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Abstract: Power transformers are key components in electrical power supplies and their
failure could cause severe consequences on continuity of service and also generates
substantial costs. Identifying problems at an early stage, before catastrophic failure occurs,
is a great benefit for reliable operation of power transformers.

Frequency Response Analysis (FRA) is a new, well-known and powerful diagnostic test
technique for transformers which could find mechanical as well as electrical faults such as
detection and positioning of winding short circuit, winding movement, loss of clamping
pressure, aging of insulation, etc. Yet there are several practical limitations to affect the
accuracy and ease using this test as a regular condition monitoring technique in the field
that many of them originated from noise and measuring errors.

This paper purposes a transformer automated self diagnosis system can be installed on
every power supply as a part of SCADA to extract FRA graphs from transformers and
offers high repeatability which is a great benefit for FRA test.

This is the first time that KALMAN Filter will be use in order to eliminate narrow-band
and wide-band noises from FRA graphs that ends up not only smoothed measurement but
also rate of changes that is so valuable in decision making and scheduling for transformers
maintenance. So we will have an intelligent system which is able to predict the future of
transformer using experience of not only own self but also all the transformers in an
integrated network.
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(FRA), Kalman Filter Theory.

1 Introduction

As power transformer age, their internal condition
degrades, increases the risk of failure. Forces on the
winding during short circuits on the transformer can
cause winding distortion, and a reduction or loss of
winding clamping can cause winding movement. This
can lead to a transformer failure that will cause damage
of the transformer and may result in an explosion.
Frequency Response Analysis (FRA) is a powerful
diagnostic test technique to detect mechanical as well as
electrical faults such as detection and positioning of
winding short circuit, winding movement, loss of
clamping pressure, aging of insulation, etc [1]. The
principle of FRA is that [2]: According to the theory of
electrotechnics, a transformer winding is equivalent to a
linear, bilateral passive network. A simple equivalent
circuit using cascaded m sections is shown in Fig. 1. It
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consists of inductance Ls, Resistance RIl, and
capacitance Cs, Cg and Cb. The resistance is usually
ignored. The characteristic of this network can be
described by transfer function H as following:

H(jw) = 20log(U, (jw)/ U, (jw)) (1)

Due to winding deformation, aging of insulation, disk
deformation, local breakdown, short circuits, disk
movements, buckling, moisture ingress, loss of
clamping pressure etcetera, transformers inductance and
capacitance will change as well as transfer function.

In this measurement, the transformer is isolated from
the system, whereas great number of endeavors have
been taken to implement this method on-load operation
[3], and a wide bandwidth signal is applied to one
winding terminal; response is measured at another
terminal. The magnitude of the admittance of the
transformer is calculated as a function of frequency (up
to 10 MHz) to give a fingerprint of the transformer. The
test is repeated over time, and differences between
obtained curves may indicate damage to the
transformer.
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FRA may be used as part of a routine condition
assessment program that may be use in order to obtain
valuable information for decision making when it is
necessary. The comparison of results is usually made by
plotting a graph of the modulus (or gain) of the
impedance against frequency for both sets of
measurement. An experienced observer then examines
the two curves for any significant differences.
Significant differences usually are:
e  Changes to the overall shape of the curve
e The creation of new resonant frequencies or the
elimination of existing resonant frequencies
e  Large Shifts in existing resonant frequencies
It is important from the maintenance point of view that
the FRA signature are able to provide some indication
of fault types in the transformer rather than merely
indicating that some changes have taken place affecting
the integrity of the transformer.
Table 1 shows the effect of any change in transformers
model parameters as showed in Fig. 1 related to the
FRA graph and resultant fault for that change.
Inasmuch as elimination of human, who is comparing
the obtained FRA responses and extract fault type from
them, is an advantage of an automated system, several
solutions in order to use new algorithms which need no
human presence to solve, such as usage of neural
networks [4] or fuzzy logic in our previous paper [5],
have been proposed.
Although FRA is a powerful tool to study the health of
power transformer, but there are several reasons which
limit usage of this test in the field. Due to the Measuring
noise test results may change from time to time and
place to place. Also there are several problems for noisy
environment of power substations and system
constraints as mentioned in [6]. Hence solving these
problems make FRA an expensive test and it's not
possible to use it in all the substations.
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Cs - Series Capacitance
Cg - Ground Capacitance
Cb - Bushing Capacitance
Ls - Winding Inductance
Rl - Leakage Resistance

Fig. 1 Simple equivalent circuit of transformer winding.

