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Specification of the Patent of Invention for: "ACTUATION SYSTEM
FOR A RESONANT LINEAR COMPRESSOR, METHOD FOR ACTUATING A
RESONANT LINEAR COMPRESSOR, AND RESONANT LINEAR COM-
PRESSOR"

The present invention relates to an actuation system for a reso-
nant linear compressor, applied to cooling systems, the latter being particu-
larly designed to operate at the electromechanical resonance of said com-
pressor, so that the system will be capable of raising the maximum power
supplied by the linear actuator, in conditions of overload of said cooling sys-
tem.

Additionally, the present invention relates to an actuating method
for a resonant linear compressor, the operation steps of which enabie one to
actuate the equipment at the electromechanical resonance frequency, as well
as to control the actuation thereof in overload condition.

Finally, the present invention relates to a resonant linear com-
pressor provided with an actuating system as proposed in the presently
claimed object.

Description of the Prior Art

The known alternating-piston compressors operate to the effect
of generating a pressure to compress the gas inside a cylinder, employing an
axial movement of the piston, so that the gas on the low-pressure side, called
also suction pressure or evaporation pressure, will get into the cylinder
through the suction valve.

The gas is then compressed within the cylinder by the piston
movement and, after being compressed, it comes out of the cylinder through
the discharge valve to the high-pressure valve, called also discharge pres-
sure or condensation.

In the case of resonant linear compressors, the piston is actuated
by a linear actuator that is formed by a support and magnets, which may be
actuated by one or more coils. Such a linear compressor further comprises
one or more springs, which connect the movable part (piston, support and

magnets) to the fixed part, the latter being formed by the cylinder, stator, coil,
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head and structure. The"\movable parts and the springs form the resonant
assembly of the compressor.

Said resonant assembly, actuated by the linear motor, has the
function of developing a linear alternating motion, causing the movement of
the piston inside the cylinder to exert an action of compressing the gas admit-
ted by the suction valve, until it can be discharged through the discharge
valve to the high-pressure side.

The operation range of the linear compressor is regulated by the
balance of the power generated by the motor with the power consumed by
the compression mechanism, besides the losses generated in this process.
lon order to achieve maximum thermodynamic efficiency and maximum cool-
ing capacity, it is necessary for the maximum displacement of the piston to
approach as much as possible the stroke end, thus reducing the dead gas
volume in the compression process.

To make the process feasible, it becomes necessary for the pis-
ton stroke to be known in great accuracy, so as to present the risk of impact
of the piston at the stroke end with the equipment head. This impact might
generate loss of efficiency of the apparatus of even break of the compressor,
in addition to generating acoustic noise.

Thus, the greater the error in estimating/measuring the piston
position, the greater the safety coefficient required between the maximum
displacement and the stroke end, in order to operate the compressor in safe-
ty, which leads to loss of performance of the product.

On the other hand, if it is necessary to reduce the cooling capaci-
ty of the compressor due to less need of the cooling system, it is possible to
reduce the maximum operation piston stroke, reducing the power supplied to
the compressor, and thus it is possible to control the cooling capacity of the
compressor, obtaining a variable capacity.

An additional and quite important characteristic ion the operation
of resonant linear compressors is their actuation frequency.

In general, resonant compressors are designed to function at the

resonance frequency of the so-calied mass/spring system, a condition in
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which the efficiency is maximum and wherein the mass considered is given
by the sum of the mass of the movable part (piston, support and magnets),
and the equivalent spring (Kry) is taken from the sum of the resonant spring of
the system (Kmy), plus the gas spring generated by the compression force of
the gas (Kg), which has a behavior similar to a non-linear variable spring, and
that depends upon the evaporation and condensation pressures of the cool-
ing system, as well as upon the gas used in said system.

Some solutions of the prior art try to solve the problem of actua-
tion frequency of resonant compressors for certain operation conditions, as
well be set forth hereinafter.

Document WO 00079671A1 uses detection of counter electro-
motive force (CEMF) of the motor to adjust the resonance frequency, but this
technique has the disadvantage that it needs a minimum time without current
to detect crossing by zero of the CEMF, thus impairing the maximum power
supplied and the efficiency by distortion in the wave form of the current.

In turn, patent US5,897,296 discloses a control with position
sensor and frequency control to minimize the current. This solution is similar
to those already available in the prior art and has the disadvantage one has
to disturb the system periodically for adjustment of the actuation frequency,
which may impair greatly the performance of the final product.

Patent US 6,832,898 describes a control of the operation fre-
quency by the maximum of power for a constant current. This technique em-
ploys the same principle of the preceding patent, and to it has the same dis-
advantage of disturbing the system constantly.

