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Abstract The original transient thermal model of transformers with ONAN cooling was

developed in a previous work by the authors. The parameters of the model are determined
from inexpensive measurements in the short-circuit heating experiment. Two problems exist
in the on-line application of the model: unknown starting hot-spot temperature and variation
in the thermal parameters in a long-term transformer operation. Both are discussed in this

paper, and the solution through the application of a thermal observer is also discussed.

Keywords Thermal protection - Oil power transformer - Hot-spot - Loading - Thermal model

- Observer

1 Introduction

The hot-spot insulation temperature represents the most important limiting factor of a

transformer loading. There is interest in knowing the hot-spot temperature at every moment
of a real transformer operation in conditions of variable load and ambient air temperature.
Possible approaches are to measure the hot-spot temperature (using a fibre-optics technique)

or to calculate it, using a thermal model of a power transformer.



The originally developed algorithm (thermal model) for temperature calculation [1] delivers
one characteristic local temperature in windings and one characteristic temperature in oil.
The algorithm is established on the following two fundamentals:

1. To describe as much as possible the real physics of heat transfer, an improvement is made
in processing the influence of non-linear heat transfer characteristics to the transient
thermal behaviour.

2. To determine the thermal model parameters for a specific transformer type without
complicated and expensive measurements (in contrast to the models from [2, 3]).

The thermal characteristics of a transformer can change in long-term transformer operation.
Therefore, the thermal parameters of the model may be different from the values initially
determined experimentally in the short-circuit heating experiment. Incorrect parameter
values in the model can lead to an error in temperature calculation. The only practically
acceptable method for detecting parameters variation is to monitor the oil temperature.

Another problem in the model application is the unknown initial value of the hot-spot
temperature. To speed up the elimination of the error caused by the estimated initial hot-spot
temperature, a thermal observer can be used. Introduction of a thermal observer leads to
implications in the calculation of the hot-spot and the oil temperatures. Consequently, it
affects the detection of changes in the thermal model parameters. This paper analyses all
aspects of the thermal observer. The experimental basis of the research are the measurements
ona 630 kVA,3x10 kV/3x6 kV ONAN transformer equipped with a large number of sensors

for local temperature measurements [4].

2 Short description of the original thermal model

The thermal model is based on the thermal network shown in Fig. 1. Characteristic

temperature rises are calculated with respect to the temperature of the air surrounding the

transformer.
H{'rr — 60['! 1
| = 3 —
A A
<> ——a (1) ——c
P P;

Fig. 1. The thermal network with two nodes



The system is non-linear due to the temperature-dependent thermal conductances. The

most convenient and commonly used [5] dependences are:
Ay = Kq1(0cy — Ooin)™ (1)
Ao = Ka(0ou)™ (2)

The parameters K, n;, K>, m, C; and G, are determined by the procedure developed [1]
from the values of measured characteristic temperatures in the short-circuit heating
experiment. As explained in detail in [4], the most convenient characteristic temperatures
are those of the hot-spot and the bottom oil. The definition of the hot-spot temperature
during the short-circuit experiment, based on easily measured temperatures, is also developed
and described in [4].

The power loss distribution in the short-circuit heating experiment and during normal
transformer operation is considered in [6].

Temperature rises 6c, and 6oy in discrete time (multiple of period T) can be calculated
from the difference equations representing the energy balance for nodes 1 and 2 [4]. The
initial values of O, and 6o, should be specified in order to carry out the procedure. The initial
copper temperature 6c, is not known and can be set arbitrarily. The error in 6, calculation
caused by the incorrect initial value disappears in time as a consequence of the system
characteristics. To speed up and control a reduction in this error, an observer structure can

be used.

