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METHOD FOR MANUFACTURING A TRANSFORMER WINDING

Field of the Invention

[0001] The present mvention relates generally to transformers used for voltage
transtormation. More particularly, the invention relates to a method for

manufacturing a transformer winding.

Background of the Invention

[0002] Transformer windings are typically formed by winding an electrical
conductor, such as copper or aluminum wire, on a ccgntinuous basis. The electrical
conductor can be wound around a mandrel, or a directly onto a winding leg of the
transformer. The electrical conductor is wound into a plurality of turns in side by side
relationship to form a first layer of turns. A first layer} of insulating material is

subsequently placed around the first layer of turns. The electrical conductor is Wound
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into a second plurality of turns over the first layer of insulating material, thereby
forming a second layer of turns.
[0003] A second layer of insulating material 1s subsequently placed over the
second layer of turns. The electrical conductor is then wound into a third plurality of
~ turns over the second layer of insulation, thereby forming a third layer or tums. The
above procedure can be repeated until a predetermined number of turn layers have
been formed.
[0004] Heat-curable epoxy diamond pattern coated kraft paper (commonly
referred to as “DPP paper”) 1s commonly used as the insulating material in
transformer windings. A transformer winding comprising DPP paper 1s typically
heated after being wound 1n the above-described manner. The heating 1s necessary to
melt and cure the epoxy adhesive on the DPP paper and thereby bond the DPP paper
to the adjacent layer or layers of the electrical conductor. The transformer winding
can be heated by placing the transformer winding in a hot-air convection oven (or
other suitable heating device) for a predetermined period of time.
[0005] Transferring the transformer winding to a hot-air convection, and the
subsequent heating process can increase the cycle time associated with the
manufacture of the transformer winding. Moreover, the energy requirements of the
hot-air convection oven can increase the overall manufacturing cost of the transformer
winding. Also, it can be difficult to achieve uniform heating (and curing of the
adhesive) throughout the transformer winding using a hot-air convection oven.
Hence, adequate bonding between specific layers of the insulating material and the
electrical conductor can be difficult to obtain (particularly between the innermost

layers of the insulating material and the elecirical conductor).
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Summary of the Invention
[0006] According to an aspect of the present invention there is provided a method for

manufacturing a transformer winding, comprising:
winding an electrical conductor into a first plurality of turns;
placing an electrically insulating material having adhesive thereon over the first plurality

of turns;

winding the electrical conductor into a second plurality of turns over the electrically
insulating material;

melting and curing the adhesive by energizing the electrical conductor so that a current
greater than a rated current of the transformer winding flows through the electrical conductor;
and

incrementally reducing the current greater than the rated current of the transtormer
winding from an initial value until a temperature of the electrical conductor stabilizes within a

predetermined range.

[0007] A preferred manufacturing method for a transformer winding
comprising a first and a second layer of twins of an elecirical conductor, and an
elecirically insulating material positioned between the first and second layers of turns
and having adhesive on at least one side thereof compnses electrically couphing the
electrical conductor to a power source and energizing the electrical conductor using
the power source so that a current flows through the electrical conductor and heats the
electrical conductor thereby causing the adhesive to at least one of melt and cure.
[06008] A preferred method for curing adhesive on an insulating material in a

transformer winding comprises causing a current greater than a rated current of the
transformer winding to pass through the transformer winding to heat the transformer
winding to a temperature within a range of temperatures suitable for curing the
adhesive, and adjusting the current greater than a rated current of the transformer
winding to maintain the temperature of the transformer winding within the range of

temperatures suitable for curing the adhestve for a predetermined penod.

Brief Description of the Drawings
[0009] The foregoing summary, as well as the following detailed description

of a preferred method, 1s better understood when read in conjunction with the



CA 02528582 2005-12-06
WO 2005/001854 PCT/US2004/020463

appended drawings. For the purpose of illustrating the invention, the drawings show
an embodiment that 1s presently preferred. The invention is not limited, however, to
the specific instrumentalities disclosed in the drawings. In the drawings:

[0010] Fig. 1 1s a diagrammatic side view of a transformer having
primary and secondary windings manufactured in accordance with a preferred method
for manufacturing a transfdnner winding;

[0011] Fig. 2 1s a diagrammatic side view of a primary winding and a

winding leg of the transformer shown in Fig. 1;

[0012] Fig. 3 1s a magnified cross-sectional view of the primary
winding and the winding leg shown 1n Figs. 1 and 2, taken through the line “A-A” of
Fig. 2;

[0013] Fig. 4 1s a magnified view of the area designated “B” in Fig. 2,

showing details of an insulation sheet of the transformer shown in Figs. 1-3; and
[0014] Fig. 5 1s a schematic 1llustration of the primary winding shown
in Figs. 1-4 electrically coupled to a direct-current (DC) power supply, a variable

power regulator, a voltmeter, and an ammeter.

