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(57) Machine de soudage par friction avec moteur
électromagnétique produisant un mouvement orbital a
I'interface des deux piéces (généralement composées de
matériaux thermoplastiques) fusionnées par la chaleur
générée par la friction. Cette machine permet aussi
l'utilisation des forces vibratoires produites par un
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(57) An electromagnetically actuated friction welder
produces orbital motion at interfaces between parts
(usually of thermoplastic material) to bond the parts by
fusion generated by friction. This welder can also be
operated alternatively to produce reciprocating vibratory
forces thereby providing flexibility as to the selection of
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mouvement alternatif et offre donc la possibilité de
sélectionner entre un mode orbital ou alternatif en
fonction du joint & réaliser. La vitesse du mouvement
peut étre réglée, de préférence au voisinage de la
fréquence de résonance de la structure en mouvement, en
modifiant la fréquence du circuit d’alimentation c.a. du
moteur ¢lectromagnétique de la machine a souder. Une
plaque sur laquelle repose une des pieces a joindre est en
liaison élastique avec la source de mouvement orbital et
se déplace sans inclinaison significative a I'intérieur des
plans orbitaux contenant les interfaces; une série
d’¢léments d’assemblage telles des tiges raidisseuses
sont placées autour du moteur d’entrainement, une de
leurs extrémités étant reliée a la plaque et I'autre 4 une
structure tubulaire. La structure tubulaire est de
préférence assujettie au bloc massif transporté par le bati
de la machine.
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an orbital or reciprocating mode, depending upon the
joint to be welded. The velocity of motion is controllable
preferably around the resonant frequency of the driven
structure by adjusting the frequency of the AC power
which operates the electromagnetic drive motor of the
welder. A plate which carries one of the parts to be
welded and which is driven is flexurally mounted for
movement in an orbital plane or planes containing the
interfaces without substantial tilting by an array of stiff
members, such as rods, located around the drive motor,
attached to the plate at one end and to a tubular structure
at the opposite ends thereof. The tubular structure is
desirably attached to a massive support carried by the
frame of the welder.
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FRICTION WELDER HAVING AN ELECTROMAGNETIC
DRIVE WHICH PRODUCES ORBITAL MOTION

Abstract

An electromagnetically actuated friction welder produces orbital
motion at interfaces between parts (usually of thermoplastic material) to
bond the parts by fusion generated by friction. This welder can also be
operated alternatively to produce reciprocating vibratory forces thereby
providing flexibility as to the selection of an orbital or reciprocating
mode, depending upon the joint to be welded. The velocity of motion is
controllable preferably around the resonant frequency of the driven
structure by adjusting the frequency of the AC power which operates the
electromagnetic drive motor of the welder. A plate which carries one of
the parts to be welded and which is driven is flexurally mounted for
movement in an orbital plane or planes containing the interfaces without
substantial tilting by an array of stiff members, such as rods, located
around the drive motor, attached to the plate at one end and to a tubular
structure at the opposite ends thereof. The tubular structure is desirably

attached to a massive support carried by the frame of the welder.
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FRICTION WELDER HAVING AN ELECTROMAGNETIC
DRIVE WHICH PRODUGES ORBITAL MOTION

Description

This is a divisional application of Canadian Application Serial
No. 2,057,978 filed on December 18, 1991.

The pi‘esent: invention relates to welding apparatus and particularly to
an electromagnetically driven welder which can be operated to generate
orbital forces and deliver them in a plane in which the joint of the parts
to be welded is located. The invention also relates to an electromagnetic
motor, especially adapted for use in the welder, for driving a part to be
welded with orbital motion, which motion is constrained to be in a plane
without substantial out of plane motion.

Orbital motion may be expressed ma_thematically as follows in Cartesion
coordinates x, y and z for motion 1n x-y planes: xg, Yo» 2g are positional
coordinates at rest; t is time in seéonds; ® is radial frequency in radians
per second; x(t), y(t) and z(t) are positional coordinates while moving,
where x(t) = x5 + A sin wt, y(t) = Yo + B cos wt, z(t) = z;, and A = B. If
A # B, the orbital motion is elliptical.

