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(54) Gas turbine engine actuation systems including high temperature actuators and methods for 
the manufacture thereof

(57) Embodiments of a gas turbine engine actuation
system are provided, as are embodiments of a high tem-
perature actuator (64, 68, 72, 80) and methods for the
manufacture thereof (100). In one embodiment, the ac-
tuation system includes an actuated component and a
high temperature actuator, which has a rotor (84) me-
chanically linked to the actuated component and a stator
(82) surrounding at least a portion of the rotor. The stator
includes, in turn, a coil support structure (104) having a
plurality of spokes (110) extending radially therefrom. A
plurality of pre-formed electromagnetic coils (120) is cir-
cumferentially distributed about the coil support struc-
ture. Each of the plurality of pre-formed electromagnetic
coils is inserted over at least one of the plurality of spokes
in a radial direction. The stator further includes an inor-
ganic dielectric material (124) in which each of the plu-
rality of pre-formed electromagnetic coils is at least par-
tially embedded.
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Description

TECHNICAL FIELD

[0001] The present invention relates generally to gas
turbine engines and, more particularly, to gas turbine en-
gine actuation systems including high temperature actu-
ators, as well as to methods for fabricating high temper-
ature actuators suitable for usage in avionic and non-
avionic applications.

BACKGROUND

[0002] Gas turbine engines are commonly equipped
with electric motor-based actuators (referred to herein
as "motor actuators"), which are utilized to adjust certain
movable components during engine operation. The max-
imum temperature capabilities of motor actuators can be
limited due to the usage of organic dielectric materials to
provide electrical insulation between windings within the
stator. Polyimide, polytetrafluoroethylene, polyvinyl chlo-
ride, and other organic polymers commonly utilized as
dielectric coating and/or potting materials tend to break-
down and decompose at highly elevated temperatures
exceeding, for example, about 260°C. In the vast majority
of applications, the temperature limitations of the motor
actuator are immaterial as the motor actuator is exposed
to temperatures well-below such thermal extremes. Even
when motor actuators are utilized within a gas turbine
engine, the engine design can typically be adapted to
spatially offset or otherwise thermally insulate the motor
actuators from exposure to the highest temperatures
generated during engine operation. This notwithstand-
ing, efficiencies in gas turbine engine design can be ob-
tained in certain instances by disposition of motor actu-
ators in the hot section of a gas turbine engine and/or by
operation of the gas turbine engine at higher core tem-
peratures at which the thermal capabilities of convention-
al motor actuators can be undesirably limited.
[0003] There thus exists an ongoing need to provide
embodiments of an electric motor-based actuator suita-
ble for operation in high temperature applications char-
acterized by maximum temperatures exceeding, for ex-
ample, about 260°C. It would be desirable for such motor
actuators to be useful for employment in both avionic and
non-avionic applications. With respect to avionic appli-
cations, in particular, it would be desirable for such high
temperature motor actuators to be relatively lightweight,
compact, and insensitive to vibratory forces and, there-
fore, well-suited for usage within gas turbine engine ac-
tuation systems. Finally, it would be desirable to provide
embodiments of a method for fabricating such high tem-
perature motor actuators. Other desirable features and
characteristics of the present invention will become ap-
parent from the subsequent Detailed Description and the
appended Claims, taken in conjunction with the accom-
panying Drawings and the foregoing Background.

BRIEF SUMMARY

[0004] Embodiments of a gas turbine engine actuation
system are provided. In one embodiment, the gas turbine
engine actuation system includes an actuated gas tur-
bine engine component and a high temperature actuator,
which has a rotor mechanically linked to the actuated gas
turbine engine component and a stator surrounding at
least a portion of the rotor. The stator includes, in turn, a
coil support structure having a plurality of spokes extend-
ing radially therefrom. A plurality of pre-formed electro-
magnetic coils is circumferentially distributed about the
coil support structure. Each of the plurality of pre-formed
electromagnetic coils is inserted over at least one of the
plurality of spokes in a radial direction. The stator further
includes an inorganic dielectric material in which each of
the plurality of pre-formed electromagnetic coils is at least
partially embedded.
[0005] Embodiments of a high temperature actuator
are further provided. In one embodiment, the high tem-
perature actuator includes a rotor mechanically linked to
the actuated gas turbine engine component and a stator
surrounding at least a portion of the rotor. The stator in-
cludes, in turn, a coil support structure having a plurality
of spokes extending radially therefrom. A plurality of pre-
formed electromagnetic coils is circumferentially distrib-
uted about the coil support structure. Each of the plurality
of pre-formed electromagnetic coils is inserted over at
least one of the plurality of spokes in a radial direction.
The stator further includes an inorganic dielectric material
in which each of the plurality of pre-formed electromag-
netic coils is at least partially embedded.
[0006] Embodiments of a method for manufacturing a
high temperature actuator are still further provided. In
one embodiment, the method includes providing a coil
support structure comprising a plurality of spokes extend-
ing radially from a tubular body. A plurality of pre-formed
wire coils is inserted over the plurality of spokes in a radial
direction. The plurality of pre-formed wire coils are em-
bedded in an inorganic dielectric material before or after
insertion of the plurality of pre-formed wire coils over the
plurality of spokes. A cylindrical casing is disposed
around the coil support structure to circumferentially en-
close the plurality of pre-formed wire coils. A cover piece
is then joined to the coil support structure and the cylin-
drical casing to hermitically enclose the plurality of pre-
formed wire coils. Prior to joining the cover piece to the
coil support structure and the cylindrical casing, the plu-
rality of pre-formed wire coils are electrically coupled to
the conductors of a feedthrough assembly.

BRIEF DESCRIPTION OF THE DRAWINGS

[0007] At least one example of the present invention
will hereinafter be described in conjunction with the fol-
lowing figures, wherein like numerals denote like ele-
ments, and:
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FIG. 1 schematically illustrates an exemplary gas
turbine engine having a number of gas turbine en-
gine actuation systems each including at least one
high temperature motor actuator, which can be pro-
duced in accordance with an embodiment of the
manufacturing method described herein;

FIG. 2 is an isometric view of a high temperature
actuator suitable for usage within one or more of the
gas turbine engine actuation systems shown in FIG.
1 and illustrated in accordance with an exemplary
embodiment of the present invention;

FIG. 3 is a flowchart setting-forth an exemplary meth-
od for manufacturing a high temperature actuator,
such as the high temperature actuator shown in FIG.
2;

FIGs. 4 and 5 are isometric and top-down views,
respectively, of an exemplary spoked coil support
structure suitable for inclusion in the high tempera-
ture actuator produced pursuant to the exemplary
fabrication method set-forth in FIG. 3;

FIGs. 6 and 7 are isometric and cross-sectional
views, respectively, of an encapsulated, pre-formed
electromagnetic coil that may be included in the high
temperature actuator produced pursuant to the ex-
emplary fabrication method set-forth in FIG. 3;

FIG. 8 illustrates one manner in which an end portion
of a wound magnet wire included in the pre-formed
electromagnetic coil shown in FIGs. 6 and 7 may be
joined to a braided lead wire in at least some imple-
mentations of the exemplary fabrication method;

FIG. 9 is an isometric view of the encapsulated, pre-
formed electromagnetic coil shown in FIGs. 6 and 7
after an electrically-insulative covering has been
wrapped around the dielectric body encapsulating
the electromagnetic coil and after electrically-insu-
lative sleeves have been disposed over the braided
lead wires projecting from the dielectric body;

FIGs. 10-13 are isometric views of the exemplary
high temperature actuator shown in FIG. 2 shown at
various stages of completion, as fabricated in ac-
cordance with the exemplary method set-forth in
FIG. 3; and

FIG. 14 is a top-down view illustrating one manner
in which a number of non-encapsulated pre-formed
electromagnetic coils can be fit onto a spoked stator
support structure in alternative embodiments of the
exemplary fabrication method.