Description of Preferred Methods

[0015] A preferred method for manufacturing a transformer winding 1s
described herein. The preferred method is described in connection with a cylindrical
transformer winding. The preferred method can also be applied to windings formed
in other shapes, such as round, rectangular with curved sides, oval, etc.

[0016] The preferred method can be used to manufacture the transformer
windings of a three-phase transformer 100 depicted m Figure 1. The transformer 100
comprises a conventional laminated core 102. The core 102 1s formed from a suitable
magnetic material such as textured silicon steel or an amorphous alloy. The core 102
comprises a first winding leg 104, a second winding leg 106, and a third winding leg
108. The core 102 also comprises an upper yoke 110 and a lower yoke 112.

Opposing ends of each of the first, second, and third winding legs 104, 106, 108 are
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fixedly coupled to the upper and lower yokes 110, 112 using, for example, a suitable
adhesive.

[0017] Primary windings 10a, 10b, 10c are positioned around the respective
first, second, and third winding legs 104, 106, 108. Secondary windings 11a, 11b,
11c are likewise positioned around the respective first, second, and third winding legs
104, 106, 108. The primary windings 10a, 10b, 10c are substantially identical. The
secondary windings 11a, 11b, 11c are also substantially 1dentical.

[0018] The primary windings 10a, 10b, 10c can be electrically connected in a
“Delta” configuration, as 1s commonly known among those skilled in the art of
transformer design and manufacture. The secondary windings 11a, 11b, 11¢ can be
electrically connected in a “Delta” or a “Wye” configuration, depending on the
voltage requirements of the transformer 100. (The electrical connections between the
primary windings 10a, 10b, 10c and the secondary windings 11a, 11b, 11c are not
shox:vn in Figure 1, for clarity.)

[0019] The primary windings 10a, 10b, 10c can be electrically coupled to a
three-phase, alternating current (AC) power source (not shown) when the transformer
100 1s in use. The secondary windings 11a, 11b, 11c can be electrically coupled to a
load (also not shown). The primary windings 10a, 10b, 10c are inductively coupled to
the secondary windings 10a, 10b, 10c via the core 102 when the primary windings
10a, 10b, 10c are energized by the load. More particularly, the AC voltage across the
primary windings 10a, 10b, 10c sets up an alternating magnetic flux in the core 102.
The magnetic flux induces an AC voltage across the secondary windings 11a, 11b,
11c (and the load connected thereto).

[0020} Descriptions of additional structural elements and functional details of

the transformer 100 are not necessary to an understanding of the present invention,
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and therefore are not presented herein. Moreover, the above description of the
transformer 100 1s presented for exemplary purposes only. The preferred method can
be performed on the windings of virtually any type of transformer, including single-
phase transformers and transformers having concentric windings.

[0021] The primary winding 10a comprises an electrical conductor 16 wound
around the first winding leg 104 on a continuous basis (see Figure 2). The electrical
conductor 16 can be, for example, rectangular, round, or flattened-round aluminum or
copper wire. The primary winding 10a also comprises face-width sheet layer
insulation. More particularly, the primary winding 10a comprises sheets of insulation
18 (see Figures 2-4). The sheets of insulation 18 can be formed, for example, from
heat-curable epoxy diamond pattern coated kraft paper (commonly referred to as
“DPP paper™).

[0022]  Each insulating sheet 18 comprises a base paper 18a (see Figure 4).
Each insulating sheet 18 also comprises a plurality of relatively small diamond-
shaped areas, or dots, of “B” stage epoxy adhesive 18b deposited on the base paper
18a as shown in Figure 4. The adhesive 18b is located on both sides of the base paper
18a. The preterred method can also be practiced using insulating sheets having
adhesive deposited on only one side of the base paper thereof. Moreover, the
preferred method can be practiced using other types of insulation such as heat-curable
epoxy fully coated kraft paper.

[0023] The primary winding 10a comprises overlapping layers of turns of the
electrical conductor 16. A respective one of the sheets of insulation 18 is positioned
between each of the o;ferlapping layers of turns (see Figure 3). The turns in each
layer advance progressively across the width of the primary winding 10a. In other

words, each overlapping layer of the primary winding 10a is formed by winding the

(
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electrical conductor 16 in a plurality of turns arranged in a side by side relationship

across the width of the primary winding 10a.

