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(57) Abstract: Inverter-based apparatus (1) configured to control an electric motor (2), the inverter-based apparatus comprising: an
input stage (4) configured to convert an alternating voltage AC to a rectified DC voltage; an electrolytic-capacitor-less inverter (5)
configured to generate an AC voltage to be fed to said electric motor (2) based on duty cycles of switching signals; a DC-link (10)
connecting said electrolytic-capacitor-less inverter (5) to the input stage (4) and crossed by an instantaneous active power (P(t)) from,
or towards, said electrolytic-capacitor-less inverter (5), a DC-link capacitor (11) connected to said DC-link (10); voltage sensor (13)
configured to determine the amplitude of said DC-link capacitor voltage (Vdc(t)); current sensors (12) configured to determine the
amplitude of output currents applied to said electric motor (2) by said electrolytic-capacitor-less inverter (5); a current regulator system
(14) configured to control said duty cycles based on determined current references (idref, igref), and an active voltage limiter unit
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(15) configured in order to determine an active current (ia)(iaref) associated to the instantaneous active power (P(t)) absotbed from, or
supplied back, said DC-link (10), and regulate said current references (idref, igref) based on said active current (ia)(iaref).
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INVERTER BASED APPARATUS AND CONTROL METHOD THEREOF

The present invention relates to an inverter based apparatus and control method
thereof. More specifically, the present invention relates to an inverter based apparatus
configured to operate a motor, in particular a permanent magnet motor or an induction
motor or any other similar motor, of an household appliance, such as, for example, a
washing machine, a drying machine, a refrigerator and/or dish washer and/or air
conditioner. It is understood that according to the present invention, the inverter
controlling method and apparatus are designed to control a motor associated to any
kind of load of a household appliance, such as, for example, a drum, a compressor, a
fan, a pump, etc..

As is known, nowadays inverters driving motors are widely applied to home
appliances. In general, an inverter driving motor comprises an input stage and an
inverter bridge, which is provided, in turn, with a plurality of switching units, which
are controlled in order to generate and modulate an AC voltage to be fed to motor
terminals. The input stage generally comprises a diode bridge having inputs coupled
to mains for receiving the AC mains voltage, outputs for providing a DC voltage, and
an electrolytic capacitor for removing voltage ripples which appear in rectified voltage.

Depending on the power size, the inverters for home appliances are usually
configured in order to have a high capacitance so as to keep the ripple voltage, and
thus a ripple current, within a reasonable level, generally comprised between 10% to
15%. Indeed the electrolytic capacitor worsen the life expectation if the ripple
voltage/current increases, and a small ripple voltage is recommended for a seamless
drive of the motor. However, if on the one side a flat and stable DC voltage across
capacitor, i.e. low ripple voltage, improves the performance of motor driving
algorithms, on the other side it affects the mains current by harmonics.

In order to solve such problem, inverters for home appliances are usually
provided with a power factor corrector unit (active or passive) which comprises an
inductor having enough inductance to increase the power factor (thus the harmonics)

to the desired value. However, factor corrector unit has the disadvantage to be an
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expensive and bulky component.

Aim of the present invention is to solve the drawbacks referred above.

In compliance with the above aims, according to the present invention there is
provided an inverter-based apparatus configured to control an electric motor, the
inverter-based apparatus comprising: an input stage which is connected to mains lines
for receiving AC lines currents and AC mains voltage and configured to convert said
AC mains voltage to a rectified DC voltage; an electrolytic-capacitor-less inverter,
which is configured to generate output currents to be fed to said electric motor based
on duty cycles of switching signals; a DC-link which connects said electrolytic-
capacitor-less inverter to the input stage and is crossed by DC-link currents from, or
towards, said electrolytic-capacitor-less inverter; a DC-link capacitor connected to
said DC-link; a voltage sensor configured to determine the amplitude of said DC-link
capacitor voltage; one or more current sensors configured to determine the amplitude
of output currents provided to said electric motor by said electrolytic-capacitor-less
inverter, and a current regulator system which is configured to control said duty cycles
based on determined current references and said output currents, the inverter-based
apparatus further comprises an active voltage limiter unit, which is configured to
regulate said current references of said current regulator system in order to limit said
DC-link capacitor voltage within a predetermined voltage range.

Preferably, the active voltage limiter unit is further configured to regulate said
current references of said current regulator system without using said lines currents
and/or DC-link currents and/or the current of the DC capacitor.

Preferably, said active voltage limiter unit is further configured to clamp said
DC-link capacitor voltage to a prefixed value, when said electric motor regenerates
back current to said the DC-link capacitor via said electrolytic-capacitor-less inverter.

Preferably, said active voltage limiter unit is further configured to determine
an active current based on said output currents and said duty cycles, and regulate said
current references based on said active current and said DC-link capacitor voltage.

Preferably, said active voltage limiter unit is configured to determine a first

active current based on the d-q axis-wise duty cycles indicative of said duty cycles of
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the switching signals and d-q axis-wise currents indicative of said output currents.