DETAILED DESCRIPTION

[0008] The following Detailed Description is merely ex-
emplary in nature and is not intended to limit the invention
or the application and uses of the invention. Furthermore,
there is no intention to be bound by any theory presented
in the preceding Background or the following Detailed
Description.
[0009] It has been recognized that the operational tem-
perature limits of devices employing electromagnetic
coils can be increased by utilizing inorganic dielectric ma-
terials to provide electrical insulation between the wire
coils and the other electrically-conductive device com-
ponents. Several co-pending patent applications have
been filed and assigned to the Assignee of this Applica-
tion, Honeywell International Inc., describing the usage
of such inorganic dielectric materials, such as inorganic
cements and borosilicate glasses, in the production of
solenoids and other electromagnetic coil assemblies. It
has also been recognized that additional benefits can be
achieved by utilizing anodized aluminum wire in forming
the wound coil or coils of such a high temperature elec-
tromagnetic coil assembly or device. However, certain
challenges are presented when integrating such inorgan-
ic dielectric materials and anodized aluminum wire, or
another type of magnet wire, into the wound stator of an
electric motor. Introduction and complete filling of the in-
terior of the stator with cement, glass, or a similar inor-
ganic dielectric material can be difficult, especially when
the stator includes a relatively compact and hermetically-
enclosed housing. Furthermore, when utilizing anodized
aluminum wire lacking a conventional organic-based in-
sulative coating as the magnet wire, winding of the mag-
net wire around the spokes, fins, or arms of the stator
can result in abrasion of the wire’s aluminum oxide shell,
which may increase the likelihood of shorting.
[0010] To overcome the above-noted difficulties, the
following describes embodiments of a manufacturing
process wherein a number of pre-formed coils are fabri-
cated independently of the stator and then assembled
onto a circumferentially-open spoked coil support struc-
ture included within the housing assembly of the stator.
The pre-formed coils are preferably formed utilizing an-
odized aluminum wire; however, various other types of
magnet wire can be utilized, as well, including silver wire.
In certain embodiments, the pre-formed coils are encap-
sulated or embedded in an inorganic dielectric material
prior to insertion onto the spoked coil support structure.
In this case, the encapsulated pre-formed coils are pref-
erably formed utilizing a wet winding process or a molding
process of the type described below, which yields a gen-
erally annular potted coil that, when hardened by full or
partial curing, can easily be inserted onto the arms or
spokes of the coil support structure with minimal physical
manipulation. In alternative embodiments, the pre-
formed coils may be fitted onto the spoked coil support
structure prior to encapsulation and, at a later juncture
in the fabrication process, the stator housing assembly
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may be infiltrated with an inorganic dielectric material. In
either case, the inorganic dielectric material may be ini-
tially applied in a wet or flowable state and subsequently
hardened by thermal curing before or after positioning
around the spokes of the coil support structure. While
the possibility that the motor actuator may contain organ-
ic materials is by no means precluded, in preferred em-
bodiments, the resulting motor actuator is devoid of or-
ganic materials and capable of providing prolonged op-
eration at temperatures approaching or exceeding the
temperature thresholds at which conventional organic
materials decompose and breakdown; e.g., tempera-
tures exceeding about 260°C. Embodiments of the high
temperature motor actuator described herein are conse-
quently well-suited for usage within gas turbine engine
actuation systems; however, embodiments of the high
temperature motor actuator can be utilized within any
application wherein increased operational temperatures
limits are desired including, but not limited to, nuclear, oil
drilling, and other non-avionic applications.
[0011] FIG. 1 is a simplified cross-sectional view of an
exemplary gas turbine engine (GTE) 20. By way exam-
ple, GTE 20 is illustrated in FIG. 1 as a two spool turbofan
engine including an intake section 22, a compressor sec-
tion 24, a combustion section 26, a turbine section 28,
and an exhaust section 30. Intake section 22 includes an
intake fan 32 mounted in a nacelle assembly 34. In the
illustrated example, compressor section 24 includes a
single axial compressor 36, which is rotatably disposed
within an engine case 38 mounted within nacelle assem-
bly 34. Turbine section 28 includes a high pressure (HP)
turbine 40 and a low pressure (LP) turbine 42, which are
rotatably disposed within engine case 38 in flow series.
Compressor 36 and HP turbine 40 are mounted to op-
posing ends of an HP shaft 44, and intake fan 32 and LP
turbine 42 are mounted to opposing ends of a LP shaft
46. LP shaft 46 and HP shaft 44 are co-axial; that is, LP
shaft 46 extends through a longitudinal channel provided
through HP shaft 44. Engine case 38 and nacelle assem-
bly 34 terminate in a mixer nozzle 48 and a propulsion
nozzle 50, respectively. Mixer nozzle 48 cooperates with
a centerbody 52 to form an exhaust mixer 54, which mix-
es hot combustive gas flow received from turbine section
28 with cooler bypass airflow during operation of GTE 20.
[0012] As illustrated in FIG. 1 and described herein,
GTE 20 is offered by way of non-limiting example only.
It will be readily appreciated that turbine nozzles of the
type described herein can be utilized within various other
types of gas turbine engine including, but not limited to,
other types of turbofan, turboprop, turboshaft, and turbo-
jet engines, whether deployed onboard an aircraft, wa-
tercraft, or ground vehicle (e.g., a tank), included within
an auxiliary power unit, included within industrial power
generators, or utilized within another platform or applica-
tion. With respect to exemplary GTE 20, in particular, it
is noted that the particular structure of GTE 20 will inev-
itably vary amongst different embodiments. For example,
in certain embodiments, GTE 20 may include an exposed

intake fan (referred to as an "open rotor configuration")
or may not include an intake fan. In other embodiments,
GTE 20 may employ centrifugal compressors or impel-
lers in addition to or in lieu of axial compressors. In still
further embodiments, GTE 20 may include a single shaft
or three or more shafts along with varying numbers of
compressors and turbines.
[0013] During operation of GTE 20, air is drawn into
intake section 22 and accelerated by intake fan 32. A
portion of the accelerated air is directed through a bypass
flow passage 56, which is provided between nacelle as-
sembly 34 and engine case 38 and conducts this airflow
over and around engine case 38. The remaining portion
of air exhausted from intake fan 32 is directed into com-
pressor section 24 and compressed by compressor 36
to raise the temperature and pressure of the core airflow.
The hot, compressed airflow is supplied to combustion
section 26 wherein the air is mixed with fuel and com-
busted utilizing one or more combustors 58 included with-
in section 26. The combustive gasses expand rapidly and
flow through turbine section 28 to drive the rotation of HP
turbine 40 and LP turbine 42. One or more non-illustrated
turbine nozzles may be provided to further accelerate the
combustive gas flow and to impart the gas flow with a
desired tangential component prior to impingement upon
the rotating blades of HP turbine 40. The rotation of tur-
bines 40 and 42 drives the rotation of shafts 44 and 46,
respectively, which, in turn, drives the rotation of com-
pressor 36 and intake fan 32. The rotation of shafts 44
and 46 also provides significant power output, which may
be utilized in a variety of different manners, depending
upon whether GTE 20 assumes the form of a turbofan,
turboprop, turboshaft, turbojet engine, or an auxiliary
power unit, to list but a few examples. After flowing
through turbine section 28, the combustive gas flow is
then directed into exhaust section 30 wherein mixer 54
mixes the combustive gas flow with the cooler bypass air
received from bypass flow passages 56. Finally, the com-
bustive gas flow is exhausted from GTE 20 through pro-
pulsion nozzle 50 to produce forward thrust, although this
may not be the case in alternative embodiments wherein
GTE 20 assumes the form of, for example, a turboshaft
engine.
[0014] GTE 20 may include any number of movable
components that are adjusted during engine operation
by electric actuators, which are, in turn, controlled by one
or more controllers. Depending upon the particular type
of actuated component, the electric actuators may as-
sume the form of, for example, electric motors having
rotary outputs (referred to herein as "motor actuators"
and distinguished from electric actuators having linear
outputs, such as solenoids). The electric motor may be,
for example, a wound-stator type motor containing a se-
ries of windings or electromagnetic coils disposed within
a number of circumferentially-spaced slots provided with-
in the stator housing assembly. As indicated in the fore-
going section entitled "BACKGROUND," polymers or
other organic insulative coatings are conventionally uti-
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lized to electrically insulate the electromagnetic coils dis-
posed within the stator of the motor actuator. Such or-
ganic dielectric materials are readily available and can
provide adequate electrical insulation at low to moderate
operating temperatures; however, at highly elevated
temperatures exceeding, for example, about 260°C, or-
ganic dielectric materials tend to breakdown and decom-
pose. For this and other reasons, the operational tem-
perature capabilities of conventional actuators can be
undesirably limited for usage in environments character-
ized by highly elevated temperatures.
[0015] In the case of actuators utilized within gas tur-
bine engine actuation systems, the motor actuator can
often be remotely located or otherwise thermally insulat-
ed from the most severe temperatures generated during
engine operation. However, this may not always be the
case. In certain instances, it may be desirable to locate
the motor actuator within highly heated regions of the
gas turbine engine, such as in the hot section of the gas
turbine engine, wherein the temperature may surpass
the thermal operating limits of conventional motor actu-
ators. To further emphasize this point, FIG. 1 schemati-
cally illustrates GTE 20 as incorporating three gas turbine
engine actuation systems, which may each include at
least one motor actuator that, if mounted or otherwise
disposed in close proximity to the component or compo-
nents adjusted by the actuator, may be subject to pro-
longed exposure to highly elevated temperatures gener-
ated during operation of the gas turbine engine. In par-
ticular, as schematically illustrated in FIG. 1, exemplary
GTE 20 may include: (i) a variable inlet guide vane ac-
tuation system 62, 64; (ii) a bleed valve actuation system
66, 68; and (iii) a variable area exhaust nozzle actuation
system 70, 72. These exemplary gas turbine engine ac-
tuation systems are each described, in turn, below.
[0016] The gas turbine engine actuation systems
shown in FIG. 1 each include a motor actuator 64, 68,
and 72 having enhanced operational temperature capa-
bilities. High temperature motor actuators 64, 68, and 72
can thus be disposed within the high temperature zones
of GTE 20, and potentially subject to direct exposure to
combustive gas flow, to allow greater flexibility in gas
turbine engine design and/or allow GTE 20 to be operated
at higher core temperatures to achieve improvements in
fuel consumption and efficiency. In the case of variable
inlet guide vane actuation system 62, 64, the high tem-
perature actuator assumes the form of an inlet guide vane
actuator 64. Inlet guide vane actuator 64 is utilized to
selectively adjust the orientation of a number of variable
inlet guide vanes 62, which are positioned within one or
more compressor stages of compressor section 24 in the
conventionally-known manner. In the case of bleed valve
actuation system 66, 68, the high temperature actuator
assumes the form of a bleed valve actuator 68, which is
utilized to adjust the position of a bleed valve 66 fluidly
coupled to compressor section 24 to regulate the flow of
airflow bled from the high pressure compressor section
of GTE 20. Lastly, in the case of variable area exhaust

