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(57) Abstract: The present invention relates to a transformer diagnosis apparatus
and method which can advantageously be used for on-line diagnosis of a trans-
former, and by which transformer properties may be monitored and/or determined.
The diagnosis method comprises collecting, for at least two different transformer
loads, measurements of a current being indicative of the transformer load, as well as
measurements of at least one further transformer AC signal. The method further
comprises deriving, from the collected measurements, at least two values of a
quantity which depends on a transformer property as well as on transformer load;
and determining, from the derived values, a set of coefficient(s) of a relation for
how said quantity is expected to vary with transformer load. The method further
comprises using the determined coefficient (s) in performing a diagnosis of the
transformer.



WO 2012/079906 A1 |IWAT 00N 0TS OO

SM, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ, Published:

GW, ML, MR, NE, SN, TD, TG). —  with international search report (Art. 21(3))



10

15

20

25

30

WO 2012/079906 PCT/EP2011/070356

METHOD AND APPARATUS FOR TRANSFORMER DIAGNOSIS

Technical field

The present invention relates to the field of power transformers, and in particular to on-line

diagnosis of transformers.

Background

Transformers generally form an integral part of a power transmission system, providing the
possibility of converting one voltage level to another. Transformers in power transmission
systems often represent huge investments, and are typically not manufactured until

ordered. In case a transformer in a power transmission system needs to be replaced, it is
often a lengthy process to get a replacement. In order to avoid situations where a
transformer needs to be replaced in a rescue action, it is desirable to detect an arising
problem at an early stage, so that required maintenance or planned replacement can be

performed.

Transformer on-line monitoring systems have been designed to detect and indicate, while
the transformer is in operation, deviations in properties of the transformer which could
indicate a deterioration of the transformer status. Examples of properties that can be

monitored are temperature, combustible dissolved gas, and bushing capacitance.

The transformer impedance is a further property which has been used in transformer
diagnostics. Conventionally, transformer impedance has been determined off-line, i.e. from
measurements performed when the transformer was disconnected from the power

transmission system.

In US2010/0188240, it is proposed to monitor the transformer impedance while the
transformer is in operation. The possibility of on-line impedance monitoring would be of
great benefit, since the impedance of a transformer carries useful information on the
transformer status, while disconnecting a transformer from the power transmission system
in order to determine the impedance is costly. In US2010/0188240, it is proposed to obtain
information on the transformer impedance by measuring the current 4 and the voltage £ at
the transformer terminals, and to generate (in a three phase system) a 9x9 impedance

matrix from such measurements using the relations E;y — Ej, = Z;;a;; and A;y = a;; +
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a;; + a;3, where a; represent transformer terminal currents; indices /7 and L indicate “high
voltage side” and “low voltage side”, respectively; index i=1, 2, 3 indicates phases of the
high voltage terminals; and index j= 1, 2, 3 indicate phases of the low voltage terminals.
As discussed in US2010/0188240, solving the equation system obtained by the proposed
analysis introduces considerable computational complexity, and a simplification of the
model is therefore proposed. However, even if such simplification is not employed, the
accuracy of the results obtained by the proposed method will often not be sufficient for

transformer diagnostic purposes.

Summary

An object of the present invention is to provide a more accurate method for on-line

diagnostics of transformers.

This problem is addressed by a transformer diagnosis method which can be used for a
transformer having at least a load winding and a source winding. The method comprises
collecting, for at least two different transformer loads, measurements of a current being
indicative of the transformer load, and measurements of at least one further transformer
AC signal. The method further comprises deriving, from the collected measurements, at
least two values of a quantity which depends on at least one transformer property as well as
on transformer load, and determining, from the derived values, a set of coefficient(s) of a
relation for how said quantity is expected to vary with transformer load. The method
further comprises using at least one of said coefficient(s) in performing a diagnosis of the

transformer.

By the inventive method is provided a way to determine values of transformer properties
which are otherwise difficult to measure. Furthermore, the inventive diagnosis method can
advantageously be used in on-line scenarios, thus facilitating for monitoring and diagnosis

without having to take the transformer off line.

The term transformer AC signal is here used to refer to a signal from the set {I;, I,, V;,V5},
where [, I, are the currents through the source and load windings of the transformer,
respectively, and V;, V, are the voltages across the source and load sides of the transformer,

respectively.
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The collecting of measurements could be performed by receiving measurement signals
directly from measurement equipment, or by receiving measurement data from another

source, such as a computer readable memory or a different diagnosis apparatus.

The value of a coefficient can typically be described in terms of an expression involving at
least one transformer property. Some coefficients are actually equal to the value of a
transformer property, in which case the expression becomes simple. In one embodiment of
the diagnosis method, the performing a diagnosis comprises using at least one coefficient
for obtaining at least one transformer property, using the expression for how the coefficient
depends on the transformer properti(es). Hence, in this embodiment, a value of a
transformer property can be determined from on-line measurements, providing useful
information on the status of the transformer. The determination of a transformer property
can be repeated from time to time, by collecting further measurements at different loads,
and determining a new set of coefficient(s) from which a new value of the property can be

determined.

In one embodiment of the diagnosis method, performing a diagnosis includes collecting an
on-line monitoring measurement of at least one terminal AC signal at a first monitoring
load; deriving a measured-based value of the quantity from the monitoring measurement;
and determining an expected value of the quantity at the first monitoring load by using
said relation and said coefficient(s). The measured-based value of the quantity is then
compared with the expected value of the quantity, so as to detect any transformer problem
giving rise to a change in the quantity. Since the quantity depends on at least one
transformer property, changes in a transformer property on which the quantity depends will
be reflected in the value of the quantity. Hence, by on-line monitoring of the quantity, and
on-line monitoring of the properties on which the quantity depends can effectively be
achieved. If desired, the actual value of the transformer propertie(s) can be determined

upon an indication of a change.

The collecting of an on-line monitoring measurement and the comparison with the

corresponding expected value can be repeated as often as necessary or desired, for example
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in time ranges from seconds to years. Monitoring measurements could be performed on a

regular basis, or on demand.

The relation for how the quantity varies with transformer load can be a linear relation,
wherein the slope and/or the intersection at zero load is indicative of a transformer
property. In one embodiment, the quantity is the difference between the voltage across the
terminals of a first winding on a first side of the transformer and the voltage across a
second winding on a second side of the transformer as reflected to the first side. In an
implementation of this embodiment wherein the transformer only has one winding per side

which carry significant power, the relation corresponds to:

AV = Zylo + 221y, or

AV’ =2zy00 + 201,
where Z; is the impedance of the source winding; Iy is the magnetizing current; n is the
ratio of the number of turns of the source winding to the number of turns of the load
winding; Z,, 1s the total winding impedance; I, is the load current; AV is the difference
between the voltage across the terminals of the source winding and the voltage across the
load winding as reflected to the source side; and AV’ is the difference between the voltage
across the source winding as reflected to the load side and the voltage across the terminals
of the load winding. In this embodiment, transformer properties on which the coefficients

of the relation depend are the total winding impedance, turn ratio, magnetizing current and

the impedance of the source winding.

In another embodiment, the quantity is the source current. In an implementation of this
embodiment wherein the transformer only has one winding per side which carry significant

power, the relation corresponds to:
1
11 = ;Iz + 10,
where I; is the source current; I, is the load current; Iy is the magnetizing current; and n is
the ratio of the number of turns of the source winding to the number of turns of the load

winding. In this embodiment, information on the turn ratio and the magnetizing current at

high load can be obtained.
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In yet another embodiment, the quantity is the power loss in the transformer. In an
implementation of this embodiment wherein the transformer only has one winding per side

which carry significant power, the relation corresponds to:

LG

2 2

S

. LI
=V, +Z, . +Z, .

loss

where Sioss 18 said power loss; Z; is the impedance of the source winding; Iy is the
magnetizing current; n is the ratio of the number of turns of the source winding to the
number of turns of the load winding; Zy, s the total winding impedance; V, is the voltage
across the source winding and I, is the load current. In this embodiment, transformer
properties on which the coefficients of the relation depend are the total winding
impedance, turn ratio, magnetizing current and the impedance of the source winding.
Assuming that these properties are already known (e.g. from the AV (AV’) and I,-relations
described above), information on the magnetisation power loss and the winding power loss
can be obtained. The power loss in the transformer is a general indicator of many types of
problems. By monitoring the power loss, a fast indication can most often be obtained in the

case a problem occurs.