Preferably, said active voltage limiter unit is configured to determine a second
active current based on the d-q axis-wise duty cycles indicative of said duty cycles of
the switching signals and said current references.

5 Preferably, said active voltage limiter unit is configured to determine said
active current, by computing the minimum between said first and second active
currents.

Preferably, said active voltage limiter unit is configured to determine two
maximum absolute correction signals on the basis of said second active current and

10 said d-q axis-wise duty cycles.

Preferably, said active voltage limiter unit is configured to determine an
instantaneous maximum allowable regeneration current based on a measured voltage
level and a parameter indicative of a maximum absolute active current for
regeneration.

15 Preferably, the active voltage limiter unit is configured to determine an
instantaneous maximum allowable regeneration current ialstAbs(t) based on the

following equation

if}:j'm;ﬂiw (f} = Uy (f)ga A e b
20

wherein where v (¢) is a time-varying weight that depends on the measured

capacitor voltage Vdc(t) and the nominal DC-link voltage Vdcrnom and on the high-
voltage limit Vhigh.

Preferably, said active voltage limiter unit is configured to determine

25  unconstrained axis-wise corrections to the reference currents as a fraction of the

maximum correction by the following equation:

30  where the time-varying weight (t) is determined according to an empirical saturated-
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cubic equation:
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5 Preferably, said active voltage limiter unit is configured to determine

constrained axis-wise current corrections by applying the following saturation and

correction equations

ig . () = max (ig,,.(£),0), if w(t) >0
10 eore X0 min (i, (£),0), if w(t) >0

‘éﬁgweﬂw (t) = ﬁlia(iduna (t}* G} - I&fqdﬁbg(igmwr ‘;g) - ii"lﬁm: (t)}

wherein Kqd is a positive tuning gain that may be used to transfer to the d—axis part

15  of the correction originally computed for the g—axis, when saturation occurs.

Preferably, said active voltage limiter unit is configured to modify said

current references according to the following equations:

i{jﬁ”iffﬁftﬂ&i (i) == ?:(iwff {f} + gt{i@:arr {i}

y‘i‘g‘?‘*&j’“i\f}‘md (5) == iﬁfm%f (g} + ig?{ﬂrw{‘t)
20

The present invention further relates to a control method implemented by an
inverter-based apparatus configured to control an electric motor, wherein said inverter-
based apparatus comprises: an input stage which is connected to mains lines for
receiving AC lines currents and AC mains voltage and configured to convert said

25  alternating mains voltage AC to a rectified DC voltage; an electrolytic-capacitor-less
inverter, which is configured to generate output currents to be fed to said electric motor
based on duty cycles of switching signals; a DC-link which connects said electrolytic-
capacitor-less inverter to said input stage and is crossed by DC-link currents from, or

towards, said electrolytic-capacitor-less inverter; a DC-link capacitor connected to
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said DC-link; a voltage sensor configured to determine the amplitude of said DC-link
capacitor voltage; one or more current sensors configured to determine the amplitude
of output currents provided to said electric motor by said electrolytic-capacitor-less
inverter; and a current regulator system which is configured to control said duty cycles
based on determined current references and said output currents; said control method
being characterized by regulating said current references of said current regulator
system in order to limit said DC-link capacitor voltage within a predetermined voltage
range.

So, more generally, the present invention relates also to a method for
controlling an electric motor by an apparatus comprising an input stage to convert an
AC mains voltage to a rectified DC voltage, an electrolytic capacitor-less inverter
connected to the input stage by a DC-link, and a capacitor connected to the DC-link,
the method comprising the following steps:

e generating, by the electrolytic capacitor-less inverter, output currents to be fed
to the electric motor based on duty cycles of switching signals;

e determining the output currents fed to the electric motor;

e controlling the duty cycles based on current references and the determined
output currents;

¢ determining the voltage across the capacitor; and

¢ regulating the current references so as to limit the capacitor voltage within a
predetermined voltage range.

Preferably, the control method comprises regulating said current references
of said current regulator system without using said lines currents and/or any DC-link
currents and/or the current of the DC capacitor.

Preferably, the control method comprises the step of clamping said DC-link
capacitor voltage to a prefixed value, when said electric motor regenerates back current
to said the DC-link capacitor via said electrolytic-capacitor-less inverter.

Preferably, the control method comprises the step of determining an active
current based on said output currents and said duty cycles; regulating said current

references based on said active current and said DC-link capacitor voltage.
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Preferably, the method comprises the step of determining a first active current
based on the d-q axis-wise duty cycles indicative of said duty cycles of the switching
signals and d-q axis-wise currents indicative of said output currents.

Preferably, the method comprises the steps of determining a second active

5  current based on the d-q axis-wise duty cycles indicative of said duty cycles of the
switching signals and said current references.
Preferably, the method comprises the step of determining said active current,
by computing the minimum between said first and second active currents.

