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Determination of Energy and Electric Capacity of On-Board Supercapacitor
Regenerative Energy Storage

Purpose. Development of a method for determining the main functional parameters of on-board supercapacitor
recuperative energy storage based on the asymptotic theory of extreme statistics by Gumbel, taking into account sto-
chastic nature of changes in recuperated voltage and current. Methodology. To achieve this purpose, methods, devices
and computer systems for temporary registration of recuperated voltages and currents on operating electric locomo-
tives, methods of the theory of random processes and methods of probabilistic and statistical processing of registro-
grams of voltages and currents were used. Findings. A computational and experimental method for estimating recu-
perative energy has been proposed and practically applied. A probabilistic method has been developed for determining
the energy and electric capacity of on-board supercapacitor recuperative energy storage units. Numerical probabilistic
and statistical calculations of the energy and electric capacity of on-board storage for the VL8 and VL11M6 electric
locomotives during their operation in the sections of Prydniprovska railway have been carried out. It was found that
the energy and electric capacity of on-board storage devices are distributed according to an exponential law with
a clear prevalence of their minimum values and in compliance with direct proportionality between them.
Originality. For the first time, an autonomous phase of recuperative braking mode of an electric rolling stock has
been developed, which makes it possible to significantly reduce the mass and dimension of a supercapacitor storage.
The asymptotic theory of extreme statistics by Gumbel was adapted to the method for calculating energy and electric
capacity of an on-board storage device, which made it possible to take into account the influence of stochastic nature
of changes in the recuperated voltage and current. The probabilistic influence regularities of the change nature in the
recuperation energy on the capacity of on-board storage in the phase of recuperative braking have been established.
Further development was obtained by a computational-experimental method for assessing the recuperative energy,
based on monitoring and using the time dependences of voltage and current obtained in real modes of recuperative
braking. For the first time in electric traction systems, it was proposed to carry out the transition from the recuperative
braking mode to the recuperative regeneration mode. Practical value. The developed method and technique based on
it make it possible to evaluate functional parameters of on-board storage device of all types of electric rolling stock,
considering stochastic nature of recuperated voltages and currents. Numerical-graphic dependences of the energy in-
tensity and capacity of the on-board storage are recommended for predicting and evaluating these parameters for
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various modes of recuperative braking. Since the task of designing an on-board storage unit (in terms of mass and

dimensions) is ambiguous, therefore, in each specific case of the type of electric locomotive and recuperation modes,

it must be solved individually, taking into account the probability of the corresponding capacitance values.
Keywords: on-board storage; energy capacity; supercapacitor; recuperative energy; random process; voltage; cur-

rent; extreme statistics

Introduction

The main disadvantages of the existing system
of regenerative braking of electric rolling stock
(ERS) of direct current, preventing its efficient im-
plementation, are caused by the necessary connec-
tion, that is, non-autonomy of recuperating ERS
with the traction power supply system [5, 14].
Therefore, currently, the issue of increasing the re-
liability, stability and electric power efficiency of
recuperative braking (RB) is particularly acute. In
our opinion, this problem can be solved by transi-
tion from the systems and modes of RB to the re-
generative braking systems [5].

The term «regeneration» itself (Latin regenera-
tio — regeneration) denotes the restoration of the in-
itial qualities of the waste product, i.e. the renewal
of electric energy of electrodynamic braking. In the
definitions of the concept of regeneration, there is
no condition for the return of regenerated electricity
to the supply network. This necessitates the need for
a regeneration energy storage at the ERS itself —an
onboard storage unit operating in a buffer mode.
The on-board buffer energy storage unit (SU) means
device, whose primary function is the operational
use of electrical braking energy by accumulation,
short-term storage and its subsequent implementa-
tion in the traction mode.

Currently available domestic and foreign publi-
cations show that the most energy-efficient and,
therefore the most prospect, are the on-board (on the
ERS) SU systems based on supercapacitors gener-
ally called «electrical double layer capacitors»
(EDLC) [5]. However, at the same time, SU must
have a number of certain parameters.

