0 =,

Po3zeé’s3ano 3adauy ouino8anHs mexniunoz0 cmany
2idpozenepamopa 6 ymosax newimxoi ingpopmauii. /lns
Yb020 PO3p0GIEHO PA0 MOOeNel KOMNIEKCHOZ0 OUIHIO-
8aHHS MEXHIMH020 CMany e2idpozenepamopa 3a 0anu-
MU npo cmanu 1020 N0KaANbHUX 8Y3ni6. Texniuni cmanu
JIOKANbHUX 6Y3J1i8 6U3HAMAIOMBCS 3A4 paHiue po3po-
onenumu Hewimxumu modensmu muny Mamoani i npeo-
cmaeasoms co6010 HewimKi GeUMUNHU, WO 6PAX06AHO
6 Moldesi OUIHIOBAHHA MEXHIMHO20 Cmany e2idpozene-
pamopa.

s po3poonenns moodenei 6yno euxopucmamno
neuimki memoou Mamoani, Cyeeno, 3ade ma cnpoue-
H020 Heuimkozo 6usody. Hewimia modens Mamoani mae
minvku axichy 6asy npasun, wo cnpouwye ii no6ydosy
excnepmom. Modeni, nobydoeani 3a newimxum aneo-
pummom Cyzeno, nepedbavaromv 6a3y npaeu 3 6azo-
sumu Koepiyicumamu, aKi UIHAMAIOMLCA 3a MEMOOOM
Caami. Cnpowenuii memod ma memod 3ade nompe-
oytomv MiHiMaNbHOI Yuacmi excnepma npu nodyoosi
Heuimkoi moodeni. Pozenanymo npuxaaou oyinku mex-
HIMHO020 cmany 2zidpozenepamopa 3a n’smoma po3po-
OneHuMU HeuimKUMU MOOeNIMU MA NepesipeHo uym-
aueicmov mooenetl 00 AKocmi ma 00cmogipHocmi 6xionoi
ingpopmaugi.

Busnaueno wo naibinvw docmogipnuii pesyavmam
ouinku cmany ziopozenepamopa 3 noxuoxorw 1,5-2 %
daromv modei, nodyoosani 3a memodom 3ade ma 3a
CNpouweHUM HeMIMKUM 6UB000M, OCKIILKU 60HU MAIOMb
HalMeHwy 3a7e)CHICMDb 610 HeuimKoCcmi 6Xi0HUX 0AHUX
npo cmanu NOKANbHUX 8Y3J1i8, AKI CAMi Ompumani 3a
Hewimxumu moodensmu. Bucoxa mounicmo yux moode-
Jletl ma HU3vka 3aaelcHiCms 6i0 AKocmi 6xi0Hoi indop-
Mayii NOSACHIOEMbCS MIHIMATLHON YUacmio excnepma
nio uac ii nanazooxcenns. Hewimxi moodeni, nodyodoeani
3a anzopummamu Mamoani ma Cyeeno, datomo Gine-
wy noxuoxy 3—4 %. Ompumani pesyasvmamu MoHcymo
Oymu euxopucmani 0ns OUIHIOBAHHS 3ANUMK0B020 AHO
cnpayvoeanozo pecypcy 2idpozenepamopis, imMosipHo-
cmi ixnvoi 6i0M06uU Ha iHmepeani uacy ma opzawiza-
Uil pu3UK-0pPIEHMOBANH020 YNPABIIHHSA elleKmpoeHepee-
muuHO cucmemoro ma ii nidcucmemamu

Knouoei cnosa: eiopozenepamop, newimxa nozixa,
Mmodenv Mamoani, modenv Cyzeto, memoo 3aoe, cnpo-
wenuil memoo
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1. Introduction

Modern operating conditions of electric power sys-
tems (EPS) require a comprehensive approach to the as-
sessment of the technical condition (TC) of equipment in
real time without disconnecting them from a power grid.
The main requirements to diagnostic parameters are their
informativeness and the possibility to measure and monitor
them on-line [1].

One of the most important objects in EPS is a hydraulic
generator. Assessing its TC is a complex task, since a hydro-
generator is a multilevel object consisting of separate nodes
and subsystems [2].
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Under these conditions, it is important to build an
integrated approach to assessing the operability of hydro-
generators and their nodes. Such an approach should take
into consideration the real state of a generator, the probabi-
listic character of its damage, as well as possible consequen-
ces of damage [2].