All the above solutions, in addition to those disclosed by docu-
ments US 5,980,211, KR0237562 and KR0176909, have the main objective
of actuating the compressor at the resonance frequency of the mechanical
system, regardless of the frequency adjustment method and, in this condi-
tion, the relationship between the displacement and the current is maximum
(or velocity and current).

Although the efficiency is maximum at the mechanical resonance

frequency, the feed voltage is not at the optimum point, that is, the relation-
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ship between the displacement and the feed voltage is not maximum at this
frequency. So, depending on the design of the actuator and the load condi-
tion of the cooling system/and the compressor, the system may be limited by
the maximum voltage which the control system can supply, limiting the max-
imum power of the system, or making the response time very long to lower
the internal temperature of the cooling system, which may impair the preser-
vation of the foods within the system.

A solution for this overload problem is the oversize of the linear
actuator, which raises the cost and reduces the efficiency of the system in
nominal condition.

On the basis of the foregoing, the present invention foresees a
system and a method for actuating a piston of a resonant linear compressor,
designed for supplying maximum power to the equipment in conditions of
overload of the cooling system, reducing costs and raising the efficiency of
the compressor it its nominal operation condition.

Objectives of the Invention

A first objective of the present invention is to propose an actua-
tion system for a resonant linear compressor, which should be capable of
actuating the compressor at its electromechanical resonance frequency, so
as to provide maximum power to the equipment in conditions of overload of a
cooling system.

A second objective of the present invention is to provide an actu-
ation system for a resonant linear compressor, so that it will contribute signif-
icantly to better preservation of the foods stored in the refrigerator, by raising
the maximum power supplied to the equipment compressor.

A third objective of the present invention is to reduce the manu-
facture cost of the resonant linear compressor by optimizing the size of its
linear actuator.

A further objective of the present invention consists in optimizing
the efficiency of the actuator in nominal operation condition, on the basis of
the improvement obtained in the sizing thereof.

Finally, another objective of the present invention is to provide a
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substantially more simplified solution with respect to the prior techniques for
production thereof on industrial scale.

Brief Description of the Invention

The objectives of the present invention are achieved by providing
an actuation system for a resonant linear compressor, the resonant linear
compressor being an integral part of a cooling circuit, the resonant linear
compressor comprising at least one cylinder, at least one head, at least one
electric motor and at least one spring, the cylinder housing a piston opera-
tively, the actuation system comprising at least one electronic control of actu-
ation of the electric motor, the electronic actuation control comprising at least
one control circuit and at least one actuation circuit, which are associated to
each other, the electronic actuation control being electrically associated to
the electric motor of the linear compressor, the actuation system being confi-
gured to detect at least one overload condition of the linear compressor,
through at least one electric magnitude measured, or estimated, by the elec-
tronic actuation control, and adjust, from a control mode in overioad, the act-
uation frequency of the electric motor to an electromechanical resonance
frequency or at an intermediate frequency between the mechanical reson-
ance and the electromechanical resonance. |

The objectives of the present invention are further achieved by
providing an actuation method for a resonant linear compressor, the resonant
linear compressor comprising at least one electric motor, the electric motor
being actuated by a frequency inverter, the actuation method comprising the
following steps:

a) measuring or estimating, at every operation cycle of the re-
sonant linear compressor, an actuation or operation frequency, a maximum
displacement of the piston of the resonant linear compressor and/or the dis-
placement phase of the piston stroke and/or the velocity phase of the piston
and/or the current phase;

b) comparing the maximum displacement of the piston with a
maximum reference displacement, and calculating a displacement error;

¢) calculating an operation feed voltage value of the electric
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motor from a operation feed voltage value of a preceding cycle and the dis-
placement error obtained at the preceding step (s);

d) comparing the operation feed voltage value of the electric
motor calculated at the preceding step with a maximum feed voltage value;

e) if the operation feed voltage value calculated at the step "c"
is lower than or equal to the maximum feed voltage value, then deactivate
the overload control mode of the electric control and decrease the actuation
frequency down to a mechanical resonance frequency value; and returning to
step a),

f) if the operation feed voltage value caiculated at the step "c¢"
is higher than the maximum feed voltage value, then activate the overload
control mode and increase the actuation frequency up to an electromechani-
cal resonance frequency.