The basic parameters determining the functional
capabilities of the use of energy storage units in en-
ergy systems are as follows: maximum active power
P..«; maximum energy capacity E,,..; operation
time t,,,; energy reversal time t,. The energy stor-
age unit is located stationary in the electric power
system itself. Such parameters are also inherent in
stationary SU, used in the electric transport systems

provided that these parameters are designed to re-
ceive all the energy recovered for atrip in an electric
rolling stock [8]. In this case, the mass and dimen-
sion will be insignificant. An on-board storage de-
vice, including a supercapacitor, should perform
a completely different function. To reduce the stor-
age unit capacity C, it should operate in the so-
called phase regeneration mode: receive the electric
energy, recovered in the specific phase of recupera-
tive braking and then, in the next movement phase,
promptly give it to a specific consumer of the ERS.
Consequently, all the SU parameters must be de-
signed for the one phase RB energy. This mode is
advisable to reduce the capacity C, and, conse-
guently, the mass and dimensions of the SU, as well
as the energy reversal time. Thus, one of the main
functional parameters of the on-board SU should be
taken as follows: maximal power and maximal en-
ergy capacity, as well as the minimum ones: capac-
ity, weight and dimensions, and recuperation energy
reversal time.

The SU power should be equal to the ERS recu-
peration power in one phase of the RB, and its en-
ergy capacity — to the recuperation energy W, also
for one phase of the RB. The value of W, is basic
for determining the main SU parameter — its capac-
ity, as well as for assessing the functional capability
of using this IW%,.

The energy that is accumulated in the electric
field of the capacitor in the RB phase is determined
by the expression:

cu}
W, = 5
where U,— voltage at which the recuperation energy

was obtained in the RB phase. According to (1) the
required storage capacity is:

)

C="1>. @)
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In (1) and (2), the values W}, and U, are random.
Therefore, in practical calculations of C, it is neces-
sary to solve the problem, which values of W}, and
U, (maximum, minimum or average) should be
used. From the point of view of the sufficiency of
the value C to receive the entire I, it is necessary
to take the maximum values of 1%, but in this case,
an excessive volume of storage is not excluded. In
this regard, for some optimization of this approach,
we will apply the Gumbel asymptotic theory of ex-
treme statistics, i.e., the distribution laws and their
probabilistic characteristics of the extreme (maxi-
mum and minimum) values of the sample of the ran-
dom variable X under study.

For the first time, a relatively detailed method-
ology for calculating condenser on-board recupera-
tion energy storage units was described in work [6].

The work [16] presents the method of mathemat-
ical modeling of assessing the optimal capacity and
location places of supercondensers in rolling stock
of the urban transport system. Duplicate power sup-
ply scheme with a constant voltage equal to the trac-
tion substation of ERS was considered.

Also, in [11], a comparative analysis of on-board
tram systems for accumulating recuperable electric
energy based on supercapacitors and lithium batter-
ies was carried out by modeling. It has been estab-
lished that the payback period of the systems is
3 years, but the supercapacitor system is somewhat
more expensive in terms of the initial financial in-
vestment.

The ionistor capacity required to start an auton-
omous electric train when powered by its electric
drive is described in [1].

Similar studies, but for a supercapacitor storage
in the urban transport system, were carried out in
[10].

In [13], the electric train motion profile with an
on-board supercapacitor storage was optimized by
the method of discrete dynamic programming. The
objective function in the model is based on the mo-
tion equation.

The analysis of three types of recuperation en-
ergy storage devices (supercapacitors, flywheels
and batteries) in railway transport systems was car-

ried out in [12]. It has been established that it is ad-
visable to use supercapacitor storage as on-board
storage units in urban transport systems.

The work [17] performs studies for optimal trac-
tion power supply (when the peak power is needed)
using the on-board system of recuperation energy
storage.

The method for assessing optimal power and ca-
pacity of supercapacitors of regenerative energy
storage systems was proposed in [14]. It is demon-
strated that train power supply from a storage unit,
not from a contact network, significantly reduces
the energy losses in the traction power supply sys-
tem and operating costs.

The work [9] describes the stationary system of
energy storage based on the ionistors in the under-
ground. The required storage unit capacity is as-
sessed. It was established that energy savings reach
20%.

The methodology for determining the rational
parameters of supercapacitor recuperation energy
storage unit in the underground system is presented
in [3]. The author proposes only mass and cost of
on-board storage as the criteria for assessing the ra-
tional parameters.