Preferably, the method comprises the step of determining two maximum

10 absolute correction signals on the basis of said second active current and said d-q axis-
wise duty cycles.

Preferably, the method comprises determining an instantaneous maximum
allowable regeneration current based on a measured voltage level and a parameter
indicative of a maximum absolute active current for regeneration.

15 Preferably, the method comprises the step of determining an instantaneous

maximum allowable regeneration current ialstAbs(t) based on the following equation

iammm (:f) = 'w‘r”'{t)icmmmw

20 wherein where v (1) is a time-varying weight that depends on the measured
capacitor voltage Vdc(t) and the nominal DC-link voltage Vdcrnom and on the high-
voltage limit Vhigh.

Preferably, said active voltage limiter unit is configured to determine
unconstrained axis-wise corrections to the reference currents as a fraction of the

25  maximum correction by the following equation:

idunm (t} = l}gg}gfjmm.@ (t)
gf}'%fm@e (t) = ﬂ(f‘)?’«?mw;& (t)

where p(t} is a time-varying weight determined according to an empirical saturated-

30  cubic equation:
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5 Preferably, the method comprises the step of determining constrained axis-

wise current corrections by applying the following saturation and correction

equations

: \ max (ig,,.(t),0), if w(t)>0
gQﬂiin’Y‘ (f‘) == ‘ ’

0 min (ig,,.(t),0), if w(t) >0

zdmww (i} = miﬁ(g’iunc: {f)‘ G) - I{Qdai}g(i{fﬂwr {1%} - iﬂu e (f}>

Wherein Kdq is a positive tuning gain that may be used to transfer to the d—axis part

15  of the correction originally computed for the g—axis, when saturation occurs.

Preferably, the method comprises the step of modifing said current

references according to the following equations:

k‘%dw:ffﬁmﬁ {ﬁ} - zd?w! (?) + ?{iﬂmﬁ’r (Lz)
vzgwgf&«:f wd (f) - g‘@ra}' (f) + ?”Q’mww {f}

20
A non-limiting embodiment of the present invention will now be described, by
way of example, with reference to the accompanying drawings, in which:
- Figure 1 is a block diagram of an inverter-based apparatus provided according
to the present invention; and
25 - Figure 2 is a flow chart of operation implemented by an active voltage limiter

unit.
With reference to Figure 1, reference number 1 denotes as a whole an inverter-
based apparatus 1 configured to control an electric motor 2 according to the control
method disclosed hereinafter. Preferably, the electric motor is a three-phase motor 2,

30  butit can be any kind of multi-phases motor 2, such as bi-phase or poly-phases motor,
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or similar motor. Moreover, the electric motor 2 may be a permanent magnet motor or
an induction motor or any other similar motor.

According to a preferred embodiment, the electric motor 2 may be comprised
in a household appliance (not illustrated). The household appliance may be, for
example, a washing machine, and/or a drying machine, or a refrigerator, or a dish
washer, or an air conditioner, or any similar domestic machine. Preferably, the
inverter-based apparatus 1 is configured to control an electric motor 2 associated to a
component/load of the household appliance such as, for example, a drum, a
compressor, a fan, a pump, or any other device/element of the household appliance
driven by the electric motor 2.

With reference to Figure 1, the inverter-based apparatus 1 comprises an input
stage 4, an inverter 5 and a motor controller stage 6.

According to an exemplary embodiment illustrated in Figure 1, the input stage
4 comprises a rectifier unit configured to convert an alternating voltage AC, received
in input from a power supply system 8, to a rectified DC voltage to be provided in
input to the inverter 5. The input stage 4 may comprise, for example, a full-bridge
diode rectifier having inputs coupled to AC mains lines of the power supply system 8§
for receiving AC mains lines currents and AC mains voltage, and outputs connected
to the inverter 5. It is understood that both power supply system 8 and input stage 4
depend on the kind of inverter and motor to be controlled. For example, power supply
system 8 and input stage 4 may be three-phases, or multi-phases, or similar.

According to an exemplary embodiment illustrated in Figure 1, the inverter 5
is configured to convert the DC voltage to AC voltage. The inverter 5 may be provided
with a plurality of switching units (not illustrated), which are controlled by the motor
controller stage 6 in order to generate and modulate an AC voltage to be fed to the
motor 2. In the exemplary embodiment, the inverter 5 comprises inputs connected to
outputs of the input stage 4 to receive the DC voltage and outputs connected to the
electric motor 2.

According to a preferred embodiment, the rectifier unit of the input stage 4

comprises a single-phase rectification circuity, while the inverter 5 comprises a three-
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phase inverter having two inputs connected to respective outputs of the rectifier unit
and three outputs connected to respective terminals of the electric motor 2.

