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METHOD OF INDIRECT DETERMINATION OF THERMAL LOAD PARAMETER
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ABSTRACT

An indirect method for determining the effectiveness of the transformers operating in a distribution
network with variable load schedules, according to the parameter of their thermal load as a ratio of heat
accumulated by transformer oil to the maximum permissible heat is proposed provided the thermal stability
of the insulation. a mathematical model is developed which allows establishing analytically the forced
temperature value and time invariable of heating or cooling on the section of the time dependence of the oil
temperature, as well as an algorithm for calculating the amount of heat accumulated by the oil and the coefficient
of heat transfer from the oil to the transformer tank is compiled. approbation of the indirect method indicates that
the divergence between the transformer oil heating time invariable which was obtained by solving the
differential equation of thermal balance and calculated using the part of temperature dependence of its heating
for two minutes, is 3.6%, and at determination of the forced temperature value - 0.8%.

Keywords: Transformer, Thermal Subsystem, Energy Efficiency, Thermal Load, Timing Diagrams of
Temperatures

INTRODUCTION

Transformers involved in power distribution networks are designed and manufactured according to the
minimum of the additive criterion of the combined costs of production and during operation, since these
components are considered by manufacturers and consumers as the most influential in the composition of power
efficiency.

Unfortunately, not all technical requirements that a transformer must meet, are satisfied, as well as those
partial criteria that are taken into consideration are reasonable technically and economically. As a result, material

Figure 1. Single-phase transformer of distribution networks in the cross-section, in which: 1 - expander
tank, 2 - insulators of windings ends, 3 - magnetic core, 4 - tank cover, 5 - natural cooling radiators, 6,7 -
low and high voltage windings, 8 - transformer oil

and human costs inherent in the transformer is not used in full, including the parameter of its load.
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With regard to the prospects for the additional design and development of existing transformers, the
availability of opportunities for their economic justification, modification or development of new technical
requirements, they are considered based on the actual analysis of the most important parameter of the present -
cost estimation of performance. Typically, a feasibility study is performed on the existing equipment and on the
basis of case-studies; although it is known that the greatest effect can be achieved at the last stage. This approach
allows reconciling the functional resources of the transformer with the actual operating conditions. The modern
industry has accumulated considerable experience in the development and production of transformers, which
provide economic effect and economical transformation of energy, but provided they work continuously and at
full capacity.

The parameters of optimization in them are: the diameter of the core of the magnetic circuit, the current
density in the windings, temperature and dimensional parameters, but among them there is still no parameter that
would take into account the level of load of the transformer during operation.

In the case of power outages and rolling blackouts or temporary overload of some of the transformers it
becomes a significant factor.

Since the loss of electrical energy in the elements of the transformer constructions leads to their heating,
and they are dependent on the load, the transformer itself can be regarded as a thermal system, and the heating
temperature is an indirect sign of its load, which is adequate to determine the operational efficiency index - the
thermal load.

THERMAL LOAD PARAMETER SIMULATION METHOD

Transformation of electric energy into a useful work is always accompanied by its partial loss with
transformation into heat [1]. Heat transfer Q from the surface of the body is carried out simultaneously by all its
types. Therefore, when calculating the coefficient of heat transfer, a generalized heat transfer coefficient (heat
remove) k; is used.
For the case of a stable mode, when all P power losses are allocated to the environment Q = P,, the heat remove

is calculated from the Newton equation Q = k;F(8 — 6,) = krFt, or in the form of the Ohm’s law Q = ;—y in

which R, = ﬁ is the thermal resistance, 7, is the excess of the set temperature. Consequently, the main problem

in installing heat transfer is to determine the heat transfer coefficient from the surfaces, which depends on many
factors, and in liquids it is also determined by convective heat exchange. In the design practice the coefficients of
heat transfer are determined collectively, with the use of empirical coefficients [2] [3].

Therefore, solving the problem of refining the value of the heat transfer coefficient, at any stage of its
application, remains relevant [4]. It is known that the most substantial sources of heat in the transformer are: the
steel magnet wire - with loss of idle speed P, and conductor windings materials - with losses of short circuit Px.
According to the design of the transformer, Figure 1, the magnetic core and the windings of the active part are in
the cooling medium - transformer oil, which is to be the conductor of the heat flow to the tank casing, and from
it into the environment. Consequently, its temperature should be initiated to establish a heat load.