[0024] The primary winding 10a 1s formed by placing one of the sheets of

insulation 18 on an outer surface of the first winding leg 104 so that the sheet of
msulation 18 covers a portion of the outer surface.

[0025] A first layer of turns 20 is subsequently wound onto the first winding
leg 104. More particularly, the electrical conductor 16 is wound around the winding
leg 104 and over the sheet of insulation 18, until a predetermined number of adjacent
(side by side) turns have been formed. The winding operation can be performed
manually, or using a conventional automated winding machine such as a modél AM
3175 layer winding machine available from BR Technologies GmbH.

[0026] The second layer of turns 22 is formed after the first layer of turns 20
has been formed 1n tﬁe above-described manner. In particular, another of the sheets
of insulation 18 1s placed over the first layer of turns 20 so that an edge of the sheet of
insulation 18 extends across the first layer of turns 20 (see Figure 2). The sheet of
insulation 18 can be cut so that opposing ends of the sheet of insulation 18 meet as
shown in Figure 2.

[0027] The electrical conductor 16 is subsequently wound over the first layer
of turns 20 and the overlying sheet of insulation 18 to form the second layer of turns
22, n the manner described above in relation to the first layer of turns 20 (see Figure
3). In other words, the second layer of turns 22 is formed by winding the electrical

conductor 16 into a series of adjacent turns progressing back across the first layer of

turns 20, until a predetermined turns count is reached.
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[0028] The above procedures can be repeated until a desired number of turn
layers have been formed 1n the primary winding 10a (only three of the turn layers are
depicted in Figure 3, for clanty).

- [0029] It should be noted that a continuous strip of insulating material (not
shown) can be used in lieu of the sheets of insulation 18. In particular, the continuous
strip of ihsulating material can be continuously wound ahead of the electrical
conductor 16 to provide substantially the same insulating properties as the sheets of
insulation 18. The msulating strip can be positioned around a particular layer of the

1
electrical conductor 16, and then cut to an appropriate length at the end of the layer
using conventional techniques commonly known to those skilled in the art of
transformer design and manufacture.
[0030] Moreover, the primary winding 10a can be wound on a mandrel and
subsequently installed on the first winding leg 104, in lieu of winding the primary
winding 10a directly onto the first winding leg 104.
[0031] The secondary winding 11a can subsequently be wound on the first
winding leg 104 1n the manner described above in connection with the primary
winding 10a. The number of turns of the electrical conductor 16 in each layer of the
primary and secondary windings 10a, 11a differs. The primary and secondary
windings 10a, 11a are otherwise substantially identical.
[0032] The primary windings 10b, 10c¢ and the secondary windings 11b, 11c
can be wound in the above-described manner on a simultaneous or sequential basis
with the primary and secondary winding 10a, 11a.
[0033] The upper yoke 100 can be secured to the first, second, and third
winding legs 104, 106, 108 after the primary Windjngé 10a, 10b, 10c and the

secondary windings 11a, 11b, 11¢ have been wound.
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[0034] The adhesive on the sheets of insulation 18 of the primary winding 10a

can subsequently be melted and cured as follows. Opposing ends of the electrical
condu?tor 16 of the primary winding 10a can be electrically coupled to a conventional
DC power supply 120 (the DC power supply 120 and the primary winding 10a are
depicted schematically m Figure 5). The DC power supply 120 should be capable of
providing a DC current in the pnrnary winding 10a greater the rated current of the
primary winding 10a. Preferably, the DC power supply 120 is electrically coupled to
a variable power regulator 121 to facilitate control of the current supplied to the
electrical conductor 16 by the DC power supply 120. (The variable power regulafor
121 may or may not be part of the DC power supply 120.)

[0035] The variable power regulator 121 should be adjusted so that a DC
current greater than the rated current of the primary winding 10a initially flows
through the electrical conductor 16. The resistance of the electrical conductor 16 to
the flow of current therethrough causes the temperature of the electrical conductor 16
to rise within each individual la?rer thereof. The layers of the electrical conductor 16,
in turn, heat the adjacent sheets of insulation 18 (including the adhesive 18b).

[0036] Preterably, the variable power regulator 121 is adjusted so that the DC
current through the electrical conductor 16 1s initially approximately three times to
approximately five times the rated current of the primary winding 10a. Subjecting the
electrical conductor 16 to a current of this ma:gnitude is believed to be necessary to
tacilitate a relatively quick transition through the range of temperatures
(approximately 60° C to approximately 100° C) at which the adhesive 18b begins to

melt.

