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(57) Abrégé/Abstract:

Non-liquid immersed transformers and methods of measuring aging degree of the transformers' insulation are disclosed. The
transformers comprise a solid insulation inside the conductive coil and one or more floating electrodes in the solid insulation. At
least a part of the conductive coil and the one or more floating electrodes may form one or more capacitive elements, respectively.
An electrical parameter, e.g. complex permittivity, of the capacitive element is measured and the aging degree is calculated as a

function of the electrical parameter measurement.
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(57) Abstract: Non-liquid immersed transformers and methods of mea-
suring aging degree of the transformers' insulation are disclosed. The trans-
formers comprise a solid insulation inside the conductive coil and one or
more floating electrodes in the solid insulation. At least a part of the con-
ductive coil and the one or more floating electrodes may form one or more
capacitive elements, respectively. An electrical parameter, e.g. complex
permittivity, of the capacitive element is measured and the aging degree
is calculated as a function of the electrical parameter measurement.

[Continued on next page]
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INSULATION OF NON-LIQUID IMMERSED TRANSFORMERS

FIELD OF INVENTION

The present disclosure relates to transformers and more particularly to electrical
insulation of non-liquid immersed, e.g. dry type transformers.

BACKGROUND

As is well known, a transformer converts electricity at one voltage level to
electricity at another voltage level, either of higher or lower value. A transformer
achieves this voltage conversion using a first coil and a second coil, each of
which are wound around a ferromagnetic core and comprise a number of turns
of an electrical conductor. The first coil is connected to a source of voltage and
the second coil is connected to a load. The ratio of turns in the primary coil to
the turns in the secondary coil (“tums ratio”) is the same as the ratio of the
voltage of the source to the voltage of the load.

Other types of transformers are also well known and are called multiwinding
transformers. Such transformers use multiple windings connected in series or in
parallel or independently depending on the desired functionality of the
transformer.

Non-liquid immersed transformers incorporate coils in which the turns are
isolated from each other with solid dielectric materials, e.g. polyesters.

The coil also might have solid insulation materials placed between group of
turns (e.g. forming disks or layers) and/or to the exterior of the coil. For this
purpose, the coil might be encapsulated in e.g. epoxy resin by a molding
process or manufactured with additional solid insulating materials, e.g.
fiberglass pre-impregnated with epoxy resins, in the aforementioned locations,.

Over time, the dielectric properties of the solid insulation, e.g. epoxy resin and
polyester, change due to aging of the material. Transformer aging is directly
associated to insulation aging. The aging state of the transformer is mainly
related to the condition of the solid insulation inside the coils.

Date Regue/Date Received 2020-08-14
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US 2008/211611 discloses an entirely cast resin transformer which includes at
least one lower voltage winding and at least one upper voltage winding.

US 4663603 describes a winding system for gas-cooled transformers,
comprising windings disposed around a core; and at least one insulation torus,
consisting of an insulating mass, said torus having embedded therein
electrodes electrically connected to an adjoining winding for suppression of the
electric field intensity between windings and electrodes.

CN 202159559 relates to an axial tripartition dry type rectification transformer.

CN 206961661 discloses a dry-type auto transformer that adopts segmentation
wire-wound pouring circle tube structure.

SUMMARY

A non-invasive method and system is disclosed to evaluate the aging degree of
the solid insulation inside the coils of a dry transformer. The method relates to
the measurement of electrical properties (e.g. the complex permittivity in the
frequency spectrum) of the solid insulation through floating electrodes, i.e.
electrodes that are not in contact with conductive elements of the coil,
introduced in-between turns and/or group of turns (e.g. discs and layers) in at
least the thermo-dielectrical critical regions (i.e. coil extremes) of the
transformer.

In a first aspect, a non-liquid immersed transformer is disclosed. The non-liquid
immersed transformer comprises a core; a coil having a conductive winding
around the core; a solid insulation material in the coil; one or more floating
electrodes in the solid insulation. At least a part of the conductive winding and
the one or more floating electrodes form one or more capacitive elements,
respectively, and the transformer comprises a capacitance metering device
connected between a terminal connected to the one or more floating electrodes
and a terminal connected to the part of the conductive winding. Thus
maintenance and repair of non-liquid type transformers is facilitated as well as
end-of-life predictions based on an estimated rate of aging.

By forming a capacitive element with the use of the floating electrode, it is
possible to measure dielectric properties of the solid insulation over time.
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In some examples, the non-liquid immersed transformer may comprise a
plurality of floating electrodes distributed in the solid insulation, each floating
electrode to form a capacitive element with a different part of the conductive
winding. Thus, aging of different areas of the transformer may be measured
independently.

In some examples, the coil may comprise a foil coil. The floating electrode may
be placed between foils. The capacitive element may then be formed between
the floating electrode and the foils of the coil.