The plane z = Q0 is designated *“the" orbital plane, and is the plane in
which the orbital force is generated. Any value of z = 0 describes another
parallel orbital plane. It is seen that a particle in any orbital plane z;,
remains in that plane, since z(t) is constant.

An orbital force may be described as a force vector of constant
magnitude, rotating in the orbital plane about an axis perpendicular
thereto.

Throughout orbital planes, the motion remains the same (displacements,
velocity and acceleration vectors are constant) irrespective of the at-rest
coordinates Xg» Yo and Zg.

The plane or plames to which the orbital forces are delivered and
within which orbital motion due to such forces is constrained, is referred
to as an orbital plane. The orbital force rotates in the orbitél plane
about an axis perpendicular thereto.

The welder provided by the invention is especially suitable for use in
the welding of thermoplastic parts by means of forcgs (either orbital or
translational vibratory forces) which induce friction heating in the parts
at the joint (the interface of the surfaces to be welded) so as to cause

the parts to fuse at their interface surfaces and bond together as the
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parts cool. Other applications of the invention and of the electromagnetic
orbital drive motor are also possible.

Friction welders which operate in a translational (reciprocating)
vibratory mode are commercially available. Such welders may be
electromagnetically driven (see U.S. Patent 3,920,504 issued November 18,
1975) or hydraulically driven (see Bouyoucos, Behnfeldt and Selsam,

U.S. patent 4,086,122 issued April 25, 1978). Neither hydraulic nor
electromagnetic drivers suitable for friction welding have heretofore been
available which are capable of orbital forces, and particularly forces
substantially constrained to a plane in which the surfaces at the interface
of the parts at which the weld joint is to be formed can be restricted.

Orbital welding has advantages -over linear vibration we"lding where the
forces are translational and drop to zero velocity (stop) at the end of
each displacement in an opposite direction. This is because frictiomal
welding is a resistance process and the heat is proportional to the product
of the resistance forces and the relative velocity of the parts. In
orbital motion, the velocity remains constant as the parts are rubbed and
heated to melting temperature. It is therefore possible to generate the
same heat as is generated with reciprocating welding with less displacement
of the parts and with less force than is the case for reciprocating
welding. The peak displacement and velocity requirement is reduced by 29%
(1/square root of 2). Reduction in displacement enables the use of smaller
weld flanges on the parts to be welded. With a vibratory or reciprocating
weld, the parts stop at either end of a vibration cycle so that the heat
generation is cyclic. With orbital motion the welder produces constant
heat at the joint because the velocity magnitude is constant, thus faster
welding with less displacement is possible using the orbital process.

Orbital welding alsd has advantages over spin welding in which parts
are spun about an axis. In spin welding, rotational forces and heating
effects on the parts vary with the radial distance from the center of
rotation of the spinning parts. The velocity and heating effect is not
uniform in a radial direction across the interface where the parts are to
be bonded. Spin welding is also generally restricted to applications where )
a part is circular in geometry.

There are parts, however, which are not amenable to welding with

orbital motion but are amenable to welding by linear motion. Therefore, it
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is desirable to provide a welder which can execute either linear,

.reciprocating or orbital motion, as may be desired. Reciprocating welding

is readily accomplishable in a plane in which the joints are disposed,
usually held in a welding head on a platen. It is difficult to achieve
orbital motion without generating additional motion which is not in or
parallel to the orbital plane because the platen, which holds one of the
parts to be welded against the other in a press or clamping mechanism, has
the tendency to tilt and cause the parts to lose contact. ’It is a feature
of the invention to provide an electromagnetic orbital drive especially
suitable for use in a friction welder wherein the motion is restricted
substantially in a plane (the orbital plane). ,

Accordingly, it is the principal object of the preSentiinﬁention to
provide an improved friction welder.

