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CLAIMS

1. A method for detecting the displacement amplitude X of a reciprocating
armature of an allernating current, linear motor or linear alternator for conirolling
the reciprocation of the armature, the motor or alternator having a stator including
a coil with a pair of coil terminals and wound around a ferromagnetic core with air
gaps, the motor or alternator also having magnets fixed to the armature and
positioned for reciprocating through the gaps, the motor or alternator also having
a motor constant ¢, an equivalent resistance Ry, representing resistive losses in
the coil, an equivalent resistance AReuemal representing induced losses in
structures surrounding the motor or alternator and an equivalent resistance Rq
representing losses due o eddy currents and hysteresis induced by motion of the
magnets with the coils open circuited, wherein the method comprises:

(a) sensing the amplitude of alternating voltage Vapp at the coil terminals;

{(b) sensing the amplitude of alternating current f through the coil terminals;

{c) sensing the phase angle @, between said voltage and said current;

{d) calculating &y, according to the equation

{(e) calculating {Vinah according to the equation
Vinadi = Vappi €08 @y — (Rac + ARexrernai)im
{f) calculating {Vina) according to the equation
Vinad = Vopp sSin @y — Lol

(g} calculating the displacement amplitude X according to the equation

1 J 2 2
X = e [{V, V-
iy ( md)l + ( md)L
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wherein @ is the radian frequency of ¥app1 .

2. The method according to claim 1 and further comprising:

(a) determining a motor or alternator armature displacement amplitude ¥ at
which the armature or a structure fixed to the armature collides with a
stationery structure;

{b) selecting and storing a motor or alternator armature displacement
amplitude Xmax that is less than X ;

(b} repeatedly performing said calculation of the displacement amplitude X;
and

{c} limiting the displacement amplitude of the motor or alternator to maintain a

displacement amplitude X £ Xax.

3. A method for detecting the displacement amplitude X of a reciprocating
armature of an alternating current, linear motor or linear alternator for controlling
the reciprocation of the armature, the motor or alternator having a stator including
a coil with a pair of coll terminals and wound around a ferromagnetic core with air
gaps, the motor or alternator also having magnets fixed to the armature and
positioned for reciprocating through the gaps, the motor or alternator also having
a motor constant g, an equivalent resistance R, representing resistive losses in
the coil and losses due fo eddy currents and hysteresis induced by motion of the
magnets with the coils open circuited, and an equivalent resistance ARgxernal
representing induced losses in structures surrounding the motor or alternator,
wherein the method comprises:

(a) sensing the amplitude of alternating voltage Vapp at the coll terminals;
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(b) sensing the amplitude of alternating current I through the coil terminals;
(c) sensing the phase angle ®,s between said voltage and said current;
(d) calculating {¥isgh according to the equation
Vinadi = Vappi €08 Opp — (R + ARoyrernai)!
(e) calculating {¥Yisgh. according to the equation
(Vinadi = Vappi $in @pp — Lal

{f} calculating the displacement amplitude X according to the equation

1 J 2 2
X = V. V.
wa ( md)l + ( md));

wherein @ is the radian frequency of Vapp .

4. The method according to claim 3 and further comprising:

{a) determining a motor or alternator armature displacement amplitude X, at
which the armature or a structure fixed to the armature collides with a
stationery structure;

(b} selecting and storing a motor or alternator armature displacement
ampilitude Xiax that is less than X, ;

(b} repeatedly performing said calculation of the displacement amplitude X
and

{c} limiting the displacement amplitude of the motor or alfernator to maintain a

displacement amplitude X 2 Xpax

5. A freezer comprising a free piston Stirling cooler mechanically linked fo and
driven by a reciprocating armature of an alternating current, linear motor, the

linear motor having a stator including a coil with a pair of coil terminals and wound

25



10

it

12

13

14

15

16

17

18

19

20

22

23

24

WO 2022/005810 PCT/US2021/038433

around a ferromagnetic core with air gaps, the motor also having magnets fixed fo
the armature and positioned for reciprocating through the gaps, the motor also
having a motor constant a, an equivalent resistance Ry, representing resistive
losses in the coil, an equivalent resistance ARguemar representing induced losses
in structures surrounding the motor and an equivalent resistance R, representing
losses due to eddy currents and hysteresis induced by motion of the magnets with
the coils open circuited, the freezer having a motor controller comprising:
{a) a voltage sensor connecied to the coil terminals and configured for
sensing the amplitude of an alternating voltage Vapp at the coil terminals;
{b) a current sensor connected is series with a coil terminal and configured for
sensing the amplitude of an alternating current | through the colil terminals;
(¢} a phase detector circuit connected to the coil terminals and configured for
sensing the phase angle ®,¢ between said voltage and said current;
(d} a microcomputer circuit configured for
(i} calculating Im according to the equation

Ing__;l'.’fﬂ.l_

S

(i} calculating {Vina}t according to the equation
Vinadr = Vappi €08 @pr — (Ryc + ARextornailim
(iii} calculating {(VinahL according to the equation
(Vinadr = Vapp Sin @pp — Lok,

{iv} calculating the displacement amplitude X according {o the equation

1 J 2 2
X = : .
Py Vinadi™ + Vingds

wherein @ is the radian frequency of Vapp and
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(v} limiting the displacement amplitude X of the motor fo less than a

selected and stored maximum displacement amplitude.

6. A freezer comprising a free piston Stirling cooler mechanically linked to and
driven by a reciprocating armature of an alternating current, linear molor, the
linear motor having a stator including a coil with a pair of coil terminals and wound
around a ferromagnetic core with air gaps, the motor also having magnets fixed to
the armature and positioned for reciprocating through the gaps, the motor also
having a motor constant @, an equivalent resistance Rg. representing resistive
losses in the coil and losses due to eddy currents and hysteresis induced by
motion of the magnets with the coils open circuited, and an equivalent resistance
AR emar representing induced losses in structures surrounding the motor or
alternator, the freezer having a motor controller comprising:
{a) a voltage sensor connected to the coil terminals and configured for
sensing the amplitude of an alternating voltage Vapp at the coil terminals;
{b} a current sensor connecled is series with a coil terminal and configured for
sensing the amplitude of an alternating current { through the coill terminals;
{c} a phase detector circuit connected to the coil terminals and configured for
sensing the phase angle @y between said voltage and said current;
(d) a microcomputer circuit configured for
(i} calculating {Vinah according to the equation
Vinadr = Vappi €05 By — (Rae + ARexerna)!
(i) calculating (¥} according to the equation
(Vinadr = Voppr Sin @y — Lol

(i} calculating the displacement amplitude X according to the equation
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1 \/ 2 2z
X =— (¥ ;
— Vinadi™ + Vingdr
wherein w is the radian frequency of Vapp and

{iv} limiting the displacement amplitude X of the motor to less than a

selected and stored maximum displacement amplitude.