To assess the reliability of hydraulic generator operation,
it is necessary to have an adequate model for the comprehen-
sive assessment of its TC, which would take into conside-
ration the following factors:

— structural complexity of the hydrogenerator as an
object;

— significant number of dissimilar diagnostic attributes;



— fuzzy data on TC of a hydrogenator’s local nodes, which
are determined according to fuzzy models;

— the absence of analytical relations between separate
diagnostic attributes of the state of a hydrogenerator and its
individual nodes.

The above factors indicate that the task on the integra-
ted estimation of the state of a hydrogenerator contains
a significant number of uncertainties in its statement. Solving
problems with such uncertainties is in the field of fuzzy
models and algorithms that are capable of taking them into
consideration.

The relevance of this task is defined by that the lack of
reliable quantitative assessment of the technical condition
of a hydraulic generator makes it impossible to assess the
reliability of EPS operation and to determine the risk of an
emergency in it. At the same time, the generating equipment,
specifically hydrogenerators, are the most complicated ob-
jects within EPS in terms of assessing their condition and
a probability of failure over a time interval. When compared
with other EPS elements, hydrogenerators remain insuffi-
ciently studied in terms of their TC and reliability.

2. Literature review and problem statement

Papers [2, 3] estimated TC of the local nodes in a hydro-
generator by employing a fuzzy algorithm by Mamdani [4],
which produces satisfactory results at a small number of di-
agnostic attributes and uses a rule base composed of quality
rules «IF-THEN», which are convenient for an expert to
compile in the absence of analytical relations between diag-
nostic attributes. The use of a given algorithm in solving the
task on the comprehensive evaluation of a generator state
is difficult due to a considerable number of its nodes, which
causes difficulties for experts when forming a qualitative rule
base for decision making.

A series of other approaches to assessing the TC of hydro-
generators and its nodes have been analyzed. Thus, paper [5]
proposes using, in order to assess the magnetic properties of
the machine, a method to control the synchronous resistances
of a generator X, and X, involving a finite element method.
The advantage of this method is the possibility to check and
control values of the machine’s synchronous resistances under
an on-line mode. The disadvantage is that at the same time one
controls the state of stator <hardware» and the magnetic gap
between the rotor and the stator. A more efficient solution to
this problem is the method for diagnosing the eccentricity of
a synchronous generator’s rotor, suggested in [6]. This me-
thod employs the functional dependence of inductance of the
stator winding on air gap eccentricity, which is constructed
based on the comparison of characteristics for the same-type
machines, which have different values of eccentricity. The dis-
advantage of this method is the need to have a large number of
similar generators to build a functional dependence.

The technical condition of the stator winding was esti-
mated in paper [7] based on the results from measurements of
its electrical characteristics. An important advantage of this
model is the use of a fuzzy model to assess its state. At the same
time, the paper failed to pay enough attention to the technique
for constructing a base of decision-making rules and for justi-
fying the output value of state assessment. The main drawback
of this model is that it does not account for the thermal and vi-
brational influences on the winding of the stator, which could
provide preventive information on its condition.

Authors of [8] diagnosed partial discharges in the stator
windings of powerful generators using a permanent moni-
toring system, which makes it possible to control condition
of insulation without removing the generator for repair. The
disadvantage of this method is the high price of diagnostic
equipment and the monitoring system, as well as the lack of
a decision-making system based on data from monitoring.

In [9], authors perform the fuzzy identification of para-
meters for a synchronous generator when it is included in the
network; in this case, its technical condition is disregarded.
A given approach should be used not only to determine the
actual parameters of the generator, but to assess its TC as well.

Fuzzy approaches to the identification of interturn dam-
age to the generator’s rotor windings are proposed in [10—12];
these methods, however, were not adapted to the comprehen-
sive estimation of a hydrogenerator TC.

n [13], the same methods are used to assess the TC of
powerful electric motors; however, there are no defined ap-
proaches to assessing the state of an electric machine in gene-
ral, and the model is not adapted for synchronous generators.

It should be noted that the considered models make it
possible to run an analysis of the electric part of a hydraulic
generator. The condition of mechanical nodes of the hydro-
generator [3] is not evaluated in this case. The issue on the
integrated estimation of the state of a hydrogenerator also
remains insufficiently considered in this case.