It is another object of the invention to provide an improved
frictional welder which may be operated alternatively in a translational
(reciprocating) vibratory mode or in an orbital mode.

It is the still further object of the present invention to provide an
improved electromagnetic orbital drive and a friction welder wherein the
drive is included and wherein orbital motion is provided restricted
substantially in an orbital plane.

Briefly described, apparatus embodying the invention for friction
welding of parts at an interface therebetween includes means for driving at
least one of the parts with orbital movement with respect to another of the
parts while the parts are held in contact at the interface (where the
welded joint is to be formed). The driving means comprises electromagnetic
force generating means which produces orbital force in an orbital plane.
The welder also includes means for mounting the part which executes orbital
motion in response to the orbital force so as to locate the interface to be
welded between the parts in the orbital plane. The mounting means is
preferably an array of flexural elements having like stiffness in all
directions parallel to the orbital plane; for example, rods encompassing
the electromagnetic orbital drive which are connected at one end to a plate
which is driven by the orbital force and at the other end to a massive
support.

It has also been found in accordance with the invention, that the

orbital velocity (the velocity of the orbital motion of the orbitally
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driven n{ember) can be controlled in response to the third harmonic of
current which is applied to the electromagnetic orbital drive. By
responding to the third harmonic, the frequency of the AC power is
controlled so as to be at a desired frequency, preferably the frequency at
which the orbital drive structure including its flexural (spring) supports,
is resonant. |

The foregoing and other objects, features and advantages of the
invention as well as presently preferred embodiments thereof will become
more apparent from the reading of the following description in connection
with the accompanying drawings in which: ]

FIG. 1 is a sectional front view of a friction welder embodying the
invention; the section being taken along the line 1-1 in FIG. 2;

FIG. 2 is a plan view of the welder shown in FIG. 1 partially broken
away to illustrate the electromagnetic drive motor and the support which
provides orbital motion in an orbital plane in greater detail;

FIG. 3 is a more detailed diagram illustrating the orbital drive motor
and the connections of the coils thereon, the coils being shown
schematically in the Figure;

FIG. 4 is a schematic diagram illustrating delta wiring of the coils
of the orbital motor for full output and minimal current distortion;

FIG. 5 is a schematic diagram showing wye wiring of the coils of the
electromagnetic orbital motor which provides one-third the output force of
the delta connected coil configuration shown in FIG. 4;

FIG. 6 is a schematic diagram similar to FIG. 3 showing the stator of
an electromagnetic orbital motor with coils which can selectively be
connected to provide orbital force or vibratory translational
(reciprocating) force of half the magnitude of the orbital force provided
by the configuration shown in FIG. 3;

FIG. 7 is a schematic diagram showing the connections of the coils to
provide reciprocating force with peak magnitude equal to half the peak
orbital force;

FIG. 8 is a block diagram, schematically showing a velocity control
system for the electromagnetic orbital/vibrational motor illustrated in the
preceding Figures;

FIG. 9 is a front view partially broken away to illustrate an

orbital/vibrational friction welder having two electromagnetic orbital
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drive motors which can be operated in the orbital or reciprocating drive
mode; '

FIG. 10 is a plan view of the welder shown in FIG. 9; and

FIG. 11 is a schematic diagram of the circuit of the two orbital
electromagnetic drive motors with switching so as to select either net
orbital or vibrating (reciprocating) force. ‘

Referring more particularly to FIGS. 1 and 2, there is shown a
framework 10 of a friction welder made up of steel tubes. A massive
support plate 12 is mounted on vibration isolation or shock mounts 14,
thereby mounting the plate 12 and the rest of the welder on the framework
10. The mass of the plate 12 is desirably much greater than the mass of
the moving parts of the system, and, for example, may be 200>po>imds as
compared to the mass of the moving parts which may be approximately 25
pounds. The plate 12 may for example be steel 2 inches in thickness and 20
inches in diameter. The sizes mentioned are for an exemplary welder. It
will be appreciated that the electromagnetic orbital drive may be made
smaller, if desired, so as to enable the construction of reduced scale
vibration welders, much smaller than vibration welders of the type
presently commercially available and as described in the above-referenced
patents. For example, the weld head 16 of the welder may be reduced in
size to a size comparable to ultrasonic welding heads. Where higher force
output is desired, a plurality of drivers which provide forces which are
additive may be used. A welder using two drivers is described hereinafter
in connection with Figures 9 through 11.