nozzle actuation system 70, 72, the high temperature
actuator assumes the form of an exhaust nozzle actuator
72, which is utilized to vary the flow area of a variable
area exhaust nozzle 70 to control the outflow character-
istics thereof. As further indicated in FIG. 1, the operation
of high temperature actuators 64, 68, and 72 may be
controlled by a common controller 74, such as a Full Au-
thority Digital Engine Controller ("FADEC") or other dig-
ital engine controller.
[0017] FIG. 2 is an isometric view of a high temperature
motor actuator 80 suitable for usage as one or all of the
high temperature actuators 64, 68, and 72 shown in FIG.
1. In the exemplary embodiment shown in FIG. 2, motor
actuator 80 includes two main components or assem-
blies: (i) a wound stator 82 (that is, a stator containing a
number of wound coils), and (ii) and a rotor 84. Rotor 84
includes a core 86, which extends into a central opening
or bore provided within wound stator 82 and can rotate
relative to stator 82 about motor centerline 91. Core 86
of rotor 84 is thus surrounded by or circumscribed by
stator 82. Core 86 may contain any suitable arrangement
of ferromagnetic structures and/or permanent magnets
to permit magnetic interaction between rotor 84 and the
electromagnetic coils contained within stator 82 (de-
scribed below) in the well-known manner. A shaft 88 is
affixed or integrally formed with core 86 and extends ax-
ially outward therefrom to provide the rotary output of
motor actuator 80. Rotor 84, and specifically shaft 88,
can be mechanically linked to one or more actuated com-
ponent or components of a gas turbine engine, such as
variable inlet guide vales 62, bleed valve 66, or variable
area exhaust nozzle 70 (FIG. 1), either directly or utilizing
any number of intervening components.
[0018] With continued reference to FIG. 2, wound sta-
tor 82 includes a housing assembly 90, which contains
a number of pre-formed, dielectric-encapsulated wind-
ings or coils circumferentially spaced about centerline 91
of stator 82 (hidden from view in FIG. 2 and described in
detail below). Stator housing assembly 90 may be her-
metically sealed to prevent the ingress of moisture or
other contaminants into the interior of stator 82. For ex-
ample, housing assembly 90 may include a cylindrical
casing 92 having an inner cavity in which the electrically-
insulated windings are disposed; and a cover piece 94,
such as a disk-shaped end plate, which may be welded
to or otherwise sealingly affixed over the open end of
casing 92 to enclose the inner cavity thereof. A
feedthrough connector 96 having a number electrically-
conductive pins 98 may be provided to provide electrical
connection to the electromagnetic coils contained within
stator housing assembly 90 without compromising the
hermetic environment therein. Lastly, a disc-shaped plug
99 may be utilized to seal a fill opening provided in cover
piece 94, which allows filling with a dielectric potting ma-
terial to eliminate any voids remaining within the interior
of housing assembly 90 after attachment of cover piece
94, as described more fully below in conjunction with FIG.
13.
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[0019] FIG. 3 is a flowchart setting-forth a method 100
for fabricating a high temperature motor actuator, as il-
lustrated in accordance with an exemplary embodiment.
To provide a convenient, albeit non-limiting example, the
following describes fabrication method 100 in conjunc-
tion with high temperature motor actuator 80 shown in
FIG. 2 and further shown at various stages of completion
in FIGs. 4-13. This example notwithstanding, it is empha-
sized that embodiments of the below-described fabrica-
tion method can be utilized to produce various different
types of high temperature actuators, which may differ in
structure and function as compared to motor actuator 80.
It should also be appreciated that the fabrication steps
described below in conjunction with FIGs. 3-13 can be
performed in alternative orders, that certain steps may
be omitted, and that additional steps may be performed
in alternative embodiments of the fabrication method.
[0020] Exemplary method 100 commences with the
provision of a spoked coil support structure (STEP 102,
FIG. 3). FIGs. 4 and 5 are isometric and top-down views,
respectively, of an exemplary spoked coil support struc-
ture 104 that may be obtained during STEP 102 (FIG.
1), whether by independent fabrication or by purchase
from a third party supplier. In the illustrated example
shown in FIGs. 4 and 5, spoked coil support structure
104 assumes the form of an inner annular wall or elon-
gated tubular body 106. A central channel 108 extends
through tubular body 106 along the longitudinal axis or
centerline thereof, although it will be appreciated that
channel 108 need not extend entirely through body 106
in all embodiments. A plurality of projections or spokes
110 extends radially outward from tubular body 106 and
are circumferentially-spaced about the centerline or lon-
gitudinal axis of coil support structure 104. Collectively,
spokes 110 and tubular body 106 define a number of
circumferentially-spaced stator slots 112, which accom-
modate a number of pre-formed electromagnetic coils
fitted onto coil support structure 104, as described more
fully below in conjunction with FIG. 10. Each slot 112 is
laterally bounded by the facing sidewalls of two adjacent
spokes 110 and may have a generally trapezoidal shape,
when viewed from either end of coil support structure
104. In the illustrate example, each spoke 110 assumes
the form of a longitudinally-elongated wall, spine, or fin,
which extends along an axis substantially parallel with
the centerline of support structure 104; however, spokes
110 may assume any structural form or shape suitable
for receiving and retaining a plurality of pre-formed elec-
tromagnetic coils in their desired positions in the below-
described manner. To improve the efficiency of high tem-
perature motor actuator 80, the portions of tubular body
106 of extending between radially-extending spokes 110
may be imparted with a decreased radial thickness. For
example, in some embodiments, the radial thickness of
tubular body 106 (identified in FIG. 5 as "T1") may be
less than, and preferably less than one half, the width of
spokes 110 (identified in FIG. 5 as "W1"). In one embod-
iment, T1 may be between about 5 and about 20 millim-