The problem is further addressed by a transformer diagnosis apparatus and embodiments
thereof. The transformer diagnosis apparatus comprises: an input configured to receive
signals indicative of AC signal measurements of a transformer, including measurements of
the transformer load current; an output configured to deliver a transformer diagnosis result;
and a coefficient generator (706) connected to the input. The coefficient generator is
configured to collect, for at least two different transformer loads, measurements of a
current being indicative of the transformer load, and measurements of at least one further
transformer AC signal. The coefficient generator is further configured to derive, from the
collected measurements, at least two values of a quantity which depends on a transformer
property as well as on transformer load; and to determine, from the derived values, a set of
coefficient(s) of a relation for how said quantity is expected to vary with transformer load.
The transformer diagnosis apparatus further comprises a diagnosis mechanism arranged to
use the set of coefficients in the generation of a diagnosis result. The diagnosis mechanism
is connected to the coefficient generator and to the output of the transformer diagnosis

apparatus (possibly via further components of the diagnosis apparatus).
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The problem is also addressed by a transformer comprising a transformer diagnosis
apparatus. The transformer could be a single phase transformer, or include further phases.
The transformer could have two or more windings per phase. In an implementation
wherein the transformer comprises a tap changer, the coefficient generator may be
configured to generate a set of coefficients for each of the tap changer tap points. In such
embodiment, the status monitor can be configured to determine, if a deviation is detected,
at which tap changer position(s) the deviation occurs. Hereby is achieved that a position

where a fault has occurred can be localized.

The problem is further addressed by a computer program for providing a diagnosis of a
transformer, where the computer program, when run on a transformer diagnosis apparatus,
will cause the diagnosis apparatus to perform the inventive method:

Further aspects of the invention are set out in the following detailed description and in the

accompanying claims.

Brief description of the drawings

Fig. 1 is anillustration of an ideal transformer model.

Fig. 2a is an illustration of a transformer model taking into account effects of magnetizing
currents in the transformer core, leakage inductances and effective resistances of
the primary and secondary windings.

Fig. 2b is an alternative illustration of the transformer model shown in Fig. 2a, wherein
the impedances on the load side have been reflected to the source side.

Fig. 2¢ is an alternative illustration of the transformer model shown in Fig. 2a and 2b,
wherein the impedances on the source side have been reflected to the load side.

Fig. 3 isa graph showing AV as a function of I, for a transformer, where AV is the
difference between source terminal voltage and the load terminal voltage as seen
from the source side and I, is the load current, and where different values of AV
was obtained from measurements of the source and terminal voltages at different
transformer loads.

Fig. 4 1is a graph showing experimental results of I; vs. I,, where I, is the source terminal
current and I is the load current.

Fig. 5 1is a flowchart schematically illustrating an embodiment of an inventive method.
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Fig. 6a is a flowchart schematically illustrating an example of a use of a T(I,)-relation
determined by means of the method shown in Fig. 5.

Fig. 6b is a flowchart schematically illustrating a further example of a use of a T(I,)-
relation determined by means of the method shown in Fig. 5.

Fig. 7a is an example of an embodiment of a diagnosis apparatus according to the
invention.

Fig. 7b 1is an example of an embodiment of a coefficient generator.

Fig. 7c is an example of an embodiment of a status monitor.

Fig. 8 is an alternative illustration of a diagnosis apparatus, a coefficient generator, a
transformer property value generator, or a status monitor.

Fig. 9 is a schematic illustration of a transformer having a tap changer.

Detailed description

In power transmission and distribution systems, transformers are typically used for
transforming one voltage level into another, and/or for providing galvanic isolation
between different sections of a power transmission system. A schematic illustration of a
transformer 100 is shown in Fig. 1. The transformer 100 of Fig. 1 comprises a first
winding 105, a second winding 110, a transformer core 113, a first pair of winding
terminals 115a, 115b connected to the first winding 105, and a second pair of winding
terminals 120a, 120b connected to the second winding 110. The voltage across the first
winding 105 is denoted Vi, and the voltage across the second winding 110 is denoted V5,
while the current through the first winding 105 is denoted I; and the current through the
second winding 110 is denoted I,. The number of turns of the first winding is denoted n;,
and the number of turns on the second winding is denoted ny, the ratio n;/n, hereinafter
being referred to as the turn ratio n. Note that, although an often used convention is to have
n greater than 1, n as defined herein can be either smaller than, equal to, or greater than 1.
Furthermore, in order to simplify the description, the voltage across a winding 105/110
will often be referred to as a terminal voltage, and a current through a winding 105/110
will often be referred to as a terminal current, although in some winding configurations,
e.g. in a A three phase winding, the terminal voltages and currents will not directly reflect
the winding voltages/currents, but will provide a means for deriving the winding

voltages/currents.
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In the following, for ease of description, it will be assumed that the first winding 105 is the
winding which is fed by a source, and the second winding 110 is the winding which

delivers power to a load. However, an opposite convention may alternatively be used.

In an ideal transformer with no losses, and hence of 100% efficiency, the following

relations hold:

h_b% i_om

= —> =—=n (1a);
ny n, v, n,
1
nli=n,- I, = i=n (1b)
— V; — a2 _ v
Zsource - i =n-- Zloada where Zload - E (1c),

where Zgource 1S the impedance seen from the source side and Zjy,q 1s the impedance seen

from the load side.

However, a real transformer experiences apparent power losses, including both active and
reactive power losses. The main sources of apparent power loss include:
o Losses in the core, referred to as core loss or no-load loss: hysteresis losses and
eddy current losses.
e Losses in the windings: I’R-losses, skin and proximity losses.
e Stray losses: Losses in the metallic parts of the transformer, e.g. tank wall, due to
stray magnetic fields.
In addition to the power loss, there typically exists a voltage drop through the transformer,
due to the magneto-motive force associated with leakage magnetic flux and the resistance

of the windings.

Fig. 2a shows an example of an often used equivalent circuit for a non-ideal transformer
100, referred to as a first order model of a transformer 100. In addition to the transformer
components shown in Fig. 1, i.e. windings 105, 110, the core 113 and the winding
terminals 115a, 115b & 120a, 120b, Fig. 2a also illustrates the effects of the voltage drop
through the transformer caused by leakage magnetic flux and of the apparent power losses
discussed above. In Fig. 2a, the effects causing such voltage drop and apparent power loss
are illustrated by including, in the equivalent circuit, the following elements:

e aresistance of the source winding, Ry;
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e aleakage reactance of the source winding, X;;

e aresistance of the load winding, R;;

e aleakage reactance of the load winding, X»;

e aresistance representing the core losses, Ry,; and

e areactance representing the core magnetization, X,
where R; and X, are connected in series with the source winding 105; R, and X, are
connected in series with the load winding 110; and Ry, and X, which are connected in
parallel, form an equivalent shunt element which is connected in parallel with the source
winding 105. The equivalent current through the equivalent shunt element is denoted I,
whereas the voltage across the equivalent shunt element is denoted E;. The current Iy will

hereinafter be referred to as the magnetizing current Ij.

Oftentimes, the first order transformer model of Fig. 2a is described in terms of an
equivalent model, wherein the impedances are seen from a single side of the transformer
only. Such equivalent models simplify the analysis of the transformer model, since the
voltage level is generally different at the two sides. In Fig. 2b is shown an equivalent first
order transformer model wherein the load side impedances have been reflected to the
source side, while Fig. 2¢ shows an equivalent first order transformer model wherein the
source side impedances have been reflected to the load side. The following notation is used
in Figs. 2b and 2c:

e Ry, theresistance of the load winding reflected to the source side;

e Xy the leakage reactance of the load winding reflected to the source side;

e Ry theresistance of the source winding reflected to the load side, Ry; = %;
o Xy;: the leakage reactance of the source winding reflected to the load side, X,; = %;

e R, the equivalent resistance representing the core losses, as seen from the source side;

o X, the equivalent reactance representing the core magnetization, Xp,

12.
i 112_;7

L 121 = nll.
For purposes of ease of description only, the following description will generally be made
in terms of the transformer model shown in Fig. 2b. However, an equivalent analysis

could be made based on the equivalent transformer model shown in Fig. 2c.
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Conventionally, the magnitude of the equivalent circuit components listed above can be
determined by off-line measurements. The total impedance Z,, of the transformer windings,
often referred to as the short circuit impedance Zy, can be estimated off-line as the ratio
between an applied voltage and the current drawn by the transformer on the source side
while the load side is short-circuited, where the total winding impedance corresponds to
the sum of the series impedance Z; of the source-side winding and the series impedance
Z1, of the load-side winding as seen from the source side, i.e.