The weld head includes a tubular structure 18 having an opening in
which the electromagnetic driver or motor 20 is contained. A flange 22
connects the tubular structure to the massive support plate 12.

The motor 20 is adapted to be driven by three phase AC power applied
to coils 24, 26 and 28 on a stator 30. (See also, FIG. 3.) The stator 30
is a single body of inagnetic material made up of laminations of steel of
the type used in electric motors which are disposed in a stack mounted by
bolts 32 on a ring 34 which is attached, as by welding to the tubular
structure 18. The stator 30 is generally triangular in cross section with
the apexes of the triangular shape cut off for conservation of material and
space. The stator defines a ring which affords a magnetic return path for

flux generated by the coils. Poles 38, 40 and 42 around which the coils
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26, 28 and 24, respectively are wound, project inwardly towards a central
axis which is defined by bisectors of each angle of the triangular shape;
the triangular shape being equilateral. The coils may be wound in two
sections and connected together for ease of installation., While it is
preferable to use coils disposed around the stator poles 44, 46 and 48 as
shown, the coils may be wound around the sections of the corﬁers of the
stators where the bolts 32 are shown. In a typical motor, the area of the
faces 44, 46 and 48 of the stator poles may be approximately 3 square
inches. The number of turns in a typical motor may be 200. The motor has
an armature 50, which like the stator, is a single body of magnetic
material made up of a stack of laminations which are clamped between a
washer 52 and a stub 54 by a bolt 56. -

The armature is generally triangular in cross-section and has pole
faces along each of its sides (sides of an equilateral triangular shape).
These faces 58, 60 and 62 (see FIG. 3) are opposed to and separated by air
gaps from the stator pole faces 44, 46 and 48, respectively. The width of
each gap may, for example, be 0.050 inéhes. All of the pole faces and the
gaps are symmetrically disposed about the central axis of the armature.
This axis is the longitudinal, central axis of the bolt 56. The width of
the gap is desirably greater than the peak orbital motion of the armature,
which may for example be 0.021 inches, so that the armature does not strike
the stator.

The armature is connected by bolts, one of which 64 is shown in FIG.
1, to a drive plate 66 which may be circular and have a tubular flange 68
which is bolted to the platen 70 of the welder. This platen is connected
to an orbitally moveable part 72 of a tool or fixture 76 which carries one
of the parts 78 which is to be welded at weld flanges 80 to another part
82. The weld flanges have weld surfaces which define the interface 84 of
the parts. The parts may be of thermoplastic material. The lower part 82
is fixedly held in the lower section 74 of the tool or fixture 76. This
lower half is mounted on a clamp plate 86 which is reciprocated vertically
by hydraulic cylinders 88 so that the parts can be clamped together at the
interface with sufficient force that when the upper part 78 is moved
orbitally by the motor 20 heat is generated which causes melting to take