eters. If desired, as indicated on the right hand side of
FIG. 5, longitudinal channels 118 may be cut into or oth-
erwise formed in tubular body 106 between spokes 110
to further reduce the thickness of the bridging portions
of body 106 (identified in FIG. 5 as "W2").
[0021] Spoked coil support structure 104 is circumfer-
entially open; that is, radial spokes 110 are each sup-
ported by or attached to tubular body 106 at one end (the
inner terminal spoke end in the illustrated example) with
the outer terminal spoke end terminating in free space.
As the the outer terminals ends of spokes 110 are not
interconnected by an outer wall or similar structure, stator
slots 112 are exposed and accessible from the outer cir-
cumference of support structure 104. Such a configura-
tion allows the pre-formed electromagnetic coils to be fit
onto coil support structure 104 with minimal physical ma-
nipulation. As can be seen most easily in FIG. 4, the
uppermost circumferential edge 114 of tubular body 106
may extend beyond spokes 110 and the lowermost cir-
cumferential edge 116 of body 106 may extend beyond
spokes 110 in opposing longitudinal directions to allow
the pre-formed electromagnetic coils to wrap around ra-
dial spokes 110, as described below in conjunction with
FIG. 10. The extension of upper edge 115 longitudinally
beyond spokes 110 may also facilitate attachment of a
cover piece, such as an end plate of the type described
below in conjunction with FIG. 13.
[0022] In further embodiments, the spoked coil support
structure may include a plurality of fins or spokes that are
joined by an outer annular wall and that extend radially
inward therefrom. In such embodiments, the spoked coil
support structure is still considered circumferentially-
open as inner terminal ends of the spokes are exposed
through inner diameter or inner circumference of the sup-
port structure. During manufacture, the pre-formed elec-
tromagnetic coils may be inserted onto the spokes from
the interior of the coil support structure; and a cylindrical
casing or tubular structure may then be inserted into the
central opening provided through the coil support struc-
ture to circumferentially enclose the pre-formed coils af-
ter further filling or potting the interior of the stator housing
assembly with an inorganic dielectric material in the be-
low-described manner.
[0023] Spoked coil support structure 104 may be fab-
ricated from a ferromagnetic or non-ferromagnetic ma-
terial, such as aluminum, a non-ferromagnetic 300 series
stainless steel, or a ceramic. In embodiments wherein
spoked coil support structure 104 is fabricated from an
electrically-conductive material, additional an electrical-
ly-insulative coating or shell may be formed over the outer
surfaces of structure 104. For example, in embodiments
wherein support structure 104 is fabricated from a stain-
less steel, spoked coil support structure 104 may be coat-
ed with an outer dielectric material utilizing, for example,
a brushing, dipping, drawing, or spraying process; e.g.,
a glass may be brushed onto structure 104 as a paste or
paint, dried, and then fired to form an electrically-insula-
tive coating over selected areas of support structure 104.

9 10 
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As a second example, in embodiments wherein the elec-
tromagnet coils disposed within an airtight or at least a
liquid-tight package, an electrically-insulative inorganic
cement of the type described below may be applied over
the outer surfaces of spoked coil support structure 104
and cured to produce the electrically-insulative coating
providing a breakdown voltage standoff between spoked
coil support structure 104 and windings supported there-
by. In some embodiments, a high temperature material
containing a mixture of organic and ceramic materials
may also be utilized for this purpose. As a further possi-
bility, in embodiments wherein support structure 104 is
fabricated from aluminum, spoked coil support structure
104 may be anodized to form an insulative alumina shell
over the support structure’s outer surface. In still further
embodiments, spoked coil support structure 104 can be
wrapped with a ceramic-or fiberglass-containing tape. In
such cases, the tape may also contain organic materials,
such as organic adhesives, which are burned away or
otherwise decomposed during the below-described cur-
ing process.
[0024] As indicated above, and continuing with STEP
103 of fabrication method 100 (FIG. 3), a number of pre-
formed, electrically-insulated coils are positioned on or
inserted over spokes 110 during manufacture of high
temperature actuator 80 (FIG. 2). FIGs. 6 and 7 illustrate
an exemplary encapsulated, pre-formed electromagnet-
ic coil 120 suitable for positioning over one or more of
radial spokes 110 of support structure 104 (FIGs. 4 and
5) during assembly of stator 82. As shown most clearly
in FIG. 7, electromagnetic coil 120 includes a magnet
wire 122, which has been wound to form a multi-layer,
multi-turn electromagnetic coil. Magnet wire 122 is at
least partially embedded within, surrounded by, or en-
capsulated by a body of dielectric material 124 (referred
to herein as "electrically-insulative body 124"); and, in
preferred embodiments, magnet wire 122 is wholly em-
bedded within or encapsulated by a body of dielectric
material 124 having a generally annular shape, the term
"annular" encompassing bodies or structures of various
different shapes having a central opening therethrough.
In addition to providing electrical insulation between
neighboring turns of coiled magnet wire 122 through the
operative temperature range of the electromagnetic coil
120, electrically-insulative body 124 also serves as a
bonding agent providing mechanical isolation and posi-
tion holding of coiled magnet wire 122 and the lead wire
portions extending into electrically-insulative body 124
(described below). By immobilizing the embedded coil
and the embedded lead wire portions, electrically-insu-
lative body 124 prevents wire chaffing and abrasion when
electromagnetic coil assembly is utilized within a high
vibratory environment. While the magnet wire 122 con-
tained within encapsulated, pre-formed electromagnetic
coil 120 is shown in FIG. 7 as wound in relatively neat or
ordered manner, this is for clarity of illustration only; in
actual production, the turns and layers of magnet wire
122 will typically be less neatly ordered, especially in in-

stances wherein wire 122 is hand wound.
[0025] Coiled magnet wire 122 may be formed from a
magnet wire having a relatively fine gauge; e.g., by way
of non-limiting example, a gauge of about 30 to about 38
AWG, inclusive. However, embodiments of the present
invention are also advantageously utilized when the
coiled magnet wire is of a larger wire gauge (e.g., about
20 to 28 AWG) and could chip or otherwise damage the
surrounding dielectric material during manipulation if al-
lowed to pass from the interior to the exterior of electri-
cally-insulative body 124. Thus, in preferred embodi-
ments, the gauge of coiled magnet wire 122 may range
from about 20 to about 38 AWG. Coiled magnet wire 122
may be fabricated from any suitable metal or metals in-
cluding, but not limited to, copper, aluminum, nickel, and
silver. Coiled magnet wire 122 may or may not be plated.
When electromagnetic coil 120 is designed for usage
within a high temperature environment, coiled magnet
wire 122 is preferably fabricated from aluminum, silver,
nickel, or clad-copper (e.g., nickel-clad copper). Advan-
tageously, both aluminum and silver wire provide excel-
lent conductivity enabling the dimensions and overall
weight of high temperature actuator 80 to be reduced,
which is especially desirable in the context of avionic ap-
plications. Relative to silver wire, aluminum wire is less
costly and can be anodized to provide additional electri-
cal insulation between neighboring turns of coiled mag-
net wire 122 and neighboring insulated windings and
thereby reduce the likelihood of shorting and breakdown
voltage during operation of high temperature actuator 80.
By comparison, silver wire is more costly than aluminum
wire, but is also more conductive, has a higher mechan-
ical strength, has increased temperature capabilities,
and is less prone to work hardening. The foregoing not-
withstanding, coiled magnet wire 122 is preferably fabri-
cated from aluminum wire and, more preferably, from
anodized aluminum wire.
[0026] Pre-formed electromagnetic coil 120 (FIGs. 6
and 7) can be encapsulated utilizing a number of different
processes; however, in preferred embodiments, either a
wet winding or molding process is utilized. In both cases,
a dielectric-containing material may applied in a wet or
flowable state over the coiled magnet wire (e.g., as a
paste, slurry, paint, etc.) and then subjected to a high
temperature curing process to produce electrically-insu-
lative body 124 in which magnet wire 122 is embedded.
As appearing herein, the phrase "wet-state application,"
the term "wet-state," and similar terms and phrases are
utilized to indicate that the dielectric-containing material
is mixed, dissolved, or otherwise combined with sufficient
liquid to enable application of the dielectric-containing
material by painting, dipping, brushing, spraying, wet
winding, or similar application technique. The term "wet-
state application" also encompasses the application of
organic dielectric materials, such as plastics, under tem-
perature and/or pressures wherein the organic dielectric
materials are melted, liquefied, or softened and can be
dispensed, injected, or otherwise flowed over the coiled
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magnet wire.
[0027] Addressing first the wet winding process, mag-
net wire 122 may be wound into the desired shape (e.g.,
typically an annular coil having a generally rectangular
profile with rounded corners, when viewed from the side)
utilizing a conventional winding machine and to the di-
mensions corresponding to spoked coil support structure
104 (FIGs. 4 and 5). During wet winding, the magnet wire
is wound while a dielectric-containing material is applied
over the wire’s outer surface in a wet or flowable state to
form a viscous coating thereon. In an embodiment, the
dielectric-containing material is composed of a ceramic
or other inorganic material that is mixed with, dissolved
within, or otherwise combined with a sufficient quantity
of liquid to be applied over the magnet wire in real-time
during the wet winding process by brushing, spraying, or
a similar application technique. In the wet-state, the die-
lectric-containing material may assume the form of a pre-
cure (e.g., water-activated) cement or a plurality of ce-
ramic (e.g., low melt glass) particles dissolved in a sol-
vent, such as a high molecular weight alcohol, to form a
slurry or paste. The selected dielectric-containing mate-
rial may be continually applied in a wet-state over the full
width of the magnet wire to the entry point of the coil such
that the puddle of liquid is formed through which the ex-
isting wire coils continually pass. The magnet wire may
be slowly turned during application of the dielectric ma-
terial by, for example, a rotating apparatus or wire winding
machine, and a relatively thick layer of the dielectric-con-
taining material may be continually brushed onto the
wire’s surface to ensure that a sufficient quantity of the
material is present to fill the space between neighboring
turns and multiple layers of coiled magnet wire 122. In
large scale production, application of the selected die-
lectric-containing material to the magnet wire may be per-
formed utilizing a pad, brush, or automated dispenser,
which dispenses a controlled amount of the dielectric ma-
terial over the wire during winding.
[0028] During the above-described wet winding proc-
ess, magnet wire 122 may be wound around an arbor or
mandrel generally having the desired shape of the final
electromagnetic coil. Magnet wire 122 and the electrical-
ly-insulative body 124 encapsulating magnet wire 122
may be removed from the arbor or mandrel while body
124 is still in a wet or partially wet state. Encapsulated
electromagnetic coil 120 may then be positioned on coil
support structure 104 and cured utilizing a thermal curing
process of the type described below. In certain cases,
electrically-insulative body 124 may be partially cured,
by thermal treatment or air drying, prior to removal from
the arbor or mandrel to increase the rigidity of body 124
and thereby facilitate removal from the arbor or mandrel.
To further facilitate removal of encapsulated electromag-
netic coil 120, the arbor or mandrel may be collapsible
or able to be disassembled. Alternatively, the arbor or
mandrel may be formed from a sacrificial material, such
as a plastic or wax, that can be chemically dissolved,
burned away, or at least softened to facilitate removal of

