-1- LI NEAR MOTOR COOLI NG APPARATUS W TH AI R AMPLI FI CATION Field of the

I nvention 5 The invention relates to an apparatus for cooling |inear notors
that are typically wused as actuators for positioning nechanisns, and in
particular for generating cooling air to cool the current-carrying coils
conprised in such linear notors. 1 10 Background and Prior Art Linear notors
are commonly used in sem conductor assenbly equi pnent as a fast and accurate
means to drive mechanical parts as theyican provide relatively higher system
performance as conpared to rotary servo notors that are coupled 15 with
rotary to linear conversion mechanisns. This is due to the elimnation of
added inertia, friction, conpliance and backlash that typical
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10 Background and Prior Art

Linear motors are commonly used in semiconductor assembly equipment as a
fast and accurate means to drive mechanical parts as they can provide relatively
higher system performance as compared to rotary servo motors that are coupled
15  with rotary to linear conversion mechanisms. This is due to the elimination of
added inertia, friction, compliance and backlash that typical rotary-to-linear
mechanisms have. High force density, excellent response and high reliability are

some advantages of brushless linear motors.

( 20 A linear motor comprises permanent magnets that are arranged to form a
magnetic field and a coil assembly that is disposed within the magnetic field
which is configured for carrying a current. Either the set of permanent magnets
or the coil assembly is typically kept stationary while the other component is
configured to be movable relative to it in order to drive a payload. )

25
A main source of heat generation in a linear motor occurs in its force-producing
coil assembly, and this often places a heat generator in close proximity to the
payload. Furthermore, in conventional linear motors, the gaps allowed between
the coil assembly and the permanent magnets are usually very small to maximize
30 efficiency, resulting in heat being trapped between the respective surfaces of the
coil assembly and the permanent magnets. In high accuracy applications, this



30 efficiency, resulting in heat being trapped between the respective
surfaces of the <coil assenbly and the permanent magnets. In high accuracy
applications, this -2- will be a concern since dinensional stability is
affected by changing anmbient thernmal conditions. In addition to the noving
payl oad, the systemis own conponents such as gui des or feedback may react
negatively to elevated tenperatures and |lead to safety issues or even
failure of the linear notor. 5 It is this- necessary to inplenent an apparatus
to prevent such adverse effects. Providing a thermal insulator between the
coil assenbly and the rest of the system may be one approach, but this m ght
si gni fi canvillybéled caneermgingst dimensional sstabitibcisi alleetedsbyiChangingeambignik .
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10 with internal air cooling.

One type of air cooling apparatus that has been implemented in the prior art to
cool linear motors is described in US Patent No. 5,834,862 entitled “Linear Motor
Cooling System”. A cooling system is described therein for a closely coupled
15 linear motor including a moving coil mounted for movement on a stator core. A
nozzle comprising a base member and a cover plate is mounted on one end of
the moving coil for producing a pair of high velocity sheets of air which are
directed horizontally over the surface of the exposed turns so as to rapidly cool
and stabilize the temperature of the coils.
20
However, these high velocity sheets of air are generated in directions that are
perpendicular to the gaps between the coil frame and the magnet assembly, and
not directly into the gaps. The sheets of air are instead made to traverse
curvatures in the coil frame before entering the gaps. This approach of initially
25 generating the air-flow perpendicular to the gaps is likely to resuit in the loss of
cooling air into the atmosphere while the cooling air traverses the curvature of
the frame. This is especially so when the radius of curvature of the frame is
small, and would in turn reduce the amount of cooling air that is available to enter
the gaps and pass over the heated coils. The cooling effect would thus be less
30 efficient. It would be advantageous to generate cooling air directly into the gaps



25 generating the air-flow perpendicular to the gaps is likely to result in
the loss of cooling air into the atnosphere while the cooling air traverses
the curvature of the frame. This is especially so when the radius of
curvature of the frane is small, and would in turn reduce the anmount of
cooling air that is available to enter the gaps and pass over the heated
coils. The cooling effect would thus be less 30 efficient. It would be
advant ageous to generate cooling air di+&etly into the gaps -3- between the
coils and the permanent magnets, while at the sane tine anplify the cooling
air flow Summary of the Invention 5 It is thus an object of the invention
to seek tobpigardthesceiornddhemsimanest magnats,nwhile abdtbe sameatimeeamplifyes
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first aspeSuminames theyevention there is provided a cooling apparatus 15 for
a line notor conprising a coil assenbly and a magnet assenbly, the cooling
apparatls conprising: a conpressed air inlet positioned to discharge
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10 It is a further object of the invention to amplify the cooling air that flows into the
said gaps by entraining atmospheric air together with the generated cooling air
flow.