place at the interface.
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In order to prevent tilting of the armature 50 at the interface,
(causing loss of contact of the weld surfaces and reduced frictional forces
which are developed as the upper weld part 78 executes orbital motion) the
armature 50 and hence the upper part 78 is maintained in a horizontal
orbital plane as shown at 84. This is accomplished by a flexural, spring
support system for the armature 50, the drive plate 66, the blaten 70 and
the fixture part 72 which is attached thereto. This flexural support is
provided by a symmetrical array of rods 90 mounted outboard of the stator -
armature system to stabilize the platen motion and maintain the orbital
forces in the orbital plane. These rods are elements vhich provide equal
stiffness in the direction around their axes (i.e., parallel to the orbital
plane). Circumferentially adjacent- ones of the rods 90. are>stéggered so
that alternate rods are radially, closer and further from the axis of the
motor 20. This arrangement provides a constraint against tilting motion
out of the orbital plane. The array also defines stiffness which with the
mass of the orbitally moveable parts (the armature 50 and the fixture part
72 and the parts connected thereto) isva mechanical system resonant at the
frequency of orbital motion. This is twice the frequency of the AC power
which is applied to the coils 24, 26 and 28 on the stator poles 38, 40 and
42. The frequency motion is doubled because the electromagnetic forces are
proportional to the square of the flux in the air gaps between the pole
faces and therefore are proportional to the square of the voltage applied
to the coils, It will be appreciated that orbital motion occurs because
the forces on the armature are generated by the three phase flux which,
because of frequency doubling, is 60° out of phase at each of the poles.

At any point in the orbital plane this force produces motion which can be
resolved into displacement, velocity or acceleration vectors which are in
the same direction and can each be represented by vectors (parallel to the
orbital plane or, in other words, perpendicular to the orbital axis) and
are proportional in amplitude to the sine and cosine of twice the AC power
line frequency (i.e., these vectors rotate at twice the frequency of the AC
power). As discussed above, orbital motion is expressed mathematically in
terms of position coordinates x, y and 2z in the x-y orbital plane (z = 0 in
the orbital plane and has a finite value to denote orbital planes parallel
thereto); where x and y are measured at an arbitrary origin in the orbital

plane; x,, Vo and z, are positional coordinates at rest; t is time in
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seconds and ® is radial frequency in radians per second, the motion in the
orbital plane is x(t) = Xg + A sin ot and y(t) = Yo + B cos wt. When A and
B in the equations for x(t) and y(t) are different, the orbital motion is
ellipt:lcal. Throughout the orbital plane(s), the motion remains the same
(the displacements, velocity and acceleration vectors are constant)
irrespective of the distance in the plane from any arbitrary 6rigin to a
point where the orbital motion is observed.

Referring to FIGS. 3, 4 and 5, it will be seen that the coil 24 is
designated as “coil 1", the coil 26 is designated as "coil 21" and the coil
28 is designated as "coil 3". These coils may be connected in delta with
the ends of the windings indicated by the numerals within circles connected
together as shown in FIG. 4 and the-ends of the delta connected coils
connected to the three phase power lines indicated as ¢1, ?2 and (!)3.
Alternatively, and if less force is desired than for delta wiring, the
coils may be comnected in wye configuration as shown in FIG. 5. In wye
mode, the force output is one-third the force output with delta connection
and the current drawn from the lines is also reduced to one-third. The
delta connection at resonance has a third harmoniec of coil current which is
16 dB below the fundamental of the AC current, while the current from the
AC drive has a fifth harmonic 28 dB below the fundamental. It is therefore
seen that the delta connection reduces the harmonics in the current from
the AC drive.

Translational (reciprocating) vibratory force may be selected if two
orbital motors are mechanically connected to the same load (the same drive
plate) as shown in FIGS. 9, 10 and 11. Alternatively a single phase drive
may be used with a single orbital driver to obtain reciprocating (linearly
vibrating) force in a direction towards one of the pole faces. This may be
accomplished by dividing each coil into two sections so that coil 1 is
divided into coils 1A and 1B, coil 2 is divided into coils 2A and 2B and
coil 3 is divided into coils 3A and 3B. The terminals of these coils are
correspondently marked 1A1, 1A2 through 3B1, 3B2, as shown in FIGS. 6 and
7. By selectively comnecting, for example coil 1A and B in parallel and
the other coils in series linear vibrational (reciprocating) force is
generated on the armature which is directed towards the face of the pole