Brief Description of the Drawings

The present invention will now be described in greater details
with reference to the attached drawings, in which:

- figure 1 represents a schematic view of a resonant linear
COMpressor,;

- figure 2 illustrates a schematic view of the mechanical model
of the resonant linear compressor employed in the present invention;

- figure 3 illustrates a schematic view of the electric model of
the resonant linear compressor of the present invention;

- figure 4 shows a graph of the position of the poles of the
electric, mechanical and complete system, according to the teachings of the
present invention;

- figure 5 illustrates a Bode diagram for the displacement of
the mechanical system;

- figure 6 shows a Bode diagram for the velocity of the me-
chanical system;

- figure 7 illustrates a Bode diagram of the current of the com-
plete electromechanical system of the present invention;

- figure 8 illustrates a Bode diagram of the displacement of the
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complete electromechanical system, according to the teachings of the inven-
tion,

- figure 9 illustrates a Bode diagram of the velocity of the com-
plete electromechanical system of the present invention;

- figure 10 represents a simplified block diagram of the control
with a sensor;

- figure 11 illustrates a block diagram of the control and of the
inverter with a sensor,

- figure 12 shows a simplified block diagram of the control
without sensor;

- figure 13 shows a block diagram of the control and inverter
without sensor;

- figure 14 shows first flow chart capable of detecting the over-
load mode in a normal control proposal,

- figure 15 shows second flow chart intended for detection of
the overload mode in a second normal control proposal;

- figure 16 shows an overload-control flow chart for maximum
displacement;

- figure 17 shows an overload-control flow chart for the ad-
justment of the velocity phase,;

- figure 18 shows an overload-control flow chart for the ad-
justment of the displacement phase; and

- figure 19 shows an overioad-control flow chart for minimum
current shift.

Detailed Description of the Figures

Figure 1 shows a schematic view of a resonant linear compres-
sor 50, object of the present invention.

model of the linear compressor 50, such a mechanical model be-
ing defined on the basis of equation 1 below, and said electric model being
defined from equation 2.

partir da equagao 2.
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m- d—df@ = Fur(0) = Fig (00) = Fu CO) - Fold®)
whererin:
F,.(i(t)) = K, -i(t) — motor force [N];
F,(d@)=K,, -d(t) — spring force [N];
F () =K ,, -v(t) — damping force [N];
5 F.(d(t)) —force of gas pressure in the cylinder [N];
Kmt — motor constant
KL — spring constant
Kam — damping constant
m — mass of the moveable par
10 v(t) — piston velocity
d(t) — piston displacement
i(t) — motor current
Vene (1) = VR (@) + V({0 + Vyr (v(10)) 2)
Wherein:
V. (i(t)) = R -i(¢) — resistance voltage [V];
15 V,(@(t)=L- dig) — inductor voltage [V];
V. (@) = K, - v(t)— voltage induced in the motor or CEMF [V];
Vo (1) — feed voltage [VI;
R - electric resistance of the motor
L — motor inductance.
20 It should be pointed out that, the gas pressure force (Fg(d(1))) is

variable with the suction and discharge pressures, with the non-linear piston

displacement, with the other forces in the mechanical equation they are all

linear, just as all the voltages in the electric equation. In order to obtain the

complete model of the system, it is possible to replace the pressure force by

25 the effects which it causes in the system, which are power consumption and
variation in the resonance frequency.

The power consumption may be modeled by an equivalent

damping and the variation in the resonance frequency by an equivalent
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spring.
Thus, the equation (1) above may be rewritten as follows:
d*(t ,

m: dt(z) = Kyr -i(t) ~ (KML + KMLEq)’ d(r) - (KAM + KAMEq )'V(t) 3)

or
d’(t .
m- (2) =K, i(t)=K,yr -d(t) =K 40 - V()
dr (4)

Wherein:

KwmLeq — €quivalent spring coefficient

Kameq — equivalent damping coefficient
Kipr =Ky + K5, — total spring coefficient

K o =K or K 44, — total damping coefficient

Applying the Laplace transform to the equations (2) and (4), one
can obtain the equation (5) below, which represents the electric equation at
the minimum of the frequency and the mechanical equations (6) and (7),
which represent, respectively the function of transfer between displacement
and velocity with the current.

Viwr ()= K, V()
Ls+R (5)

D(s) _ Ky
I(s) ms>+K ;5+K,,, (6)

1(s)=

Vis) Kyqr.s
](S) m.s2 +KAMT'S+KMLT (7)

The equation (8) below represents the characteristic equation of
the electric system, so that the equation (9) represents the characteristic eq-
uation of the mechanical system. The poles of this equation define the me-
chanical resonance frequency, region where the relationship between dis-
placement/current, or velocity/current, is maximum, and therefore with maxi-
mum efficiency as well, just as described ion other solutions of the prior art.