Zyw=7Zy+Z1n =Ry +jX1) + Rz +jX12).
Z1, 1s often referred to as the reflected impedance on the source side, and can be expressed
as Z,, = n*Z,. The resistance of a winding (cf. R; and Ry,) can be measured by
conventional methods, for example by applying a voltage and measuring the resulting
current in steady state. Furthermore, values of the components Ry, and X, of the
magnetizing branch can be estimated by performing no-load measurements, during which

only the magnetizing current Iy flows into the transformer.

Moreover, once the short circuit impedance Zw has been determined by means of oft-line
measurements, another fundamental characteristic of the transformer can be determined,
namely the turn ratio n. The turn ratio can be determined off-line by means of no-load
voltage measurements, using the following relation, where the influence of the
magnetization current is often neglected:

V1=n'V2+leozn'V2 (2)

However, as mentioned above, a more frequent monitoring of the transformer is desired

than can feasibly be achieved by oft-line measurements.

The method presented in US2010/0188240, wherein on-line measurements of the terminal
voltages and currents are used to calculate values of the transformer impedance, can
provide a rough estimate of the transformer impedance in an on-line scenario. However,
US2010/0188240 does not take any magnetizing current into account, but assumes that the
entire voltage drop across the windings 105 and 110 is caused by the load current over the
transformer impedance (which in US2010/0188240 is defined as an impedance matrix).
The influence of the magnetizing current on the impedance and turn ratio calculations is

often non-negligible, and moreover, this influence is not constant, so that the accuracy of
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any values of the transformer impedance derived by use of the method suggested in

US2010/0188240 will typically be poor.

An improved analysis of the results from measurements of the terminal voltages and
currents during operation of a transformer 100 is suggested below. According to the
invention, a diagnosis of a transformer 100 can be obtained by means of collecting, for at
least two different transformer loads, measurements of a current being indicative of the
transformer load, as well as measurements of at least one further terminal AC signal. From
such measurements, the coefficients of a relation between a quantity T and the transformer
load can be established, where the quantity T depends on a transformer property to be
determined as well as on the transformer load, while at the same time being obtainable

from the collected measurements.

By using the coefficients of the relation describing how the quantity T is expected to vary
with load, a value of a transformer property, on which the value of T depends, can be

derived. A quantity T can typically be described as a sum of a load dependent term and a
term which is independent on load, although quantities T having other load dependencies

can be contemplated.

By using a quantity T which is obtainable from the measurements of at least one AC
signal, where the quantity T depends on the transformer property to be determined as well
as on the transformer load, the transformer property can be extracted from the variation of
the quantity T with transformer load. Thus, by performing measurements at at least two
different transformer loads, a suitable analysis of the quantity variation with load will give
information on the value of the property to be determined. As will be seen below,
examples of transformer properties that can be determined by an analysis as described

above are the short circuit impedance Z,, the turn ratio n and the magnetization current Io.

The suggested analysis could be used to determine, from on-line measurements of terminal
AC signals, an absolute value of a transformer property. Furthermore, the analysis could be
used in on-line monitoring of the status of the transformer. When using the analysis for on-
line monitoring purposes, the coefficients of the relation between the quantity T and the

transformer load I, are typically first determined under circumstances reflecting a normal
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state of the transformer. The value of the quantity T is then monitored, so that any
significant deviation in the value of the quantity T as measured from the quantity T as

obtained by use of the determined normal state T-load-relation will be detected.

By taking the magnetizing current in the transformer into account when determining the
relation between the quantity T and the transformer load I,, the accuracy of the monitoring
and the accuracy of the determination of the absolute value of the transformer property will

be improved.

The T(I,) relation used in the analysis can for example be based on the equivalent circuit of
the first order model shown in Fig. 2a. In this context, a transformer property is related to
the parameters of the first order transformer model, often in a manner such that a
transformer property of interest is represented by a parameter of the transformer model. As
will be seen below, useful quantities T, the load dependency of which could provide
information on interesting transformer properties, include the terminal current I, on the
source side of the transformer (which in the convention used herein is the primary side);
the difference between the load-side terminal voltage V, and the load-side voltage Vi, as
seen from the source side, this difference hereinafter referred to as the voltage drop, AV,

and the power loss Sjess 1n the transformer.

From Fig. 2b, it can be seen that the terminal voltages, V, and V,, and the terminal
currents, I; and I,, which are all measurable quantities, show a different relationship in a
non-ideal transformer than that presented for an ideal transformer in expressions (1a) and
(1b). However, the non-measurable quantities Vi, and I;,, corresponding to the load
voltage and load current as seen from the source side, are related to V, and I, in the same

way as V; and I, are related to V; and I, in expressions (1a) and (1b):

V. V. V. n
ng n; V2 n;
1
n1'112:n2'12|:> i=n (3b)

Thus, if the turn ratio n is known, the load voltage Vi, as seen from the source side can be
obtained from the load terminal voltage, V, and the voltage drop AV can thus be obtained

from measurements:
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AV =V, =V, =V, —n-V, (4a),
where expression (4a) is a measurement-based expression for obtaining a value of AV
(being an example of a quantity T) from measurements of transformer AC signals. As will
be seen below, a value of the turn ratio n can be obtained from an analysis of a further

quantity T, or could be assumed to take the nameplate value.

The voltage drop AV represents the voltage drop caused by the magnetizing current Iy and
the current I, (load current reflected on the source side) flowing through the transformer
impedance (cf. Fig. 2). Assuming the first order transformer model, AV can alternatively
be expressed as:
AV =V, = Vi ~ Ry +jX1)  Io + ((Ry +jX1) + (Riz +jX12)) * I

=Zydo+ (Zy + Zup) by = Zalo + Zyy Ly = Zylo + 221, (4b).
Thus, assuming that the magnetizing current Iy is constant, the voltage drop vs. load can be
described by a linear expression, with the slope of the dependency corresponding to the
total winding impedance, Z,. At high loads, the variations in magnetizing current I, are
insignificant, and the linear relation of expression (4b) will accurately describe the
relationship between the voltage and transformer load. In this regard, high loads could for
example be loads for which I; 2 10/;. The intercept of this linear dependency with the
AV-axis at zero load corresponds to the product of the magnetizing current Iy and the first
winding impedance Z;. As will be seen below, the high load magnetizing current Iy can be
obtained from studies of the source side current I; vs. load current I, and thus, the source
winding impedance Z; can be determined from the intercept of the linear expression (4b).
The load winding impedance Z;, can then be determined from the total winding impedance

Zw determined from the gradient of the linear expression (4b).

A useful relation between the source-side current I; and the transformer load, expressed as

the load-side current I,, can be identified by studying Fig. 2:
==l +1, (5a).
Here, the quantity T is the source current, which can simply be obtained from I;-

measurements:

L=1 (Sb),
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where expression (5b) is a measurement-based expression for obtaining a value of I from

measurements of a transformer terminal AC signal.

Thus, the source-side current I; shows a linear dependency on the load-side current I,
where the slope of the dependency corresponds to the inverse of the transformer turn ratio
n. Thus, from measurements of the source-side current I, at different loads, a value of the

turn ratio n can be obtained.

Moreover, as can be seen from expression (5a), the intercept with the I;-axis at zero load
corresponds to the magnetizing current, Iy. Hence, by measuring the source-side current at
different loads, and extrapolating the linear dependency expressed in (5a) to zero load, a

value of the magnetizing current I can be obtained.

Thus, once an expected relation between a quantity T (such as AV or [;) and the
transformer load I, has been determined, any deviation in a transformer property (such as
Zw, Iy or n) on which the quantity T depends can be detected by further measurements of

the suitable terminal AC signals.