Our analysis of the scientific literature has revealed that
the reliable models of the comprehensive estimation of tech-
nical state of powerful synchronous machines, specifically
hydrogenerators, have remained insufficiently investigated
up to now. At the same time, when analyzing the reliability of
an electricity energy system, one should consider the hydro-
generator to be a single subsystem, which is impossible if a re-
liable comprehensive model for assessing its state is missing.

Resolving this task is a complex and multifactorial prob-
lem because of the fuzzy information on the TS of local nodes
in a hydrogenerator, obtained from fuzzy models, as well as
the absence of analytical dependences between these states.

3. The aim and objectives of the study

The aim of this study is to construct a model for the
comprehensive assessment of the technical condition of a hy-
draulic generator under conditions of fuzzy output data on
the TS of local nodes in the hydrogenerator and the absence
of analytical relations between these states.

To accomplish the aim, the following tasks have been set:

— to construct fuzzy models for evaluating the technical con-
dition of a hydrogenerator based on the methods by Mamdani,
Sugeno, Zadeh, and the simplified method of fuzzy inference;

—to carry out the assessment of a hydrogenerator’s TC
based on the constructed models under conditions of fuzzy
input information on the state of nodes in a hydrogenerator;

—to perform a comparative analysis of the obtained re-
sults and to determine the models that are the least sensitive
to the quality of input information.

4. Construction of fuzzy models for evaluating
the technical condition of a hydrogenerator

The hydrogenerator consists of a large number of nodes;
each is characterized by a set of dissimilar diagnostic attri-



butes. Given this, it is advisable to represent it as a multi-level
object composed of separate nodes and subsystems. Accord-
ing to statistical data[2], the most damage-prone generator
nodes are:

— stator core (8 % of the total amount of damage);

— stator winding (18 % of the total amount of damage);

— excitation winding (6 % of the total amount of damage);

— excitation system (11 % of the total amount of damage);

— control system (9 % of the total amount of damage);

— bearings (13 % of the total amount of damage);

— thrust bearing (17 % of the total amount of damage —
for vertical hydrogenerators);

—rotor (5 % of the total amount of damage);

— cooling system (10 % of the total amount of damage);

— other (3 % of the total amount of damage).

Since the generator is considered to be a multilevel object
in solving the set problem, a fuzzy model that describes its
TC has a hierarchical structure as well, shown in Fig. 1.
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Fig. 1. A hierarchical fuzzy model for estimating the TC
of a hydrogenerator: a;; — the j-th input attribute of the state
of the /-th node in a hydrogenerator; @, — fuzzy function
of TC estimation of the /-th node in a hydrogenerator;
s; — TC of the /-th node of a hydrogenerator; ¢ — fuzzy
function of the general TC estimation of a hydrogenerator;
s — general TC of a hydrogenerator

In the synthesis of the model based on the proposed
structure, there is a task to determine the fuzzy functions
of the state of local nodes in a generator ¢; and the general
state ¢. Papers [2, 3] applied, when estimating the TC of
local nodes of a hydrogenerator, the fuzzy Mamdani algo-
rithm, which produces satisfactory results at a small number
of diagnostic attributes and uses the rule base composed of
qualitative rules «IF-THEN», which are convenient for an
expert to form in the absence of analytical relations between
diagnostic attributes.

Determining a fuzzy function ¢ of the general condition
of a hydrogenerator is a more complicated task due to a con-
siderable number of hydrogenerator nodes that are used
to assess its general state, and due to the fuzzy estimations
of local states derived from fuzzy models. Under these cir-
cumstances, it is advisable to consider other fuzzy inference
algorithms and assess their effectiveness.

According to [9], the most effective methods of fuzzy
inference, if there is a large number of diagnostic attributes
and fuzzy input data, are:

— the Sugeno algorithm «AND»;

— the Sugeno algorithm «OR»;

— the scheme of fuzzy inference by Zadeh;

— the simplified fuzzy inference.

Below are the constructed fuzzy models for the com-
prehensive estimation of a hydrogenerator TC, built in line
with the above three methods; their effectiveness was tested
under conditions of fuzzy values for the input diagnostic
attributes.

The Mamdani model. Consider a hierarchical fuzzy model
by Mamdani for the comprehensive assessment of a hydro-
generator TC (Fig. 1). The first level of this model consists of
4 models for assessing the state of its local nodes. The input
values of the second level in such a model are:

1) Si=<«stator TC»;

2) Sy=«thrust bearing TC»;

3) S3=<«guiding bearing TC»;

4) S;=<«rotor TC».