As follows from the above-mentioned and
a number of other sources, they mainly discuss two
issues: the first is possible storage location options;
the second — its cost indicators. Secondly, the issues
of on-board supercapacitor storage units are consid-
ered only for urban transport systems (trams, trol-
leybuses, underground motor coaches), which is
caused by the possibility of calculating the energy
intensity and capacity of the storage unit for the en-
tire trip. For mainline transport systems (in particu-
lar, for electric locomotives), this is impractical
based on the large mass and dimensions of the stor-
age, which explains the lack of publications on these
systems. To solve this problem, another approach is
needed. And, finally, thirdly, all authors assess the
required energy and electrical capacities of superca-
pacitor storage units for deterministic (non-random)
recuperable voltages and currents, while they are
stochastic, often change abruptly (Fig. 1). This is
what determines the assessment of the rational pa-
rameters of the capacitive storage with a large error.
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Fig. 1. Registrograms of recuperated voltages (a)
and currents (b)

Purpose

The article provides for the development of
a method for determining the main functional pa-
rameters of on-board supercapacitor recuperative
energy storage in its phase regeneration mode of op-
eration and taking into account the stochastic (ran-
dom) nature of changes in the processes of recov-
ered voltage and current based on the asymptotic
theory of extreme statistics by Gumbel.

Methodology

Probabilistic and statistical calculations of the
energy intensity and capacity of on-board storage
units were carried out based on the registrograms
(time dependences) of voltage on the current collec-
tor U(t) and the recovered current I(t), were ob-
tained in real operating conditions of the VL8 and
VL11M6 electric locomotives in the Prydniprovska
railway. 30 synchronously recorded voltage and
current realizations were obtained and processed ac-
cording to the method in [15]. Receiving
registrograms was performed by connecting a per-
sonal computer to the control and measuring sys-
tems of electric vehicles, containing voltage and
current sensors included in the power traction cir-
cuits of locomotives. At the same time, the voltage
and the total, i.e. traction-recuperative, current were
recorded. In this case, the voltage and the total, i.e.,
traction-regenerative, current were recorded. The

registrogram sections, where the current had negative
values, were considered to be recuperation current.

The recuperation energy W, was determined by
the experimental-calculation method [5], based on
the time dependences of the recuperable voltages
and currents. This method was positively different
from the existing ones in the fact that the calcula-
tions were performed based on modern concepts
and formulas of powers and energy in electrical cir-
cuits with non-sinusoidal electrical values, while the
existing measuring instruments and systems were
based on the concepts and techniques adopted back
in the 40s of the twentieth century.

Based on this method, according to [5], the re-
cuperation energy is determined as follows (Fig. 2):

1y
w, :WZUnInAt’ (3)
n=1

where u,, i,— instantaneous voltage and current
values; N —total number of quantization points dur-
ing O-T time.

u, i A
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Fig. 2. Discretization of realizations of voltage
and current

Theoretical aspects of the determining storage
capacity. Obtaining the distribution laws of extreme
values is possible in two ways. The first involves
performing experimental and statistical tests of the
value of Xv in strictly identical conditions for all ex-
periments, which is practically unfeasible for the re-
cuperation phases.

The second way is analytical, based on the use
of the distribution function F (x) of the investigated
random variable X, constructed earlier for the entire
sample size, that is, for all n values (the entire pop-
ulation) of X.

Let us assume that n measurements are carried
out for a random variable X having a distribution
function F(x) and a probability density f(x). The
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measurement results give a sequence of numbers
Xn1 < Xpp < -+ < Xpp. One should find the distri-
bution function F,,,(x) and the probability density

frn ()

fnn( ) - (X)

(4)
for the maximum values of the random variable x,,,,
in a set of n measurements. The distribution func-
tion F,,, (x) is nothing but the probability of finding
the inequality X < x in each of n measurement. If
we take the scheme of independent tests, then the
problem is extremely simple to solve. The probabil-
ity of finding the inequality X < xas a result of one
measurement is, obviously, F(x). Hence, according
to the probability multiplication theorem:

F.(x)=P,(X<x)=F"(x).
Application of formula (4) gives:

fon (X) =NF"(x) p(X) . ()

A similar problem can be set for the distribution
of the minimum values of x,,. The corresponding
characteristics will be denoted by F,;(x)and
pn1(x). According to the definition, the function
1 — F,41 (x)is equal to the probability of finding the
inequality X > x as a result of each of n measure-
ments. Noting that according to the probability mul-
tiplication theorem

P.(X>x)=[P,(X >x)] =[1-F(®]",
we will fin

F.(x)=1-[1-FX)]".

Differentiating the distribution function, we will
obtain:

f () =n[1-F(x)]"" p(x). 6)

The distribution laws F,, (%), fun (%), Fpq1(x),
frn1(x) and their parameters of extreme values are
determined by the nature of the investigated random
variable, size of n sample and the initial func-
tion F(x) of its distribution. In this case, with an in-
crease in n, the most probable values of the maxi-
mums of the random variable X shift to the right,
and the minimum ones — to the left.