As seen in expressions (4b) and (4a), the quantities AV and I, both show a linear
dependency on load. When the T(I,)- relation is a linear expression, the coefficients of the
linear expression can be determined, from the measured values obtained in step 503, by

means of a suitable linear regression method, such as for example a least square fit.

The power loss Soss inside the transformer 100, on the other hand, is a quantity T which
shows a quadratic dependency on load. The power loss Sioss can be obtained as the
difference between the apparent power input, Si,, and the apparent power output, Soy, of
the transformer 100:

Stoss = Sin = Sout = Vi i—Vy* I (6a).
Expression (6a) represents a measurement-based expression for the power loss. By
measuring the AC signals I}, I, Vi and V,, a measurement value of S5 can be

: measured
determined, S;7 <
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Furthermore, assuming that the first order transformer model applies, the power loss can be

expressed in terms of the load current, I,, as follows:

Soss :(VI_ZIII)IO +Z ) + 2, 2=V _21(2-4-]0}]0 +Zl(2+10j(2+[0j +Z, 5=
n n n n n
. I 1, LI . I LI
e e L e

n

:a+b1;+c‘lz‘2

(6b),
where Z, is the impedance of the source winding 105 and Z;, is the impedance of the load

winding 110 reflected to the source side.

From a set of measurements of the AC signals I;, I, V; and V, performed at different
loads, the coefficients a, b and ¢ of expression (6b) can be determined, e.g. by means of a
least square fit. By use of the determined Sios(12) relation, the power loss can be monitored
in on-line monitoring measurements in order to detect a deviation from the expected value
obtained from expression (6b), using the derived coefficients. A deviation of the measured
power loss from the expected relation provided by expression (6b) could for example be
used as a trigger for a further analysis of the measured values, for example an analysis
using expression (4b) and/or (5a). Furthermore, the coefficients of expression (6b) could be
used for obtaining information on the value of the transformer properties I, n, Z, and Z;.
In combination with information obtained either from studies of other quantities T such as
AV or I, or from other sources of information (for example, assuming that nameplate turn
ratio applies), a value of these transformer properties could be obtained from determined
coefficients a, b and c. Furthermore, the constant term in expression (6b), referred to as a,

provides a value of the no load loss at rated voltage when V; equals the rated voltage.

Still assuming that the first order transformer model applies, the power loss, S, can be

magn

divided into a contribution from magnetization and other stray losses, S, ¢

,and a

winding .

contribution from winding losses, S, ..

* * * I * *
Stoss =Vi 1=V L =Vi-I1—n-V, ;2 =Vi LV I =
Vl b 1;_(Vl - AV) b 1;2 = Vl b (Iik - 1;2) + AV b 1;2 ~ Vl b I; + AV b 1;2 (6C)

Vi L5+ AV -2 = Sam g geinding,

— ~loss loss
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magn

By separating the power loss S, into a magnetization contribution, S,

, and a winding

winding

loss contribution, S,

as in expression (6¢), one can obtain further information
regarding the source of any unexpected power loss. The power loss contributions can be
determined from values of the magnetising current Iy and the turn ratio n determined in

accordance with the above.

Information relating to whether one or both of the power loss contributions increases in an
unexpected manner can be used to identify if a problem has occurred in the core 113 and/or
in the windings 105/110. Furthermore, if there is an unexpected increase in the power loss,
without an increase in either of the magnetization contribution and the winding loss
contribution, one can conclude that the increase is caused by a further source of power

loss.

Analysis of a quantity T can give information on more than one transformer property,
depending on which transformer properties that influence the quantity as a function of
load. For example, analysis of the linear dependency I;(I») can provide information on the
turn ratio n (slope) and on the magnetizing current Iy (intercept). Furthermore, an analysis
can be performed on more than one quantity T, obtained from the same set of data, in order
to obtain information on more than one transformer property. For example, I and V
measurements at different loads can be used to obtain information on any combination of
the quantities Siss(I2); 11(I2) and AV(I,). Different quantities T could then be used for
deriving values of different transformer properties. Alternatively, or additionally, different
quantities T could be used for deriving values of the same transformer propertie(s), in
order to check the consistency of the results. Furthermore, more than one quantity T could
be used when an analysis of a quantity T as a function of load provides a value of a
combination (product/quotient) of more than one transformer property — additional
quantity(es) T could then be used to separate the properties that are determined as a
combination. For example, if n, Z;, Iy and Z, are all unknown, an analysis of AV as a
function of load (cf. expression 4b) can provide information on the combinations Z;I, and
Zw/n. An analysis of Sjyss as function of load can provide a value of further combinations of
the transformer properties n, Z;, Iy and Zy,; and a separation of the combinations could

hence be made by using values of combinations obtained from both AV and Sjss.
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As mentioned above, measurements of terminal AC signals could be used in monitoring of
a transformer property over time, so as to detect changes in the transformer property.
Detected changes in the transformer impedance Zy typically indicate that there is a contact
problem and/or geometrical deformation/displacement of the windings. Contact problems
could for example include broken winding strands; terminal contact problems, an increased
resistance at contact points in for example a tap changer, etc. Geometrical
deformation/displacement of the windings will typically alter the winding reactance X.
Deviations in the imaginary part of the transformer impedance Z,, are typically associated
with issues relating to the transformer geometry, while deviations in the real part are

typically associated with contact problems.

Detected changes in the turn ratio n typically indicate turn-to-turn faults, such as short

circuits between turns.

Detected changes in the magnetizing current Iy typically indicate a deteriorated transformer
core 113, such as for example unwanted grounding of the core 113, mechanical
deformation of lamination and joints forming the core 113, short-circuiting of core
lamination packets, or significant eddy currents on other parts of the transformer, e.g.

around the surface of the core 113 etc.

Thus, by monitoring one or more transformer properties, significant information about the
status of the transformer 100 can be obtained. Experimental results performed on
measurements collected from a transformer 100 are shown in Figs. 3 and 4. The AC
signals presented in Figs. 3 and 4 are complex magnitudes, and, to simplify the graphs, the

absolute values of the AC signals are shown in the graphs.

In Fig. 3, experimental results of AV are plotted as a function of I,. The transformer used
for this analysis is a three phase transformer of rating 160 MVA, 220/11 kV and turn ratio
n=8.1163 - 1072, The plotted values refer to one of the phases. In order to investigate the
sensitivity of the determination of the transformer properties on the assumed value of the
turn ratio n, the analysis has been performed for three different values of n: The results
forming the middle line were obtained using the nameplate turn ratio Npameplate, the results

forming the bottom line were obtained using n=0.99 npameplate While n=1.01 Nyameplare Was
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used to obtain the results of the top line. As can be seen in the graph of Fig. 3, a small error
in the assumed value of n will not significantly influence the value of the deduced total
impedance Z1,. For example, in the experimental set-up illustrated by the graph of Fig. 3, a
1% change in n will only alter the total winding impedance Zw deduced from the linear fits
by around 0.05 %. One may thus conclude that the winding impedance Zw can be
determined with high accuracy, even when the assumed value of the turn ratio n is slightly
in error. Furthermore, as discussed above, the turn ratio n can be accurately determined
using expression (5a), and such determined value can be used in a AV-analysis of the
transformer. The influence of an incorrect value of n will typically be more noticeable in
the no-load voltage drop, and hence, in order to obtain an accurate analysis result of the
components of the no-load voltage drop term, a turn ratio determined by using expression

(5a) can be useful.

In Fig. 4, experimental results of I; have been plotted as a function of I, for the same
transformer (and same phase) as the results shown in Fig. 3. A line corresponding to the
linear expression (5a) is also included in the graph. A value of the magnetizing current I
can be obtained from the graph in Fig. 4, as the intercept of the linear fit with the I, axis at
zero load. This value will correspond to the magnetizing current Iy at high load (typically,
the magnetizing current at low load deviates slightly from this value, since the
magnetization of the core 113 shows a non-linear behaviour, and also there is a slight
increase in supply voltage at very light load). Hence, in order to reduce the influence of the
variation of Iy with load, one could advantageously only include measurements where
I, = 10I, when performing an analysis of the I;(I;) —relation, as well as for the AV-

analysis discussed in relation to expression (4b) and Fig. 3.