ECE =Ls+R (8)

ECM = I?'l.S2 + KAMT'S + KMLT (9)
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Working out mathematically the equations (5) to (9), one can ob-
tain the equations (10), (11) and (12), which represent, respectively, the func-
tion of transfer of the current, of the displacement and of the velocity of the
piston of the compressor 50, as a function of the input voltage, for the com-

plete electromechanical system, according to the teachings of the present

invention:
I(s) EC,,
Venr(s)  EC,, -EC, +K,, s (10)
D(s) _ Kyr

Vo () ECy .ECy + K, " s (11)

Vis) _ Kyrs
Venr(s)  EC,,.ECp + K, s (12)

One may further define the equation (13) or (14) below, as the
characteristic equation of the electromechanical system designed in the

present invention:

EC, =EC,, .EC,+K,; s (13)

or:
ECg=mLs* +(K 4L+ mR) s> +(K,gr L+ K yr R+ K, ;2 )5+ K, - R (14)

The pair of complex poles of the characteristic equation of the
electromechanical system above defines the electromechanical resonance
frequency, the region in which one has greater relation between current, the
displacement and the velocity with the input voltage. Therefore, this is a re-
gion where it is possible to obtain maximum power of the resonant linear
compressor, as proposed in the present invention.

For a better understanding of the characteristics of the actuation
system and method proposed, which will be described in greater details later,
one presents the values in Table 1 below, which define the coefficients of a
resonant linear compressor, designed to operate at a mechanical resonant

frequency of 50 Hz, for a nominal load of 50 W.
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Table 1 — Coefficients of the resonant linear compressor

Coefficient Value Unit
R 12.9 0
L 0.75 H
Kur 70 V.s/m or N/A
Kt 81029.5 N/m
Kamt 10 N.s/m
m 0.821 Kg

Calculating the poles of the electric system and mechanical sys-
tem in isolation, and of the complete electromechanical system, one will vi-
sualize the alteration in the sysitem poles, according to Table2 below, and
also from figure 4.

The mechanical resonance frequency is given by the module of
the pair of complex poles of the characteristic equation of the mechanical
system (314.2 rad/s or 50 Hz). The electromechanical resonance frequency
is given by the module of the pair of complex poles of the characteristic equa-
tion of the electromagnetic system (326.6 rad/s or 51.97 Hz).

Table 2 — Poles of the electric, mechanical and electromechanical system

Poles
System Real Complex
Electric 17.2 -
Mechanical - 6.0913141j
Electromechanical -15.9 6.73+326.5

In Bode diagrams of the transfer function of displacement and
velocity, for the mechanical system, such as shown in figures 5 and 6, one
can observe that, at the mechanical resonance frequency, the gain is maxi-
mum. In this case, the phase between the displacement with the current is of
-90 degrees (displacement and current are in quadrature), and the phase of
the velocity with the current is zero degree (velocity and current are in
phase).

Additionally, one observes from the diagrams of figures 7, 8 and
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9, represent, respectively, the Bode diagrams of the transfer functions of the
current, the displacement of the velocity, as a function of the input voltage,
which, at the electromechanical resonance frequency, the gain is maximum,
according to the teachings of the present invention.

Moreover, it is possible to observe, in figure 7, that, in the me-
chanical resonance frequency, the value of the current is minimum, for which
reason the efficiency is maximum. At the middle point between the mechani-
cal resonance frequency and the electromechanical resonance frequency,
the power factor of the linear actuator is maximum, since the phase of the
current has the shortest delay.

The electromechanical resonance frequency is always above the
mechanical resonance frequency, and at the electromechanical frequency
the phase between the displacement and the input voltage is around -176
degrees, and the phase between the velocity and the input voltage is around
-86 degrees, for the data presented in Table 1 above. The greater the differ-
ence between the real pole and the module of the pair of complex poles of
the electromechanical system, the shift of the displacement and of the veloci-
ty will tend to -180 degrees and -90 degrees, respectively.

In the face of the foregoing, one proposes the present invention
for the main purpose of supplying maximum power to the resonant linear
compressor 50, for conditions of overload of the cooling system.

Such a system takes into account that the linear compressor 50-
comprises at least one cylinder 2, at least one had 3, at least one electric
motor and at least one spring, so that the cylinder 2 houses operatively a pis-
ton 1. Figure 1 shows said compressor 50 and its constituent parts.

As far as the electronic composition is concerned, it is possible to
note, on the basis of figures 10 — 13, the main characteristics of the present
actuation system. Such a system comprises at least one electronic actuation
control 20 of the electric motor, this electronic actuation control 20 being pro-
vided with at least one control circuit 24 and at least one actuation circuit 26,
associated electrically with each other.

The same figures show that the electronic actuation control 20 is
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electronically associated to the electric motor of the linear compressor 50,
this electronic control 20 being composed of rectifying element, inverter (in-
verting bridge) and digital processor.

A quite relevant characteristic of the presently claimed invention
as compared with the prior techniques refers to the fact that the actuation
system is particularly configured to detect at least one overload condition of
the linear compressor (50), through at least one electric magnitude measured
or estimated by the electronic actuation control 20, and to adjust, from a con-
trol mode in overload, the actuation frequency of the electric motor to an
electromechanical resonance frequency.