If n is large, then using expressions is hampered.
Therefore, in the works [2, 3], the asymptotic prop-
erties of extreme values distributions with n — oo
were investigated and three so-called limit distribu-
tions Gumbel were obtained — the first, the second,
and the third. Each of them is applicable under cer-
tain restrictive conditions with respect to the inves-
tigated X. In particular, if the quantity X is limited
both from below and from above in the interval of
its existence [a, b] (which is typical for the values
W, and U,), then it obeys the third limiting distribu-
tion by Gumbel [3]:

— for maximal values:

W
exp[—(b X) }npﬂx<b,
A%

Fon (X) = (M
1 npu X > b;
— for minimal Ivalues:
(x-a)’
1-exp| - pu X > a,
I:nl(X) = v ) (8)
0 mpu X< a,

where $ and v — some positive numbers.

For not too large n (which is typical for I/}, and
Up) and the initial Gaussian distribution, the distri-
bution density of the maximum values of the inves-
tigated random variable X can be determined by the
formula:

a '™t 1
fnn(x)zn{0,5+cb(x_ ﬂ - x
c 2nc
2
Xexp{_(x_—a)} (9)
for the minimal values:

362
x—a\"" 1
fnl(x):n{O,S—CD( ﬂ . X
c 27

2
xexp{—@}, (10)
26
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where F(%) — is known Laplace function;

a, o— respectively, the mathematical expectation
and the mean-square deviation of the total sample,
that is, the function F(x).

In this case, the mathematical expectations and
mean-square deviations of the extreme values of the
investigated random variable X are determined by
the formulas:

Findings

The energy E,, and electric C capacities of the
on-board storage units of recuperated electricity for
the VL11M6 and VL8 electric locomotives oper-
ated with freight trains on the Nyzhnodniprovsk-
Junction — Chaplino section of the Prydniprovska
railway were calculated. In this case, the energy ca-
pacity is taken to be equal to the recuperation energy
W, and is determined by the above experimental-

X=M [X ] =atc-ynn; (11)  calculation method based on the voltage U, and cur-
- rent I, obtained (and processed according to [4, 15])
Om == o (12)  under real conditions of the recuperative braking

In expression (11), the plus sign refers to the

maximum values, that is, Ynn is determined, and the
minus sign refers to the minimum values.

mode. The capacity was assessed for three cases: ac-
cording to the average values of W},,U, for the RB
phase, according to formula (2) as the most probable
value of the statistical values, according to the sta-
tistics of the maximum values by Gumbel according
to formulas (11), (12).

The calculation results are shown in Fig. 3-6 and
in Table 1, from which follows.

Table 1

Energy and electric capacity of on-board storage devices
of VL11M6 and VLS8 electric locomotives

L Electric capacity of the storage unit, F
é Energy capacity, E According to the
S o E. KW/h Average value per g statistics of the
Ne o5 " phase 2 maximum values by
£ = Gumbel
3 3
o M[2,] Gy, M[3,] R g M[C] o
1 2 3 4 5 6 7 8 9
28.45; 0.3...16.6; 71.5;
1 | VL11M6 49.6 45.1 26.3 ' 17.9
V=0.235 V=0.411 V=0.06
48.72; 1.06...45.7; | 165.2;
2 VL8 81.87 108.1 V=06 64.54 \V=0.652 V=0.04 45.85

Note: V is the probability of the corresponding mathematical expectation.

The recuperation voltage, the average in the RB
phase, and in terms of instantaneous values, obeys
the Gauss law with a probability according to Pear-
son’s criterion equal to 0.23 (Fig. 3 and 5). Energy
E, and electric C capacities of on-board storage

units are distributed exponentially with a clear prev-
alence of minimum values. In this case, between C
and E,, as in formula (2), qualitatively direct pro-
portionality is observed (Fig. 4 and 6). The differ-
ence in the possible values of capacity C, given in
Table 1, indicates that the task of designing an on-
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board storage device (in terms of mass and dimen-
sions) is ambiguous, therefore, in each specific case
of the type of electric locomotive and RB modes, it
must be solved individually, taking into account the
probability V of the corresponding capacity values

(see Table 1).
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Fig. 6. Statistical distribution laws of energy
(a) and electric capacity (b) of on-board storage device
of VL8 electric locomotive

Originality and practical value

Autonomous phase mode of regenerative break-
ing of electric rolling stock was developed for the
first time. It allows significantly reducing mass and
dimensions of supercondenser storage. Asymptotic
theory of extreme statistics by Gumbel was adapted
to the methodology of calculation of energy and
electric capacities of the on-board storage unit,
which made it possible to take into account the sto-
chastic nature of recuperable voltage and current.