The complete solution of the inhomogeneous differential equation of the thermal balance compiled for the
cooling oil medium and such that is located inside the tank whose surface is in contact with the environment at a
temperature 6o and absorbs the heat from the magnetic core and the transformer windings, is presented in [5] in

the form
1 1

Ooi1 = Qoil.pr (1 — e_TOil.t) + Hoe‘Toil.t )

where 6oi1pr - constant or forced temperature of the oil, which it reaches during the long operation of the
transformer without changing the load, that is, at t = oo.

Figure 2 shows the time dependence of the oil heating temperature for (1) at 6,= 0 (continuous line)
when the transformer is switched on for a nominal load within 1 hour 30 minutes, as well as its normalized value
according to Standards (interruptible line). Exceeding of the rationed value of 6s; = 60°C adversely affects the
dielectric resistance of winding insulation and is unacceptable as for its heat resistance class. The given
dependence can also be obtained experimentally, according to the indications of the thermometer, which is set at
the reference point of temperature measuring of the upper oil layer under the tank cover.
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Figure 2. Time diagram of temperature for determining the equivalent of heat
flow f,;m,;mg and fs,m,mg

If, for the purpose of transformer thermal load determining, the ratio of the amount of heat absorbed by
the oil by heat transfer and convection from the heat sources to its permissible value at the temperature
established by the Standard will be applied, then, during the transformer operation time, even with a variable
load, they are proportional to the areas of the surfaces formed in the lower part of the surface by the environment
temperature o, and in the upper part by the variable temperature values of the upper layer of oil i and,
consequently, by the constant temperature according to the 6. In the general case, we have the equivalents of
heat fluxes f,;m;mg, fs;m;mg, in Which m,, mgy are the scales on the abscissa and ordinate axes in the time
charts, respectively (in h/mm) and (°C/mm); f,;; and f,- surfaces areas (mm?) formed by temperature and time
in the coordinate system 6,; = f(t). Thus, the actual amount of heat removed by the transformer oil and its
permissible value will be

1

t S~
Qoit = krFpr [, (Bou — Op)e Mot dt = krFpr Xig fou,imemyg
(2)

¢ n
Qst = krFpy j(eﬂSt - 6’o)dt = kTFferStmth-
0 i=1

The construction of an algorithm for heat amount calculation according to the oil temperature monitoring data
and the known time dependence of the change in its temperature during heating at the transformer load
activation, requires a numerical solution of the equations (2) according to the experimentally obtained fraction of
the temporal temperature diagram and the presence of known values of the working time t from the beginning of
integration; the time constant of the transitional heating process —T,;;; the coefficient of heat transfer and the
heat flow to the inner surface of the tank- kr; the total surface area of tank cooling - Fy,

The invariable of integration can be calculated analytically by solving the equation of the thermal balance
compiled for the oil in the cooling system or determined graphically by the experimentally obtained dependence
6,u = f(t). Such approach in some way complicates the construction of a technical device - a tester of thermal
load and, therefore, requires an analytical solution.
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THE ALGORITHM OF THE THERMAL LOAD PARAMETER MODEL
The reason for thermal load parameter mathematical model creation is the presence of a section of the

time dependence of the oil temperature in the cooling system, which can be obtained in any way. To determine
the forced temperature of the transformer oil 6,;; forceq in (1) We use the indirect method. Initially, we establish

the dependence of the oil temperature change on the time of the transition process progressing, that is, % =
f(t). For example, after the differentiation of equation (1) we obtain
ae 1 : :
il T T
dzl = - m (60il.forcede Toil — @ye TO”) 3)
in which, from the same expression (1),
-t -t
Hoil.forcede Toil = eoilforced — 0, — Bpe Tou 4)
By substituting (4) into (3), we have
a6 __t -t
- _ -
—Loil d(tn = eoilforced — 0oi + Gpge Toit — Gpe Toit = eoil_forced — 0,1,
from where the oil temperature will be determined by the linear equation
db i1
Ooit = Boitforcea = Tou =, (5)

‘9051
Qo= 9053@ —————————
_4, 1,
ot = O it np(1 - Tt ) +6,e Ty
Ooity— 8, ' '
72 Teth
At
8 .
6"*"1_ 90?19 f ol
At g |
a 4T ol |
a8 ’ ' |
Ot =0 511 T,/ o | :
|
|
¢ 90510 90 | t
c d 0
9051 np At At
ToH