The linguistic variables corresponding to the input at-
tributes of the generator nodes state are described by the
following fuzzy terms:

S1: {s11=<Satisfactory», s;o=<«Unsatisfactory»};
So: {s91=<«Satisfactory», syp=«Unsatisfactory»};
S3: {s31=<«Satisfactory», s3p=«Unsatisfactory»};
Sy {s41=<Satisfactory», s;o=«Unsatisfactory»}.

The membership functions of fuzzy terms for values S;,
i=1, .., 4 are shown in Fig. 2.
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Fig. 2. Membership functions of fuzzy terms
for input value

The output value is the general TC (spent resource)
of a generator. The output linguistic variable is described by
five fuzzy terms.

S: {sy=«Very good», sy=«Good», s3=<«Average»,
ss=<«Poor», s5=«Bad»}.

The membership functions of output linguistic variables
are determined along the Harrington interval (Fig. 3).
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Fig. 3. Membership functions of output value

A base of decision-making rules is built by an expert and
takes the form given in Table 1.



Table 1
A rule base for the fuzzy Mamdani model
S
SZ ! SH 512

S S
S, Sy S39 S S 832
S21 Sit VG G Sit G A
Sia G A Sk A P

S S
S, Sy S39 S Sy 832
S22 St G A Sit P B
542 A P 542 B B

Defuzzification is performed based on the centroid me-
thod for continuous sets.

S_fu(s)~s-ds
- fu(s)ds . M

The Sugeno model. The fuzzy inference by Sugeno is orga-
nized based on the following algorithm [14, 15]:

—a base of decision-making rules is formed, which con-
sists of the rules in the following form:

IF «bi€ s1», <bse s9», ..., «<b,e s,» THEN
w=byw+bywyt.. *byw,,

where w1, wy,...w, are the weight coefficients;

— the fuzzification of input values is performed using the
membership functions of fuzzy terms, constructed according
to expert estimations;

— aggregating of subconditions in fuzzy rules is executed
according to the logical operation of conjunction: those rules
whose conditions’ membership functions are different from zero
are considered active and are involved in the fuzzy inference;

— the accumulation of a conclusion based on fuzzy rules is
performed using real numbers w; and pu(s;);

— defuzzification is performed in the form of the centroid
method for point sets.

Let us consider a hierarchical fuzzy model for the inte-
grated assessment of a hydrogenerator TC, whose first level
(Fig. 1) consists of 4 models for assessing the state of its local
nodes. The input values of the second level in such a model are:

— by=«stator TC»;

— by=<«thrust bearing TC»;

— b3=<«guiding bearing TC»;

— by=<«rotor TC».

The linguistic variables corresponding to the input values
for the generator nodes state are described by the following
fuzzy terms:

— by: {s11=<Satisfactory», si»=«Unsatisfactory»};

— by: {s91=<Satisfactory», spp=<«Unsatisfactory»};

— bs: {s31=«Satisfactory», s3o=<«Unsatisfactory»};

— by: {s41=<«Satisfactory», s4o=<«Unsatisfactory»}.

The membership functions of the fuzzy terms for values b;,
i=1, .., 4 are similar to the membership functions of the fuzzy
model by Mamdani (Fig. 2).

The fuzzy inference is executed according to the rules in
the following form:

—rule No. 1:

IF b1=S11 AND b22821 AND b32831 AND b4=S41 THEN
©W=b1w1-1+bywy 1 Th3ws 1 +bswsy;

— rule No. 2:

IF b1=812 AND b2=821 AND b3=831 AND b4=S41 THEN
W=b1-wi9+bywy 1 +b3w3 1 +bswsy;

— rule No. 3:

IF b1=S12 AND b22322 AND b32831 AND b/1=S41 THEN
W=bywi9+bywratb3ws 1 +bswsy;

— rule No. 16:

IF b1=822 AND b2=822 AND b3=832 AND b4=S42 THEN
W=b1-wi9+bywy9Tb3 w39 +biws .

It is obvious from the formed rules that obtaining a re-
liable quantitative assessment of the general state of a hy-
drogenerator requires the substantiated determination of
vectors for weight coefficients wy and wy:

W1 ={W1-1; Wa-1; W3-1; Ws-1}; 2)
Wy ={w1.3; Wo.9; W3.9; Wh-2}. 3)

To determine the vectors for weight coefficients w4 and
ws,, the Saaty method is applied for determining the largest
eigenvalue and processing information based on primary
scales with the use of expert assessments [15].