around which coil 1 is wound. When single phase AC power (as indicated in
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FIG. 7,‘for example, the power between phase two and phase three of the AC
lines) is applied across the parallel connected coils 1A and 1B, the
reciprocating force is approximately one-half the peak magnitude of the
orbital fdfce. Suitable switches may be used to connect the coil sections
so as to receive single phase drive power and into the series and parallel
connections so as to provide the linear vibrating force in thé desired one
of the three directions. With the configurations shown in FIGS. 1 and 2,
it will be desirable for the parallel connected coils to be those on pole
38. Then the linear direction of vibrating reciprocation will be along the
line between the ends 92 and 94 of the welder. .

Referring to FIG. 8, there is shown a velocity control system for the
electromagnetic orbital drive motor illustrated in the preceéiﬁg figures.

It has been discovered in accordance with the invention that the third
harmonic of the current passing through a coil of the motor may be used to
monitor the orbital velocity. The orbital velocity may then be used to
control the frequency of the three phase AC power supplied to the coils of
the motor 20. The frequency of the power is controlled by a variable
frequency motor controller 96 which may be of the type which is
commercially available and is driven by an analog, slowly varying or DC
signal (FREQ) which controls the frequency of the three phase output (3¢)
on the output lines from the controller 96 which provide the motor drive
volts to the motor 20. The voltage El and the current I across one of the
coils is used and applied to a velocity resolver 98 which is a circuit
wvhich performs analog or digital computations in accordance with the

following equations:

K * 11§3)l * FREQZ / ’ Egl)

lv] =
= orbital velocity magnitude
- 1) _y1(3) 2
LOAD = E1 )(Il = 0 at resonance

< 0 at resonance
> 0 at resonance
From the equations it will be apparent that the load phase angle is

represented as the phase angle between the fundamental of the voltage
across the coil and the third harmonic of the current in the coil E(l)
i

and 1(3). The outputs from the velocity resolver are signals indicating
1
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the velécity of the load and the phase angle of the load. The load is
carried by a flexural support system, which with the mass of the load and
the stiffness of the support system, defines the resonant frequency of the
mechanicai system. The phase angle is 0 at resonance, negative below
resonance and positive above resonance. The system uses a frequency
controller 100, which may also be an analog computer or digital computer,
which responds to the difference between the velocity output {v ‘ from the
resolver 98 and the phase angle of the load. As ldng as the drive
frequency (twice the AC power frequency in the orbital motor illustrated in
the preceding figures) is below resonance, increasing the drive frequency
increases the velocity. As long as the load phase angle isineigative, the
frequency is below resonance. When the load angle reaches 0, the system is
at resonance and further increases in frequency will not increase the
velocity. The frequency controller therefore operates in accordance with
the following equations:

If (lv|< V) and ( )( LOAD < 0)

then increase FREQ

If (|v]> vy) then decrease FREQ
and provides the FREQ controller input signal to which the controller 96
responds. In addition, for velocity control, the current across all three
coils may be monitored to give an average value of velocity as measured by
each coil, thereby improving control resolution.

Referring to FIGS. 9, 10 and 11 there is shown a friction welder 102
having two electromagnetic orbital drive motors 104 and 106, each of a
design similar to the motor 20 of the welder shown in FIGS. 1, 2 and 3.
This welder has a massive support plate 108 mounted by shock mounts 110 on
a framework 112. A hydraulically driven reciprocating platen 114 carries
the stationary fixture part 116. The stationary part to be welded is
illustrated as a thin thermoplastic plate 118. The part 120, which is to
be moved, is mounted in the upper part 122 of the fixture. This part 122
is connected to a platen 126. The platen is connected to drive plates (not
shown) or directly to the armatures 128 and 130 of the motors 104 and 106.