According to a first aspect of the invention, there is provided a cooling apparatus

15 for a linear motor comprising a coil assembly and a magnet assembly, the
cooling apparatus comprising: a compressed air inlet positioned to discharge
compressed air in a direction directly towards a gap between the coil assembly
and magnet assembly; and an inclined surface extending from the compressed
air inlet and sloping at an obtuse angle away from the discharge direction of the

20 compressed air; wherein the compressed air inlet is configured to discharge the
compressed air at a sufficient velocity so as to entrain atmospheric air along the
inclined surface to amplify the compressed air that is discharged.

According to a second aspect of the invention, there is provided a method for
25 cooling a linear motor comprising a coil assembly and a magnet assembly,
comprising the steps of: providing a compressed air inlet and arranging it to
discharge compressed air in a direction directly towards a gap between the coil
assembly and magnet assembly; providing an inclined surface extending from
the compressed air inlet and sloping at an obtuse angle away from the discharge
30 direction of the compressed air; and discharging compressed air directly towards



i ncli-ned surface to anplify the conpressed air that is discharged. According
to a second aspect of the invention, there is provided a nethod for 25
cooling a linear notor conprising a coil assenbly and a nagnet assenbly,
conprising the steps of: providing a conpressed air inlet and arranging it to
di scharge conpressed air in a direction directly towards a gap between the
coil assenbly and magnet assenbly; providing an inclined surface extending
from the conpressed air inlet and sl optfig at an obtuse angle away fromthe
di scharge 30 direction of the conpressed air; and discharging conpressed air
directly towards -4- the gap at_a sufficient velocity_ so as to entrain
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to a first the bread slentifieationefithe imvartion aswefinaddpy the daings.i s a
cross-sectional view of the linear nmotor incorporating the cooling 20
apparatus according to the first preferred enbodi nent of the invention; FIG
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Examples of cooling apparatus in accordance with the invention that may be
used to cool linear motors will now be described with reference to the
accompanying drawings, in which:

15 FIG. 1 is an isometric view of a magnet assembly of a linear motor that
incorporates a cooling apparatus according to a first preferred embodiment of the
invention;

FIG. 2 is a cross-sectional view of the linear motor incorporating the cooling
20 apparatus according to the first preferred embodiment of the invention;

FIG. 3 is an enlarged cross-sectional view of the cooling apparatus illustrated in
FIG. 2;

25 FIG. 4 is an isometric view of the linear motor with part of a magnet assembly
removed to partially expose a movable coil assembly of the linear motor;

FIG. 5 is an isometric view of a linear motor that incorporates a cooling apparatus
according to another preferred embodiment of the invention that is mounted onto
30 a coil assembly; and



FIG .2, 25 FIG 4 is an isonetric view of the linear notor with part of a
magnet assenbly renoved to partially expose a novable coil assenbly of the
linear notor; FIG 5 is an isonmetric view of a linear notor that incorporates
a cooling apparatus according to another preferred enbodi nent of the

i nvention that is nmounted onto 30 a coil assenbly; and -5- FIG 6 is a
cross-sectional view of the cooling apparatus of FIG 5 which illustrates
the anplification of cooling air flow onbe a surface of the coil assenbly.
Det ai |l ed Description of the Preferred Enbodi nent of the Invention 5 FIG 1 is
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10 and second nmagnet hol ders 14, 16, on which first and second permanent
magnets 18, 20 are respectively nounted. The first and second pernanent
magnet s 18 Detailest Beaeniptiopdofithe Preferes Embpdireentiefd¢he dnventionot her so as to
form substantially uniformmagnetic field across a gap 22 therebetween. A
coil assenbly (see FIG 2) is disposed in the gap 22 between the pernmanent
15 magnet s Fi@, 12é3aﬂf|sérhstrmmtoffasﬁsg‘ﬁ afdinbIy of @Niried TRstof R0 RBnfrsHRY
substantlally al ong a pl ane that ar he opposi ng surfaces of the
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air knife asse s 24 f 0 dISCh co essed ooI| air into the
Gap 52 bet ACoRAHE: BoAl NS BIRTPYSY s FEMEORMHRls, L hes JNATESR. 1r EntROBEL t o & he
mag(r)et hou%b@@mﬁwpﬁéﬁérail? c®mprises a magnet housing support 12 for supporting first