The electric magnitude measured or estimated is given by a ac-
tuating piston velocity value V, or still by a piston displacement value d,. the
actuation electronic control 20 is capable of actuating, according to the teach-
ings of the invention, the electric motor of the compressor 50 with a PWM
senoidal voltage starting from an amplitude and a controlled range.

As already mentioned before, the present invention has the cen-
tral objective of detecting a condition of overload of the linear compressor 50,
under conditions in which it is necessary to adjust the actuation frequency of
said electric motor, in a determined operation mode in overload, in order to
achieve the desired control of the cooling system in situations of high de-
mand.

One first way to control the motor of the compressor 50 in this
condition is illustrated in figure 16. Figures 14 and 15 shows two flow charts
oriented to detect the overload mode in two different proposals of normal
control. In this case, the overload control mode is configured to adjust the
actuation frequency of the electric motor by taking as a basis a piston dis-
placement value de ((t)), or Dmax[K], with respect to the maximum reference
displacement Dgrgr. One observes that the function F illustrated in figure 14
(see second block Alk]=F(A[k-1],Ed[k]) may be a control P, Pl or PID.

In a second mode, as shown in figure 17, the overload control is
configured to adjust the actuation frequency of the electric motor by taking as

a basis a velocity phase @v of the motor of the compressor 50m, with respect
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to a reference velocity pREF.

A third way to adjust the actuation frequency of the compressor
50 is shown in figure 18. In this case, the overload control mode is configured
to adjust the actuation frequency of the electric motor by taking as basis a
value of the displacement phase ¢4 of the motor of the compressor, with re-
spect to the reference displacement phase Q4rer

Additionally, figure 19 shows an alternative way of adjusting the
actuation frequency of said compressor 50. This is a way of controlling over-
load, configured to adjust the actuation frequency of the electric motor taking,
as a basis, a minimum current phase value @c.

With regard to the above-described adjustment modes, they are
given by the difference in phase between the piston displacement value
(de(t)) and an input voltage phase (Vin.) preferably around -176 degrees (for
the compressor defined by the parameters of Table 1). On the other hand,
the adjustment of actuation frequency is given starting from the difference
between the velocity phase value ¢v and an input voltage phase value Vint,
preferably around -86 degrees (for the compressor defined by the parame-
ters of Table 1).

The present invention has, as an innovatory and differentiated
characteristic over the prior art, a set of steps capable of adjusting the actua-
tion frequency of the compressor 50 in an efficient and quite simplified man-
ner for the overload control mode foreseen. Such a methodology takes into
account the fact that said compressor comprises at least one electric motor,
the latter being actuated by a frequency inverter. Said method comprises es-
sentially the following steps:

a-) measuring and esﬁmating, at every operation cycle Tgr of the
resonant linear compressor 50, an actuation frequency Fr, a maximum piston
displacement de(t) of the resonant linear compressor 50, and/or the piston
displacement phase ¢d and/or the piston velocity phase ¢v and/or the cur-
rent phase c;

b-) comparing the maximum piston displacement d¢((t) with a

maximum reference displacement Drer, and calculating a displacement error
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Err;

c-) calculating an operation feed voltage value am-pop Of the elec-
tric motor, from an operation feed voltage value of previous cycle and of the
displacement error Err obtained in the preceding step (s);

d-) comparing the operation feed voltage value Anpop Of the elec-
tric motor calculated at the preceding step with a maximum feed voltage val-
ue Amax;

e-) if the operation feed voltage value Ampop calculated at step "c"
is lower than or equal to the maximum feed voltage value A, then deacti-
vate an overioad control mode of the electric motor and decrease the actua-
tion frequency Fr down to a mechanical resonance frequency; and returning
to step a-);

f-) if the operation feed voltage value Anpop Calculated at step "c"
is higher than the maximum feed voitage value Anax, then activate the over-
load control mode and increase the actuation frequency Fr up to an electro-
mechanical resonance frequency.

