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Importance of the different parameters of wearing out of power transformer insulation prediction structure, operating
factors, selection of configuration and parameters of paper insulation and transformer oil technical state models is in-
vestigated. Prediction of wearing out of power transformer winding insulation is reduced to the stochastic prediction of
load dynamics and ambient temperature, simulation of the changes of technical states of paper insulation and trans-
former oil, aging calculations and probabilistic estimation of insulation wearing out. Computer simulation of power
transformer insulation wearing out for the next ten years of operation is performed. References 6, figures 2.
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During operation of power transformer (PT) its insulation, in particular, winding insulation, is an object of di-
agnose (OD) for which technical state (TS) is determined. TS of insulation paper (IP) and transformer oil (TO) are dis-
tinguished. Important features of TS of these objects are wear factor and residual resource.

The wear factor of IP is characterized by aging factor, which can be represented by initial and final values of
cellulose polymerization degree [1]. Residual resource of IP — is the time during which its polymerization degree is re-
duced to the critical value. Dynamics of changes of wear factor is characterized by the rate of wearing out. Standard [2]
defines the relative speed of wearing out as the ratio of the wearing out velocity at the current hot spot temperature 6, to
the wearing out rate at temperature 98 °C (non-thermally upgraded paper) and 110 °C (thermally upgraded paper). The
key factor, determining the rate of V, ceteris paribus, is the temperature ¢,. Other conditions are characterized by TO
parameters, such as moisture content /¥, acid number K etc.

In [3,4] actual insulation resource is determined by calculation based on monitoring data values 6,, W, K and
other parameters for several intervals of observation, equaled to one year, for example. For obtaining of the time series
of annual wearing out statistical characteristics (expectation, variance and standard deviation) are defined. These char-
acteristics are used for prediction of the insulation residual life. Having obtained in such a way evaluation accuracy de-
creases with the change of the load prediction period and technical state of PT.

In [5] the method of estimation of residual life of PT winding insulation by prediction of the impacts of PT op-
erating factors (OF) to TS of insulation is proposed. Because of the limited size of publication this methodology wasn't
detailed and investigated.

The purpose of this work is to study the importance of various parameters of prediction structure, OF, and se-
lection of the configuration and TS parameters of IP and TO models.

Block diagram of the model is shown in Fig. 1. It contains a vector of predicted parameters (PP), models of the
OF, maintenance, TS of IP and TO, as well as the time-marker (TM) generator and the unit of wear evaluation (WE).

TS IP model is based on the heat balance equation of PT. It allows determining the temperature trend 6, based
on trends of load current /,, ambient temperature 6, and a binary variable of cooling, named "COOLING MODE". Pa-
rameters of TS IP model are load voltage U,, no-load loss P,,, and thermal parameters defined by results of PT thermal
tests: thermal capacity C, thermal resistance "PT - environment" in natural Ry and forced Ry cooling modes. Depend-
ence of resistance Rr upon time simulates the cooling performance degradation.
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tenance; My, My — increment coefficients of parameters /# and K during TO aging.

In future it is planned to develop a TS TO model based on equations of moisture balance and balance of chemi-
cal reactions of acid formation and decomposition.

The OF model synthesizes predicted trend of current I, and temperature 6,. As the model of temperature 6,
"double sine curve" model [6], supplemented by long-lasting climatic changes component is used.

Input parameters and the structure of /, trend depend on the accuracy requirements to the prediction of insula-
tion resource duration, availability of monitoring data parameters of PT for the periods preceding the prediction mo-
ment, data detailing about expected PT loads in the prediction period. As the most detailed model the model [5] is used:
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where P, — coefficient of variation of average annual current; 1,,, — the average annual load current in the time of pre-
diction; Al,;, — average annual change of load current; P, — average daily rate changes; Al,. — average daily change of
the load current; Py(N,,) — coefficient depending on the day of the week; N,, — day of the week number; Al;, — hourly
average change of the load current; P, — coefficient depending on the number of hours; Al; — amplitude of the inrush
load current; K; — interval of the inrush load current; N; — number of inrush load current interval.