Did we have been able to design an automation solution
which could show when transformer faced to failure and
what kind of problems might occur in transformers, we
would have had the opportunity to mange time and
resources for transformer maintenance and this will
guaranty the reliability and security of power network.
Here we are offering a FRA system which can install
on-site forever and gives us high quality FRA data at
required times. This system is proper especially for
traction power supplies of the country which currently
are under construction and install this set-up for each
transformer has which no extra charges [7].

Moreover we have offered a stochastic model of the
transformer and applied the system and measuring
noises into this model to estimate real changes in FRA
results on the grounds of Kalman filter theory lead to
estimating current real values and also for the future
values. Therefore we can install a simple and cheap
intelligent system to acquire data of transformer and
then smooth obtained data and classify them in an
integrated system without necessity of human at this
system hence it is capable to join SCADA.

2 System proposal

Figure 2 shows that how this system can be integrated
from automation modules. All components are put in a
shield box which will install above the transformer.
Data will transfer to main computer via Field-Bus. Then
update coefficients will be extracted and sent to central
computer via network. Other transformers will use these
coefficients as experience of system updating their own
filter parameters.

This system designed as simple as possible and its
modular structure make it economical to always install
on each transformers and perform test in defined period
of time.

Each test will take about 12 minutes for the resolution
of 5 Hz in the range of 0 to 10 MHz. The Input signal is
generated by Direct Digital Synthesis - DDS. The
output signal is filtered of field noises by mixer and LPF
to extract special frequency on each stage. Also the
phase shift of signal can be measured by an Automatic
Gain Control -AGC- where sin(A@) could calculated via
output of low pass filter. Then dc values converted to
digital format and are sent to PC based controller. PC
based controller calculate v,/v; for all frequencies.
Whenever measurement has been completed, controller
begins to send obtained data to computer of
corresponded substation.

These diagrams is saved in this computer and Kalman
filter algorithms is applied to estimate real diagram
excluding noises. Some filter parameters are updated to
central computer which is connected to all the power
stations to share experience of each to others.
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Table 1 Parameter Changes and Their Relationships to Fault

[1][2][12]

Type of Fault | Effects to FRA Cause
Bushing & Shunt
problems FRA mgnatqre Insulation
for frequencies Resistance
less than 1KHz
mO\]/)elliqun ¢ Creation of
Buckling due | " resonant .
to large peaks between Changes in
mechanical I'and .20. KHz Sh}mt
forces and shlftlng of | Capacitances
Mois tu;e dominant
ingress peaks
Loss pf Shifting in all Changes in
clamping . Shunt
frequencies .
pressure Capacitances
Changes the
dominant
Disc resonant .
deformation frequencies Chan gesin
Local ’ and al.ters the Series
breakdown magnitude of Inductances
the voltage
transfer
function
Winding short Shifts and Changes in
circuits damps the Series
resonant peaks Inductances
Aging of Resonant Changes in
Insulation frequency Se'rles
movement capacitances

3 FRA Model of Transformer

There are several models for transformers [8]. In spite
of their complete details the parameters are exposed to
change by any environmental changes, during time and
system failures. In fact these changes make FRA able to
diagnose the health status of transformers.

Since exact modeling of transformers is too complicated
and really unpractical, we can study FRA by modeling
just changes and rate of changes of obtained graphs. In
other words differences between FRA graph and
transformer fingerprint will be stored and rate of change

for these data and they own selves play rule of state
variable. So it is enough to simulate this process as a
first order equation which its state variables are value
and speed of changes versus frequency.

If we eliminate rapid changes in transformers such as
replacing aged oil in order to simplify the problem and
leave them for further studies at this field, we can
consider that changes are continuous and smooth
process in that transformer has soft nature. Owning to
this fact, it will be wisely to expect what behavior
transformer will be had in future from current
information obtained by this test during time.