-~ 10 and second magnet holders 14, 16, on which first and second permanent

magnets 18, 20 are respectively mounted. The first and second permanent
magnets 18, 20 are mounted with opposite poles facing each other so as to form
a substantially uniform magnetic field across a gap 22 therebetween. A coil
assembly (see FIG. 2) is disposed in the gap 22 between the permanent

15 magnets 18, 20 of the magnet assembly and is configured to be driven
substantially along a plane that is parallel to the opposing surfaces of the
permanent magnets 18, 20.

A cooling apparatus, which may be in the form of air knife assemblies 24 for

20 discharging compressed cooling air into the gap 22 between the coil assembly
and the magnet assembly, are mounted to the magnet housing support 12 at
opposite ends of the first and second magnet holders 14, 16 to introduce cooling
air into the gap 22 from both ends of the linear motor 10.

25 FIG. 2 is a cross-sectional view of the linear motor 10 incorporating the cooling
apparatus according to the first preferred embodiment of the invention. It shows
a coil assembly, such as a movable coil bracket 26 on which current-carrying
coils are mounted, which is disposed within the gap 22. The coil bracket 26 is
configured to be movable within the gap 22 in directions parallel to the surfaces
30 of the first and second permanent magnets 18, 20.



opposite ends of the first and second nagnet holders 14, 16 to introduce
cooling air into the gap 22 fromboth ends of the linear notor 10. 25 FIG 2
is a cross-sectional view of the linear notor 10 incorporating the cooling
apparatus according to the first preferred enbodi ment of the invention. It
shows a coil assenbly, such as a novable coil bracket 26 on which
current-carrying coils are nounted, which is disposed wwthin the gap 22. The
coil bracket 26 is configured to be nov@ble within the gap 22 in directions
parallel to the surfaces 30 of the first and second permanent nmagnets 18,

20. -6- In order to cool the coil bracket 26, which is generating heat during
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injection of compressed cooling air into the gap 22 at a sufficient velocity, air from

the atmosphere will be further drawn into the gap 22, as explained below.

15 FIG. 3 is an enlarged cross-sectional view of the cooling apparatus illustrated in
FIG. 2. The air nozzle 28 introduces compressed cooling air 33 into the air
chamber 29. The pressurized cooling air 33 is forced at high velocity to flow
through the narrow compressed air inlet 30 in order to enter the gap 22. This
causes an area of low pressure to be formed next to the compressed air inlet 30.

20
The inclined surface 31 next to the compressed air inlet 30 which leads to the
atmospheric air inlet 32 serves to draw entrained air 34 along the inclined surface
31 into the area of low pressure next to the compressed air inlet 30, and hence
into the gap 22. The entrained air 34 mixes with the pressurized cooling air 33

25 emerging from the compressed air inlet 30, whereby to ampilify the air flow. The
resultant cooling air flow 36 is thus amplified to result in more efficient cooling.
Furthermore, by directing the initial pressurized cooling air 33 directly into the
gap 22, loss of cooling air to the atmosphere can be minimized, thereby further
improving efficiency of the cooling apparatus.

30



20 The inclined surface 31 next to the conpressed air inlet 30 which |leads to
the atnospheric air inlet 32 serves to draw entrained air 34 along the
inclined surface 31 into the area of |ow pressure next to the conpressed air
inlet 30, and hence into the gap 22. The entrained air 34 mxes with the
pressurized cooling air 33 25 energing fromthe conpressed air inlet 30,
whereby to anplify the air flow The resultant cooling air flow 36 is thus
anplified to result in nore efficient cedling. Furthernore, by directing the
initial pressurized cooling air 33 directly into the gap 22, |loss of cooling
air to the atnosphere can be mnimzed, thereby further inproving efficiency
of the coolfl&y Ajspandsemetrgoview. of-the linparsmater wishpert ef aireagoet assemblyiear
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10 FIG. 5 is an isometric view of a linear motor 10’ that incorporates a cooling

apparatus according to another preferred embodiment of the invention, which is
in the form of an air knife assembly 24 mounted onto a coil assembly or coil
bracket 26. First and second magnet holders 14, 16 are mounted with first and
second permanent magnets 18, 20. The first and second permanent magnets 18,