With reference to Figure 1, the inverter-based apparatus 1 further comprises a
DC-link 10, in turn comprising two DC-link lines, connecting the outputs of the input
stage 4 with the inputs of the inverter 5, a capacitor 11, a current sensor 12, and a
voltage sensor 13. The DC-link capacitor 11 is connected between the two DC-link
lines of the DC-link 10, i.e. between the outputs terminals of the input stage 4.
Conveniently, the DC-link capacitor 11 may have a capacitance comprised between
about 1 pIF and about 2 pF. The Applicant has found that using a DC-link capacitor 11
with low-capacitance has the technical effect of increasing the ripple voltage up to
100% so to have a very good harmonic content in the mains current, which allows to
eliminate the power factor corrector unit.

In other words, using the DC-link capacitor 11 with low-capacitance has the
advantage of removing any expensive and bulky power factor corrector circuit
specifically designed for correction of harmonics (such as an inductor coupled in series
between the mains output and the diode bridge input), since, due to the small
capacitance of the DC-link capacitor 11, the rectified current still has a substantial
harmonic content. Preferably, the DC-link capacitor 11 may comprise a film type
capacitor. The film type capacitor is conveniently less expensive and more durable
compared to an electrolytic capacitor. Since the inverter 5 does not comprise an
electrolytic capacitor, it corresponds to an “electrolytic-capacitor-less inverter”.

The current sensor 12 can be configured to sense the output currents of the
inverter 5 applied to the electric motor 2. With reference to exemplary embodiment
illustrated in Figure 1, current sensor 12 may comprise one or more sensors configured
to sense the currents provided to the three-phase motor 2, i.e. phase currents iu(t), iv(t),
iw(t). It is understood that the time-depedence of the currents iu(t), iv(t), iw(t) is not
illustrated in Figures the sake of clarity.

The voltage sensor 13 is preferably configured to sense the voltage Vdc(t) of
the DC-link capacitor 10.

With reference to Figure 1, the motor controller stage 6 may comprise a current

PCT/EP2019/069227
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regulator system 14 and an active voltage limiter unit 15.

The current regulator system 14 is configured to receive information on the
sensed currents iu(t) ,iv(t), iw(t) from the current sensor 12, receive information on the
sensed voltage Vdc(t) from the voltage sensor 13, receive information on a motor
control parameter i.e. a requested motor speed Spdref provided by an appliance control
unit (not illustrated), and to generate three signals Uu(t), Uv(t), Uw(t) to control the
switching units of the inverter 5.

The signals Uu(t), Uv(t), Uw(t) may be indicative of duty cycles of the
command signals provided to the switching units of the inverter 5. The signals Uu(t),
Uv(t), Uw(t) may be also per-unit signals indicative of the fraction of DC-link voltage
to be applied to each phase of the motor. The three signals Uu(t), Uv(t), Uw(t) may be
pulse width modulation signals (PWM).

According to an embodiment shown in Figure 1, the current regulator system
14 may comprise: an subtractor stage 20, a speed control stage 21, a flux weakening
stage 22, a currents regulator stage 23, an inverse-Park transform stage 24, an inverse-
Clarke convert stage 25, a direct-Clarke convert stage 26, a direct-Park transform stage
27, and a sensorless speed/flux position observer stage 28.

The direct-Clarke convert stage 26 is configured to convert the three-phase
sensed currents iu(z), iv(t), iw(t) into a two-phase o, Park-coordinate system
(stationary reference frame), and provide current values ia(f) and ifi(¢) to the direct-
Park transform stage 27 and to the sensorless speed/flux position observer stage 28.

The sensorless speed/flux position observer stage 28 is configured to receive
the three-phase sensed currents iu(z), iv(z), iw(t) and two signals Uoaf(t) and Uf(t). The
signals Ua(t) and Up(t) are indicative of two duty cycles values in the two-phase o,
Park-coordinate system. The sensorless speed/flux position observer stage 28 is further
configured to provide a rotor speed signal Spd_feedback relating to the actual speed of
the rotor, based on the three-phase sensed currents iu(t), iv(t), iw(t) and the signals
Ua(t)and Uf(t). The sensorless speed/flux position observer stage 28 is further
configured to provide an angle festimated indicative of the rotor angle estimated,

based on the three-phase sensed currents iu(t), iv(t), iw(¢). In an exemplary

10
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embodiment, the sensorless speed/flux position observer stage 28 may comprise a rotor
angular position estimator and rotor angular speed estimator. The rotor angular
position estimator may be configured to determine the angular position Gestimated of
the rotor based on the sensed currents iu(¢), iv(t), iw(t) without using a position sensor,
whereas the rotor angular speed estimator may be configured to determine the rotor
speed Spd_feedback based on the angular position festimated.

The Park transform stage 27 is configured to receive the angle Gestimated and
the measured current values io and if} in the two-phase a,p Park-coordinate system
(stationary reference frame) and to convert the current values ia(t) and ip(t) to a two-
phase d-q coordinate system (rotating-synchronous reference frame), generating the
measured synchronous currents id(z) and ig(t) based on the angle Gestimated.