According to the results from expert polling on the
importance of TC of local nodes in a hydrogenerator, when
determining its general condition, we obtained the ratios
given in Tables 2, 3.

Table 2
Expert benefits based on the Saaty scale
to determine vector wy
Parameter by by bs by
by 1 1/2 3 4
by 2 1 3 2
bs 1/3 1/3 1 1/4
by 1/4 1/2 4 1
Table 3
Expert benefits based on the Saaty scale
to determine vector w
Parameter by by bs by
by 1 3 1/2 1/4
by 1/3 1 2
by 2 1/2 1
by 4 1/3 1/2 1

Let us determine a vector of weight coefficients wy. Ac-
cording to the obtained expert estimates, there is a matrix
of paired comparisons:

1 05 3
. 2 1t 3 2 @
1710333 0333 1 025[
3

0.167 0.143



The matrix eigenvalues are derived:

-1 05 3 4
2o 32|
0.333 0333 1-1 025|
0.167 0.143 3 1-2

B, —AE 5)

This equation has four roots:
A, =0.1874+ j1.1818; A,=3.9984; A, =-0.3733. (6)

The largest eigenvalue of the matrix is a real positive
root A3=3.9984; substituting it in the original equation and
replacing the last equation with the normalizing condition
6

ZmH=1 forms a system of equations to determine the

i=1
weight coefficients of the importance of optimization criteria:

-2.9984w,,+0.50, ,+30, +4m, , =0;

2w, ,-2.99840, ,+30,  +2m0, , =0;

0.333m,_, +0.333w, , —2.99840, , +0.250, , =0;
O +0,, +0,  +o, =1

)

A solution to the system of equations is the vector of
weight coefficients wj:

w1={0.348; 0.419; 0.096; 0.137}. (8)
Let us determine a vector of weight coefficients ws. Ac-

cording to the obtained expert estimates, there is a matrix
of paired comparisons:

1 3 05 025
0333 1 2 3
B, = 9
2 05 12 ©
4 0333 05 1
The matrix eigenvalues are derived:
1-A 3 0.5 0.25
0333 1-A 2 3
B, —\E= =0. 1
e T R P o
4 0333 05 1-A

The equation has four roots:
A, =-0.6903 % j2.8125; A, =5.5528; A, =-0.1722. (11)

The largest eigenvalue of the matrix is a real positive
root A3=5.5528; substituting it in the original equation and
replacing the last equation with the normalizing condition

6

ZmH =1 forms a system of equations to determine the

i=1
weight coefficients of the importance of optimization criteria:

-4.5528w,_, +3®, ,+0.50, , +0.25w, ,=0;
0.3330, , —4.5528w, , + 20, , + 3w, , =0;
20, ,+0.50, ,—4.5528w, , + 20, , =0;

O, +0, ,+0, ,+0, ,=1.

(12)

A solution to the system of equations is the vector of
weight coefficients ws:

w0,={0.228; 0.285; 0.24; 0.247). (13)

Determining the general TC of a hydrogenerator (De-
fuzzification) is performed by the centroid method as a su-

perposition of linear laws. To this end, the weighted average
is derived:

s= (14)

The Zadeh method. Let there be a set of Y states of the
local nodes in a hydrogenerator. Since the hydrogenerator is
a complex system, the number of sub-systems N, of which it
consists, in a general case, can be quite large:

— y1 — stator technical condition;

— yo — thrust bearing technical condition;

— y3 — bearing technical condition;

— y4 — rotor technical condition;

— y5 — excitation system technical condition;

— y¢ — control system technical condition;

— y7 — cooling system technical condition;

— yy — technical condition of the N-th node.

Suppose there is a matrix vector of fuzzy ratios (the refe-
rence matrix of states) R, built by experts, which determines
the influence of the state of the i-th node on the overall TC
of a generator:

R=[r1 Ty .. T, ]1.

n

(15)

Each element from the matrix 7; is determined as follows:

r="1, (16)

where m; is the number of experts who recognized the in-
fluence of the state of the i-th node on the general state to
be «substantial», M is the total number of experts.

The set of states of local nodes also takes the form of
a matrix vector:

Y:[% Yy - yn]' (17)

The hydrogenerator TC § is determined by means of
composite multiplication of two matrix vectors:

S=YoR, (18)
where o is the maxmin composition.