15 20 are mounted with opposite poles facing each other so as to form a
substantially uniform magnetic field across a gap 22 therebetween. The coil
bracket 26 is disposed in the gap 22 between the permanent magnets 18, 20 and
is configured to be driven substantially along a plane that is parallel to the
opposing surfaces of the permanent magnets 18, 20.

20
Since the cooling apparatus is mounted onto the coil bracket 26, the air knife
assembly 24 is configured to be movable together with the coil bracket 26. This
embodiment is especially useful in linear motor designs for which the length of
the magnet assembly is significantly greater than the length of the coil bracket 26,

25 such as where a greater range of motion of the coil bracket 26 is required. In this
case, it may be more efficient to locate the cooling apparatus on the movable coil
bracket 26 instead of being fixed on the magnet assembly so that the air knife
assembly 24 is movable with the coil bracket 26 to constantly generate cooling
air flow directly onto it.

30



substantially uniform magnetic field across a gap 22 therebetween. The coi
bracket 26 is disposed in the gap 22 between the pernmanent magnets 18, 20 and
is configured to be driven substantially along a plane that is parallel to
the opposing surfaces of the permanent magnets 18, 20. 20 Since the cooling
apparatus is nounted onto the coil bracket 26, the air knife assenbly 24 is
configured to be novable together with the coil bracket 26. This enbodi nent
is especially useful in linear notor des8gns for which the length of the
magnet assenbly is significantly greater than the I ength of the coil bracket
26, 25 such as _where a greater range of notion of the coil bracket 26 is

requi red. ImRGi §, thewar knife agsenply M4 is enlyirpuniediadjacrnitte aneeserdase ah
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apparatus of FIG 5 which illustrates the anplification of cooling air flow

ont¢ a surface of the coil bracket 26.
10 FIG. 6 is a cross-sectional view of the cooling apparatus of FIG. 5 which

illustrates the ampilification of cooling air flow onto a surface of the coil bracket 26.
The design of the air knife assembly 24 is similar to that of the first embodiment
of the invention. Here, pressurized cooling air 33 is introduced into the air
chamber 29, and then injected towards the gap 22 through a compressed air inlet

15 30 at high speed. An inclined surface 31 is positioned next to the compressed air
inlet 30.

The high speed of the pressurized cooling air 33 injected through the
compressed air inlet 30 creates an area of low pressure. The inclined surface 31

20 serves to promote the entrainment of atmospheric air along the inclined surface
31 into the region of low pressure. The entrained air 34 is mixed with the
pressurized cooling air 33 emerging from the compressed air inlet 30 resuiting in
an amplified air flow 36 into the gap 22.

25 Similar to the first embodiment of the invention, the injection of pressurized
cooling air 33 directly onto the surface of the coil bracket 26 minimizes the loss of
cooling air 33 into the atmosphere. [nstead, the inclined surface 31 and the
region of low pressure around the opening of the compressed air inlet 30 entrains
air from the atmosphere and results in a significantly amplified air flow 36 directly

30 into the gap 22. Accordingly, the cooling system is more efficient than the prior

art air cooling systems described above.



The design of the air knife assenbly 24 is simlar to that of the first

enbodi nent of the invention. Here, pressurized cooling air 33 is introduced
into the air chanber 29, and then injected towards the gap 22 through a
conpressed air inlet 15 30 at high speed. An inclined surface 31 is
positioned next to the conpressed air inlet 30. The high speed of the
pressuri zed cooling air 33 injected through the conpressed air inlet 30
creates an area of |ow pressure. The ineBi-ned surface 31 20 serves to
pronote the entrai nment of atnospheric air along the inclined surface 31 into
the region of | ow pressure. The entrained air 34 is mxed with the