3 Theoretical consideration of the thermal observer

The observer enables the calculation of non-measurable system states, using measurable
system outputs. The observer is a numerical structure containing the mathematical model
of the system. The non-measurable states of the real system are accessible from the model
contained in the observer. The initial values of the non-measurable states in the model should
be set as close as possible to the corresponding values in the real system. The difference in
states of the model and of the real system should be eliminated as soon as possible. The real
system, the model of the system “inside” the observer and their “coupling” feedback represent

one dynamic structure. The dynamics of error elimination are determined by all the parameters



of the structure, i.e. they can be controlled by adjusting the feedback parameters. The

configuration of the applied thermal observer is shown in Fig. 2.

System
o
r

N i Observer

Fig. 2. Block diagram of the thermal system with observer

The basic observer theory is established under the assumption that the mathematical
model of the system is known and precise. In the case where the model disagrees with the
real system, the results of the observer application are strongly influenced by the precision
of modelling. This has to be considered carefully.

It should be noted that the non-measurable states could be obtained using a model of the
real system only, i.e. without coupling feedback. In this case, the dynamics of error elimination

cannot be controlled and are determined by the self-response of the system.

3.1 Mathematical model of the system with observer

Using the node potential method, applied to the network in Fig. 1, the continuous state

equation of a transformer can be written as

x = Ac(z1,22)x + Beu 3)
y = Ccx+ Dcu 4)
where
9Cu PCu

X = ;u= ; ¥y = boi;

[9011] { Pre } y = voi

A1 (Ocu,9011) A1(0cu;00i1) 1
A. = - %1 : %1 o = C_1 0 M (5)
¢ A1 (Ocu,foi1) A1 (Ocu,001)+A2(000) |7 € 0 1 |
Ca - Ci Cs

Cc=[0 1[;Dc.=[0 0]



The most suitable way of defining elements of matrices A and B in the discrete state

equation with the form
x[(k+1)T] = A(x)x(kT) + B(x)u(kT) (6)
y(kT) = Cz(kT) + Du(kT) (7)

is by computer evaluation:

2 3
AX)=T+AX)T + Ac(x)2% + Ac(x)3€7 + ... (8)
2 3
B(x) :T(I+Ac(X); +Ac(x)2%+Ac(x)3% +...>BC 9)

where T'is the sampling period. Equations (8) and (9) are written under the real assumption
that the sampling period T is significantly shorter than the thermal time constants.
Consequently, the matrix A.(xX) can be considered constant during the sampling period T.
Matrices C and D are equal to C. and D, respectively.

The discrete state equations of the observer, shown in Fig. 2, are
X[(+1)T] = AR)X(KT) + BR)u(kT) + Gy (kT) — §(KT)] (10)
y(kT) = Cx(kT) (11)
The error vector e(kT) is defined as
e(kT) = x(kT) — X(kT) (12)

From the observer state equation, derived from (10) and (11)
%X[(k+1)T] = [A(X) — GCJ%(kT) + B(X)u(kT) + Gy(kT) (13)
and (6) and (7), the error vector e[(k+1)T] is equal to

e[(k + 1)T] = x[(k + 1)T] — %[(k + 1)T]

= Ax)x(kT) + B(x)u(kT) — [A(X) — GCJk(k) — B(X)u(kT) — GCx(kT)

(14)

Under the assumptions A(%) = A(X) apg BX) =B(x) gq. (14) becomes



e[(k+1)T] = [A(x) = GC[x(KT) — X(kT)] = [A(x) — GCle(kT) (15)

If, instead of the matrix A dependent on states x, the matrix A were constant, the error

dynamics could be described by the following characteristic equation
21— (A-GC)|=0 (16)

where zis the discrete complex operator. By adjusting the gains of the column-vector G, the
error dynamics can be tuned [7]. Since the observer is of the second order, gains g; and g
can be obtained by solving two equations with two unknowns. If the elements of matrix A
are denoted by

A— [an am}

as1 Q22

and the designed poles of error dynamics are, for example, equal, real and positive, denoted

by z,, the gains are

g2 = a11 + a2 — 2z, (17)
L2
g1 = a—m(zp — a11a22 + 12021 + a1192) (18)

3.2 Real case discrepancies

The mathematical model presented in the above subsection describes an idealised case. The
first discrepancy is that the thermal behaviour of the transformer cannot be perfectly described
by Egs. (3), (4) and (5), i.e. the model in the observer does not fully match the system. The
second discrepancy is that matrix A is the function of states, disabling the correct application
of the linear system theory. The third problem to be considered is the presence of oil
temperature and current measurement noise, i.e. power loss noise, in the practical application.
Also, the change in thermal parameters during the long-term operation of the transformer
should be analysed.