As 1) and I, are complex numbers, a linear fit may result in a value of n having a small
imaginary part. Since the turn ratio should be a real number, the magnitude of the
imaginary part obtained from the line fit reflects the accuracy of the fit. A small imaginary
part can generally be neglected, while a more significant imaginary part indicates that the
accuracy of the fit is insufficient. A check of the magnitude of the imaginary part of n
could hence serve as a consistency test of the analysis of n, as well as of Iy and Zw. The

low load measurements, for which Iy deviates significantly from the high load value, will
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influence the derived value of n so as to increase the imaginary part. Hence, the linear fit

could advantageously be made using the high load values.

The magnetizing current I, typically varies with source voltage V. Hence, the
measurements used for obtaining a relation between a quantity T and the transformer load
I, should preferably be measured at similar source voltages V. Furthermore, in case the
analysis is used in an on-line monitoring situation, the source voltage V, at which
monitoring of the transformer takes place should preferably be similar to the voltage level
at which the relation was established. Measurements at which the source voltage V,
significantly deviates from the rated voltage could hence advantageously be excluded from

the analysis.

In Fig. §, a flowchart is shown which schematically illustrates an embodiment of an
inventive method wherein an analysis as discussed above is used in diagnosing the status
of a transformer 100. In step 500, measurements of the load current, as well as of at least
one further AC signal, are performed at different loads. At step 503, measured values of T
are derived at the different loads, using a suitable measure-based expression (cf.
expressions (4a), (5b) and (6a). At step 505, a set of at least one coefficient(s) of a T(I,)
relation are determined by fitting the measured T-values to the applicable T(I,)-relation (cf.
expressions (4b), (5a) and (6b)). Steps 500, 503 and 505 can be referred to as a learning

phase of the diagnosis.

At step 510 of Fig. 5, the coefficients determined in step 505 are used to analyse the status

of the transformer 100.

In Fig. 6a, an embodiment of step 510 of the method of Fig. 5 is shown as a step 600. In
step 600, the coefficients obtained in step 505 are used to obtain the value of one or more
transformer properties. In some instances, a coefficient in itself represents the value of a
transformer parameter, in which case step 600 is very simple. In table 1, an overview is
provided of examples of different quantities T which can be used to determine or monitor
transformer properties by use of different embodiments of the invention. Examples of
transformer properties that can be obtained by analysing the different T(I,)-relations are

also given. The AC signals which are used to obtain a value of T are also shown, including
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the AC signal used to determine the load. The load is typically obtained from

measurements of I,.

Quantity T(I2)-relation Transformer properties AC
T signals
Z Zw 1
AV AV = 27,1, + 7””12 Z 2
Ip at high load Vi &
\%)
n
I 1 i L&l
1 I, = =1, +1, Iy at high load 1 &
n n
. . Zw
Sloss Sloss :VII; +Zl IOI2 +Zw 12122 Zl Il & 12
! . Ip at high load Vi& Vs
n

Table 1. Examples of quantities T which can be used to determine or monitor transformer

properties by use of different embodiments of the invention.

In Fig. 6b is shown a flowchart which schematically illustrates a further example of how
the coefficients, determined in step 505, can be used in the analysis of the status of a
transformer 100. The flowchart in Fig. 6b illustrates an example of an on-line monitoring
process according to the invention. In step 605, a maximum acceptable deviation, DEV y,y,
is determined, representing the maxim acceptable deviation of a measured value of T from
a value of T derived by use of an expected T(I,) relation. This is typically done by
analysing the measurement results obtained in step 500. In one implementation, DEV pyy is
determined as certain number b of standard deviations 6, DEV . = bo. Other ways of
determining DEV, can be contemplated, such as for example as the maximum deviation
of a certified set of measurements, or as a fixed value. In an implementation where DEV ¢
is based on the standard deviation, a load-specific value of ¢ can be determined for each
load at which measurements have been taken. Further values of ¢ could then be

extrapolated for loads at which no measurements are available, if necessary. Alternatively,

£ Tfit_Tmeasured

a general estimate of ¢ could be obtained from the distribution o T
fit

, where

Tmeasured 18 @ measured value of T at a particular load, while Tg; is the value of T expected
from the relation obtained in step 505 at the particular load. In one implementation, a

combination of a general estimate of ¢ and load-specific values of ¢ are used, so that the
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general estimate of ¢ is used when there is no load-specific value of G obtained from
measurements at the particular load, thus benefiting from the more narrow load-specific
distribution when there are measurements available at the particular load, while using a

general estimate of DEV y,y at other loads.

At step 610 of Fig. 6b, a monitoring measurement of the load, as well as of further AC
signal(s) required in order to obtain a value of T, are performed (cf. Table 1). A value of T,
referred to as Tmonitor, 18 then determined from the monitoring measurement. At step 615,
the deviation of Tpenitor from the expected value Ty at the present load is determined. This

Tfit_Tmonitor

. Furthermore, at step 615, it is
Trie

deviation is in one implementation defined as

determined whether the deviation of Tyonitor from Tg exceeds the maximum acceptable

deviation, DEV pay.

If the present deviation of Tyonitor from T 1s less than DEV y,y, a further monitoring
measurement is performed by re-entering step 610. As shown in Fig. 6b, the re-entering of
step 610 could be preceded by a re-determination of DEV . (cf. path b of Fig. 6b), or step
610 could be entered using the previous value of DEV,y (cf. path a). If several monitoring
measurements are taken at a similar load, a new definition of the maximum acceptable
deviation could be obtained by including the monitoring measurement(s) obtained in step
610 in the T-distribution on which the value of DEV ;. is based. A re-determination of
DEVnax could e.g. also be useful if a new load range, for which monitoring has not

previously been performed, has been entered.

If it 1s found in step 615 that the present deviation of Tonitor from Tgie exceeds DEV oy,
then step 620 is entered. In step 620, appropriate action is taken. In one implementation,
the action taken in step 620 is to determine the present value of a transformer property
obtainable from the quantity T (cf. Table 1). A further analysis of the status of the
transformer 100 could also be triggered upon entering step 620, in order to determine the
cause for such deviation. Such further analysis, or diagnosis of the transformer, could for
example include checking the temperature, gas level, an analysis based on a further
quantity T(I,), etc. In one implementation, the entry into step 620 will trigger more

frequent monitoring measurements, in order to allow for a close watch of the development
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of the status of the transformer. In one implementation, the entry into step 620 will trigger
the issuing of an alarm, the alarm indicating to an operator of the transformer 100 that a
further investigation into the status of the transformer 100 is desired. Such alarm could for
example be a light indication, a sound indication, the transmission of an e-mail or an SMS
to a predetermined e-mail address or cell phone number, or any suitable alarm, or a
combination thereof. A further possible action to be taken in step 620 is to perform a
planned disconnection of the transformer 100 in order to perform off-line investigations

based on a different analysis technique.

The value of DEV na will typically depend on what actions will be taken in step 620 if a
deviation from the expected value of T is detected. If the action to be taken is to plan a
disconnection of the transformer 100, the desired value of DEV y,« will typically be higher
than if the action in step 620 is to perform a further analysis of the measured data, or to
increase the monitoring measurement rate. Suitable values of DEV . could for example
lie within the range of 66—8c for the triggering of a planned disconnection of the
transformer 100; within the range of 46—-6c for issuing an alarm; and within the range of
2c—-4c for increasing the monitoring measurement rate and performing a further analysis.
A set of two or more values of DEV y,« could be defined for the same monitoring
procedure, if desired, so that a first action is triggered upon the deviation exceeding a first

DEVmax, a second action is triggered upon the deviation from a second DEV pyy, etc.

The method of Fig. 6b could include a step 600 wherein a value of the transformer
property is determined from the T(I,)-relation provided by the coefficients determined in
step 505. Hence, the determination and the monitoring flowcharts shown in Fig. 6a and 6b
could be combined. For example, step 615 could, instead of the check of the quantity T,
involve a check as to whether the value of a transformer property, derived from the
quantity T, deviates from the value of the property obtained from the coefficients
determined in step 505. Such determination of the present value of a transformer property
would involve collecting measurements at different loads, and performing a new fit of the

measured values to the applicable T(I,)-relation.