Figure 3. To the calculation of the values of the forced temperature of the oil heating and its time
invariable by indirect method

Figure 3 shows the fraction of the time dependence of the oil heating temperature 8, ;(t) , constructed on the
basis of numerical calculations of the equation of its thermal balance and on which the linear dependence (5) was
constructed on the left to determine the forced value of oil temperature and the time invariable at the load of the
transformer. As follows from the drawing, the angle of inclination of the dependence (5) is invariable and can be
defined from the triangle abf as follows:
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- a section of temperature change rate after the second measurement of it

ab = 8oit1=b0it0 _ boit2—boita _ Zgoil,l_goil,o_eoil,z; (®)
At At At

- the angle of inclination of linear dependence (5)

—1 9oi12=00i11
= tan~ 122kt 9
@ 5 ©)

- the period of temperature change after the first measurement

—  Boi1—00i 00i11—00i,0) =
Cd — 0il,1 0il,0 — ( 0il,1 011,0) ab : (10)
tan @ (Boit2—00i11)

- the ratio of the forced temperature to the heating time variable at the beginning of the transformer load

— 0,i B,i11—90i —
CO — oil.forced — 0il,1~Y0il,0 + Cd, (11)

- tangent of linear dependence (5) inclination angle from (11)

goil.forced_goil,o

tang = 9oil.forced ! (12)
Toil
where the forced oil temperature will be
0 =0 eoil.forced

oil.forced — Yo0il,0 + oil tan ¢, (13)

and the heating time invariable from the expression (5)

Ooit.forced—0oil

TOll — ol orce ol . (14)

2651
At

As a parameter of thermal load (TL) it is possible to apply the ratio of the heat flow to the oil at the actual load of
the transformer to its permissible value according to the Standard

TL = Qoit/ Qs (15)

where
t

Qst = krFpy f(BSt — 0o)dt = kpFp (05 — 6p)t.
0

APPROBATION OF THE HEAT LOAD DEFINITION METHOD
The calculation of the thermal load parameter must begin immediately after the transformer has been

switched on to the mains and carried out at identical time intervals At = (t; — t;_,), Figure 2, a countdown of
the temperature values at the beginning of 8,;; ;-0 = 6, and at the end of each time interval 6, ;1.

According to current temperatures for each time interval i{=1,..t/At are calculated:
- temperature average value (step approximation on time interval At, Figure 2)
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ABoirmia = 0,500 + Ooiri—1); (16)

- the equivalent of the heat flow amount, which oil gives to the transformer tank casing in one time interval

At
f_og_ltl’imtme - 3600 Aeollmld + f‘;_;l’i_lmtme’ (17)

t
At

where fo_ili_omtmg =0,and i=12,..,—;
st

- using expressions (8 ... 14) the forced value of the oil temperature and the time invariable of the temperature
change transition process can be numerically calculated:

At; )
Toit = (Boir.forcea — Boiri) (eoili_eloili—l), (18)
- coefficient of heat transfer from oil to the tank
CiGopi
kT — iYoil ’ (19)
ToutFrr

where ¢; is the specific heat of oil, its approximation, as a linear function, has the form of equation (20), G,; -
the weight of oil in the tank and radiators (is indicated on the plate of the investigated transformer)

¢ = 1,549 + 0,005936,;,; ; 20)

- amount of heat that is transferred by oil from the active part of the transformer to the tank casing during the
time t and according to the equation (2)

Qoit = —ToirkrFrr Xi=1 foir,imema; (21)

- allowable amount of heat that can be transferred from the active part of the transformer to the tank casing
during the operation time t and according to the class of applied insulation

Qst = tkrFe (05 — 6y). (22)

The coefficient of thermal load is calculated as the ratio of the amount of heat removed from the useful
volume of the tank into the environment to the allowable amount of heat over the test time by the equation (15).
The higher the value of the obtained parameter, the more efficient the transformer is used.
For approbation of the indirect method of thermal load determination, a transformer of TM 1000 kVA 10/ 0.4 kV
type is considered. Obtained for it in [5] numerical calculations are: forced temperature of the cooling oil
Ooit.forcea = 40,3 °C; time invariable —T,; = 870,8 cex. As a result of calculations, the time chart of the
transformer under consideration oil heating temperature is drawn in Figure 4. Additionally, it is known that the
weight of the transformer oil according to the catalog is G,; = 700 kg, and the design value of the area of the
cooling surface of the tank with radiators (SB) per phase is SB = 18 m?.

