positive plate, which significantly increases the number of charge-discharge cycles.
This type of storage batteries has 1,500 to 2,000 charge-discharge cycles at 80% depth of discharge.
In addition, OPzS type storage batteries have high rated charge-discharge currents, which are 25% of
the installed capacity.

The storage battery wiring scheme is formed based on the limitations of the battery inverter.
Standard wiring schemes are often made for the voltage of 48 V, or, in some cases, 96 V. This paper
considers the 48 V wiring scheme, which corresponds to 24 storage batteries connected in series,
with a total capacity of 48 kWh. Then, other assemblies of similar capacity and wiring schemes are
connected to this group of storage batteries. Thus, storage batteries were added to the optimized mix
of the equipment in series of 24 units. The cost of OPzS storage batteries manufactured in Russia is 35

thousand rubles per unit with the capacity of 2 kWh.

4. Object of the study
As the object of the study we considered a stand-alone hybrid power system that was assumed to

be located in the coastal area of Lake Baikal in Kabansky State Nature Reserve (Kabansky District,
Republic of Buryatia, Russia).
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Fig. 1. Wind speed in Kabansky District of the Republic of Buryatia, Russia, according to long-term weather data
series

Simulation of hourly wind speed is based on FM 12 Synop weather data. These data are presented
in the form of multi-year weather data series. Automatic processing, data generation, elimination of
erroneous measurements are performed with the help of the software and computing system “Local
analysis of environmental parameters and solar radiation” [19].

The analysis of weather data for a ten-year period (Fig. 1) shows that wind speed in the
winter-summer period averages 3.5 — 4.5 m/s at the height of 10 meters. Low temperatures in the
fall-winter period ensure high air density, which on average increases electricity production by
15-25%.

This study uses data of hourly changes in the electrical load on the part of the consumer. The
nature of the load characteristic is that of a classic shape with two peaks in the morning and evening
hours, as adjusted for the season. Random fluctuations of the electrical load are simulated by means of
a random number generator within a given range of values. Maximum load is observed in winter and
equals 26 kWh. Annual electricity consumption is about 180 thousand kWh.

A stand-alone hybrid power system is made up of low capacity wind turbines, 0.4 kV power
lines, diesel-powered generator set (DPGS), incoming switchgear (ISG), battery inverters, and storage
batteries (Fig. 2).

The operation of the generation system is performed as per the following algorithm.

o If generation by wind turbines is enough for direct supply of the consumer and there is surplus
energy, it is accumulated in storage batteries.

« If there is a shortage of power, it is covered by storage batteries, taking into account the

technical limitations with respect to the discharge rate.
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Fig. 2. Diagram of the stand-alone hybrid power system

o If there is insufficient power and the storage batteries have a low state of charge, a backup
source is activated. The backup source starts at full power, thus supplying the consumer and recharging
the storage batteries.

A diesel generator with a capacity of 80 kW and cost of 1 million rubles is used as a backup power

source.

5. Reliability optimization results

Based on the requirements to be met by electrical equipment with respect to dynamic stability
and constraints imposed on discharge-charge modes of storage batteries, mixes of equipment for
horizonatal axis wind turbines and vertical axis wind turbines were formed. For the selected mixes of
the equipment the resource adequacy analysis was carried out within the specified load profiles. The
results of the reliability analysis were summarized in the form of tables. Equipment combinations,
which are characterized by the lowest cost of generated electricity, were considered optimal.

The results of reliability optimization of the stand-alone electric power system are presented
twofold: as reliability indicators (Table 2 and Table 3); as cost indicators (Table 4 and Table 5).

The presented tables demonstrate that for all mixes of the equipment the required value of the
probability of shortage-free operation of 0,996 is achieved.

An optimal (with respect to the criterion of minimum cost of generated electricity) installation is
that of two horizontal axis wind turbines and a storage battery with a capacity of 96 kWh, or a single
vertical axis wind turbine and a storage battery with a capacity of 96 kWh in the stand-alone power
system. The lowest cost per kWh is achieved in the second case amounting to 10 rubles 43 kopecks. It

should be noted that from the point of view of diesel fuel costs the second option is less preferable as it
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Table 2. Reliability indicators for the stand-alone power system with horizontal axis wind turbines

Estimate of

Estimate of the

Estimate of the

Number of wind | Storage battery probability of expected value of the expected value of
turbines, pcs capacity, kWh shortage-free number of shortage | electricity undersupply,
operation hours per year kWh per year
1 0 0.9982 16.2 297.1727
1 48 0.9983 15 193.0797
1 96 0.9991 7.6 100.1807
2 48 0.9986 12.2 160.6069
2 96 0.9991 7.7 78.2069
3 48 0.9987 11.8 142.9593
3 96 0.9992 7 80.5415