The currents and voltages Vi, V3, 11, and I, as used above represent the fundamental

frequency components at 50/60 Hz of the currents and voltages, respectively. These
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currents and voltages are complex quantities and can for example be expressed as phasors.
The phasor of a current/voltage can for example be determined by applying a Fast Fourier
Transform to a continuous measurement of the voltage/current at a relevant terminal pair
115, 120, or by applying a Discrete Fourier Transform to a set of samples of the relevant
voltage/current, where the sampling rate could for example be 1000 Hz. In order to
improve the accuracy of the phasor value, an average of several phasors could be
determined, for example as a moving average. In a monitoring situation, there is generally
no time pressure, and ample time could be spent on collecting the measurement results, if

desired. Other ways of obtaining the phasor values from measurements may be used.

The fundamental frequency of a power transmission system may, from time to time,
deviate from the nominal frequency of 50/60 Hz. For example, in Europe, a deviation of

+ 0.2 % is generally tolerated. Frequency variations may influence the value of the
measured phasor, so that the accuracy of the determination of the transformer properties is
reduced if measurements are taken at different frequencies. In order to improve the
accuracy of the determined transformer properties, the power transmission frequency could
be monitored, and measurements which were performed at the a particular frequency (e.g.
50/60 Hz), or in a certain frequency range (e.g. 50/60 Hz + 0.1%), could be selected for

the determination of the transformer quantities.

Figs. 7a-c schematically illustrate an embodiment of a transformer diagnosis apparatus
700. In Fig. 7a, the transformer diagnosis apparatus 700 is shown to comprise an input
702, an output 704, a coefficient generator 7006, a transformer property value generator 708
and a status monitor 710. Input 702 is arranged to receive a signal I, indicative of the load
current, as well as at least one further AC signal I;, V; and/or V,. Input 702 is connected to
measurement equipment (not shown), such as current and voltage transformers, arranged to
measure AC signals at the source and load winding terminals 115/120 of a transformer
100. Input 702 is connected to an input of the coefficient generator 706. Coefficient
generator 706 is arranged to generate, from input signals received at input 702, coefficients
C of an T(I,)-relation (cf. expressions ((4b), (5a) and (6b)). An output of coefficient
generator 706 is, in the embodiment of the diagnosis apparatus 700 shown in Fig. 7a,
connected to a transformer property value generator 708 as well as to a status monitor 710.

Transformer property value generator 708 is configured to generate, from coefficients C
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received from the coefficient generator 706, a value of at least one transformer property P
(where P can for example be the turns ratio n; the short circuit impedance Zy, the
impedance of the source winding, the impedance of the load winding, and/or the high load
magnetizing current Ip). As shown in Fig. 7a, transformer property value generator 708 of
Fig. 7a is further configured to output a signal indicative of the value of P. The transformer
property value generator 708 has a memory for storing the format of one or more T(I)-
relations (cf. expressions (4b), (5a) and (6b)), from which a value of a transformer property

can be determined once the coefficients are known, as described above.

The input of status monitor 710 is further connected to input 702 and arranged to receive
signals indicative of measured load and further AC signal(s). In one embodiment,
discussed in relation to Fig. 7c, the status monitor 710 is further arranged to receive a set
{T, I} of T measurements with corresponding loads I, from the coefficient generator 706,
as indicated by the dashed line. The status monitor 710 is configured to monitor the status
of the transformer 100, and to generate an action signal A should any significant deviation
from the expected behaviour be detected. The outputs of the transformer property value
generator 708 and of the status monitor 710 are connected to the output 704 of the
transformer diagnosis apparatus 700. The output 704 is arranged to deliver a diagnosis

result signal, of which A and P form examples.

The transformer value generator 708 and the status monitor 710 form two different
examples of transformer diagnosis mechanisms which utilise a set of coefficients generated
by the coefficient generator 706 in generating a diagnosis result. Other embodiments of
diagnosis apparatus 700, where only one of the transformer property value generator 708

and status monitor 710 is present, are also foreseen.

In Fig. 7b, an embodiment of a coefficient generator 706 is shown in more detail.
Coefticient generator 706 of Fig. 7b comprises an input 712, an output 714, a T generator
716 arranged to determine a measure value (Tmeasured) Of @ property T; a T buffer 718 and a
T(I,) fit generator 720. T generator 716 is arranged to receive the load signal I, as well as a
suitable selection of the further AC signal(s) I;, V; and/or V,, depending on which quantity
T the T-generator 716 is arranged to generate. From these received signals, the T-generator

716 1s configured to generate a measured value of a property T, by use of a suitable
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expression (cf. expressions (4a), (Sb) and (6a)), and to output the value together with a
value of the load I, at which the T value was obtained. The output of the T-generator 716 is
connected to the input of the T buffer 718, which is arranged to store a set of different T
values received from T generator 716 together with an indication of the load I, at which the
T value was obtained. The output of T buffer 718 is connected to the input of the T(I,)
generator 720, and arranged to deliver a signal indicative of a set {T, I} of T values, for
example upon request from the T(I,) fit generator, upon a manual request, or when a
certain number of T-values have been received. The T(I;)-generator 720 is configured to fit
the received set of {T, I, } values to the appropriate T(I)-relation (cf. step 505 of Fig. 5),
for example by means of a least square fit as well known in the art. The T(I,)-generator
720 is further configured to output, to output 714, a signal C indicative of the coefficients
resulting from the fitting operation performed. In one embodiment of the coefficient
generator 706, the output 714 is further connected to an output of the T buffer 718, so that
a {T, I,} signal may be generated at the output 714.

In Fig. 7¢, an embodiment of a status monitor 710 is shown in more detail. The status
monitor 710 comprises an input 722, an output 724, a coefficient memory 725, a Tg
generator 726, a Tmonitor generator 728, a DEVya generator 730 and a comparator 732. The
status monitor 710 further comprises at least one action mechanism, of which a further
analysis trigger 734, an alarm generator 736 and a planned outing trigger 738 are shown as
examples. The input 722 of the status monitor 710 of Fig. 7¢ is arranged to receive a signal
C indicative of a set of coefficients of a T(I,) relation, a signal I, indicative of a current
transformer load, at least one further current AC signal I;, V; and/or V,, and a set of {T, I}
values, which have typically been collected during a learning process. The coefficient
memory 725 is connected to the input 722 and arranged to receive a signal C, and to store
the coefficients for future use. Coefficient memory 725 could, in one implementation, be
arranged to store more than one set of coefficients C, representing different fits of the T(I,)
relation performed on different sets of {T, I,} data. An output of the coefficient memory is
connected to the Tg generator 726. In one implementation, the coefficient memory 725 is
arranged to deliver a signal indicative of the coefficients C upon request from the Tg;
generator. The Ty generator 726 is further connected to the input 722 and arranged to
receive a signal I, indicative of the current transtformer load. The Tg; generator 726 is

configured to derive, from a received I, signal and a suitable T(I,)-relation, using
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coefficients C received from the coefficient memory 725, a fitted value of T, Tg, at the
present load. Examples of T(I,) relations are given in expressions (4b), (5a) and (6b). The
Tr generator 726 is further arranged to deliver a signal Tg, indicative of a derived value, at

an output.

The Tmonitor generator 728, on the other hand, is configured to derive a value of T from a
corresponding suitable measurement-based expression, examples of which are given in
expressions (4a), (5b) and (6a). Tmonitor generator 728 is connected to the input 722 and
arranged to receive a suitable selection of the AC signals I;, I, V; and V), the selection
depending on which quantity T is to be determined. Tmonitor generator 728 is further
arranged to deliver a signal Tmonitor, indicative of a derived value, at an output. Tmonitor
generator 728 typically functions in the same manner as T generator 716, and could in fact

be implemented by the same hardware/software.

The comparator 732 is connected to the outputs of the Ty generator 726 and the Tmenitor
generator 728. Comparator 732 is configured to determine whether the deviation of a
Tmonitor Value from the corresponding T value exceeds a maximum acceptable deviation
DEVmax. The comparator 732 is arranged to deliver, upon determining that the deviation of
a received Tmonitor value from a corresponding Tg value exceeds DEV,y, a trigger signal

TR.