In some examples, the coil may comprise a foil-disk coil. The floating electrode
may be placed between foil turns of a disk of the disk coil. The capacitive
element may be formed between the floating electrode and the foil turns of the
winding.

In some examples, the conductive winding may comprise a CTC-disk coil,
where CTC stands for continuously transposed conductors. The floating
electrode may be placed between CTC turns of a disk of the disk coil. The
capacitive element may be formed between the floating electrode and the CTC
turns of the winding.

In some examples, the conductive winding may comprise a strap-disk coil. The
floating electrode may be placed between turns of a disk of the strap-disk. The
capacitive element may be formed between the floating electrode and the strap
turns of the winding.

In some examples, the floating electrode may be a floating ring placed between
disks of the disk coil. The capacitive element may be formed between the
floating ring and the disks of the winding.

In some examples, the winding may comprise a layer coil. The floating
electrode may be placed between turns of a layer of the layer coil. The turns
may be of the strap or of the CTC type. The capacitive element may be formed
between the floating electrode and the turns of the winding.

In some examples, the conductive winding may comprise a layer coil. The
floating electrode may be placed between layers of the layer coil. The capacitive
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element may be formed between the floating electrode and the layers of the
winding.

In some examples, the conductive winding may comprise a random-wire coil.
The floating electrode may be placed between cables of the random-wire coil.
The capacitive element may be formed between the floating electrode and the
cables of the random-wire coil.

In some examples, the floating electrode may be placed along a portion of the
solid insulation. For example, the floating electrode may be placed in thermos-
dielectrical critical regions such as the winding extremes.

In some examples, the non-liquid immersed transformer may be a dry-type
transformer.

In some examples, the solid insulation may be one of a polyester film, an epoxy
resin or a meta-aramid material, such as Nomex®.

In another aspect, a method of assessing aging degree of at least a portion of a
solid insulation of a non-liquid immersed transformer is disclosed. The non-
liquid immersed may comprise capacitive elements according to examples
disclosed herein. The method may comprise measuring an electrical parameter
of the capacitive element and calculating the aging degree as a function of the
electrical parameter measurement, wherein the electrical parameter measured
is complex permittivity.

In some examples, the electrical parameter measured is permittivity. For
example, the method may measure a variation of the complex permittivity of the
solid insulation. Through the measurement of this value along a frequency
sweep, preferably in the close-to-DC subrange, e.g. between OHz and 5Hz, of
the solid insulation preferably located in the thermo-dielectrical critical regions of
the coils (the most aged parts) and by comparison with the non-aged condition,
the aging state of the transformer and the remaining life can be predicted.

BRIEF DESCRIPTION OF THE DRAWINGS

Non-limiting examples of the present disclosure will be described in the
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following, with reference to the appended drawings, in which:

Figure 1A is a schematic partial view of a non-liquid immersed transformer
according to an example;

Figure 1B is a schematic partial view of a coil of a non-liquid immersed
transformer of the foil type according to an example;

Fig. 2A is a perspective view of a coil of a non-liquid immersed transformer of
the foil-disc type according to an example.

Fig. 2B is a detailed view of a portion of the coil of Fig. 2A.

Fig. 2C schematically illustrates an analysis of a capacitive element formed by a
floating electrode in a foil-disc coil.

Fig. 3 is a perspective view of a coil of a non-liquid immersed transformer of the
layer-strap or of the layer-CTC type according to an example.

Fig. 4 is a perspective view of a coil of a non-liquid immersed transformer of the
random-wire type according to an example.

Fig. 5 is a flow diagram of a method of assessing aging of at least a portion of a
solid insulation of a dry type transformer according to an example.

DETAILED DESCRIPTION OF EXAMPLES

Figure 1A is a schematic view of a non-liquid immersed transformer according
to an example. Transformer 50 may comprise a high voltage coil 5 and a low
voltage coil 10 having a winding wound around a core 15. The high voltage coil
5 may be a disk-foil type coil comprising disks 7. The low voltage coil 10 may be
a foil type coil comprising foils 12.

Figure 1B is a schematic partial view of a coil 105 of a non-liquid immersed
transformer 100, according to an example. The coil 105 may comprise a
conductive winding 110. The coil 105 may further comprise a solid insulation
120. One or more floating electrodes 125 may be placed in the solid insulation
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120. At least a part of the conductive winding 110 and the one or more floating
electrodes 125 may form one or more capacitive elements 130. An electrical
parameter of the capacitive element(s) 130 may be measured using a
capacitance metering device 135. Such electrical parameter may be complex
permittivity. Complex permittivity may be measured along a frequency seep,
particularly in the close-to-DC subrange, e.g. OHz-5Hz. By comparison with the
non-aged condition, the aging state of the transformer and the remaining life
may be predicted.