the coiled magnet wire with minimal manipulation of the
electromagnetic coil.
[0029] Encapsulated electromagnetic coil 120 can also
be fabricated utilizing a molding process during STEP
103 of fabrication method 100 (FIG. 3). As was the case
previously, magnet wire 122 may again be wound into
the desired shape utilizing a conventional winding ma-
chine. However, in this case, the dielectric material is not
applied to magnet wire 122 during winding and the wind-
ing process yields a non-encapsulated electromagnetic
coil. In embodiments wherein magnet wire 122 compris-
es anodized aluminum wire, the alumina shell of the wire
may provide electrical insulation between neighboring
turns of the coil. After winding, the non-encapsulated wire
coil may be removed from the arbor or mandrel as pre-
viously described and positioned within a mold having
the desired shape of the final electromagnetic coil 120.
The mold may then be filled with the selected inorganic
dielectric material, which is introduced in a wet or flowable
state and drawn through the mold utilizing, for example,
vacuum infiltration. As a more specific example, after po-
sitioning of coiled magnet wire 122 therein, the mold may
be filled with an inorganic dielectric cement and placed
under vacuum to infiltrate all windings of the coiled mag-
net wire. To facilitate removal of the molded dielectric
body from the mold, the interior of the mold may be coated
with or formed from a non-stick material, such as poly-
tetrafluoroethylene. Thermal curing may then be per-
formed, as described below, to harden encapsulated
electromagnetic coil 120 thereby allowing the rigid or sub-
stantially rigid coil to be easily removed from the mold
and placed on coil support structure 104 (FIGs. 4 and 5).
Additional heat treatment may also be performed after
positioning of electromagnetic coil 120 and a number of
like coils around spokes 110 of coil support structure 104,
as described below in conjunction with FIG. 10.
[0030] In embodiments wherein coiled magnet wire
122 is produced utilizing anodized aluminum wire, elec-
trically-insulative body 124 is preferably formed from a
material having a coefficient of thermal expansion
("CTE") approaching that of aluminum (approximately 23
parts per million per degree Celsius), but preferably not
exceeding the CTE of aluminum, to minimize the me-
chanical stress applied to the anodized aluminum wire
during thermal cycling. Thus, in embodiments wherein
coiled magnet wire 122 is produced from anodized alu-
minum wire, electrically-insulative body 124 is preferably
formed to have a CTE exceeding approximately 10 parts
per million per degree Celsius ("ppm per °C") and, more
preferably, a CTE between approximately 16 and approx-
imately 23 ppm per °C. Suitable materials include inor-
ganic cements and certain low melt glasses (i.e., glasses
or glass mixtures having a melting point less than the
melting point of anodized aluminum wire), such as leaded
borosilicate glasses. As a still more specific example,
electrically-insulative body 124 may be produced from a
water-activated, silicate-based cement, such as the seal-
ing cement bearing Product No. 33S and commercially
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available from the SAUEREISEN® Cements Company,
Inc., headquartered in Pittsburgh, Pennsylvania. Addi-
tional description of materials and methods useful in the
formation of electrically-insulative body 124 is provided
in co-pending U.S. App. Serial No. 13/038,838, entitled
"HIGH TEMPERATURE ELECTROMAGNETIC COIL
ASSEMBLIES AND METHODS FOR THE PRODUC-
TION THEREOF," and filed March 2, 2011, which bears
a common assignee with the Instant Application and
which is hereby incorporated by reference.
[0031] In further embodiments, electrically-insulative
body 124 can be fabricated from dielectric-containing
material comprising a mixture of at least a low melt glass
and a particulate filler material. Low melt glasses having
coefficients of thermal expansion exceeding approxi-
mately 10 ppm per °C include, but are not limited to, lead-
ed borosilicates glasses. Commercially available leaded
borosilicate glasses include 5635, 5642, and 5650 series
glasses having processing temperatures ranging from
approximately 350°C to approximately 550°C and avail-
able from KOARTAN™ Microelectronic Interconnect Ma-
terials, Inc., headquartered in Randolph, New Jersey.
The material containing the low melt glass is conveniently
applied as a paste or slurry, which may be formulated
from ground particles of the low melt glass, the particulate
filler material, a solvent, and a binder. In a preferred em-
bodiment, the solvent is a high molecular weight alcohol
resistant to evaporation at room temperature, such as
alpha-terpineol or TEXINOL®; and the binder is ethyl cel-
lulose, an acrylic, or similar material.
[0032] It is desirable to include a particulate filler ma-
terial in the embodiments wherein the electrically-insu-
lative, inorganic material comprises a low melt glass to
prevent relevant movement and physical contact be-
tween neighboring coils of the anodized aluminum wire
during coiling and firing processes. Although the filler ma-
terial may comprise any particulate material suitable for
this purpose (e.g., zirconium or aluminum powder), bind-
er materials having particles generally characterized by
thin, sheet-like shapes (commonly referred to as "plate-
lets" or "laminae") have been found to better maintain
relative positioning between neighboring coils as such
particles are less likely to dislodge from between two ad-
jacent turns or layers of the wire’s cured outer surface
than are spherical particles. Examples of suitable binder
materials having thin, sheet-like particles include mica
and vermiculite. The dielectric-containing material, and
thus the low melt glass, is conveniently applied to the
magnet wire in a wet state by brushing immediately prior
to the location at which the wire is coiled around the sup-
port structure utilizing a wet winding process of the type
described above.
[0033] One or both of the opposing terminal ends of
magnet wire 122 may project from electrically-insulative
body 124 to provided electrical connection to the wind-
ings embedded therein. However, in instances wherein
body 124 is formed from an inorganic material or medium
that is highly rigid when cured, magnet wire 122 may be