[0037] The desired curing temperature of the adhesive 18b is approximately

130° C = approximately 15° C. The temperature of the primary winding 10a should
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be monitored, and the DC current through the primary winding 10a should be adjusted
incrementally until the temperature of the primary winding 10a stabilizes within the
desired range. More particularly, the DC current through the primary winding 10a
should be maintained at its initial level until the temperature of the primary winding
10a 1s approximately equal to the target value of 130° C. The DC current can.

: subsequently be decreased in increments of approximately 1° C until the temperature
of the primary winding 10a stabilizes within the desired range.
[0038] It should be noted that the melting and curing temperatures for the
adhesive 18b are application-dependent and supplier-dependent, and specific values
for these parameters are included for exemplary purposes only.
[0039] The temperature of the primary winding 10a should subsequently be
monitored, and the variable power regulator 121 should be adjusted as necessary to
maintain the temperature of the primary winding 10a within the range required to
adequately cure the adhesive 18b.
[0040] The temperature of the primary winding 10a at a given point in time
(T4) can be estiﬁlated based on the resistance (Ry) of the electrical conductor 16 at that

time, as follows:

T4(in °C) = (R&/R,) (235 + T,) — 235
where T, and R, are the initial temperature and resistance of the electrical conductor
16, respectively.
[0041] The resistance R4 can be calculated by dividing the voltage across the
electrical conductor 16 by the current therethrough. (A conventional voltmeter 122
and a conventional ammeter 124 capable of providing the noted voltage and current

measurements are depicted schematically in Figure 5).
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[0042] The 1nitial témperature T, of the electrical conductor 16 can be
estimated based on the ambient temperature, or by measurements obtained using a
conventional temperature-measurement device such as an RTD. The initial resistance
R, of the electrical conductor can be calculated by dividing the initial voltage across
the electrical conductor 16 by the initial current therethrough.

[0043] Maintaining the temperature of the primary winding 10a within the

target range of approximately 130° C + approximately 15° C for a predetermined
period after the adhesive 18b has melted causes the adhesive 18b to cure. (The
predetermined period can be, for example, twenty to ninety minutes, depending on the
size of the primary winding 10a.) The flow of current though the electrical conductor
16 can be interrupted upon reaching the end of the predetermined period, and the
electrical conductor 16 can be disconnected from the DC power supply 120 and the
variable power regulator 121.

[0044] The adhesive 18b can thus be melted and cured without placing the
primary winding 10a in a hot-air convection oven. Hence, the time associated with
transferring the primary winding 10a to and from the hot-air convection oven can be
eliminated though the use of the preferred method.

[0045] Moreover, it 1s believed that the cycle time required to melt and cure
the adhesive 18b is substantially lower when using the preferred method in lieu of a
hot-air convection oven. In particular, using the electrical conductor 10 as a heat
source, 1t 18 believed, heats the primary winding 10a more quickly, and in a more
uniform manner than a hot-air convection oven. The temperature of the primary

winding 10a can thus be stabilized at a desired value more quickly than is possible

using a hot-air convection oven. Hence, substantial reductions the cycle time
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associated with the manufacture of the primary winding 10a can potentially be
achieved through the use of the prefefred method.

[0046] In addition, the more uniform heating achieved using the electrical
conductor 16 as a heat source, it is believed, can result in stronger mechanical bonds
between the sheets of insulation 18 and thé adjacent layers of the electrical conductor
16. The‘J improved bonding can be particularly significant in the innermost layers of
the primary winding 10, which can be difficult to heat using a hot-air convection
oven.

[0047] Moreover, 1t 1s believed that the energy required to heat the prir¥1&ry
winding 10a by flowing electrical current through the electrical conductor 16 is
substantially less than that required to heat the primary winding 10a using a hot-air
convection oven. Hence, cost savings attributable to lower energy use can be
potentially achieved through the use of the preferred method.

[0048] The adhesive 18b in the primary windings 10b, 10¢ and the secondary
windings 11a, 11b, 11c can subsequently be melted and cured in the manner described
above 1n relation to the primary winding 10a. Alternatively, the primary windings
10a, 10b, 10c and the secondary windings 11a, 11b, 11c can be electrically coupled to
the DC power supply 120 and the variable power regulator 121 in series, and the
adhesive 18b in each of the primary windings 10a, 10b, 10c and the secondary
windings 11a, 11b, 11c can be melted and cured on a substantially simultaneous basis.
[0049] It 1s to be understood that even though numerous characteristics and
advan‘;ages of the present invention have been set forth in the foregoing description,
together with details of the structure and fungztion of the invention, the disclosure is

1llustrative only, and changes may be made in detail, especially in matters of shape,

size, and arrangement of the parts, within the principles of the invention.