The simplest solution to simulate this problem is first
order Marcov process. In this case we can take rate of
changes as a colored noise with bandwidth of B and
variance of o that both are frequency dependent. The
correlation function of this colored noise between two
different times can be considered as:

Efz(t)z(t+ 1)} =cl e ™M 2)

In fact B; is capability of FRA curve to change at
specific frequency of f Both Brand o; have initial value
and also change during time according to the system
experience.

Discussed process have been showed on Fig 2 that :

%, =u(f,0 - u(f.t,) (3)
_dxy
5= )

where f is between 0 to 10 MHz and t, is time for initial
FRAs curve called its fingerprint. Period for t could be 4
months or more and X, is measured in dB. x; is rate of
X, changes in time.

In other words we can consider this process such that
white noise (n(t)) with correlation function of:

E{n(t)n(t + 1)} = 2B,6:3(t — 1) (5)
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Fig. 3 FRA graph change model.

has been passed from 1/s+ filter to produce colored
noise with variance of o) . Therefore the discussed
model is as follows:

S L
Xz 0 —B X, ZG?Bf

y=[1 0]'{:1

2

} +v(t) @)

Where y is our observations, v is measuring noise that is
white Gaussian noise and u represent system noise.

4 Estimation of State Variables via Kalman Filter
Suppose that a linear discrete system has following
equations:

x(n+1) = ®(n)x(n) + G(n)W(n) ®)

z(n) = H(n)x(n) + V(n) 9)

Where x(n)is state vector, z(n)is observation vector
and X(0),W,V are independent white process with zero
mean value. W with covariance matrix Q is system
noise and V with covariance matrix R is measuring
noise and n stands for discrete time. X(n, |n,) is the best
estimation for x(n,) using observed values
z(1),z(2),...,z(n,) . For Bayesian models p(n,|n,) is
covariance matrix for estimation error x(n,)—x(n,|n,).

We can consider three states for estimation of state:

n, = n,(filtering)
n,)n, (prediction)
1< n (n,(smoothing)

As shown in [9] the general Kalman filtered equations
can be written for filtering as follows:

X(n+1|n+1)=®(n)x(n|n)+K(n+1){z(n+1)
—H(n +1)®(n)X(n|n)}
Kn+1)=pm+1|n)H (n+1)[R(n+1)
+H@m+)pm+1[n)H (0 +1)]"
p(n+1|n)=d(n)p(n|n)®@" (n)+ G(m)Q(n)G'(n)  (10)
p(n+1|n+1)=
[H@+DR'm+D)+p'(n+1|n)]"' =
p(n+1|n)—K(n+DH(Mm+1)p(n+1|n)
p(0]0) =y,X(0,0)=0

And for prediction as follows:

X(n+1|n)=®(m)x(n|n-1)+
K(n){z(n) - Hm)&(n | n — 1)}
K(n) = ®(n)p(n| n ~ HH' (n)-
[R(n)+ H(n)p(n| n — H" (n)]" (an
p(n+1]m) =[®(n) ~ K(m)H(n)]p(n | n — " (n)
+G()QM)G" (n)

In regard with our system equations to restate (6) and
(7) in (8) and (9) we will have:

X((k + 1)At) = D(kAt X (KAL) + W(kAL) (12)

Where @ is state transition matrix and At is sampling
period of FRA test e.g. every 4 months. Therefore to
reach d(kAt),Q(kAt),H(kat) we will consider:

A=
0 Bf

So we will have :

0
[J—B} (13

O(KA) = B(A) =[L[SI - A) T],_,,

r_ v
—L{S -1 }I_Ll s s(s+B;)
0 s+B; 1
0 -
s+B; (14)
1 i(l—e’ﬁ"m)
= £
0 g P

To obtain Q(kAt) if we assume At=t,, —t we will
have equation 15.
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H(k) will save its continuous form:

H( =[t 0] (16)

and matrix R will have constant values as measuring
noise that can be used as below offer.

R(K)=E[V(k) V(K)'"]|=0,’*log(f/100000)  (17)

Although these equations are complicated and maybe
time consuming for all frequencies from 0 to 10 MHz
yet since our test are offline and we have no time
constraint, therefore there would be no problem to
calculate these equations in computer and yielding
results.