DE Vi could for example be a fixed value, or could, as in the embodiment of Fig. 7c, be
determined from the set of {T, I,} data used in determining the coefficients C. DEV yax
generator 730 of Fig. 7c is arranged to receive a set of {T, I, } data, and configured to derive
a value of DEVy,, from the set, for example using a method described in relation to step
605 of Fig. 6b. DEVax generator 730 of Fig. 7c includes a memory for storing a derived
value of DEVy,,, and is arranged to deliver a value of DEV y, at an output connected to
the comparator 732. In implementations wherein DEV ,, takes a fixed value, DEV pax

generator 730 could be reduced to a memory.

A status monitor 710 further includes at least one action mechanism, connected to the
output of the comparator 732 and configured to generate an action signal A; should a

deviation have been detected by the comparator 732. Status monitor 710 of Fig. 7¢
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includes the following action mechanisms: a further analysis trigger 734, an alarm trigger
736 and a planned outage trigger 738. Different action mechanisms of a status monitor 710
could be invoked at different situations — for example, the further analysis trigger 734
could be invoked when a first deviation is detected, an alarm generator 736 could then be
invoked should the further analysis indicate that attention from an operator is required, a
planned outing trigger 738 could be invoked should the deviation be of a certain

magnitude, etc.

The transformer diagnosis apparatus 700 is described above in terms of a single quantity T
used in the analysis of the status of the transformer. However, a transformer diagnosis
apparatus 700 could be configured to use two or more different quantities T in the
diagnosis. Two or more quantities T could for example be monitored in parallel, or a

deviation in a first quantity T could trigger the analysis of a further quantity, etc.

The components of the transformer diagnosis apparatus 700 described in relation to Figs.
7a-7¢ could be implemented by use of a suitable combination of hardware and software. In
Fig. 8, an alternative way of schematically illustrating an embodiment of a diagnosis
apparatus 700 is shown. Fig. 8 shows a diagnosis apparatus 700 comprising a processor
800 connected to a memory 805, as well as to input 702 and output 704. The memory 805
comprises computer readable means that stores computer program(s) 810, which when
executed by the processing means 800 causes the diagnosis apparatus 700 to perform the
method illustrated in Fig. 5 (or an embodiment thereof). In other words, the diagnosis
apparatus 700 and its mechanisms 706, 708 and 710 are in this embodiment implemented

with the help of corresponding program modules of the computer program 810.

The processor 800 could, in an implementation, be one or more physical processors. The
processor could be a single CPU (Central processing unit), or it could comprise two or
more processing units. For example, the processor may include general purpose
microprocessors, instruction set processors and/or related chips sets and/or special purpose
microprocessors such as ASICs (Application Specific Integrated Circuit). The processor
may also comprise board memory for caching purposes. Memory 805 comprises a
computer readable medium on which the computer program modules, as well as relevant

data, are stored. The memory 805 could be any type of non-volatile computer readable
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memories, such as a hard drive, a flash memory, a CD, a DVD, an EEPROM etc, or a
combination of different computer readable memories. The computer program modules
described above could in alternative embodiments be distributed on different computer

program products in the form of memories within a diagnosis apparatus 700.

Many transformer installations are equipped with a protection system arranged to measure
the terminal voltages and currents in order to allow for fast disconnection of the
transformer, should any problem that is detectable by the protection system occur.
Generally, such protection system is arranged to react on instant values only, and no
monitoring of the currents and voltages in the transformer is performed. Nevertheless, the
same current and voltage measurement sensors as are used for the protection system,
could, if desired, also be used for the monitoring purposes of the technology described
herein. Thus, measurements to be used in the determination of transformer properties
and/or in the monitoring of transformer properties could generally be obtained without the
need for large hardware investments. Suitable current measurement equipment could for
example be current transformers. Suitable voltage measurement equipment could for
example be voltage transformers. In the monitoring application, deviations in quantities
can be monitored, rather than the actual values of the quantities, and hence, the accuracy
requirements of the measurement equipment are less than in a monitoring method where
the actual value of a transformer property is required. If the same measurement equipment
is used for both establishing the T(I) relation(s) and for the monitoring measurements, any

offset in the output from the equipment can be disregarded for monitoring purposes.

In a transformer 100 having a tap changer by means of which the turn ratio n may be
varied, further analysis of the measurement results could in some scenarios provide
information on the location of a fault giving rise to a deviation from the expected value of
a transformer property. A winding 105/110 being equipped with a tap changer 900 is
schematically illustrated in Fig. 9, where the tap changer 900 is shown to have six different
taps 905, each equipped with a tap selector switch 910 and by means of which six different
states of the tap changer 900 can be achieved, each state providing a particular number of
winding turns. A diverter switch 915 is also provided, the diverter switch being arranged to
take one of two different positions, where in a first position, a winding terminal 115/120a

is connected to a first set of the tap selector switches 910, and in a second position, the
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winding terminal 115/120a is connected to a second set of the tap selector switches. By
closing a particular tap selector switch 910 and ensuring that the diverter switch 915 isin a
position wherein the particular tap selector switch 910 is connected to the winding terminal

115/120a, a particular state of the tap changer 900 will be achieved.

For a quantity T which depends on the turn ratio n, the coefficients for the relation between
the quantity T and the load current I, will depend on the state of the tap selector 900.
Hence, coefficients for a relation between one (or more) quantities T and I, could be
determined for more than one (and possibly each) state of the tap changer 900, thus giving
different expected values of the transformer properti(es) for different states of the tap
changer 900. Monitoring of the transformer properti(es) while the tap changer 900 is in
different states can thus give information on the location of a fault giving rise to deviations
in a transformer property, depending on the fault location in relation to the location of the
different taps 905. For example, if the resistance of one of the tap selector switches 910 is
increased, for example due to coking or other contaminations, the value of the voltage drop
AV obtained from relation (4a) only deviate from the expected value when the tap changer
is in the corresponding position. Similarly, if a turn-to-turn fault has occurred in a part of a
winding 105, 110 that can be disconnected by means of the tap changer 900, the value of
the turns ratio obtained from relation (5a) will only deviate from the expected value when
the tap changer 900 is in a state in which the part wherein the fault has occurred is

connected between the winding terminals 115/120a and 115/120b.

In the above, several embodiments of the present invention have been developed by use of
the equivalent circuit for a non-ideal transformer 100 shown in Fig. 2b, where the
impedances, voltages and currents of the load side have been reflected on the source side.
The equivalent model for a non-ideal transformer 100 shown in Fig. 2¢, wherein the source
side impedance, current and voltages are reflected to the load side, could alternatively be
used in these embodiments of the above discussed transtformer diagnosis technique. When
using the equivalent model of Fig. 2¢, expressions (5a) and (5b), as well as expressions
(6a)-(6¢), will remain unaltered. However, instead of using expressions (4a) and (4b), the

following expressions could advantageously be used:

AV =2 -, (42°), and
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y 1 ZW 1 N
AV =2z + 21| = 2av (4b”).

Furthermore, the above discussion has been made in terms of a transformer 100 having two
windings. In some applications, a transformer 100 having three or more windings may be
used. Any winding(s) present in addition to the above discussed source and load windings
will hereinafter be referred to as further winding(s). Further winding(s) could be source
winding(s) and/or load winding(s). Oftentimes, the power in any further winding(s) is
insignificant or approximately constant, and does not have to be taken into account for the
purposes of determining/monitoring of transformer properties — the error caused by such
currents is typically insignificant and/or constant. However, even if the power dissipation
in one or more further winding(s) is significant, the inventive determining/monitoring
described above could still be made. Depending on the configuration of the additional
winding(s), expressions (4a)-(6¢) can be adapted accordingly. As an example, for a
transformer with two load windings and one source winding, expression (5a), can
successfully be adapted to:

=21 45 40,

n, n, (5a%)

where the index 3 denotes the further winding. From expression (5a*), magnetizing current
Iy and the turn ratios n,/n; and ns/n; can be found with a two-dimensional fit, for example

using stochastic variations in /; and /5 and at least three measurements.