J
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[0050] For example, although the use of direct current to heat the primary
winding 10a 1s preferred, alternating current can be used in the alternative.
Alternating current, 1f used, should be of relatively low frequency, or should be used
in combination with direct current to facilitate calculation of the temperature of the

electrical conductor 16 1n the above-described manner.
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The embodiments of the invention in which an exclusive property or privilege is claimed

are defined as follows:

1. A method for manufacturing a transformer winding, comprising:
winding an electrical conductor into a first plurality of turns;
placing an electrically insulating material having adhesive thereon over the first plurality

of turns;

winding the electrical conductor into a second plurality of turns over the electrically
insulating material;

melting and curing the adhesive by energizing the electrical conductor so that a current
greater than a rated current of the transformer winding flows through the electrical conductor;
and

incrementally reducing the current greater than the rated current of the transtormer
winding from an initial value until a temperature of the electrical conductor stabilizes within a

predetermined range.

2. The method of claim 1, further comprising providing a power source, electrically

coupling the electrical conductor to the power source, and energizing the electrical conductor

using the power source.
3. The method of claim 2, wherein the power source 1s a direct-current power source.
4. The method of claim 2 or 3, further comprising providing a variable power regulator,

electrically coupling the variable power regulator to the power source and the electrical

conductor, and adjusting the current greater than the rated current of the transformer winding

using the voltage regulator.

5. The method of claim 1, wherein melting and curing the adhesive by energizing the
electrical conductor so that the current greater than the rated current of the transformer winding
flows through the electrical conductor comprises melting and curing the adhesive by energizing
the electrical conductor so that a direct current greater than the rated current of the transformer

winding flows through the electrical conductor.

6. The method of claim 1, wherein melting and curing the adhesive by energizing the
electrical conductor so that the current greater than the rated current of the transformer winding

flows through the electrical conductor comprises energizing the electrical conductor so that the
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current greater than the rated current of the transformer winding is initially approximately three

times to approximately five times the rated current of the transformer winding.

7. The method of claim 1, further comprising adjusting the current greater than the rated

current of the transformer winding so that the temperature of the electrical conductor remains

within the predetermined range.

8. The method of claim 7, wherein adjusting the current greater than the rated current of the
transformer winding so that the temperature of the electrical conductor remains within the
predetermined range comprises adjusting the current greater than the rated current of the
transformer winding so that the temperature of the electrical conductor remains within the

predetermined range for a predetermined period.

9. The method of claim 1, wherein melting and curing the adhesive by energizing the
electrical conductor so that the current greater than the rated current of the transformer winding
flows through the electrical conductor comprises heating the adhesive by energizing the electrical
conductor so that the current greater than the rated current of the transformer winding flows

through the electrical conductor.

10. The method of claim 2, wherein electrically coupling the electrical conductor to the
power source, and eﬁergizing the electrical conductor using the power source comprises
electrically coupling the electrical conductor and a second electrical conductor of a second
transformer winding to the power source, and energizing the electrical conductor and the second

electrical conductor on a simultaneous basis using the power source.

11. The method of any one of claims 1 to 10, further comprising providing a voltmeter and
an ammeter, electrically coupling the voltmeter and the ammeter to the electrical conductor, and
measuring a voltage across the electrical conductor and the current greater than the rated current

of the transformer winding using the voltmeter and the ammeter.

12. The method of claim 11, further comprising calculating a temperature of the electrical
conductor at a given time based on a resistance of the electrical conductor at the given time, an

initial resistance of the electrical conductor, and an initial temperature of the electrical conductor.
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13. The method of claim 12, further comprising calculating the resistance of the electrical
conductor at the given time based on a voltage across the electrical conductor at the given time

and the current greater than the rated current of the transformer winding at the given time.

14. The method of claim 7, wherein the predetermined range is approximately 130° C £
approximately 15° C.
15. The method of claim 8, wherein the predetermined period is approximately twenty to

approximately ninety minutes.

16. The method of any one of claims 1 to 15, wherein incrementally reducing the direct
current greater than the rated current of the transformer winding from an initial value until the
temperature of the electrii:al conductor stabilizes within the predetermined range comprises
reducing the direct current greater than the rated current of the transformer in increments of

approximately 1° C.

17. The method of any one of claims 1 to 16, wherein the electrically-insulating material is

heat-curable epoxy diamond pattern coated kraft paper.

18. The method of any one of claims 1 to 17, wherein winding an electrical conductor into a
first plurality of turns comprises winding the electrical conductor around a winding leg of a core

of a transformer.

19. The method of any one of claims 1 to 18, wherein the adhesive 1s a "B" stage epoxy

adhesive.
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