Fig. 2A is a perspective view of a coil 205 of a non-liquid immersed transformer
200 of the foil-disc type according to another example. The coil 205 may
comprise a conductive winding formed by multiple discs 207. Each disc may
comprise multiple turns 210 isolated between each other with interturn
insulation. These turns might be of the foil, strap or CTC type. The interturn
insulation may be polyester. One or more interturn floating electrodes 225 may
be placed in the interturn insulation between turns of disk 207A. The coil 205
may further comprise a solid interdisk insulation 220. The solid interdisk
insulation may be epoxy resin.

Furthermore, one or more interdisc floating electrodes 240 may be placed in the
solid interdisk insulation between discs 207. At least a part of the disk 207A and
the one or more floating electrodes 225, 240 may form one or more capacitive
elements 230. An electrical parameter, e.g. complex permittivity, of the
capacitive elements may be measured using a capacitance metering device
235. The capacitive elements are formed by the floating electrode and the entire
conductive winding of the coil. However, the capacitance contribution of the part
of the winding that is closer to the floating electrode (in the example of Fig. 2A it
would be the immediate anterior and posterior turns of the disk), is significantly
higher (over 90% and even close to 99%) than that of the rest of the winding
(which may be less than 10% or even around 1%). That is, it can be safely
assumed that the measured electrical parameter (e.g. complex permittivity)
corresponds to the insulation material in the space between the floating
electrode and the nearest conductive element(s) (e.g. turn(s) of a disk).

Fig. 2B is a detailed view of a portion of coil 205 of Fig. 2A. Coil 205 may
comprise a conductive winding in the form of disks 207A and 207B. Disk 207A
may comprise turns 210 and interturn insulation 227 between the turns 210. A
floating electrode 225 may be placed in the solid insulation 220 and may form
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with a part of the turns 210 a capacitive element 230. A floating electrode 240
may form a capacitive element with the disks 207A and 207B. The capacitance
metering device 235 may be coupled between terminal 225T (connected to
floating terminal 225) and terminal 210T (connected to winding 210). This will
measure interturn insulation aging. Additionally or alternatively, the capacitance
metering device 235 may be coupled between terminal 240T (connected to
floating terminal 240) and terminal 210T (connected to winding 210). This will
measure interdisk insulation aging.

Fig. 2C schematically illustrates an analysis of the capacitive element formed by
the floating electrode 225. A main capacitor 230M is formed between the
floating electrode 225 and the nearest turns 210A, 210B. Additional capacitors
(“parasitic” capacitors) may be formed between the floating electrode 225 and
other conductive portions (turns) of disk 207A or even with conductive portions
(turns) of disk 207B. The complex permittivity of the overall capacitor (sum of all
capacitive elements shown in Fig. 2C) may be measured between the floating
electrode and the winding. However, as the dominant capacitor is the main
capacitor 230M, each measurement may be an indication of degradation of the
interturn insulation, e.g polyester, in the space between the turns 210A and
210B.

Floating electrodes may be interturn (e.g. in all types of windings), interdisk (in
disk windings) or interlayer (in layer windings). In case of interturn floating
electrodes the main capacitor of the capacitive element, i.e. at least 90% of the
capacitance of the capacitive element, is formed by the previous (anterior) and
next (posterior) turns of the conductive winding (e.g. foil, CTC, etc.). In case of
interdisk floating electrodes the main capacitor of the capacitive element is
formed by the previous and next disks of the coil. In case of interlayer floating
electrodes the main capacitor of the capacitive element is formed by the
previous and next layers of the coil.

Fig. 3 is a perspective view of a coil 305 of a non-liquid immersed transformer of
the layer-strap or of the layer-CTC type according to an example. The coil 305
may comprise a conductive winding formed by multiple layers 310. Each layer
310 may comprise multiple turns 310A. These turns might be of the types strap
or CTC insulated using solid dielectrics between them The coil 305 may further
comprise a solid insulation 320. The solid insulation may be fiberglass
impregnated with epoxy resin. One or more floating electrodes 325 may be
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placed in between the solid insulation between turns 310A. Furthermore, one or
more interlayer floating electrodes 340 may be placed in the solid insulation
between layers. At least a part of the layer winding 310 and the one or more
floating electrodes 325, 340 may form one or more capacitive elements. The
capacitive elements may be measured using a capacitance metering device
335.

Fig. 4 is a perspective view of a coil 405 of a non-liquid immersed transformer of
the random-wire type according to an example. The coil 405 may comprise
multiple conductors 410 isolated between each other with solid insulating
material (e.g. polyester or enamel). Each conductor may be a circular cable.
The coil 305 may further comprise a solid insulation 420. Between cables there
may further be polyester insulation. The solid insulation may be epoxy resin.
One or more floating electrodes 425 may be placed in the solid insulation 420
between conductors 410. At least a part of the winding 410 and the one or more
floating electrodes 425 may form one or more capacitive elements. The
capacitive elements may be measured using a capacitance metering device
435.