The general recommendation [7] is that the gains of vector G should be larger if the
unknowns are significant and smaller if measuring noise is significant; it is recommended
that an accurate simulation is used to find the optimal values of gains regarding unknowns

and measuring noise.



4 Tests of the observer by constant thermal

parameters

This first group of tests investigated the influence of non-linearity, non-ideal transformer
thermal modelling and measuring noise. The first step was to test the incorrectness of the
linear theory application to the non-linear case. The second step was to test the application
of the observer on a real transformer. In that way, a separation of specific real-case disturbance

factors was made.

4.1 Parameters of the tested transformer

As shown in [4], the thermal conductances of the 630 kVA transformer tested, with hot-spot
and bottom oil characteristic temperatures, are

— A1=16.224(Sh o) " and

— A;=294.302(6,)"=294.30.

It is interesting to note that, although the transformer has ONAN cooling, thermal
conductance A, appears to be constant. The thermal capacitances are C;=185.6 kJ/K and
(,=2631 kJ/K [4]. Rated power losses in copper amount to Pc,,=8,790 W and in iron
Pr..=1,875 W. It means that the rated temperature rises are: the bottom oil 6,,,=36.2 K and
the hot-spot 6,:,=86.8 K. The corresponding rated values of thermal conductances are
A1,=173.85 W/K and A,,=294.30 W/K. The sampling period for measurement and calculation

is T=20 s, yielding 180 values of both temperatures in an hour.

4.2 The influence of non-linearity

The tests were performed as follows. The elements of vector G were calculated by Eqgs. (17)
and (18), i.e. the observer is designed assuming that the system is linear. The constant matrix
A is calculated by (8), where A, is assumed to be constant. The values of matrix A, are

calculated by (5), using constant thermal conductances Ai(Ocu, Ooi) = A1 and Ax(Ocy, Ooir) =Aor:

1738 173.8 ,
* 5.6 T _
Ac=Ac=| 8% 173%1%04.3 |10
2631 185.6

Two different groups of calculations were made: the first with the behaviour of transformer

(“System” in Fig. 2) simulated by non-linear equations



16.224(9y —0) > 0045 16.224 (01, — 010 )° 00454

A = A = | 185.6 , 185.6 B

¢ c 16.224 (93,0 — D) 00454 (16.224 (91, — D) 60454 1 294 3)
2631 1856

1073

and the second simulated by linear equations, A.=A.". In both groups of calculations, matrices
A and B in the observer structure are the same as in the equations used to simulate the

transformer. The test load diagram is shown in Fig. 3.

Power loss (kW)

Time {h)

Fig. 3. The test load losses diagram

The results of calculations are given in Table 1. The initial difference between the supposed
and real hot-spot temperatures was 21.2 K.

[Table 1. will appear here. See end of document.]

Figure 4 shows the simulated hot-spot temperatures delivered by the non-linear equations
of a transformer and by the observer, as well as the time decreasing difference. It should be
noted that the error drops below 0.2 K after 0.92 h, and is practically zero during the rest of
the simulation. That is why only the first two hours of the test are shown in Fig. 4. The good
tracking is the consequence of the same mathematical model used inside the “System” and

“Observer” structures.
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Fig. 4. Operation of the observer (7=10 min) with the transformer simulated by non-linear equations

The results given in Table 1 show that the influence of non-linearity is not negligible, but
small: the decrease in hot-spot temperature error is somewhat faster, and the action of the

observer, expressed through the values of RMSE; , is somewhat stronger in the linear model.