effectively fixed or anchored in place at the wire’s entry
point into or exit point from dielectric body 124. As the
external segment of magnet wire 122 is subjected to un-
avoidable bending, pulling, and twisting forces during as-
sembly, significant mechanical stress concentrations
may occur at the wire’s entry or exit point from the die-
lectric body. The fine gauge magnet wire may conse-
quently mechanically fatigue and work harden at this in-
terface during the assembly process. Work hardening
may be especially problematic in instances wherein mag-
net wire 122 is fabricated from aluminum or another metal
prone to these issues. For at least this reason, it is pre-
ferred that lead wires are joined to the terminal end por-
tions of magnet wire 122 within electrically-insulative
body 124 and projects therefrom to provide electrical con-
nection to the embedded coil. The lead wires can be sin-
gle-strand wires having any suitable gauge and fabricat-
ed from a non-aluminum metal resistant to work harden-
ing, or the lead wires can be single-strand aluminum
wires having a larger gauge than does magnet wire 122.
These examples notwithstanding, the lead wires joined
to opposing ends of magnet wire 122 have a braided or
woven structure to provide increased flexibility, resist-
ance to fatigue and work hardening, and added redun-
dancy.
[0034] In the illustrated example, and as shown most
clearly in FIG. 6, first and second braided lead wires 128
and 130, which are joined to opposing end portions of
coiled magnet wire 122. Braided lead wires 128 and 130
extend into or emerge from electrically-insulative body
124 at entry/exit points 131. Braided lead wires 128 and
130 thus each include a terminal end portion or segment,
which extends into and is contained within electrically-
insulative body 124 and which is joined to an opposing
end portion of coiled magnet wire 122. Braided lead wires
128 and 130 may each assume the form of a plurality of
filaments (e.g., 24 fine gauge filaments) interwoven into
a flat ribbon, an elongated tube (shown in FIGs. 6 and
7), or a similar woven structure. Braided lead wires 128
and 130 can be fabricated from a wide variety of metals
and alloys, including copper, aluminum, nickel, stainless
steel, and silver. Depending upon the particular metal or
alloy from which braided lead wires 128 and 130 are
formed, the lead wires may also be plated or clad with
various metals or alloys to increase electrical conductiv-
ity, to enhance crimping properties, to improve oxidation
resistance, and/or to facilitate soldering or brazing. Suit-
able plating materials include, but are not limited to, nick-
el, aluminum, gold, palladium, platinum, and silver.
[0035] As shown most clearly in FIG. 7, braided lead
wire 128 is mechanically and electrically joined to a first
end portion of coiled magnet wire 122 by way of a first
joint 132. Similarly, a second braided lead wire 130 is
mechanically and electrically joined to an opposing end
portion of coiled magnet wire 122 by way of a second
joint 134 (also shown in FIG. 7). As will be described
more fully below, joints 132 and 134 may be formed by
any suitable combination of soldering, crimping, twisting,
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or the like. In preferred embodiments, joints 132 and 134
are embedded or buried within electrically-insulative
body 124. Joints 132 and 134, and therefore the opposing
end portions of coiled magnet wire 122, are thus mechan-
ically isolated from bending and pulling forces exerted
on the external portions of braided lead wires 128 and
130. Consequently, in embodiments wherein coiled mag-
net wire 122 is produced utilizing a fine gauge wire and/or
a metal (e.g., anodized aluminum) prone to mechanical
fatigue and work hardening, the application of strain and
stress to coiled magnet wire 122 is consequently mini-
mized and the development of high resistance hot spots
within wire 122 is avoided. By comparison, due to their
interwoven structure, braided lead wires 128 and 130 are
highly flexible and can be repeatedly subjected to signif-
icant bending, pulling, twisting, and other manipulation
forces without appreciable mechanical fatigue or work
hardening. Additionally, as braided lead wires 128 and
130 each contain a plurality of filaments, lead wires 128
and 130 provide redundancy and thus improve the overall
reliability of electromagnetic coil 120.
[0036] To facilitate connection to a given braided lead
wire, the coiled magnet wire is preferably inserted or
threaded into the braided lead wire prior to formation of
the wire-to-lead joint. In embodiments wherein the braid-
ed lead wire is a flat woven ribbon (commonly referred
to as a "flat braid"), the fine gauge magnet wire may be
inserted through the sidewall of the interwoven filaments
and, perhaps, woven into the braided lead wire by re-
peatedly threading the magnet wire through the lead
wire’s filaments in an undulating pattern. Alternatively, in
embodiments wherein the braided lead is an interwoven
tube (commonly referred to as a "hollow braid"), an end
portion of the coiled magnet wire may be inserted into
the central opening of the tube or woven into the braided
lead wire in the previously-described manner. For exam-
ple, as shown in FIG. 8, an end portion 136 of coiled
magnet wire 122 may be inserted into an end portion 138
of braided lead wire 128. Joint 132 may then be formed
by soldering and/or crimping. For example, and as indi-
cated in FIG. 8 by arrows 140, end portion 138 of hollow
braided lead wire 128 may be crimped over end portion
136 of coiled magnet wire 122.
[0037] In forming crimp joint 132 shown in FIG. 8, a
deforming force is applied to opposing sides of end por-
tion 138 of braided lead wire 130 into which end portion
136 of coiled magnet wire 122 has previously been in-
serted. In this manner, end portion 138 of braided hollow
lead wire 130 serves as a crimp barrel, which is deformed
over and around end portion 136 of coiled magnet wire
122. The crimping process is controlled to induce suffi-
cient deformation through crimp joint 134 to ensure the
creation of a metallurgical bond or cold weld between
coiled magnet wire 122 and braided lead wire 130 forming
a mechanical and electrical joint. Crimping can be per-
formed with a hydraulic press, pneumatic crimpers, or
certain hand tools (e.g., hand crimpers and/or a ham-
mer). In embodiments wherein braided lead wires are