In the exemplary embodiment, the subtractor stage 20 is configured to receive
in input a motor speed signal Spd_ref and the motor speed Spd_feedback. The motor
speed signal Speed-ref relates to a reference motor speed associated to a command
signal indicating the requested motor speed, whereas the motor speed signal
Spd_feedback relates to the determined motor speed provided by the sensorless
speed/flux position observer stage 28. The subtractor stage 20 is configured to
determine a speed error based on the difference between input motor speed signals
Spd_ref and Spd_feedback.

The speed control stage 21 is configured to receive the speed error and provide
the current igref. For example, the speed control stage 21 may comprise a PI controller
and is configured to operate in the two-phase d-q coordinate system. The current igref
is indicative of the reference rotor current in the g-axis of the d-q coordinate system.
The signals Spd_ref and Spd_feedback , igref and idref can be, in general, time-varying
signals, whose explicit time dependence is not illustrated in the notation to improve
clarity of the description.

The flux weakening stage 22 is configured to operate in the two-phase d-q
coordinate system and to generate a reference current idref being indicative of the
reference rotor current in the d-axis of the d-q coordinate system.

With regard to the active voltage limiter unit 15, itis configured to regulate the

11
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current references supplied to the current regulator system 23 in order to limit the DC-
link capacitor voltage Vdc(t) within a predetermined voltage range.

Preferably, the active voltage limiter unit 15 is configured to regulate the
current references for the Id-Ig current regulators based on the DC-link capacitor
voltage Vdc(t) and the measured current values id(?) and ig(t). Conveniently, the active
voltage limiter unit 15 is configured to regulate the current references for the Id-Ig
current regulators without using any current measurement in the DC-link. In other
words, the inverter-based apparatus 1 does not comprise any current sensor on the DC-
link 10.

Preferably, the active voltage limiter unit 15 is configured to receive in inputs:
the current reference igref, the current reference idref, the voltage Vdc(t) of the DC-
link capacitor 11, two signals Ug(t) and Ud(t) indicative to the duty cycles in a g-d
coordinate system (hereinafter disclosed in detail) and the measured current values
id(t) and ig(t). The active voltage limiter unit 15 is further configured to determine two
constrained axis-wise current corrections igcorr(t) and idcorr(t) by implementing the
control method hereinafter disclosed in detail.

With reference to Figure 1, the current regulator system 14 further comprises
an adder unit 30, an adder unit 31, a subtracting unit 32 and a subtracting unit 33.

The adder unit 30 is configured to receive the current reference igref and the g-
axis-wise current correction igcorr(t) and to provide in output a modified current
reference igrefinod(t) based on the addition of the current reference igref and the
current correction igcorr(t).

The adder unit 31 is configured to receive the current reference idref and the d-
axis-wise current correction idcorr(t) and to provide in output a modified current
reference idrefinod(t) based on the addition of the current reference idref and the
current correction idcorr(t).

The subtracting unit 32 is configured to receive the modified current reference
igrefmod(t) and the measured current ig(¢) and to provide in output the current

difference Aig(t) between the modified current reference igrefinod(t) and the current

iq(t).

12
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The subtracting unit 33 is configured to receive the modified current reference
idrefmod(t) and the measured current id(t) and to provide in output the current
difference Aid(t) between the modified reference current idrefimod and the current id.

The currents regulator stage 23 is configured to receive in input the current
difference 4ig(t) and the current difference 4id(t} and to provide in output the signals
Ugq(t) and Ud (t) respectively based on 4ig(t) and Aid(t). Signals Ugq(t) and Ud(t) are
indicative of the duty cycles in q-d coordinate system. Signals Uq(t) and Ud(t) may
also be indicative of the fraction of maximum voltage to be applied along each axis of
the synchronous d-q reference frame.

The inverse-Park transform stage 24 is configured to receive in input the
signals Ugq(t) and Ud(t) and to produce the signals Ua(t) and Uf(t) indicative of the
duty cycles values in the two-phase a, B Park-coordinate system. The signals Ua(?)
and Uf(t) may also be indicative of the fraction of maximum voltage to be applied
along each axis of the stationary a-f reference frame.

The inverse-Clarke convert stage 25 is configured to receive in input the signals
Ua(t) and Up(t) and to provide the switching signals Uu(z), Uv(t), Uw(t) to the inverter
unit 5.

Figure 2 is a flow chart of an exemplary control method that may be
implemented by means of the active voltage limiter unit 15 (shown in Figure 1). In the
exemplary embodiment, the active voltage limiter unit 15 is configured to implement
the control method to control the current regulator system 14 in order to limit the
voltage Vdc(t) of the DC-link capacitor 11 during a regeneration mode as well as the
minimum voltage during high-torque demands within a predetermined voltage range .