4.3 The influence of non-ideal transformer modelling and
measuring noise

In this group of tests, the real measurements on the transformer were used. In the “Observer”
structure, matrices A and B were calculated based on variable conductances, i.e. the functional
dependence of matrices A and B of states is included. The values of gain vector G were
calculated as in Sect 4.2. The results of the calculations for the test load diagram in Fig. 3
and initial hot-spot temperature error of 21.2 K are given in Table 2.

[Table 2. will appear here. See end of document.]

The observer dynamics in eliminating the initial hot-spot temperature error did not change
conspicuously compared with cases from Sect. 4.2. The values of RMSFE and maximum
bottom-oil temperature differences have grown extensively. The use of the observer increased
the hot-spot calculation error compared with the situation when only the thermal model was
used; the stronger feedback of the observer gives a greater hot-spot temperature error. It
means that the observer produced the opposite effect to the desired one. Further investigations
confirmed such a conclusion—the series of experiments (one-step load increase or decrease,

short-time overload, intermittent duty) is described in [1].

5 The tests with variable thermal parameters

5.1 Using the observer

Two tests with the adopted time constant t=10 min and the test diagram in Fig. 3 were
performed. The first was with the transformer simulated by the non-linear equations
(A.=A."). The influence of the worsening of the transformer cooling system is modelled by
the decrease in the thermal conductances A, and A,. Matrices A and B in the observer
structure are calculated with the non-decreased thermal conductances A; and A, (x=1); the

results are shown in Table 3.



[Table 3. will appear here. See end of document.]

The second test was perfomed using the real measurements on the transformer [4]. Since
the thermal characteristics of the transformer were constant during the measurements, the
tests of their worsening were made by increasing the thermal conductancies in matrices A
and B in the “Observer” structure. The results are shown in Table 4.

[Table 4. will appear here. See end of document.]

As expected, the change in copper to oil thermal conductance A; does not lead to a
significant change in RMSE values and cannot be detected by monitoring the RMSE function.
The change in this conductance leads to a strong change in the maximum calculation error
of the hot-spot temperature. With the transformer simulated by the non-linear equations,
the hot-spot temperature error rises with the decrease in A;. With the real transformer, the
hot-spot temperature error course is not clear.

The change in oil to air thermal conductance A; leads to a noticeable change in RMSE
values and could be detected by monitoring the RMSE function. The maximum calculation

error of hot-spot temperature also increases.

5.2 Identification without using the observer

The hot-spot and bottom oil temperatures are calculated using the thermal model of
transformer only, i.e. Egs. (6) and (7), and are compared with the measured temperatures.
The influence of the worsening of the transformer thermal characteristics is modelled by
increasing the thermal conductances in the thermal model. The results are shown in Table 5.
[Table 5. will appear here. See end of document.]

Due to the absence of oil temperature feedback, the oil temperature difference and RMSE
values are much higher than in the case where the observer is used. Regarding the possibility
of detection of a change in thermal parameters , similar conclusions remain as in the case of

observer application.

5.3 Final consideration

An overview of the change in the RMSE,, caused by the change in thermal characteristics
is shown in Figs. 5 and 6. For all three cases examined, described in detail in Sects. 5.1 and
5.2, the values of RMSE,,,, are expressed relative to the RMSE,,, value for the non-decreased
thermal conductances (x=1). In such a way, the sensitivity of the RMSE,,, function to the

change in thermal parameters can be quantified.