pressuri zed cooling air 33 energing fromthe conpressed air inlet 30

resulting i lifie ow 36 into.the 22, 25 .9Simlar
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cooling air 33 into the atnmosphere. Instead, the inclined surface 31 and the
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entrain m t atnDs and re uIts in asignificantly anplified
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nor e eff|C|ent than the prior art air coollng systens descri bed above. -9-
The invention described herein is susceptible to variations, nodifications
and/or addition other than those specifically described and it is to be
understood that the invention includes all such variations, nodifications
and/ or additions which fall 5 within the spirit and scope of the above
description. -10- CLAIMS: 1. A cooling apparatus for a |linear notor
congrising a coil assenbly, a



magnet assenbly and a gap forned therebetween, the cooling apparatus 5
conprising: a conpressed air inlet positioned to discharge conpressed air in
a “direction directly towards the gap between the coil assenbly and magnet
assenbly; and an inclined surface extending fromthe conpressed air inlet and
sloping at 10 an obtuse angle away fromthe di scharge direction of the
conpressed air; wherein the conpressedgair inlet is configured to discharge
the conpressed air at a sufficient velocity so as to entrain atnospheric air
along the inclined surface to anplify the conpressed air that is discharged.
15 2. The CbAIMEy apparatus as clained in claim1, further conprising an air
chanber adjacent to the conpressed air inlet for receiving conpressed air
from an air supply source and transmtting it to the conpressed air inlet.

3. The coohlNg APRadINg apgiiafilsidFe lineaf IrAtB LoRfiprisi W 2oil Wagembly, e 20
conpressed air inlet I's nounted onto the magnet asserbly. 4. The cooling
appar at us aagnehiassembly @ngd @ Japwirmeidn thérebetweenc thedcadling iapparatesonpri ses
two air_knives.. each | ocated at an opposite end of the magnet assenbly to
introdu%e EBWBF'g'Qged air into the gap. 25 5. The cooling apparatus as clai ned

in claim3 or chaténfiressb@r &ir NnkelositihedN s disthadge corigrassed rapmid e
conpressed air inlet and is connected to an atnospheric air inlet serving as
a condui t mectianmsliiertly itewards the (gape befwieernedhet epthagsembly @dpmagset air
inlet. 30 - 115 . cooling apparatus as clained in any one of clains 3 to
5, wherei na%%eemﬁly, ane

an inclined surface extending from the compressed air inlet and sloping at

10 an obtuse angle away from the discharge direction of the compressed air;
wherein the compressed air inlet is configured to discharge the
compressed air at a sufficient velocity so as to entrain atmospheric air along the
inclined surface to amplify the compressed air that is discharged.

15 2. The cooling apparatus as claimed in claim 1, further comprising an air
chamber adjacent to the compressed air inlet for receiving compressed air from

an air supply source and transmitting it to the compressed air inlet.

3. The cooling apparatus as claimed in claim 1 or claim 2, wherein the

20 compressed air inlet is mounted onto the magnet assembly.

4, The cooling apparatus as claimed in claim 3, wherein the compressed air
inlet comprises two air knives, each located at an opposite end of the magnet
assembly to introduce compressed air into the gap.

25
5. The cooling apparatus as claimed in claim 3 or claim 4, wherein the
inclined surface extends from the compressed air inlet and is connected to an
atmospheric air inlet serving as a conduit for atmospheric air to be entrained
towards the compressed air inlet.

30



di scharge direction of the conpressed air is substantially parallel to a
notion path of the coil assenbly. 5 7. The cooling apparatus as clained in
any one of the preceding clains, wherein the conpressed air inlet is nounted
onto the coil assenbly and is configured to be novable therewith. 8. The
cool ing apparatus as clained in claim7, wherein the conpressed air 10 inlet
is configured to generate conpressed aifqyonto only one surface of the coi
assenbly. 9. The cooling apparatus as clainmed in claim7 or claim@8, wherein
the discharge direction of the conpressed air is substantially perpendicul ar
to a 15 méti onThatcooliig apmratu'sl asaclaipndd ';nari;Oonerf blaing 6rtoc5001hierr.§jnahé i near

nmot or conpr,ising a,coil as ass ap for

{her ebet viedirchatis estiogBh e PUpEreeLd b s shagantiengresdeh ai ok e and
arrangi ng Pbtﬁ@ﬂﬁé%n%g@mggrrpr essed 20 air in a direction di rectly t owar ds
the gap between the coil assenbly and nmagnet assembly; providing an inclined