In this respect, the control method implemented by the active voltage limiter
unit 15 uses a control parameter/signal, indicated hereinafter as estimated “active
current iq(t)” (estimated from available and motor phase-currents and commanded
duty- cycle signals to the inverter), and the voltage Vdc(t) of the DC-link capacitor 11
to determine the current correction values igcorr(t) and idcorr(t) to be used to modify
the current references igref and idref that current regulator system 14 uses to control

the electric motor 2.
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Control method performed by the active voltage limiter unit 15 controls the
voltage Vdc(t) of the DC-link capacitor 11 in order to “clamp” the voltage Vdc(t) to a
constant value in case, for example, the electric motor 2 tends to regenerate back-
current (ip(t) becomes negative) to the DC-link capacitor 10 (i.e. during breaking of
the motor). The situation of negative DC-link current ip(7)<0 can be detected through
the computation of the said active current ia(t), that surrogates the unavailable current
ip(t). Consequently, the method controls igrefimod and idrefinod in order to limit the
negative active current ia(t) till bringing it to zero if necessary (to completely cancel
any back-current to the capacitor).

It will be disclosed hereinafter the meaning of the active current ia(f) used by
the control method. Tests performed by Applicant proved that the dynamic of the DC-
link capacitor 11 evolves according to the following equation:

-{%Vdc{t) = M

When the input stage 4 is a passive uncontrolled rectifier, then the current ir(¢)
> 0 (current that flows from the rectifier to the DC-link capacitor) is uncontrollable
(and fluctuates at twice the mains frequency) and, for the small capacitance of the DC-
link capacitor 11, when ir(t)} by chance approaches zero, even a small negative ip(t)
(regeneration current occurring in braking operation) may cause a large voltage
overshoot. This situation may harm the electronic components of the motor controller
stage 6, which may fail due to overvoltage.

In this respect, the control method uses the active current ia(t), which is
obtained by combining the measurements of the phase currents with the duty cycle
commands, to detect the regeneration (i.e., the occurrence of back-currents). Indeed
the active current ia(t) can be shown by algebraic formalism to correspond to a scaled
version of the current ip(t), that is, the active current ia(f) can be used in place of the
current ip(t) to detect regeneration and then to take provisions to limit the capacitor
voltage Vdc(1).

More specifically, in order to improve the clarity and facilitate the

14
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understanding of the present invention, but without this implying any loss of
generality, it will be described hereinafter how the active current ia(?) controlled by
the method according to the present invention relates to the current ip(?).

The instantaneous active power P(f), that is the power absorbed from (if P(z) >
0) or supplied back to (if P(¢) < 0) the DC-link, may be expressed in terms of DC-link

quantities:
Equation (1) P(t) = Vae(t)ip(t)
The instantaneous current ip(t) absorbed from (if ip(¢z) > 0) or supplied

back/regenerated to the DC-link capacitor 11 (if ip(z) < 0), can be computed by

inverting equation (1) :

Equation (2) ip(t) =

The active power P(z) can also be expressed in terms of the phase currents and

voltages of the motor 2 (referred to the motor’s neutral point) by the scalar product:
Equation (3) P (t) = W, ()i, (¢) + V,(0)i, (¢) + K, ()i, (6)

wherein, by using the dq0-Park’s transformation:

{303(53) 6{35(6 - 2%) ‘SO‘%“} + gSE)

—sin(f) —sin(@ —2) —sin(d 4+ 2F)
1 1 1

[

Equation (4) T(6)= 5

2 2 2

P

2,

the active power can be expressed in terms of the d—q frame currents and voltages

according to the following equation

15
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P(t) = 5(10! (t)ialt) + V,(t)i, (f)) + 3Voip

Neglecting the zero-sequence current and voltage (V0,i0), the following

10 simplified form for the active power is considered:

Equation (6)

Pt =21

> (Va®ia) + Vi ®)ig )

Considering that voltages Vd(t) and Vg(t) are applied through a standard Space

15  Vector Modulation switching strategy, they relate to the duty cycles Ud(t) and Ug(t)

[PU] by

Equation (7)

20  then it results in:

Equation (8)

_ V3

Valt
V,(t

By defining the active current ia(?):

25

Equation (9)

1

= LVaU,(t)

@w@mﬂ + Uy ()ig D

ia(t) = Ua(B)ialt) + Uy()ig(t)

the signal can be computed by synchronous-frame currents and signals Ud(t) and

Ugq(t). Moreover, the following linear relation holds:
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Equation (10) i}? (f} =

Therefore, Applicant has found that controlling the active current ia(t), in view
of Equation (10), is equivalent to controlling ip(z). In particular, zeroing ia(t)
corresponds to nullifying ip(t).

In case harmful regeneration is detected (negative ia(t) or increasing capacitor
voltage Vdc(t)) then, as a first provision, it is possible to stop the regeneration current
by nullifying ia(t).

Besides ia(t), it is possible to use another synthetic signal, named iaref{t), that
gives an anticipation (forecast) on what will be the value of the active current ia(f)
after the current regulators have settled. Indeed, in a motor drive with current-
regulators (for id(¢) and ig(t)), the currents are commanded to prescribed values idref
and igref, and the regulators are in charge of obtaining the required currents by
computing suitable duty cycles, to be actuated by the inverter unit.