As to the first overload control mode, as illustrated in figure 16,
one can state that it further comprises the following step:

n) comparing the maximum piston displacement de(t) with a
maximum piston displacement of a cycle de(t-1) preceding the operation
cycle Tg;

o) if the maximum piston displacement de(t) is higher than the
piston displacement of the preceding cycle de(t), then comparing the actua-
tion frequency Fr with the actuation frequency of the preceding cycle Fr.1);

p) if the actuation frequency Fgr is higher than the actuation fre-
quency of preceding cycle Rg.1) then increasing the actuation frequency Fgr
by a frequency delta value T and returning to step a);

q) if the actuation frequency Fr is not higher than the actuation
frequency of the preceding cycle F rq.1), then decreasing the actuation fre-
quency Fr by a frequency delta value T; and returning to step a);

r) if the maximum piston displacement d.(t) is not greater than

the maximum piston displacement of preceding cycle de(t-1), then comparing
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the actuation frequency Fr with an actuation frequency of preceding cycle F
RE-1);

s) if the actuation frequency Fg is lower than that actuation fre-
quency of preceding cycle Fry.1), then increasing the actuation frequency Fg
by a frequency delta value T;and returning to step a);

t) if the actuation frequency Fg is not lower than the actuation
frequency of preceding cycle Frg.1), then decreasing the actuation frequency
Fr by a frequency delta value Tr and returning to step a).

It should be pointed out that steps "n" to "t" define an overload
control mode for a maximum piston displacement value of the compressor
50.

For the second overload control mode, as shown in figure 17, the
following steps are foreseen:

n) calculating a velocity phase ¢v of the piston of the compressor
50;

0) comparing the velocity phase ¢v, calculated at the preceding
step, with a reference velocity phase value Qvrer;

p) if the velocity phase ¢v is higher than the reference velocity
phase ¢@vrer, then increase the actuation frequency Fr by a frequency delta
value T¢ and returning to step a);

q) if the velocity phase @v is not higher than the reference veloci-
ty phase ¢@vyrer, then decrease the actuation frequency Fr by a frequency
delta value Tsand returning to step a).

for this second control mode, steps "n" to "q" define an overioad
control mode of the compressor 50 for an adjustment of reference velocity
phase around -90 degrees (-86 for the compressor defined by the parame-
ters of Table 1).

A third way to adjust the actuation frequency, according to the
teachings of the present invention, and as illustrated in figure 18, comprises
the following steps:

n) calculating a piston displacement phase ¢4 of the compressor
50;



10

15

20

25

30

WO 2012/122615 PCT/BR2012/000066

17

o) comparing the displacement phase ¢q4 calculated at the pre-
ceding step with a reference displacement phase value ®pger;

p) if the displacement phase ¢d is higher than the reference dis-
placement phase ¢@prer, then increase the actuation frequency Fr by a fre-
quency delta value Tsand returning to step a);

q) if the displacement phase ¢d is not higher than the reference
displacement phase ¢pgrer, then decrease the actuation frequency Fr by a
frequency delta value Trand returning to step a).

The last steps "n" to "g" above define an overload control mode
of the compressor 50 for an adjustment of reference displacement phase
around -180 (-176 degrees for the compressor defined by the parameters of
table 1).

In turn, figure 19 shows a fourth way of adjusting the actuation
frequency of the electric motor, consisting of the following steps:

n) calculating a current phase ¢c of the compressor 50;

o) comparing the current phase ¢c calculated at the preceding
step with a current phase vailue ¢c-1 preceding the operation cycle TR;

p) if the current phase ¢c is higher than the previous cycle cur-
rent phase value ¢c-1, then comparing the actuation frequency Fr with a
previous cycle actuation frequency Fgr(t-1);

q) if the actuation frequency Fr is higher than the previous cycle
actuation frequency Fg(t-1), then increase the actuation frequency Fr by a
frequency delta value T; and returning to step a);

r) if the actuation frequency Fr is not higher than the previous
cycle actuation frequency Fgr(-1), then decrease the actuation frequency Fr
by a frequency delta value T;and returning to step a);

s) if the current phase value ¢c is not higher than the previous
cycle current phase value ¢c-1, then comparing the actuation frequency Fr
with a previous cycle actuation frequency Fgr(t-1);

t) if the actuation frequency Fr is lower than the previous cycle
actuation frequency Fg(t-1), then increase the actuation frequency Fgr by a

frequency delta value Tf and returning to step a);
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u) if the actuation frequency Fr is not lower than the previous
cycle actuation frequency Fr(t-1), then decrease the actuation frequency Fr
by a frequency delta vaiue Tf and returning to step a);

for steps "n" and "u" above, one defines an overioad control
mode of the compressor 50 for a minimum current shift.

It should be pointed out that, as the piston displacement reaches
the maximum reference value and reaches the resonance frequency again,
the present system and method are configured to come out of the overload
control.

On the other hand, the present invention foresees a resonant li-
near compressor 50 provided with the presently designed actuation system
and with the actuation method as defined in the claimed object.

Finally, one can state that the actuation system and method for a
resonant linear compressor 50 as described above achieve their objectives
inasmuch as it is possible to increase the maximum power supplied to said
compressor ion conditions of high load or overload for the same equipment
design.