crimped to opposing ends of the magnet wire, it is pre-
ferred that the braided lead wires and the coiled magnet
wire are fabricated from materials having similar or iden-
tical hardnesses to ensure that the deformation induced
by crimping is not overly concentrated in a particular,
softer wire; e.g., in preferred embodiments wherein joints
132 and 134 are formed by crimping, coiled magnet wire
122, braided lead wire 128, and braided lead wire 130
may each be fabricated from aluminum.
[0038] It will be appreciated that braided lead wire 128
may be joined to the opposing end of coiled magnet wire
122 utilizing a similar crimping process to form crimp joint
134 (FIG. 7). Furthermore, while only a single crimp joint
is shown in FIG. 8 for simplicity, it will be appreciated that
multiple crimps can be utilized to provide redundancy
and ensure optimal mechanical and/or electrical bonding
of the braided lead wires and the coiled magnet wire. It
may be desirable to impart one or more of the crimp joints
included within electromagnetic coil 120 with a tapered
geometry to ensure the simultaneous formation of opti-
mal metallurgical and electrical bonds, as described
more fully in co-pending U.S. App. Serial No. 13/187,359,
entitled "ELECTROMAGNETIC COIL ASSEMBLIES
HAVING TAPERED CRIMP JOINTS AND METHODS
FOR THE FABRICATION THEREOF," and filed July 20,
2011, which bears a common assignee with the Instant
Application and which is hereby incorporated by refer-
ence.
[0039] In addition to or in lieu of crimping, end portion
138 of braided lead wire 130 may be joined to end portion
136 of coiled magnet wire 122 by soldering. In this case,
solder material, preferably along with flux, may be applied
to joint 132 and heated to cause the solder material to
flow into solder joint 132 to mechanically and electrically
join magnet wire 122 and lead wire 130. A braze stop-
off material is advantageously impregnated into or oth-
erwise applied to braided lead wire 130 adjacent the lo-
cation at which braided lead wire 130 is soldered to coiled
magnet wire 122 (represented in FIG. 8 by dashed circle
142) to prevent excessive wicking of the solder material
away from joint 132. Soldering may be performed by ex-
posing the solder materials to an open flame utilizing, for
example, a microtorch. Alternatively, soldering or brazing
may be performed in a controlled atmosphere oven. The
oven is preferably purged with an inert gas, such as ar-
gon, to reduce the formation of oxides on the wire sur-
faces during heating, which could otherwise degrade the
electrical bond formed between coiled magnet wire 122
and braided lead wires 128 and 130. If containing poten-
tially-corrosive constituents, such as fluorines or chlo-
rides, the flux may be chemically removed after soldering
utilizing a suitable solvent.
[0040] If desired, an electrically-insulative (e.g., fiber-
glass or ceramic) cloth can be wrapped around the ex-
terior of pre-formed electromagnetic coil 120 to further
electrically insulate coil 120 from stator housing assem-
bly 90 (if fabricated from a metal or other electrically-
conductive material) and from neighboring coils included
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within high temperature actuator 80. Further emphasiz-
ing this point, FIG. 9 illustrates pre-formed electromag-
netic coil 120 after an electrically-insulative covering 144
has been wrapped around the exterior of coil 120. In one
embodiment, electrically-insulative covering is a fiber-
glass or ceramic cloth that is wrapped coil 120 and then
sewn in place. Similarly, as further shown in FIG. 9, elec-
trically-insulative braided or woven sleeves 146 and 148
(e.g., woven fiberglass tubes) may be positioned the ter-
minal end portions of braided lead wires 128 and 130,
respectively, and may extend into electrically-insulative
body 124. During manufacture of actuator 80, sleeves
146 and 148 may be slid into place after formation of
joints 132 and 134, respectively. Additional dielectric-
containing material may then be applied over each joint
and the portion of the sleeve wrapping around the previ-
ously-deposited portion dielectric body 124. As a result,
the inner terminal ends of sleeve 146 and 148 will be
buried or embedded within the outer regions of electri-
cally-insulative body 124, when completed and trans-
formed into a hardened or solid state pursuant to curing.
[0041] After the fabrication of pre-formed electromag-
netic coil 120 and a number of similar pre-formed elec-
tromagnetic coils, the electromagnetic coils are loaded
onto spokes 110 of spoked coil support structure 104
(FIGs. 4 and 5) in an annual array or grouping (STEP
103, FIG. 3). FIG. 10 illustrates partially-fabricated stator
82 after positioning of a number of pre-formed electro-
magnetic coils 120 around spokes 110 of coil support
structure 104 (electrically-insulative covering 144 and
sleeves 146 and 148 of each coil 120 are not shown in
FIG. 10 for clarity). In the illustrated example, pre-formed
electromagnetic coils 120 are arranged such that approx-
imately one half of each coil overlaps with approximately
one half of an adjacent coil in each stator slot, as taken
in a radial direction. Pre-formed electromagnetic coils
120 may also be arranged in various other spatial arrays
wherein the pre-formed electromagnetic coils 120 may
or may not overlap radially within stator slots 112 (labeled
in FIGs. 4 and 5). For example, in further embodiments
wherein each coil 120 is inserted over a different radial
spoke 110 such magnet wire occupies each stator slots
112 (that is, no stator slots are "skipped" during position-
ing of the electromagnet coils), the adjacent legs of neigh-
boring coils may be placed in a non-overlapping or side-
by-side relationship within each slot 112. In still further
embodiments, pre-formed electromagnetic coils 120
may be arranged such that not all slots are occupied by
coils 120 or such that portions of three or more pre-
formed coils occupy a single slot. It is generally preferred,
however, that each stator slot 112 is largely occupied by
wound wire to optimize the electromagnetic efficiency of
high temperature actuator 80 (FIG. 2); e.g., it may be
desirable to achieve a packing efficiency of about 25-40%
of the slot volume occupied by magnet wire, in at least
some embodiments.
[0042] At some juncture after application of the dielec-
tric-containing material over the coiled magnet wire, the

green state dielectric-containing material is cured to pro-
duce electrically-insulative body 124. Curing can be per-
formed prior to or after insertion of pre-formed electro-
magnetic coils 120 onto stator 82. As appearing herein,
the term "curing" denotes exposing the wet-state, dielec-
tric-containing material to process conditions (e.g., tem-
peratures) sufficient to transform the material into a solid
dielectric medium or body, whether by chemical reaction,
by melting of particles, or otherwise. The term "curing" is
thus defined to include firing of, for example, low melt
glasses. In many cases, curing of the chosen dielectric-
containing material will involve thermal cycling over a rel-
atively wide temperature range, which will typically entail
exposure to elevated temperatures well exceeding room
temperatures (e.g., about 20-25°C), but less than the
melting point of the magnet wire (e.g., in the case of an-
odized aluminum wire, approximately 660°C). However,
in embodiments wherein the chosen dielectric-containing
material is an inorganic cement curable at or near room
temperature, curing may be performed, at least in part,
at correspondingly low temperatures. For example, if the
chosen dielectric-containing material is an inorganic ce-
ment, partial curing may be performed at a first temper-
ature slightly above room temperature (e.g., at approxi-
mately 82°C) to drive out excess moisture before further
curing is performed at higher temperatures exceeding
the boiling point of water. In preferred embodiments, cur-
ing is performed at temperatures up to the expected op-
erating temperatures of electromagnetic coil 120, which
may approach or exceed approximately 315°C. In em-
bodiments wherein coiled magnet wire 122 is produced
utilizing anodized aluminum wire, it is also preferred that
the curing temperature exceeds the annealing tempera-
ture of aluminum (e.g., approximately 340°C to 415°C,
depending upon wire composition) to relieve any me-
chanical stress within the aluminum wire created during
processing. High temperature curing may also form alu-
minum oxide over any exposed areas of the anodized
aluminum wire created by abrasion during winding to fur-
ther reduces the likelihood of shorting.
[0043] Next, at STEP 149 of exemplary method 100
(FIG. 3), a cylindrical casing 92 may be disposed around
spoked coil support structure 104 to circumferentially en-
closure support structure 104 and the electromagnetic
coils 120 supported thereby. In a preferred embodiment,
cylindrical casing 92 is affixed around coil support struc-
ture 104 utilizing a thermal shrink fit process. In such a
shrink fit process, cylindrical casing 92 may be heated
to a predetermined elevated temperature utilizing a spe-
cialized fixture to expand casing 92 and increase the in-
ner diameter thereof. The heated casing 92 may then be
positioned over the relative cool coil support structure
104 and the electromagnetic coils supported thereby. Af-
ter being properly positioned, cylindrical casing 92 may
then be allowed to cool and contract. As casing 92 con-
tracts, the inner circumferential surface of casing 92
comes into contact and exerts an inward clamping force
on the outer terminal ends of spokes 110 thereby locking
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casing 92 in its desired position around coil support struc-
ture 104 to circumferentially enclose coils 120. In further
implementations of method 100, other techniques or
physical means may be utilized to secure cylindrical cas-
ing 92 around spoked coil support structure 104 in the
above-described manner including, for example, a press
fit or interference fit technique.
[0044] After fitting casing 92 over coil support structure
104 in the above-described manner, the free space within
the partially-fabricated stator housing assembly 90 may
be filled with a dielectric potting material 150 (STEP 151,
FIG. 3). The resulting structure is shown in FIG. 12. In
one embodiment, a non-stick (e.g., polytetrafluoroethyl-
ene) plate is positioned over one end of partially-fabri-
cated stator 82 and the stators slots are filled with the
potting material to eliminate any voids therein. Suitable
potting materials include the dielectric materials of the
type described above, as well as other types of inorganic
and organic dielectric materials, such as high tempera-
ture silicones. As can be seen in FIG. 12, the potted di-
electric body 150 may occupy the substantial entirety of
housing assembly 90 such that pre-formed electromag-
netic coils 120 are encased within body 150, while braid-
ed lead wires 128 and 130 project upwardly therefrom.
Selected braided lead wires 128 and 130 of each coil 120
can be wired together or interconnected at this juncture
in the manufacturing process with certain lead wires 128
and 130 left unconnected for subsequent joinder to the
conductors of a feedthrough connector, such as pins 98
of feedthrough connector 96 described below in conjunc-
tion with FIG. 13.
[0045] With reference to FIG. 13, an end plate or cover
piece 94 is next joined to coil support structure 104 and
casing 92 to at least partially enclose the interior of stator
82 housing electromagnetic coils 120 (STEP 153, FIG.
3). Cover piece 94 is generally conformal with the geom-
etry and dimensions of space between coil support struc-
ture 104 and cylindrical casing 92 such that cover piece
94 encloses the open end of stator housing assembly
90. The inner and outer circumferential edges of cover
piece 94 may be welded to the inner protruding circum-
ferential edge of coil support structure 104 and the cir-
cumferential edge of the open end of casing 92, respec-
tively, to produce the desired seals. After attachment of
cover piece 94, additional dielectric material may be in-
jected or otherwise introduced into the interior of stator
82 through a fill port 162 provided through cover piece
94 (FIG. 13) to fill any remaining free space therein. A
plug piece 99 may then be utilized to seal fill port 162,
as shown in FIG. 2, and thereby completely hermetically
enclose the interior of stator 82. At least one external
feedthrough connector 96 (e.g., a metal-to-glass
feedthrough) extends through a wall of stator housing
assembly 90 to enable electrical connection to the elec-
tromagnetic coils contained within housing assembly 90
while bridging the hermetically-sealed environment with-
in stator 82. For example, as shown in FIG. 13, a
feedthrough connector 96 may extend into a tubular