In the same configuration, expression (4b) can be adapted to separate into one relation for
each load winding, 7, as
AV, =V, - &Vz =Z\1,+2,1,, = 2,1, + 2,15, +(Z, + Z,)1,,

n,

=Z,(I, +1,)+Z,1,
n
AV, =V, _n_1V3 =Z L, +Z,1, =21, +1,)+Z;1,;  (4b¥)
3
When the turn ratios, n,/n;, are known, this set of relations determine the winding
impedances using a two dimensional fit to the two load currents. Furthermore, in this
configuration, expression (6a) is simply the difference between power flowing in and out

of the transformer 100:
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Sy =V =V, I V.1 (6a*)

loss
A similar adaptation of expressions (4b)-(6¢) could be made for a transformer 100 of any

winding configuration. Generally, when the total number of windings of the transformer is
N, the transformer properties can be obtained by using an N-1-dimensional fit of at least N

measurements.

The above description of the inventive method and apparatus for transformer diagnosis has
been given in terms of a single phase only. However, the method can be applied to the
diagnosis of transformers of any number of phases, and in particular to three phase
transformers. The method can be applied to each of the phase transformers separately, once
the individual currents through the windings and voltages have been determined. The
configuration of the phases often implies that the terminal current/voltages do not directly
give the individual currents and voltages. A A-Y configuration, for example, results in a
phase shift of 30 degrees between the source and load side terminal currents and voltages,
as well as a difference in magnitude by a factor of V3 between the terminal current and the
winding current in the A side and between terminal-to-terminal voltage and winding
voltage on the Y side. The individual current and voltages can typically be determined

from measurements of the terminal currents and voltages, as described for example in

US6507184 B1.

In the following, for ease of description, the term “monitor a quantity” will be used to refer
to the monitoring of either a quantity, or the monitoring of a property derived from a value

of the quantity.

One skilled in the art will appreciate that the technology presented herein is not limited to
the embodiments disclosed in the accompanying drawings and the foregoing detailed
description, which are presented for purposes of illustration only, but it can be

implemented in a number of different ways, and it is defined by the following claims.

Although various aspects of the invention are set out in the accompanying claims, other
aspects of the invention include the combination of any features presented in the above
description and/or in the accompanying claims, and not solely the combinations explicitly

set out in the accompanying claims.
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CLAIMS

1. A transformer diagnosis method for a transformer (100) having at least a load winding
(105) and a source winding (110), the method comprising:

collecting, (500), in a transformer diagnosis apparatus for at least two different
transformer loads, measurements of a current being indicative of the transformer load, and
measurements of at least one further transformer AC signal;

deriving (503), in the transformer diagnosis apparatus from the collected
measurements, at least two values of a quantity which depends on at least one transformer
property as well as on transformer load,;

determining (505), in the transformer diagnosis apparatus from the derived values,
a set of coefficient(s) of a relation for how said quantity is expected to vary with
transformer load; and

using (510) at least one of said coefficient(s) in performing a diagnosis of the

transformer.

2. The method of claim 1, wherein said relation is based on a transformer model in which
effects of magnetizing currents in the transformer core, leakage inductances and effective

resistances of the primary and secondary windings are taken into account.

3. The method of claim 1 or 2, wherein performing a diagnosis comprises:
deriving, in the transformer diagnosis apparatus using at least one of said

coefficients, the value of at least one transformer property.

4. The method of claim 3 when dependent on claim 2, wherein the value of a transformer

property corresponds to the value of a parameter of said transformer model.

5. The method of claim 4, wherein a parameter of said transformer model corresponds to

one of said transformer properties.

6. The diagnosis method of any one of the above claims, further comprising:
collecting, in the transformer diagnosis apparatus, an on-line monitoring

measurement of at least one terminal AC signal at a first monitoring load,
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deriving, in the transformer diagnosis apparatus, a measured-based value of the
quantity from the monitoring measurement;

determining, in the transformer diagnosis apparatus, an expected value of the
quantity at the first monitoring load, using said relation and said coefticient(s);

comparing, in the transformer diagnosis apparatus, the measured-based value of the
quantity with the expected value so as to detect any transformer problem giving rise to a

change in the quantity.

7. The method of 6 when dependent on claim 3, further comprising

collecting, in the transformer diagnosis apparatus, further on-line monitoring
measurement(s) of at least one terminal AC signal at at least one further load,

determining, in the transformer diagnosis apparatus from the on-line monitoring
measurements, a further set of at least one coefficient for said relation;

deriving, in the transformer diagnosis apparatus from the further coefficient(s), a
further value of said transformer property; and

comparing, in the transformer diagnosis apparatus, the first value and the further

value of the transformer property in order to detect any changes in said property.

8. The method of any one of the above claims, wherein the relation for how the quantity
varies with transformer load is a linear relation, wherein the slope and/or the intersection at

zero load is indicative of a property.

9. The method of claim 8, wherein
said quantity is the difference (AV, AV’) between the voltage across the terminals of
a first winding on a first side of the transformer and the voltage across a second winding on

a second side of the transformer as reflected to the first side.

10. The method of claim 8, wherein the quantity is the source current.

11. The method of any one of claims 1-7 wherein said quantity is the power loss inside the

transformer.
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12. The method of any one of the above claims, wherein the step of determining a set of
coefficients of a relation comprises performing an N-1 dimensional fit of at least N derived
values of the quantity, where N represents the number of windings of the transformer to be

diagnosed.

13. A transformer diagnosis apparatus comprising:
an input configured to receive signals indicative of AC signal measurements of a
transformer, including measurements indicative of the transformer load current;
an output configured to deliver a transformer diagnosis result;
a coefficient generator (706) connected to the input and configured to:
collect, for at least two different transformer loads, measurements of a current
being indicative of the transformer load, and measurements of at least one further
transformer AC signal;
derive, from the collected measurements, at least two values of a quantity
which depends on a transformer property as well as on transformer load; and
determine, from the derived values, a set of coefficient(s) of a relation for how
said quantity is expected to vary with transformer load,;
the transformer diagnosis apparatus further comprising:
a diagnosis mechanism arranged to use the set of coefficients in the generation of a

diagnosis result.

14. The transformer diagnosis apparatus of claim 13, wherein said relation is based on a
transformer model in which effects of magnetizing currents in the transformer core,
leakage inductances and effective resistances of the primary and secondary windings are

taken into account.

15. The diagnosis apparatus of claim 13 or 14, wherein
the diagnosis mechanism comprises a transformer property value generator (708)
configured to determine a value of at least one transformer property from at least one

coefficient of the coefficient set.

16. The transformer diagnosis apparatus of claim 15 when dependent on claim 14, wherein

the at least one transformer property is related to the parameters of said transformer model.
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17. The transformer diagnosis apparatus of claim 16, wherein the value of a transformer

property corresponds to the value of a parameter of said transformer model.

18. The diagnosis apparatus of any one of claims 13-17, wherein:
the diagnosis mechanism comprises a status monitor (710) configured to:

collect an on-line monitoring measurement of at least one terminal AC signal
at a first monitoring load;

derive a measured-based value of the quantity from the monitoring
measurement;

determine an expected value of the quantity at the first monitoring load using
said relation and a determined set of coefficient(s);

compare a measured-based value of the quantity with a corresponding
expected value so as to detect any transformer problem giving rise to a change in the

quantity.

19. A transformer comprising a transformer diagnosis apparatus according to any one of

claims 13-18.

20. The transformer of claim 19 when dependent on claim 18, further comprising a tap
changer, wherein

the coefficient generator is configured to generate a set of coefficients for
each of the tap changer tap points; and

the status monitor is configured to determine, if a deviation is detected, at

which tap changer position(s) the deviation occurs.

21. A computer program for providing a diagnosis of a transformer, the computer program
comprising computer program code portions which, when run on a computer implemented
transformer diagnosis apparatus, causes the transformer diagnosis apparatus to:

collect, for at least two different transformer loads, measurements of a current
being indicative of the transformer load, and measurements of at least one further

transformer AC signal;
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derive, from the collected measurements, at least two values of a quantity
which depends on a transformer property as well as on transformer load;

determine, from the derived values, a set of coefficient(s) of a relation for how
said quantity is expected to vary with transformer load; and

use the set of coefficients in the generation of a diagnosis result.
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