For a prescribed pair of reference currents, it is defined the-reference-active
current-at-time-t, the signal computed with the reference currents and the duty cycles

at time t:
Equation (11) ?"ﬁref (?C) = L;d<i)iffaref + Eﬁfd(i‘)éﬁraf

For a change in the reference currents (commanded in turn by a speed/torque
controller or by a flux/weakening or magnetization block), the signal iaref{t) gives
coarse forecast about what will be the active current after the transitory, since the
current regulators will drive the currents toward the references.

Flow chart of Figure 2 contains the operations performed by the active voltage
limiter unit 15 to modify the current references of the current regulator system 14 in
order to limit the voltage Vdc(t) of the DC-link capacitor 11 during regeneration mode,
for example caused by braking or by an external sudden decrease of the load torque.

Firstly, the control method performs the step of determining the instantaneous

17
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active currents ia(t) and iaref{t) based on: the duty cycles Ud(t), Uq(t), the available
currents id(t), iq(t) and the current references idref, igref (block 100) (using the axis d
and q of the Clark transformation matrices).

Preferably, the control method determines the instantaneous active currents

ia(t) and iaref{t) by the formulas:

iw(t) = Uat)ialt) + Uy(t)iglt)

E ti 12
ueion (2 ©) = UaWia,,, (©) + Us®)ig., (1)

It is understood that the active current can be computed alternatively resorting
to currents and duty cycles in a reference frame different from the synchronous one,
for instance using quantities expressed in the synchronous reference frame o- f , when

available.
iqlt) = U,@)i )+ Us(t)ia(t)

Equation (12b) i V fr e , . . .
Vs (t) = Ualt)ia, ef (t)+Us (tﬁﬁ»“ﬁf (t)

Moreover, the control method performs the step of determining a worst-case
active current iaws(t) (block 110), by computing the minimum between the active

currents ia(t) and iaref{t) determined by Equation (12):
Equation (13) tau, (t) = min (ig(t), tape s ()

The method further performs the step of determining two maximum absolute

correction signals idmax(t) and igmax(t) (block 120), using the value iaref{t) computed

by Equation (12a) :
9 _— é“w&:‘f (t}{“}ii(g)
dew(i‘) — {;:;i(iw + {%(f‘)g
Equation (14) ; ) {,g){j@(é}
; i e yef i A
Z’Q’mm&t( } Lig(t)g + qu(i)%

Applicant has found that maximum absolute correction signals idmax(t) and

18

PCT/EP2019/069227



WO 2020/020719

15

20

25

30

igmax(t) represent the maximum absolute corrections that yield to a zero the active
current iaref(t) when subtracted entirely from the respective currents id and ig. In this

respect, the modified active current computed with the modifications yields:

(idyes (8) ~idpna (1) Ua(t) + (ig, s (8) — g, (1) Ug(t) =
= id,., (£)Ua(t) + iq,,, (t)Uq(t)

_ %f;,.,af (!)Uzi’(ﬂz _ iamf w}{%(t:’z
TatP + Va0 Ualt)® + Uy (0P
_. o Ta®)? + Uy (1)
- /Zflrc,}‘(f:} - 25{1««::;‘(%) Ud{f}g + l;q(t)g
=0

Applicant has found that that nullifying the active current ia(t) corresponds to
completely stop any regeneration of current. Applicant has found that to avoid
overvoltage, it is not necessary to apply the maximum corrections. Only a fraction of
idmax(t) and igmax(t) may be conveniently applied, depending on a voltage level and
on some user-defined tuning parameters. Indeed, depending on the voltage level, the
active current ia(t) can take also small negative values (that is, to regenerate) with
bottom limit — ialstAbs(t), wherein ialstAbs(t) is an absolute value computed at next
step.

Furthermore, the method performs the step of determining the instantaneous
maximum allowable regeneration current ialstAbs(t) (block 130) based on the
measured voltage level and a prefixed parameter iaMaxAbs corresponding to a

maximum absolute active current for regeneration, for example defined by the user:

Equation (15) iammw (?) - wif”(g)éammgam

wherein wv (1) is a weight coefficient that depends on the voltage Vdc(t) and the
nominal DC-link voltage Vdcnom and on the highvoltage limit Vhigh. For example,
weight coefficient wv (¢) may be 1 if voltage Vdc(t) is below the nominal DC-link

voltage Vdcnom, weight coefficient wV(f) may be O if voltage Vde(t) is above
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highvoltage limit Vhigh. The method may decreases the weight coefficient wv (1)
linearly from 1 to O as the DC-link capacitor voltage Vdc(t) changes in a prefixed range

comprised between nominal DC-link voltage Vdcnom to high-voltage limit Vhigh.