The probabilistic patterns of the influence of the na-
ture of the recuperation energy change on the capac-
ity of the on-board storage in the phase of regenera-
tive braking have been established.

The developed method and the technique based
on it, allow evaluating the functional parameters of
on-board storage units of all types of electric rolling
stock, taking into account the stochastic nature of
recuperable voltages and currents. Numerical and
graphical dependences of the energy and electric ca-
pacities of the on-board storage units are recom-
mended for predicting and evaluating these param-
eters for various modes of regenerative braking.

Conclusions

1. The main parameters determining the func-
tional capabilities of the on-board capacitive storage
units of recuperable electric energy are the maxi-
mum energy capacity, the minimum electric capac-
ity and the energy reversal time, which are not cal-
culated for a full trip of the ERS with a train, but
only for the phase of its recuperative braking.

2. The most efficient and accurate method for
evaluating the recuperation energy, and hence the
energy storage capacity, is an experimental calcula-
tion method based on the use of time dependences
of voltage and current obtained in real recuperation
modes.

3. The random nature of the values of the recu-
peration energy and voltage determines the random
nature and capacity of the storage unit, which can
be assessed either by the total statistical set of W,
and U, or by Gumbel’s statistics of extreme capac-
ity values, or by determining its most probable
value.

4. It has been established that the energy capac-
ity of the on-board storage units of the operated
electric locomotives is distributed according to an
exponential law with a mathematical expectation of
50...82 kWh, and the absolute values of the capacity
in the range of x=~16,6...28,45 F are observed with
a probability 0.411 ... 0.235, and in the range of
~46...49 F — with a probability of 0.652...0.6. The
maximum values of capacities in the range of
~72...165 F are rare, their probability does not ex-
ceed 0.04...0.06.
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Bu3HaueHHsI eHepPreTHYHOI TA eJIEKTPUYHOI EMHOCTEH OOPTOBOIO CyNepPKOH-
JAEHCATOPHOI0 HAKONUYYBa4a eHeprii perenepauii