5 Simulation Results

Discussion has been simulated in MATLAB and in
order to claim efficiency of our plan the frequency
model of transformer has been used and during change
of a parameter in model at specific rate our algorithm
should be able to smooth resultant graphs and also
reaching rate of changes.

As discussed in [8] it is possible to express transformers
transfer function at middle frequencies by:

<

[ @(t,,, —GGT@" (1., —m)dn =
ty

(15)

(1 - e’“'“)

If we let value of L; to face %150 mutation that could
be stand for winding movement and break this change
as a linear movement in 100 pieces with proper initial
values the curves will be have moving shown on Fig. 4.
To simulate available noises in field we have added
white Gaussian noise with variance of 0.2 dB to each
period of measurement from introduced 100 ones.

To reduce simulation time we divide band-width to 200
cells. As obtained from figure 4 the most movements
have been occurred in cell #16 to cell #20 which are
moving place of resonance peak. For instance we have
put amplitude and also speed curves of cell #16 and cell
#20 to Figs. 5-8.

In spite of heavy noises added to true curve Figs. 5 and
6 demonstrate acceptable filtering capabilities of
system. Sensitivity can be changed via changing in f
curve that should be optimized to catch best results.
Experience of system will determine optimal p values.
Moreover the filter can determine rate of changes in
curve during mutation. Figures 7 and 8 show these rates.
For example in Fig. 8 after a short while -about 30
periods- speed will be converged at around -0.02
dB/Period which means at this cell after next 10 periods
we will have 0.2 dB change in FRA graph. This can
help us to schedule maintenance of transformers in an
IT based framework.
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Fig. 4 Initial and final curve of transformer by changing
parameter.
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Fig. 6 Increasing of amplitude at frequency cell #20.
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Fig. 7 Rate of FRA curve changes at frequency cell #16.

iy |

1‘0 20 3‘0 4‘0 5‘D 6‘0 70 B‘D Q‘D 100
Fig. 8 Rate of FRA curve changes at frequency cell #20.

1800 \
1600 - -
1400 - 7
1200 |

10001 | 4

' ' 0
o 10 20 30 40 50 60 70 80 90 100

Fig. 9 Error covariance matrix convergence.

Figure 9 shows the error covariance of this problem and
just after 30 period error falls down to near zero. This
proves fast convergency and good application of
KALMAN filter for our problem.

6 Experimental Results

Figure 10 shows measured and estimated FRA curves of
a three phase 2.5 MVA power transformer with voltage
level 33/11 kV from one test. Six sets of graphs have
been performed and the obtained data has entered the
equation as observed values (two for each year). In the
year 2003, the algorithm predicted that by year 2005 at
middle frequencies changes exceed from set threshold
that demonstrates large movements in transformer
winding [10] which may result in transformer warming
and may end up explosion. Figure 11 is the prediction of
transformer status and also the estimated curve at the
same time. The close results between the predicted and
the estimated graphs is considerable. It means two years
before any critical circumstances the central computer
can alert us and automatically schedule for inspecting
transformers, emergency ranked, and give us the
opportunity to have a reliable power network which
probability of failure at this field may decrease to zero.
Figure 12 shows the value of B versus frequency applied
to this test.

7 Conclusions
In the view of the author, FRA is the only transformer
examination tool that could be integrated to SCADA as
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a fully automated diagnosis solution. The environmental
noises could cause problems for measuring graphs that
will be solved by the presented solution. Although no
industrial and economical aspects of this plan has been
considered in this paper but we believe that with more
investigations it will be the number-one solution to have
reliable power transformers based on modern
automation systems. The next step for more research in

this field is presenting an algorithm to update value of j;

and szz of which are constant at this stage but we offer
to implement dynamic changes in order to emerge
experience of system to others as a way to achieve
accurate results.
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Fig. 10 Measured and estimated graphs in June 2002.
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Fig. 11 Predicted graph in June 2003 for June 2005 and
measured graph at June 2005.
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Fig.12 Value of B versus frequency.
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