FIG. 11 illustrates the coils: coil 1, coil 2 and coil 3 of the motor
104 and the coils coil 1', coil 2' and coil 3' on the stator of the motor
106. A three pole switch changes the connections to coils 1', 2' and 3' of

the three phase power which are applied to the lines indicated at él, ¢2
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and ¢3.— This is a mode selector switch. The switch provides for the
generation of orbital force at twice the force provided by each motor onto
the drive plate 126. Alternatively the motors may be operated with the
mode selector switch to produce a reciprocating force of peak magnitude
twice the force produced by each motor towards any pole. In other words,
the peak magnitude of the sum of the forces applied by the motors to the
drive plate 126 and then to the moveable part 120 equals twice the peak
magnitude of the orbital force of a single motor.

From the foregoing description, it will be apparent that there has
been provided improved friction welders and improved orbital
electromagnetic drivers (motors) which are especially suitable for use
therein. Variations and modifications in the herein describéd;welders and
motors, within the scope of the invention, will undoubtedly suggest
themselves to those skilled in the art. Accordingly, the foregoing
description should be taken as illustrative and not in a limiting sense.
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1. Apparatus for friction welding of parts at an interface therebetween which
comprises means for driving one of said parts with orbital motion in an orbital plane with
respect to another of said parts while said parts are held in contact at said interface, said
means for driving including electromagnetic generating means for producing orbital force
in said orbital plane, said électromagneﬁc force generating means comprising a single body
of magnetic material providing an armature having a central axis perpendicular to said
orbital plane and a plurality of poles distributed circumferentially by 360°/N, where N is
the number of said poles about said axis, N being equal to or greater than 3, and a stator
being disposed around said armature, said stator having a plurality of poles each opposed
to a different one of said armature poles; means for holding said another of said parts; and
means for mounting said one of said parts to execute orbital motion in response to orbital
force generated by orbital motion of said armature and wherein said mounting means is
attached to said armature.

2. The apparatus according to claim 1 wherein said armature and stator poles are
perpendicular to said orbital plane and said electromagnetic means includes magnetic flux
generating coils magnetically coupled to said stator poles for establishing flux which is
directed through said armature along said axis.

3. The apparatus according to claim 2 wherein said stator is a single body of magnetic
material ringing said armature from which said stator poles extend and which defines a
return path for said flux.

4. The apparatus according to claim3 wherein said stator poles and said armature
poles execute relative displacement while executing orbital motion and have opposed faces
spaced from each other by air gaps, the width of said gaps as measured along a line
perpendicular to said faces being greater than the peak of said displacement of said
armature in response to said orbital force.

5. The apparatus according to claim “ wherein said armature is generally triangular in
a plane perpendicular to said axis, each of said armature faces being along a different side
of said triangle.

6. The apparatus according to claim 5 wherein said poles are 120° apart, and means

for applying different phases of three phase AC power to each of said stator coils.
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7. The apparatus according to claim 3 wherein said armature body and said stator
body comprise separate stacks of laminations of magnetic material.

8. The apparatus according to claim ¢ wherein said coils are connected to delta
configuration.

9. The apparatus according to claim ¢ wherein said coils are connected in wye
configuration.

t0. The apparatus according to claim 2 wherein said mounting means comprises a plate
to which said armature is connected, flexural means for supporting said plate for orbital
motion in a plane together with said armature, and a massive support for fixedly anchoring
said stator and for anchoring said flexural means.

11, The apparatus according to claimig wherein said flexural means comprises spring
means having the same stiffness in all directions in the plane in which said plate executes
its orbital motion.

12.  The apparatus according to claim!1 wherein said electromagnetic force generating
means includes stator coil means operated by AC power, and wherein said mounting
means including said plate and said armature and said one part has a total mass and
stiffness which defines a frequency of resident vibration approximately at twice the
frequency of said AC power.

13, The apparatus according to claim11 wherein said springs are a plurality of rods
disposed around and paralleling said axis, said rods being fixed at one end thereof to said
support and at the other end thereof to said plate.