— M=10 experts assessed the material impact of the state
of each local node on the overall utilized resource:

—my=9 experts recognized significant influence of the
stator state on the general condition of a hydrogenerator;

—my=8 experts recognized significant influence of the
saddle state on the general condition of a hydrogenerator;

—mg=7 experts recognized significant influence of the
bearing state on the general condition of a hydrogenerator;

—my=9 experts recognized significant influence of the
rotor state on the general condition of a hydrogenerator.



Based on the assessments obtained, the fuzzy ratios ma-
trix elements were determined:

ﬁ=%%=16=03 (19)
@_%%zf%zoa (20)
73:%:%:0.7, @1)
”zﬁzﬂfﬂg (22)
Matrix column R takes the form:

R=[09 08 07 09]". (23)

The simplified method of fuzzy inference. The algorithm
for the simplified method of fuzzy inference is given in [16].
Let a hydrogenerator enter one of five states:

— 81 — very good,

— .8y — good;

— §3 — average;
— 84 — poor;

- 55 — bad.

The condition of a hydrogenerator is estimated based on
the TC of its main nodes. The main nodes of the hydrogene-
rator are: stator, rotor, saddle, and bearings. These four local
states form the input attributes of the hydrogenerator state:

— By=<«stator TC»;

— Ba=<«thrust bearing TC»;

— B3=<«guiding bearing TC»;

— Bs=«rotor TC».

Each input attribute is described by two fuzzy terms
(i=1,.4):

— Bi=<Satisfactory»;

— Biz=<«Unsatisfactory»;
which are determined by the membership functions p(p),
shown above in Fig. 2.

Based on the set of the hydrogenerator state attributes B,
we formulated the rules of fuzzy inference, which define the
matrices of reference states of a hydrogenerator. The number
of reference matrices equals the number of the adopted states
of the hydrogenerator.

Reference matrices of states are given in Table 4.

The result of estimating the state of local nodes of
a hydrogenerator (stator, rotor, saddle, bearing) is the deter-
mined vector of object’s states Bx={B1x, Bax, B3k, B4x}. Based
on the membership functions of the fuzzy terms, values for
the membership of each attribute to its fuzzy terms are deter-
mined and a matrix of the actual state of a hydrogenerator Sx
is constructed (Table 5).

To determine which reference state the actual state
belongs to, the following algorithm of fuzzy inference is im-
plemented:

1) one performs the operation of logical association
based on a minimization rule for matrix Sx and for each re-
ference matrix Sj...55;

2) one determines a comparison index [, i=1,...5, which
determines the proximity of matrix Sk to each of the refe-
rence matrices Si...55:

Z::, Hsens, (BiK )

= ; (24)
Z:}”S, (ij)

3) comparison index with the maximum value deter-
mines which reference state the actual state of the hydro-
generator belongs to:

1.

i

SKeSE={5i|maxli}. (25)
Table 4
Reference matrices of hydrogenerator states
S1 — very good
Pl p | B B
up) ' ’ ’ !
w(B;) =<«Satisfactory» 1 1 1 1
Wo(Bi)=«Unsatisfactory» 0 0 0 0
Sy — good
Pl p p B B
up) ' ’ ’ !
w(B;) =<«Satisfactory» 1 1 1 0
Wo(B;)=«Unsatisfactory» 0 0 0 1
S3 — average
Pl p p B B
(D) ' ’ ’ !
Wi (B;)= «Satisfactory» 0 1 1 0
Wao(Bi)=«Unsatisfactory» 1 0 0 1
S4 — poor
Pl p p B B
up) ' ’ ’ !
wi(B;)= «Satisfactory» 0 1 0 0
Wo(B;) = «Unsatisfactory» 1 0 1 1
S5 — bad
Pl p p B B
up) ' ’ ’ !
wi(B;)= «Satisfactory» 0 0 0 0
Wo(B;) = «Unsatisfactory» 1 1 1 1
Table 5
Hydrogenerator actual state matrix
Pl p p B B
up) 1 ’ ’ !
n1(B;) = «Satisfactory» Hi(Bix) | mi(Bar) | Hi(Bsk) | H1(Bak)
Ha(Bi)=<«Unsatisfactory> | ma(Bix) | Ha(Bax) | Ma(B3x) | Ma(Bix)

To determine a quantitative value for output variable S,
we assume that the ratio of comparison index I, to the
sum of maximal comparison indexes of output terms defines
a degree of trust to the conclusion drawn. For the case of
a large number of comparison indexes, a degree of distrust
to be taken is the arithmetic mean from all distrust indexes.