In the case of reduction of the requirements to prediction accuracy, reducing of monitoring data amount, in-
creasing uncertainty of the expected load, variables in the formula (3) are replaced by constants in the following order:

A]dizoﬂ Ndvzo’ Aldc=0, Ald2=0, Pezo'

TM generator generates time marks N,, N, N,, N,,, which are used by OF and maintenance models. Input data
for TM generator are date, time and interval of prediction.

Maintenance model generates commands for turning on the COOLING MODE and maintenance of the TO
based on input data of cooling set point 8, and maintenance modes (scheduled and on-condition maintenance), TO base-
lines (K43, Wg43) and TS model output data(6,, W, K). In the temperature control loop maintenance model contains
relay controller. At the part of TO maintenance model contains blocks, which comparing the current model time with
scheduled maintenance time; current values W, K with the maximum allowable W,,.., K,z

Maintenance command is the logical OR of the listed above comparison results. At this command current val-
ues K and W in TS TO block reduced to Kg43, Wsa3.

WE unit calculates the insulation wear index L in simulation time interval based on TS model output data:
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where K3 — acid number of oil, taken for the baseline value; Wj,; — baseline value of moisture content of the solid insulation.
Using the described model computer simulations of PT insulation wear over the next ten years of operation
was performed. It was assumed that the value of the coefficient P, — is a random variable that obeys the normal distribu-
tion law. To estimate the probability of given recourse duration exceeding in prediction interval a number of M random
values of P, coefficient corresponding to mathematical expectations of 2% of average annual increment of PT load cur-
rent was generated. As a result of PT insulation wearing out simulation with using proposed model and with predicted
currents /,, depending on coefficient P., M wearing out values of L were obtained. For these values probability density
functions and probability distributions of wearing out are defined. With increasing of M these functions become more
"smooth". Changes in wearing outs probability values for the selected wearing outs interval are reduced. Specified
property allows estimating the minimum number of M — about 200. Herewith a cost of computer time did not exceed
one hour for personal computer
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wearing out is obtained by Monte Carlo modeling method. Modern personal computers allow performing this simula-
tion with sufficient precision and accuracy of the prediction in a reasonable time. Described approach to prediction of
wearing out processes can be useful for other types of electromechanical equipment.
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Hccenedosana 3Hauumocms pasiuduslx HApAMempo8 CmpyKmypvl BPO2HO3A USHOCA U30IAYUU CUTO0B020 MPAHCPOpMa-
mopa, akmopos s3Kcniyamayuu, npou3gedeH 8bloop CMPYKmMypsl U NApamempos mMooeiell MmexHuiecko2o coCmosHUs
OYMadCHOU U30AYUU U MPaAHCHopmamopHoeo macaa. Ilpoenosuposanue usHoca uzonAYUYU 0OMOMOK CUT0B020 MACLO-
HAanoIHeHHO20 MPAHCHOPMAMOpa c8edeHo K CIOXACMUYECKOMY NPOSHOZUPOBAHUI0 OUHAMUKU HASPY3KU, meMnepamy-
Dbl OKpydrcaroweli cpedvl, UMUMAYUOHHOMY MOOEIUPOBAHUIO USMEHEHULI MEeXHUYECK020 COCMOAHUL OYMANHCHOU U30JIA-
yuu U MpanchopmMamopHo20 Macia, paciemy CMAapeHus U 8epoSsMHOCIHOL OYeHKe 8eIUYUnbl USHOCA u3onayuu. Boi-
NOAHEHO KOMNbIOMEPHOE MOOETUPOBAHIUE USHOCA USONAYUU CUT08020 MPAHCHOPMAMOPA 6 medeHUe NpeoCmosuux
decsmu nem sxcnayamayuu. bubn. 6, puc. 2.

Knroueswte cnosa: tpanchopmaTop, U3HOC U3OJAIHMH, IPOTHOZUPOBAHUE, MOJICIIH TEXHHUYCCKOTO COCTOSHUS U (haKTO-
POB SKCILTyaTaIuHm.
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