Mera. VY crarTi nepenbadeHo po3poOKy Ha OCHOBI aCHMITTOTHYHOT TEOPii eKCTpeMallbHUX CTAaTUCTHK | ymOems me-
TOIy BU3HAUEHHS OCHOBHUX (PYHKITIOHAIBHUX MapaMeTpiB OOPTOBOTO CYNEPKOHIECHCATOPHOTO HAKOMMYyBada €Heprii
pekymepanii 3 ypaxyBaHHIM CTOXaCTHYHOTO XapaKTepy 3MiHH peKylepOoBaHUX Hampyrd Ta ctpymy. Meroauka. J{is
JIOCSITHEHHSI TIOCTABJICHOT METH BHKOPUCTAHI METOJUKH, IPHIIATH Ta KOMIT IOTEPHI CUCTEMH THMYACOBOI peecTpartii
peKyInepoBaHUX HAIPYT i CTPYMIB Ha MIFOUMX €IEKTPOBO3aX, METOAM TE€OPii BUITAKOBUX MPOIIECIB 1 crtocoOn HMOBI-
PHICHO-CTaTUCTUYHOI 0OpOOKH peecTporpaM HAmpyT i cTpyMiB. Pe3yabTaTu. 3anporoHOBaHO Ta MPAKTHYHO 3aCTO-
COBaHO EKCIEPHMEHTAIBLHO-PO3PaxXyHKOBUI METO]| OLIHKU eHepril pekynepauii. Po3pobieno iiMoBipHiCHUI MeTO
BU3HAYCHHS CHEPIeTUYHOI Ta EJIEKTPUYHOT EMHOCTEH OOPTOBHX CYMEPKOHIESHCATOPHUX HAKOIMHMYYBauiB eHeprii pe-
Kymnepaiii. BukoHaHo yncesbHI HMOBIPHICHO-CTaTUCTUYHI PO3paxyHKH €HEPreTHYHOI Ta eIeKTPUYHOT eMHOCTel 60-
PTOBOTO HaKoNmu4uyBaya Jus exektpoo3iB BJIS ta BJI11M6 mix wac ix excrutyaratii Ha ninsiHKax [IpuaHinpoBcbKol
3aJi3HULI. Y CTaHOBIICHO, 110 EHEPreTHYHA Ta eJISKTPUYHA EMHOCTI OOPTOBMX HAKONUYYyBadiB PO3IOUISIOTH 32 €KC-
MIOHEHL[IAIbHUM 3aKOHOM 13 YiTKHUM IPEBAIOBAHHAM IX MIHIMAJbHHUX 3HAY€Hb 1 JOTPUMAHHIM MDK HUMH TIPSIMOI
npornopuiiHocTi. HaykoBa HoBH3Ha. Yiiepie po3po06aeHo aBTOHOMHUH (pa3oBHii pesKUM pereHepariiHoro raibMy-
BaHHS €JIEKTPOPYXOMOTO CKJIaly, IO JO3BOJISIE ICTOTHO 3MEHIINTH MacorabapuTHI MOKAa3HUKH CYIEPKOHICHCATOp-
HOTO HAaKONMYyBaya. AalTOBAHO ACUMITOTHYHY TEOPII0 EKCTPEMAIBHUX CTATUCTUK [ 'yMOest 10 METOIMKH po3pa-
XYHKY €HEPTeTHIHO]I Ta eJICKTPUYHOT €EMHOCTEH OOPTOBOr0 HAKONNYYBAa, 110 IO3BOJIMIIO BPAXYBAaTH CTOXaCTHIHUI
XapakTep 3MiHH PeKyIepOBaHHUX HATIPYTH Ta CTPyMY. Y CTAHOBJICHO HMOBIpHICHI 3aKOHOMIPHOCTI BIUTHBY XapaKTepy
3MiHHM €Heprii peKkyneparii Ha eMHICTh O0pPTOBOTO HaKOMMYyBaya B (hazi pereHepariiinoro ramsmyBanHs. [loganpimit
PO3BHTOK OTPHUMaB PO3PaXyHKOBO-€KCIIEPUMEHTAIBHII METOI OIHKA €HepTii pexymeparii, mo 6a3yeTscsi Ha MOHi-
TOPHHT'Y T2 BUKOPHCTAHHI YaCOBHUX 3aJIE)KHOCTEH HANPYTU Ta CTPyMY, OTPUMAaHHX Y pPealbHUX PEKHMaX peKymepa-
TUBHOTO TallbMyBaHHs. YTepile B CHCTEMax €JIEKTPUYHOI TSATH 3alPONOHOBAHO 3/IHCHIOBATH MEpeXij Bill peKUMY
PEeKyIepaTUBHOTO rajibMyBaHH 10 PeXUMY pekyrnepatuBHol pererepauii. [lpakrnuna 3HaunmicTb. Pozpobnennii
METOJI 1 METO/INKa, 1110 0a3yeThCs HA HhOMY, JIO3BOJISIIOTH OLIHIOBATH (DYHKIIOHAJIBbHI ITapaMeTpy OOPTOBUX HAKOIIH-
YyBayiB YCiX BUJIIB €JIEKTPOPYXOMOTIO CKJIaAy 3 YpaxyBaHHSIM CTOXaCTHYHOTO XapaKTepy PeKylnepOBaHHX Halpyr
i crpyMiB. UncenbHo-rpadivyHi 3aJIe)KHOCTI eHEPIeTUYHOI Ta eIEKTPUYIHOI EMHOCTEH OOPTOBOr0 HAKONUYyBaya PeKo-
MEHJIOBaHO JIJIsl IPOTHO3YBaHHS i OLIHKY IIMX IapaMeTPiB 3a Pi3HUX PEXKHUMIB pereHepaliinoro ranpsMmysanHs. Ocki-
JIbKH 3371a4a KOHCTPYIOBaHHSI OOPTOBOTO HAKOMMYyBaya (3a Macolo i rabapuramMu) HEOJHO3HAYHA, Y KOXKHOMY KOHK-
pPETHOMY BUNAJKY JUISl THITYy €JI€KTPOBO3a Ta PEKUMIB peKynepalii ii HoTpiOHO po3B’s3yBaTH iHAMBIAYaIbHO 3 ypa-
XYBaHHIM IMOBIPHOCTI BiAITOBITHUX 3HAYEHb EMHOCTI.

Kntouosi cnosa: GOpPTOBMI HaKONHMYyBad, CHEPreTHYHA €MHICTH, CYNEPKOHICHCATOP; C€HEpris peKymeparii,
BHUIIJIKOBHUI POILIEC; HANIPYTa; CTPYM; EKCTPEMalibHa CTATHCTHKA
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