Under a such approach, the quantitative value for output
variable S, is determined from the following expression:
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where S, ;is the lower limit of the output term interval,
which was defined as a solution; AS,, =S, ,—S,., is the

width of the output term interval, defined as the solution.

5. Estimating the TC of a hydrogenerator based
on the designed fuzzy models

It is necessary to assess technical condition of

obtained at the discrete values for input values for all five
fuzzy models (Tables 6, 7);

2) the standard deviation of value for the technical con-
dition of a hydrogenerator over 20 implementations of the
fuzzy-statistical algorithm is within 3—4 % for the Mamdani
and Sugeno models and within 1.5-2 % for the models built
according to the simplified method and the Zadeh method.
This makes it possible to conclude that the fuzzy models for
estimating the integrated TC of a hydrogenerator, built in
line with the simplified method and the Zadeh method, due
to their inherent fuzzy inference algorithms, have the smallest
dependence on the interval variability of input values for the

local states of a hydrogenerator’s nodes.

the vertical hydrogenerator at Dnipro HPP-2, type Table 7
SV-1230/140-56, based on the results from the as- Fuzzy-statistical evaluation of hydrogenerator state
sessment of state of 4 local nodes:
— B1=0.68 — stator TC (utilized resource); No. | B By | Bs | Bi |Swamd| Ssugor | SsugtNp | Szade | Ssimple
~ By=045 — thrust bearing TC (utilized re- | _1_|0.638]0.457 074103420588 | 0599 | 0.626 | 07 | 0721
source); 2 063 ] 042 [0776]0394]0633] 0611 | 0630 | 07 | 073
— B3=0.82 — guiding bearing TC (utilized re- 3 10.715]0.465 | 0.875 | 0.406 | 0.65 | 0.677 | 0.711 |0.715| 0.753
source); 4 0.703 | 0.498 | 0.745 | 0.414 | 0.628 | 0.649 | 0.682 | 0.703 | 0.745
— B4=0.38 — rotor TC (utilized resource). 5 10.619 [0.444(0.745 | 0.405 | 0.557 | 0.609 | 0.627 | 0.7 | 0.725
Based on the membership functions of fuzzy 6 0709 0.48 [0.803[0342]0594] 0642 | 0.675 |0.709 | 0.755
terms (Fig. 2), we determine: 7 10623[0493]0785] 04 [0.622] 0.633 [ 0.653 | 07 | 0.732
~ bifp(s1) =021, pls12)=0,79% 8 |0.669 | 0.467 | 0.891 | 0.378 | 0.643 | 0.661 | 0.688 | 0.7 | 0.739
:Zz; E 38232855(82‘2()32:21}: 042 9 |0622] 0.44 [07670.408 | 0.567 | 0.615 | 0.634 | 0.7 | 0.733
~ by { 1(s41)=0,71, 1(522)=0,29). 10 |0.651 [ 0.432]0.772 | 0.402 | 0.601 | 0.621 | 0.643 0.7 0.736
According to the above methods, we estimated |_11_|0.637[0.442[0.791]0.366 [ 0.585 [ 0.615 | 0.636 [ 0.7 [ 0744
the overall hydrogenerator TC. The results are given 12 |0.668]0454]0802| 04 |0.632] 0.639 | 0.665 | 0.7 | 0.741
in Table 6. 13 [0.637 | 0.446 | 0.838 | 0.365 | 0.619 | 0.629 | 0.650 | 0.7 | 0.729
Table 6 14 10.734(0.439 ) 0.8410.371 [ 0.587 | 0.656 | 0.692 [0.734| 0.75
. . 15 [0.743]0.481|0.784 | 0.378 | 0.635 | 0.656 | 0.695 | 0.743 | 0.759
Results from estimating
a hydrogenerator TC based on five methods 16 [0.7160.472 1 0.773 | 0.39 | 0.64 | 0.647 | 0.681 |0.716 | 0.748
17 10.642 | 0.409 | 0.869 | 0.409 | 0.612 | 0.640 | 0.661 0.7 | 0.741
l\giﬁ S«‘g‘f{i" i‘;f\fgg Zadeh | Simplified 18 | 0.62 | 0.483]0.897 | 0.414 | 0.597 | 0.664 | 0.684 | 0.7 | 0.731
061l To632 T 0655 07 076 19 0727 0.404 [ 0.821 [ 0.373]0.645 | 0.639 | 0673 [0.727 | 0.758
20 [0.711[0.472| 0.82 | 0.364 | 0.596 | 0.651 | 0.684 |0.711 | 0.747
The results obtained have a significant dif- Mathematical expectation | M(S) | 0.612 | 0.638 | 0.665 | 0.708 | 0.741
ference from each other. To determine the most |Standard deviation () | 0.027] 0.021 | 0.026 | 0.015] 0.011
accurate and effective method of evaluating a hy- % | 44 | 33 39 [ 21| 15

drogenerator TC, we shall employ a random number
generator to find out which method is the least
sensitive to the quality of input information on the
state of local nodes in a hydrogenerator.