Moreover, it should be pointed out that the present invention
enables better preservation of the foods of the cooling equipment by increas-
ing the maximum power supplied to said compressor. Further, it is possible,
on the bases of the teachings of the invention, to reduce manufacture costs
of the final product, as well as to increase the efficiency of the compressor 50
in its nominal operation condition, taking into account a better sizing of its
linear actuator.

A preferred example of embodiment having been described, one
should understand that the scope of the present invention embraces other
possible variations, being limited only by the contents of the accompanying

claims, which include the possible equivalents.
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CLAIMS

1. Actuation system for a resonant linear compressor (50), the
resonant linear compressor (50) being an integral part of a cooling circuit, the
resonant linear compressor (50) comprising at least one cylinder (2), at least
one head (3), at least one electric motor and at least one spring, the cylinder
(2) housing a piston (1) operatively,

the actuation system being characterized by comprising at least
one electronic actuation control (20) for actuating the electric motor, the elec-
tronic actuation controi (20) comprising at least one control circuit (24) and at
least one actuation circuit (26), associated to each other,

the electronic actuation control (20) being electronically asso-
ciated to the electric motor of the linear compressor (50),

the actuation system being configured to detect at least one
overioad condition of the linear compressor (50), through at least one electric
magnitude measured or estimated by the electronic actuation control (20),
and to adjust, from a control mode in overload, the actuation frequency of the
electric motor to an electromechanical resonance frequency.

2. Actuation system according to claim 1, characterized in that
the electric magnitude measured or estimated is given by a piston velocity
value (Vp).

3. Actuation system according to claim 1, characterized in that
the electric magnitude measured or estimated is given by a piston displace-
ment value (dp).

4. Actuation system according to claim 1, characterized in that
the overload control is configured to adjust the actuation frequency of the
electric motor by taking as a base the piston displacement value (de(t)) with
respect to a maximum reference displacement (Dger).

5. Actuation system according to claim 1, characterized in that
the overload control mode is configured to adjust the actuation frequency of
the electric motor by taking as a basis the velocity phase value (¢v) of the

motor of the compressor (50) with respect to a reference velocity phase
(Prer).
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6. Actuation system according to claim 1, characterized in that
the overload control mode is configured to adjust the actuation frequency of
the electric motor by taking as a basis a displacement phase value (@4) of the
motor of the compressor (50) with respect to a reference displacement phase
(Parer).

7. Actuation system according to claim 1, characterized in that
the overload control mode is configured to adjust the actuation frequency of
the electric motor by taking as a basis a minimum current phase value (¢.).

8. Actuation system according to claim 6, characterized in that
the adjustment of actuation frequency is given starting from a phase differ-
ence between the piston displacement value (de(t)) and an input voltage
phase value (Vi) around -180 degrees.

9. Actuation system according to claim 5, characterized in that
the adjustment of actuation frequency is given starting from a phase differ-
ence between the velocity phase value (¢,) and an input voltage phase value
(Vint) around -90 degrees.

10. Actuation method for a resonant linear compressor (50), the
resonant linear compressor (50) comprising at least one electric motor, the
electric motor being actuated by a frequency inverter, the actuation method
being characterized by comprising the following steps:

a-) measuring or estimating, at every operation cycle (Tr) of the
resonant linear compressor (50), an actuation frequency (Fr), 2 maximum
piston displacement (de(t)) of the resonant linear compressor (50) and/or the
piston displacement phase (¢4) and/or the piston velocity phase (¢,) and/or
current phase (¢¢),

b-) comparing the maximum piston displacement (de(t)) with a
maximum reference displacement (Drgr), and calculating a displacement
error (Err),

c-) calculating an operation feed voltage value (Ampop) Of the elec-
tric motor, from an operation feed voltage value of preceding cycle and of the
displacement error (Err) obtained at the preceding step (s);

d-) comparing the operation feed voltage value (Ampep) Of the
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electric motor calculated at the preceding step with a maximum feed voltage
value (Amax);

e-) if the operation feed voltage value (Ampop) Calculated at step
"c" is lower than or equal to the maximum feed voltage value (Amax), then
deactivate an overload control mode of the electric motor and decrease the
actuation frequency (Fr) down to a mechanical resonance frequency value,
and return to step a);

f-) if the operation feed voltage value (Ampep) calculated at step
"c" is higher than the maximum feed voltage value (Amax), then activate the
overioad control mode and increase the actuation frequency (Fr) up to an
electromechanical resonance frequency.