14, The apparatus according to claim 13 wherein different ones of said rods are
displaced radially at different distances from said axis.

15.  The apparatus according to claim 14 wherein said rods are disposed symmetrically
about said axis with rods which are adjacent to each other in a direction circumferentially
about said axis being respectively closer and further away from said axis in a radial
direction, thereby counteracting tilting of said plate.

16. The apparatus according to claim13 wherein said support comprises a support
body more massive than said anmature and said mounting means, a tubular structure
connected to said plate and having an opening extending along said axis, said tubular-
structure being connected to said support body, said rods being disposed in said opening in

said tubular structure and being fixedly connected thereto at one end of each of said rods.



CA 02217535 1997-09-30

17. The apparatus according to claim 16 wherein said electromagnetic force generating
means including said armature and said stator are disposed in said opening in said tubular
structure.

18, The apparatus according to claim 17 wherein said welding apparatus has a
framework connected to said support body.

15. The apparatus according to claim 18 further comprising a fixture for receiving said
one part including a platen connected to said plate, and another platen reciprocally
moveable along said axis for supporting the other of said parts and moving said parts into
contacting relationship at said interface.

20. The apparatus according to claim 1 wherein said driving means includes said
electromagnetic force generating means as a first driver and second electromagnetic force
generating means as a second driver both of which produce orbital force in said orbital
plane, and means for applying electrical power to said first and second driving means for
producing translational vibratory force in said plane alternatively to said orbital force.

21. The apparatus according to claim ! wherein said stator poles each have a plurality
of coils thereon, means for connecting said coils on one of said poles in .parallel and the
coils on the others of said poles in series, means for connecting said series and parallel
connected coils to each other, and means for applying single phase AC power across one
of said series and parallel connected coils so as to generate translational vibratory force
instead of orbital force in said plane.

22, The apparatus according to claim ! wherein said electromagnetic force generating
means comprises means for controlling the velocity of said one part in said orbital plane.

23, The apparatus according to claim 22 wherein said electromagnetic force generating
means includes a motor having at least one coil to which AC power is applied at a
fundamental frequency, said controlling means comprises means responsive to a first signal
related to the magnitude of the current at the third harmonic of said fundamental frequency
and the second signal related to the phase angle between the voltage across said coil at
said fundamental frequency and said current at said third harmonic for controlling the
frequency of said AC power.
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24, The appafatus according to claim 23 wherein said controlling means further
comprises means for increasing said frequency when said second signal is negative and
said first signal is below a certain magnitude and for decreasing said frequency when said
first signal is above said certain magnitude.

25. The apparatus according to claim 1 wherein said interface is contained in said
orbital plane.

26. The apparatus according to claim 1 wherein said mounting means comprises an
array of stiff members for constraining said orbital motion to said orbital plane.

27. The method of friction welding of a pair of parts having thermoplastic material at
surfaces thereof to be welded which comprises the steps of providing electromagnetic force

generating means wherein said electromagnetic force generating means comprises a single

body of magnetic material providing an armature having a central axis perpendicular to
said orbital plane and a plurality of poles distributed circumferentially by 360°/N where N
is the number of said poles about said axis, N being equal to or greater than 3, and a stator
being disposed around said armature, said stator having a plurality of poles each opposed
to a different one of said armature poles; holding said parts with said surfaces together in
contacting relationship; generating orbital force to provide orbital motion of said armature
with respect to said stator; generating frictional force to cause said surfaces of said parts to
fuse by driving at least one of said parts with said armature and holding the other of said
parts stationary so that said at least one of said parts executes orbital motion and orbits
about axes perpendicular to said contacting surfaces and said frictional force is sufficient
in amplitude to cause fusion at said surfaces, and terminating said frictional force and
maintaining said parts which are being welded together after said frictional force
teminates until they fuse together to form a weld.

28. The method according to claim 27 further comprising maintaining said surfaces in
said plane while said orbital force is generated, said orbital plane being perpendicular to

said axes.
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