Fig. 5 is a flow diagram of a method of assessing aging of at least a portion of a
solid insulation of a dry type transformer according to an example. In block 505,
a first electrical parameter, e.g. complex permittivity, of the capacitive element
at a first point in time (e.g. before or during first use of the transformer) may be
measured. In block 510, a second electrical parameter, e.g. complex permittivity
of the capacitive element at a second point in time (periodically or after a
number of uses or after a period of time) may be measured. In block 515, the
aging degree of the insulation and/or the transformer may be calculated as a
function of the first and second complex permittivity measurements. A
computing device may comprise a memory to store electrical parameter values
(e.g. complex permittivity values) associated with aging degrees of one or more
types of insulation material. After electrical parameter values are measured,
using one or more floating electrodes as disclosed herein, the computing device
may compare the measured values with stored values for the same or similar
insulation material and may provide an indication of the aging degree of the
insulation material.

Although only a number of examples have been disclosed herein, other
alternatives, modifications, uses and/or equivalents thereof are possible.
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Furthermore, all possible combinations of the described examples are also
covered. Thus, the scope of the present disclosure should not be limited by
particular examples, but should be determined only by a fair reading of the
claims that follow. If reference signs related to drawings are placed in
parentheses in a claim, they are solely for attempting to increase the
intelligibility of the claim, and shall not be construed as limiting the scope of the
claim.
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CLAIMS
1. A non-liquid immersed transformer comprising:
a core;

a coil having a conductive winding around the core;

a solid insulation inside the caoil;

one or more floating electrodes in the solid insulation,

wherein at least a part of the conductive winding and the one or more floating
electrodes form one or more capacitive elements, respectively, and the transformer
comprises a capacitance metering device connected between a terminal connected to
the one or more floating electrodes and a terminal connected to the part of the

conductive winding.

2. The non-liquid immersed transformer according to claim 1, wherein the one or
more floating electrodes comprise a plurality of floating electrodes distributed in the
solid insulation, each of the plurality of floating electrodes forming a capacitive element

with a different part of the conductive winding.

3. The non-liquid immersed transformer according to claim 1 or 2, wherein the
conductive winding comprises foil turns, whereby the floating electrode is placed in the
solid insulation between foil turns, whereby the capacitive element is formed between

the floating electrode and the foils of the winding.

4. The non-liquid immersed transformer according to claim 1 or 2, wherein the
conductive winding comprises a disk coil formed by foil, straps or continuously

transposed conductors.

. The non-liquid immersed transformer according to claim 4, wherein the floating
electrode is placed between the solid insulation between turns of a disk of the disk coil,
whereby the capacitive element is formed between the floating electrode and the turns

of the conductive winding.

Date Regue/Date Received 2020-11-19
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6. The non-liquid immersed transformer according to claim 4, wherein the floating
electrode is a floating ring placed between disks of the disk coil, whereby the capacitive

element is formed between the floating ring and the disks of the conductive winding.

7. The non-liquid immersed transformer according to claim 1 or 2, wherein the
conductive winding comprises

a layer-strap or a layer-CTC coil comprising layers, each layer having turns,
whereby one or more capacitive elements is formed between the floating electrode and
the layers and/or between the turns of the layers of the conductive winding;

or the conductive winding comprises

a random-wire or wire drop coil comprising circular cables, whereby the
capacitive element is formed between the floating electrode and the circular cables of

the conductive winding.

8. The non-liquid immersed transformer according to any one of claims 1 to 7,

wherein the floating electrode is placed along a portion of the solid insulation.

9. The non-liquid immersed transformer according to any one of claims 1 to 8,

comprising a dry-type transformer.

10.  The non-liquid immersed transformer according to any one of claims 1 to 9,
wherein the solid insulation comprises one of a polyester film, an epoxy resin, enamel

or a meta-aramid material.

11. A method of assessing aging degree of at least a portion of the non-liquid
immersed transformer according to any one of claims 1 to 10, the method comprising
measuring an electrical parameter of the one or more capacitive elements and
calculating the aging degree as a function of the electrical parameter , wherein the

electrical parameter is complex permittivity.

Date Regue/Date Received 2020-11-19
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12. The method according to claim 11, further comprising:

measuring a first complex permittivity of the capacitive element at a first point in
time;

measuring a second complex permittivity of the capacitive element at a second
point in time;

calculating the aging degree as a function of the first and second complex

permittivity measurement.

13.  The method according to any one of claims 11 or 12, wherein measuring an
electrical parameter comprises measuring complex permittivity in a broad frequency

range.
14. The method according to any one of claims 11 to 13, wherein measuring an

electrical parameter comprises measuring complex permittivity in a low frequency range

of between OHz and 5Hz.

Date Regue/Date Received 2020-11-19
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