surface extending fromthe conpressed air inlet and sloping at an obt use

i Schar Bi g compBseRIng; et 4y, beBilef o ‘I SHE 30E Preefihe BPsvel oci ¢y
so as to ewrfe@em thienoomprIssed adif ivlEDNY nidinted Aritd ettle sedil asserhplyaamd i€y t he
conpressed air that is discharged. 11. The nmethod as clainmed in claiml10,

further co®ppiigyrad te he "%Q\@ﬁ’l%ﬂ‘e’%“? ecei ving conpressed air froman air
supply source into an air chanber adjacent -12- to the conpressed air inlet
and transmtting such conpressed air to the

8. The cooling apparatus as claimed in claim 7, wherein the compressed air

10 inlet is configured to generate compressed air onto only one surface of the coil
assembly.

9. The cooling apparatus as claimed in claim 7 or claim 8, wherein the
discharge direction of the compressed air is substantially perpendicular to a
15  motion path of the coil assembly.

10. Method for cooling a linear motor comprising a coil assembly a magnet
assembly and a gap formed therebetween, comprising the steps of;
providing a compressed air inlet and arranging it to discharge compressed
20 air in a direction directly towards the gap between the coil assembly and magnet
assembly;
providing an inclined surface extending from the compressed air inlet and
sloping at an obtuse angle away from the discharge direction of the compressed
air; and
25 discharging compressed air directly towards the gap at a sufficient velocity
so as to entrain atmospheric air along the inclined surface to amplify the
compressed air that is discharged.

11. The method as claimed in claim 10, further comprising the step of

30 receiving compressed air from an air supply source into an air chamber adjacent



conpressed air inlet. 12. The nethod as clainmed in claim10 or claim 11,
wherein the conpressed 5 air inlet is nounted onto the magnet assenbly. 13.
The nethod as clainmed in claim12, further conprising the step of generating
conpressed air fromtw opposite ends of the nagnet assenbly to introduce
conpressed air into the gap. 10 14. The method as clained in claim12 or
claim 13, further conprising the step-p_entraining atnospheric air to the

i nclined surface through an atnospheric air inlet connected to the inclined
surface that serves as a conduit for atnospheric air to be entrained towards
t he conpr esteetheni gompressed Idr liblet Tamd reanisoviting slch mednpressedy aimdo othecl ai s
12 to 14, wherein t$e..qischarge direction of the conpressed air is

subst ant i al FYMPESSE] 8 V8L 2 notion path of the coil assenbly. 20 16. The
method as clained in any one of clains 10 to 15, wherein the conpressed air
inlet is nounted onto the coil assenbly and is configured to be novable
therewi th. 1Z. THe methashasslaimedrieglaim 1) ar alaig 11wwhesein the sospeesser

di schargi ng_. onpr ess [ onprises . di,scharging conpressed air onto only
one surf cea'{)fzn?ett(i%%@@fﬁfﬁtgé%&f%ﬁsgﬁﬁﬂht hod as clained in claim16 or
claim17, wherein the discharge direction of the conpressed air is

subst anti al Ig/ perpendicular to a notion path of 30 the coil assenbly.
13.  The method as claimed in claim 12, further comprising the step of

generating compressed air from two opposite ends of the magnet assembly to
introduce compressed air into the gap.

10
14. The method as claimed in claim 12 or claim 13, further comprising the
step of entraining atmospheric air to the inclined surface through an atmospheric
air inlet connected to the inclined surface that serves as a conduit for
atmospheric air to be entrained towards the compressed air inlet.

15
15. The method as claimed in any one of claims 12 to 14, wherein the
discharge direction of the compressed air is substantially parallel to a motion
path of the coil assembly.

20 16. The method as claimed in any one of claims 10 to 15, wherein the
compressed air inlet is mounted onto the coil assembly and is configured to be
movable therewith.

17. The method as claimed in claim 16, wherein the step of discharging
25 compressed air comprises discharging compressed air onto only one surface of
the coil assembly.

18. The method as claimed in claim 16 or claim 17, wherein the discharge
direction of the compressed air is substantially perpendicutar to a motion path of
30 the coil assembly.