11. Actuation method according to claim 10, characterized in
that the overload control mode further comprises the following steps:

g) Comparing the maximum piston displacement (de(t)) with a
piston displacement value of a cycle (de(t-1)) preceding the period of opera-
tion cycle (Tr);

h) if the maximum piston displacement (de(t)) is greater than the
piston displacement of preceding cycle (de(t-1)), then compare the actuation
frequency (Fgr) with an operation frequency of preceding cycle (Fr(t-1);

iy if the actuation frequency (Fg) is higher than the actuation fre-
quency of preceding cycle (Fgr(t-1)), then increase the actuation frequency
(Fr) by a frequency delta value (Ts) and return to step a);

j) if the actuation frequency (Fr) is not higher than the actuation
frequency of previous cycle (Fgr(t-1)), then decrease the actuation frequency
(Fr) by a frequency delta value (Ty) and return to step a);

k) if the maximum piston displacement (de(t)) is not greater than
the maximum piston displacement of preceding cycle (de(t-1)), then compare
the actuation frequency (Fr) with the actuation frequency of preceding cycle
(Fr(t-1));

l) if the actuation frequency (FRr) is lower than the actuation fre-
quency of preceding cycle (Fgr(t-1)), then increase the actuation frequency

(FRr) by a frequency delta value (Tf) and return to step a);
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m) If the actuation frequency (Fgr) is not higher than the actua-
tion frequency of preceding cycle (Fgr(t-1)), then decrease the actuation fre-
quency (Fr) by a frequency delta value (T¢) and return to step a).

12. Actuation system according to claim 11, characterized in
that the steps "g" to "m" define an overload control mode for a maximum pis-
ton displacement of the compressor (50).

13. Actuation method according to claim 10, characterized by
further comprising the following steps:

n) calculating the velocity phase (¢,) of the piston of the com-
pressor (50),

o) comparing the velocity phase (¢,) of the piston of the com-
pressor (50) with a reference velocity phase value (Qyrer);

p) if the velocity phase (¢v) is higher than the reference velocity
phase (¢vrer), then increase the actuation frequency (Fr) by a frequency del-
ta value (T and return to step a);

q) if the velocity phase (o,) is not higher than the reference ve-
locity phase (pvrer), then decrease the actuation frequency (Fgr) by a fre-
quency delta value (T¢) and return to step a).

14. Actuation method according to claim 13, characterized in
that the steps "n" to "q" define an overload control mode of the compressor
(50) for an adjustment of the frequency velocity phase around -90 degrees.

15. Actuation method according to claim 10, characterized by
further comprising the following steps:

n) calculating a displacement phase (@q4) of the piston of the
compressor (50),

o) compare the displacement phase (¢d) calculated at the pre-
ceding step with a reference displacement phase value (@prer);

p) if the displacement phase () is greater thatn the reference
displacement phase (¢prer), then increase the actuation frequency (Fg) by a
frequency delta value (Ty) and return to step a);

q) if the displacement phase (@q) is not greater than the refer-

ence displacement phase (¢prer), then decrease the actuation frequency
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(Fr) by a frequency delta value (Ts) and return to step a).

16. Actuation method according to claim 15 characterized in that
the steps "n" and "q" define an overload control mode of the compressor (50)
for an adjustment of reference displacement phase around -180 degree.

17. Actuation method according to claim 10, characterized in that
the overload control mode further comprises:

n) calculating a current phase (@) of the compressor (50);

o) comparing the current phase (@.) calculated at the preceding
step with a current phase value of a cycle (¢.-1) preceding the period of the
operation cycle (Tr);

p) if the current phase (¢.) is higher than the current phase value
of preceding cycle (¢.-1), then compare the actuation frequency (Fgr) with an
actuation frequency of preceding cycle (Fr(t-1));

q) if the actuation frequency (Fr) is higher than the actuation fre-
quency of preceding cycle (Fr(t-1)), then increase the actuation frequency
(Fr) by a frequency delta value (Ty) and return to step a);

r) if the actuation frequency (Fgr) is not higher than the actuation
frequency of preceding cycle (Fgr(t-1)), then decrease the actuation frequency
(Fr) by a frequency delta value (T¢) and return to step a);

s) if the current phase value (¢.) is not higher than the current
phase value of preceding cycle (pc-1), then compare the actuation frequency
(Fr) with an actuation frequency of preceding cycle (Fr(t-1));

t) if the actuation frequency (Fg) is lower than the actuation fre-
quency of preceding cycle (Fg(t-1)), then increase the actuation frequency
(Fr) by a frequency delta value (T¢) and return to step a);

u) if the actuation frequency (Fr) is not lower than the actuation
frequency of preceding cycle (Fr(t-1))), then decrease the actuation frequen-
cy (Fr) by a frequency delta value (Ts) and return to step a).

18. Actuation method according to claim 17, characterized in that
the steps "n" to "u" define an overload control mode of the compressor (50)
for a minimum current shift.

19. Resonant linear compressor (50), characterized by compris-
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ing an actuation system as defined in claims 1 to 9, and an actuation method

as defined ion claims 10 to 18.