6. Comparative analysis of sensitivity of the constructed
fuzzy models to the quality of input information

To assess the sensitivity of each of the five models to the
quality of input information, which in turn was obtained from
the fuzzy models for assessing the state of local nodes, each in-
put value is randomly changed in a range of £10 %. Employing
arandom number generator, 20 pairs of values for input values
were obtained. For each set of values By...B;, we determined
the hydrogenerator general condition S based on each synthe-
sized model. The modeling results are given in Table 7.

Based on the results obtained, one can define the following:

1) The mathematical expectation of the value for a hy-
drogenerator TC over 20 implementations of the fuzzy-sta-
tistical algorithm corresponds to those solutions that were

7. Discussing the results from studying
a hydrogenerator TC

The constructed fuzzy models for estimating a hydro-
generator’s technical condition according to the Mamdani,
Sugeno, Zadeh methods, as well as the simplified method of
fuzzy inference, provide a possibility to quantify the estima-
tion of a hydrogenerator state under conditions of fuzzy in-
put information about the state of nodes in the hydrogenera-
tor. In contrast to previous suggestions, these models use the
input information, which was also derived from fuzzy models
and algorithms under an «on-line» mode. Application of the
proposed models makes it possible to obtain a quantitative
assessment of the state of a hydrogenerator with the accuracy
defined by the employed method of model construction. The
highest accuracy in the assessment of a hydrogenerator’s
state (1.5 %) is demonstrated by the simplified method of
fuzzy inference. This is because the construction of reference
matrices requires a minimum amount of subjective expert



information. The result’s high accuracy (2.1 %) is also pro-
duced by the model built in line with the Zadeh method,
which is explained by the use of expert assessments from
several experts, which reduces subjectivity in the configu-
ration of the model. Other models yield a state assessment
error greater than 3 % and are more sensitive to the quality
of input information due to the considerable subjectivity of
expert assessments in building decision-making rule bases.
The advantages of the models constructed in the current
research include a possibility to use fuzzy data on the state of
the local nodes of a hydrogenerator and to obtain at the same
time a quantitative assessment of the condition of a hydroge-
nerator as an object with an accuracy of 1.5-2 %. The disadvan-
tage of the approach is the complexity of forming the bases of
decision-making rules and the reference matrices given a large
number of input attributes (local nodes in a hydrogenerator).
Further advancement of our study implies the adaptation
of the constructed models to include turbogenerators and other
large alternating current machines that exist within EPS.

8. Conclusions

1. The fuzzy models for estimating a hydrogenerator’s
TC, constructed in this work, make it possible to deter-

mine, with an accuracy of 1.5-2 %, the overall condition of
a hydrogenerator. In this case, only the «on-line»-available
parameters of the state of an assembly are employed, as well
as expert estimations to determine the relations between
individual diagnostic attributes and conditions of the genera-
tor’s local nodes.

2. Assessment of the overall TC of a hydrogenerator
is performed under conditions of fuzzy output data, which
are obtained from fuzzy models for evaluating the states of
local nodes in a hydrogenerator. Our analysis of sensitivity
of the developed models to the quality of input information
has revealed that the slightest influence is exerted by the
interval variability of input values for local states of a hydro-
generator’s nodes in the models built in line with the Zadeh
methods and the simplified method of fuzzy inference, which
have simple algorithms and minimal dependence on the sub-
jectivity of expert knowledge in their construction.

3. The comprehensive estimates of the overall state of hy-
drogenerators, obtained from the constructed fuzzy models,
make it possible to consequently determine the probability
of failure of a hydrogenerator over a time interval taking into
consideration the individual characteristics of its state. The
derived values of probabilities should be used in problems on
estimating the reliability of hydrogenerators, planning their
repairs, and implementing risk-oriented control over EPS.
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