Table 3. Reliability indicators for the stand-alone power system with vertical axis wind turbines

Estimate of

Estimate of the

Estimate of the

Number of wind | Storage battery probability of expected value of the expected value of
turbines, pcs capacity, kWh shortage-free number of shortage | electricity undersupply,
operation hours per year kWh per year

1 0 0.9984 13.9 265.7143
1 48 0.9984 14.3 203.8393
1 96 0.9990 8.5 98.3118

2 48 0.9985 12.8 158.6386
2 96 0.9989 9.3 96.1155

3 48 0.9984 13.7 168.5472
3 96 0.9991 8.1 65.8131

Table 4. Cost indicators for the stand-alone power system with horizontal axis wind turbines

Number of wind
turbines, pcs

Storage battery
capacity, kWh

Costs of ensuring
reliability, mln.
rubles per year

Estimate of the
expected value of the
cost of fuel consumed,
mln. rubles per year

Estimate of the
expected value of the
cost per kWh, rubles

1 0 0.3299 1.7829 12.1365
1 48 0.4635 1.4139 10.7830
1 96 0.5971 1.2626 10.6929
2 48 0.6190 1.2539 10.7657
2 96 0.7525 1.1047 10.6709
3 48 0.7745 1.1577 11.1007
3 96 0.9080 0.9993 10.9652

requires 1773 kg more fuel consumption. Additional advantages of installing two horizontal axis wind

turbines and a 96 kWh battery are a lower estimate of the expected value of power undersupply (78.21

kWh per year) and a smaller number of shortage hours per year.
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Table 5. Cost indicators for the stand-alone power system with vertical axis wind turbines

Costs of ensurin Estimate of the Estimate of the
Number of wind | Storage battery S J expected value of the
. . reliability, mln. expected value of the
turbines, pcs capacity, kWh cost of fuel consumed,
rubles per year cost per kWh, rubles
mln. rubles per year
1 0 0.339 1.7470 11.9847
1 48 0.472 1.3799 10.6420
1 96 0.606 1.2111 10.4378
2 48 0.636 1.2527 10.8589
2 96 0.770 1.0565 10.5008
3 48 0.801 1.1490 11.2039
3 96 0.934 0.9489 10.8084
Conclusion

Methodology for selection of optimal equipment mix in the stand-alone power system with the
wind turbine and electric power storage to ensure reliable power supply was developed. The criterion
of reliability optimization is the minimum expected value of the cost of produced electricity. The
estimation of the expected value of the cost of electricity is determined by the Monte Carlo method. The
key feature of the approach developed is a detailed treatment of electrical equipment characteristics and
requirements for electrodynamic stability. This is what contributes to a reduction in the total number
of considered equipment mixes that guarantee the stability of stand-alone power system operation and,
as a consequence, in the volume and time of computations.

When modeling the power equipment, the method takes into account its operation specifics
that define operational constraints. As a case in point, taking into account the physical and chemical
processes occurring in the process of charging-discharging of the storage battery implies setting the
requirement for a maximum charge-discharge of 25% of the storage battery capacity. To extend the
storage battery life, complete discharge is not recommended, which imposes an additional constraint on
the utilized storage battery capacity and, as a result, on the equipment mix being optimized. Modeling
of wind turbines involves taking into account not only the constraints imposed on dynamic stability,
but also those imposed on the breakaway speed, and conditions for stopping wind turbines.

The use of detailed weather data in the reliability optimization methodology allows increasing
the reliability of modeled climatic parameters affecting the power generation by wind turbines. Thus,
the validity of the results of calculations performed within the framework of the methodology and the
conclusions obtained gets enhanced.

A practical evaluation of the method was carried out based on the example of a stand-alone hybrid
power system that was assumed to be located in the coastal area of Lake Baikal in Kabansky State
Nature Reserve, Kabansky District, Republic of Buryatia, Russia. For the stand-alone power system
being designed we considered horizontal and vertical axis wind turbines. Flooded lead-acid batteries
of the OPzS type were used as energy storage devices. The diesel generator served as a backup power
source. The results of the experiment demonstrated that within the framework of the considered
natural climatic zone and load characteristics of the consumer, vertical axis wind turbines proved more

efficient than horizontal axis wind turbines. This research finding can be used as a recommendation
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for installing vertical axis wind turbines in small stand-alone power systems in regions with limited

wind power potential.
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