10



Bl The transformer without the observer
The transformer with the observer
[ ] The model of the transformer
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30%
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Fig. 5. The RMSE,4, as a function of the change in A

B The transformer without the observer
The transformer with the observer
[ The model of the transformer

Wg— b e bl oo i

300 E

20u; [
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0%
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Fig. 6. The RMSE,4,, as a function of the change in A,

In all three cases, the value of RMSE,4 is not influenced by the change in windings to oil
heat conductance A;. This can be explained using the physics of the heat process. The “time
constant” of the thermal process in copper is much shorter than the “time constant” of the
process in oil. Hence, the change in Ay, i.e. the dynamics of transfer of power losses generated
in copper does not conspicuously affect the oil temperature and the value of RMSE,s ;.. In
practice, worsening of the windings to oil heat transfer can happen due to the closing of the
cooling channels inside the windings or due to reduced oil flow caused by increased hydraulic

resistance (as a consequence of the sedimentation of substance from the oil, especially on

parts with small cross-sections).

11



Since the value of RMSE,,,, changes strongly with the change in oil to air heat conductance
Ay, the change in corresponding heat transfer can be detected. The relative values of RMSE,,
are very large in the case of a transformer simulated by non-linear equations, since the base
value (with x=1) is very small. The oil temperature feedback using the observer on the real
transformer causes not only absolute lower values of RMSE. 1, but also lower relative values,
compared with the case when no observer is used. The change in A, can occur in practice
due to the outage of certain parts of radiators or the sedimentation of a substance to the
inner and outer radiator surfaces. The second factor is very important in transformers with
high power density per heat exchanger surface; detailed practical analysis for the transformer
with OFWF cooling is given in [§].

In addition to the possibility of detecting the change in oil to air heat transfer, the correction
of the corresponding thermal conductance in the model, i.e. adapting the thermal model,
can be done. The method presented in [9] can be applied. Because the oil temperature is
measured, actual oil to air thermal conductance is of principal importance for the evaluation
of the possibility of transformer overload.

Since the change in A, cannot be detected, it is important to analyse the influence on error
in the calculated hot-spot temperature. The precision of the hot-spot temperature calculation
is higher without the observer, compared with the calculation with the observer in the range

of the change in A, below 16%, as shown in Fig. 7.

" —a— The model of the transformer
o - -# - The transformer with the observer
= ~ .
E ++ v+ The transformer without the observer
T 20+ : : B ]
o ;
=
2 154 : e i
E o a b=
2 .. i L
g 10+ B i =
= T P
E ] |
E
=
2 !
= |
0 I . T T T T 1
[l 1P i £ A

Reduction of the thermal conductance copper to oil (A,)

Fig. 7. The calculation error of the hot-spot temperature as a function of the change in A;
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6 Conclusions

The use of the proposed applied observer leads to expected faster elimination of difference
between initial estimated and real hot-spot temperatures. Unfortunately, it also leads to
reduced precision of hot-spot temperature calculation during normal transformer operation.
The importance of precision is obvious, since the protection of the transformer is based on
the calculated value of hot-spot temperature. The reduced precision is caused by an
insufficiently accurate transformer thermal model and existing measuring noise.

In practice, the use of a thermal observer could be avoided, i.e. the thermal model alone
could be used. As a consequence, the calculation error of the hot-spot temperature at the
beginning of the calculation process (for example, during the first hour) would be too high.
Fortunately, the start of the calculation process is of practical interest only after resetting
the microprocessor relay, along with the temperature inside the transformer being higher
than the ambient temperature.

The measured state variable, oil temperature, is not strongly influenced by a change in
thermal conductance describing copper to oil heat transfer. Therefore, it is difficult to detect
the change in this heat transfer. The same holds for both applied identification techniques:
with and without observer. In contrast, the change in oil to air heat transfer is easy to detect.

The thermal observer applied cannot be used as the complete solution for all the practical
problems in transformer thermal protection and evaluation of the possibility of overload.
The observer can be used to speed up the elimination of the initial calculation error (delivering
results applicable for protection in a shorter period). After the initial period, the thermal
model alone gives higher hot-spot temperature precision and should substitute the observer.
Future work could make an attempt with other observer structures, exposed to the tests
described in this paper. On the best observer structure, further experiments on a transformer

with variable thermal characteristics could be conducted.
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