In accordance with the algorithm of the transformer thermal load parameter model and based on the
table values of time and temperature of the oil in Figure 4, for intervals i = 2,3, we have:
- the average value of temperature, with the degree approximation at the second interval of time At = 50 sec.

A8y mia = 0,5(4,372 + 2,249) = 3,288 °C; (23)

- temperature change rate after the second measurement
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Figure 4. Time chart of heating temperatures for a period of 40 minutes after switching on the
transformer on full power (windings - higher, magnetic core - lower, oil — average line)

- change in temperature after the first measurement

— O0i11—00i 2,249-0
cd = —oii ol — = 0,00275;
tan @ 818,5

- the ratio of the forced temperature to the heating time invariable

Boilfor 0il, 1~ Y%0i ) , - °
oitforced _ Soua—Bouo 4 g — 22970 4 00275 = 0,04773 —;
Toil At 50 sec.

- forced oil temperature value

goi. orce
Boit.forcea = Boito + L= tan ¢ = 0 + 0,04773 « 818,5 =39,96°C,;

oil

- oil heating time invariable

Ooit.forced—boil 39,96-2,249
Toi = 20,7, laryyvra 838,4 sec.;
At

- specific heat of oil
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¢ = 1,549 +0,00593 2,249 = 1,562 (") (30)
- coefficient of heat transfer from oil to the tank
__ €CiGoi; __ 1562%700
T TouFfr  8384+(18+3) = 2414 ( 2°C) (31)
- the equivalent of the amount of heat flow, which oil is transferred to the tank during time t = 700 sec.
14 f"f;gg’”" == 2 (1,1245 + 3,288 + 5,3745 + 7,3235 + 9,1635 + 10,9005 +
12,541 + 14,115 + 15,5525 + 16,9335 + 18,237 + 19,468 + 20,6305 + 21,728) = 50 *
176,38 = 2,45 (°C - h), (32)
where
foir. mgmg
S =0, and i =12, (5 = 14); (33)
3600 5

- amount of heat transferred by oil from the active part of the transformer to the tank surface for t = 700 sec.
(operating time is determined by the limited table data given in Figure 4)

Qoir = krFrr Xi2y fouymemg == 24,14 (3 * 18) * 2,45 = 3193,7 (W - h); (34)

- the allowable amount of heat that can be carried by the oil to the transformer tank during the operating time t =
700 sec. according to the class of applied winding insulation

Qse = kpFpr X124 % = 24,14+ (3% 18) * 11,67 = 15212,5 (W - h); (35)

- thermal load parameter (TL)

_ Qoit 3193,7 0
TL = 24100 = 22100 = 21%. (36)

Due to the known power losses in the phase of windings LV (low voltage) P, = 1736 W, HV (high
voltage) Py = 2114 W and in the core of the magnetic system P,, = 467 W, and those which are placed in
the basis of calculating of time dependences of the transformer temperature, given on Figure 4, and in general
are

AP=P1LV+P1Hv+P20=4‘317W (37)

we obtain the efficiency of the applied system of transformer cooling within one hour of its operation after
switching on

n. = Qoit 190 = 31937

AP 231 100 = 74 %. (38)

CONCLUSIONS
1. An indirect method for determining the effectiveness of the transformers operating in a distribution

network with variable load schedules, according to the parameter of their thermal load as a ratio of heat
accumulated by transformer oil to the maximum permissible heat is proposed provided the thermal stability
of the insulation.

2. A mathematical model is developed which allows establishing analytically the forced temperature
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value and time invariable of heating or cooling on the section of the time dependence of the oil temperature, as
well as an algorithm for calculating the amount of heat accumulated by the oil and the coefficient of heat transfer
from the oil to the transformer tank is compiled.

3. Approbation of the indirect method indicates that the divergence between the transformer oil heating
time invariable which was obtained by solving the differential equation of thermal balance and calculated using
the part of temperature dependence of its heating for two minutes, is 3.6%, and at determination of the forced
temperature value - 0.8%
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