chimney structure mounted through cover piece 94. Oth-
er types of feedthrough connectors, such as mineral-in-
sulated cables, can also be utilized in further embodi-
ments. While feedthrough connector 96 is shown as hav-
ing three pins 98 in the illustrated example shown in FIG.
13, the number of pins (or other feedthrough conductors)
will inevitably vary between embodiments depending up-
on the number of electromagnetic coils contained within
stator 82 and the manner in which the coils are intercon-
nected. From this juncture in the manufacturing process,
conventional steps may be carried-out to complete fab-
rication of high temperature motor actuator 80 (STEP
155, FIG. 3) including the installation of rotor 84 shown
in FIG. 2.
[0046] The foregoing has thus provided embodiments
of an electric motor-based actuator suitable for operation
in high temperature applications characterized by maxi-
mum temperatures exceeding, for example, about
260°C. The foregoing has also provided embodiments
of such a gas turbine engine actuation system including
such a high temperature motor actuator. Methods for the
fabrication of such a high temperature motor actuator
have also been provided. During fabrication of the stator
included within the high temperature motor actuator, a
number of electromagnetic coils were preformed and
then inserted onto the open spokes of a coil support struc-
ture. In the above-described exemplary embodiments,
the preformed coils were encapsulated in an inorganic
dielectric material prior to insertion onto the spokes of
the coil support structure. However, in further embodi-
ments, the preformed coils may inserted onto the coil
support structure prior to encapsulation and the partially-
completed stator may then be infiltrated with the selected
inorganic dielectric material to provide additional isola-
tion between the coils, as described more fully below in
conjunction with FIG. 14.
[0047] FIG. 14 is a top down view of a stator 158 after
a number of non-encapsulated electromagnetic coils 160
have been distributed about the centerline of stator 158
and, specifically, radially inserted over spokes 110 of coil
support structure 104 in an overlapping or staggered re-
lationship. Electrical isolation between neighboring coils
160, between the turns of each coil 160, and between
coils 160 and coil support structure 104 (if fabricated from
an electrically-conductive material) may be provided by
utilizing anodized aluminum wire to form coils 160, in an
embodiment. Additionally, the non-encapsulated electro-
magnetic coils 160 may be wrapped in an electrically-
insulative covering (not shown in FIG. 14 to reveal coils
160), such as a fiberglass or ceramic cloth similar to that
described above in conjunction with FIG. 9. Each coil 160
may be wound around a mandrel or arbor as previously
described and, in certain implementations, may then be
press-fit onto a shaping fixture to force the coil to the
precise shape and dimensions of stator slots 112. After
distribution around coil support structure 104, the assem-
bly may then be infiltrated with a wet-state inorganic ce-
ment, a wet-state borosilicate-glass containing material,
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or another wet-state inorganic dielectric material utilizing,
for example, a vacuum infiltration or impregnation proc-
ess. The entire assembly may then be cured and addi-
tional assembly can then be performed utilizing the
above-described process (e.g., disposing a cylindrical
casing around coil support structure 104, attaching / plug-
ging a cover piece to hermetically seal the interior of sta-
tor 158, installing a rotor, etc.) to complete production of
the high temperature motor actuator.
[0048] While multiple exemplary embodiments have
been presented in the foregoing Detailed Description, it
should be appreciated that a vast number of variations
exist. It should also be appreciated that the exemplary
embodiment or exemplary embodiments are only exam-
ples, and are not intended to limit the scope, applicability,
or configuration of the invention in any way. Rather, the
foregoing Detailed Description will provide those skilled
in the art with a convenient road map for implementing
an exemplary embodiment of the invention. It being un-
derstood that various changes may be made in the func-
tion and arrangement of elements described in an exem-
plary embodiment without departing from the scope of
the invention as set-forth in the appended Claims.

Claims

1. A gas turbine engine actuation system, comprising:

an actuated gas turbine engine component (62,
66, 70); and
a high temperature actuator (64, 68, 72, 80),
comprising:

a rotor (84) mechanically linked to the actu-
ated gas turbine engine component; and
a stator (82) surrounding at least a portion
of the rotor, the stator comprising:

a coil support structure (104) having a
plurality of spokes (110) extending ra-
dially therefrom;
a plurality of pre-formed electromag-
netic coils (120) circumferentially dis-
tributed about the coil support structure
(104), each of the plurality of pre-
formed electromagnetic coils inserted
over at least one of the plurality of
spokes in a radial direction; and
an inorganic dielectric material (124) in
which each of the plurality of pre-
formed electromagnetic coils is at least
partially embedded.

2. The gas turbine engine actuation system of Claim 1
wherein the stator (82) further comprises a casing
(92) disposed around the coil support structure (104)
and circumferentially enclosing the plurality of pre-

formed electromagnetic coils (120).

3. The gas turbine engine actuation system of Claim 2
wherein the casing (92) is thermally fit around the
plurality of spokes (110) and exerts an inward clamp-
ing force on the outer terminal ends of the plurality
of spokes.

4. The gas turbine engine actuation system of Claim 2
further comprising:

a cover piece (94) joined between the coil sup-
port structure (104) and the casing (92) to pro-
duce a hermetically-sealed stator package; and
at least one inorganic dielectric material (150)
filling at least in substantial part the hermetically-
sealed housing assembly (90).

5. The gas turbine engine actuation system of Claim 1
wherein the coil support structure (104) comprises:

a tubular body (106) from which the plurality of
spokes (110) extends; and
a plurality of stator slots (112) defined, at least
in part, by a circumferential surface of the tubular
body and the plurality of spokes.

6. The gas turbine engine actuation system of Claim 5
wherein the plurality of pre-formed electromagnetic
coils (120) are circumferentially distributed about the
coil support structure (104) such that each of the
plurality of stator slots (112) accommodates a portion
of at least two different electromagnetic coils (120)
in a radially overlapping or side-by-side relationship.

7. The gas turbine engine actuation system of Claim 1
wherein the plurality of pre-formed coils (120) com-
prise wound anodized aluminum wire (122).

8. The gas turbine engine actuation system of Claim 7
wherein at least one of the plurality of pre-formed
electromagnetic coils (120) further comprises braid-
ed lead wires (128, 130) extending into the inorganic
dielectric material (124) encapsulating the pre-
formed electromagnetic coil (120) and joined to op-
posing end portions of the wound anodized alumi-
num wire (122).

9. The gas turbine engine actuation system of Claim 1
wherein the inorganic dielectric material (124) com-
prises at least one of the group consisting of an in-
organic cement and a borosilicate glass.

10. A method (100) for manufacturing a high tempera-
ture actuator (64, 68, 72, 80), comprising:

providing (102) a coil support structure (104)
comprising a plurality of spokes (110) extending
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radially from a tubular body (106);
inserting (103) a plurality of pre-formed electro-
magnetic coils (120) over the plurality of spokes
in a radial direction;
embedding (103) the plurality of pre-formed
electromagnetic coils in an inorganic dielectric
material (124) before or after insertion of the plu-
rality of pre-formed electromagnetic coils over
the plurality of spokes;
disposing (149) a cylindrical casing (92) around
the coil support structure to circumferentially en-
close the plurality of pre-formed electromagnetic
coils;
joining (153) a cover piece (94) to the coil sup-
port structure and the cylindrical casing (92) to
hermitically enclose the plurality of pre-formed
electromagnetic coils; and
prior to joining the cover piece to the coil support
structure and the cylindrical casing, electrically
coupling (153) the plurality of pre-formed elec-
tromagnetic coils to the conductors (98) of a
feedthrough assembly (96).
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