Viioh — Vaelt !
Equation (16) wy (t) = sat { = g e(t)
‘*'fr'i.gh - Vifﬂn,wm o

Furthermore, the method determines the negative fraction of correction to be

applied according, for example, to the empirical saturated-cubic Equation (block 140):

0

‘ 3
gy n < ) + éa!&’f Abg ({))

, n(1) = sat
Equation (17) f( ) ( za;mﬁm(t)

—1

It is understood that when there is regeneration, the current iaws(t) is negative.
Therefore only for active currents ia(t) below the instantaneous limit — ialstAbs(t), the
fraction p(t) counts negative and different from zero.

Furthermore, the method determines the unconstrained d-q axis-wise
corrections as a fraction of the maximum correction by the following Equation (block

150):

Equation (18) gduvu {f) - {t}zfifymmw (t)
zi}'uw& (t) - p(t)zfi‘mna ( }

Furthermore, the method determines the constrained d-q axis-wise current
corrections by applying the following saturation and correction Equations (block

160):
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Equation (19)

[

tgeonr () min (i, (t),0), if w(t) >0

Q‘Uw Wiy

{ max (ig,, (£),0), if w(t) >0

5
Equation (20) ig,.,,. (t) = min(iq,  (f),0) — K gabs(i,, _ (t) —1i, (1))
wherein Kqd is a positive tuning gain that may be used to transfer to the d—axis part
of the correction originally computed for the g—axis, when saturation occurs.
10 For example, when the motor speed is positive, the method may only permit

the q—axis correction to negative and vice-versa.

The method can perform a d—axis correction that is negative and amplified

in case the constrained g—axis correction is different from the unconstrained one.

Furthermore, the method may determine the modified current references for

15  the current regulators (block 160) by the adders 30, 31:

Equation 21) T}dr#j’s’yi wrel (g) = ?{gw}' <2{) + lidzmrr (i}
2"??%}*3\30& {f) = %Q"Wtf (f) + 2*52(?&?*7“ (t)

The advantages resulting from the use of the active voltage limiter unit 15 in

20  the inverter-based apparatus 1 are remarkable.

The active voltage limiter unit has the technical effect of reducing the
magnitude of the active current to zero when current starts to became negative, by

modifying the current parameters through rotation of the controlled current vector.

Moreover, the capacitor-less inverter-based apparatus is less expensive and

25  less bulky compared to the known inverter-based apparatus. Indeed inverter-based
apparatus limits harmonics without usage of dedicated circuitry (PFC), increasing

the lifetime expectation of the inverter thanks to, for example, the usage of a film
capacitor instead of an electrolytic type. Moreover, capacitor-less inverter-based
apparatus reduces EMC emission due to the limited voltage applied during

30  switching.
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CLAIMS

1. Inverter-based apparatus (1) configured to control an electric motor (2),
the inverter-based apparatus comprising:

an input stage (4), which is connected to mains lines (8) for receiving AC
lines currents and AC mains voltage and configured to convert said alternating mains
voltage AC to a rectified DC voltage;

an electrolytic-capacitor-less inverter (5), which is configured to generate
output currents to be fed to said electric motor (2) based on duty cycles of switching
signals;

a DC-link (10), which connects said electrolytic-capacitor-less inverter (5) to
said input stage (4) and is crossed by DC-link currents from, or towards, said
electrolytic-capacitor-less inverter (5);

a DC-link capacitor (11) connected to said DC-link (10);

a voltage sensor (13) configured to determine the amplitude of said DC-link
capacitor voltage (Vdc(t));

one or more current sensors (12) configured to determine the amplitude of
output currents provided to said electric motor (2) by said electrolytic-capacitor-less
inverter (5); and

a current regulator system (14), which is configured to control said duty
cycles based on determined current references (idref, igref) and said output currents,

said inverter-based apparatus (1) being characterized by comprising an active
voltage limiter unit (15), which is configured to regulate said current references (idref,
igref) of said current regulator system (14) in order to limit said DC-link capacitor
voltage (Vdc(t)) within a predetermined voltage range.

2. Inverter-based apparatus according to claim 1, wherein said active voltage
limiter unit (15) is further configured to regulate said current references (idref, igref)
of said current regulator system (14) without using said lines currents and/or DC-link
currents.

3. Inverter-based apparatus according to claims 1 or 2, wherein said active

voltage limiter unit (15) is further configured to clamp said DC-link capacitor voltage
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(Vdc(t)) to a prefixed value, when said electric motor (2) regenerates back current to
said the DC-link capacitor (11) via said electrolytic-capacitor-less inverter (5).

4. Inverter-based apparatus according to any of the previous claims, wherein
said active voltage limiter unit (15) is further configured to:

determine an active current (ia)(iaref) based on said output currents (i, iv,
iw) and said duty cycles; and

regulate said current references (idref, igref) based on said active current
(ia)(iaref) and said DC-link capacitor voltage (Vdc(¢)) .

5. Inverter-based apparatus according to claim 4, wherein said active voltage
limiter unit (15) is further configured to determine a first active current (ia) based on
d-q axis-wise duty cycles (Ud, Ug) which are indicative of said duty cycles of the
switching signals and d-q axis-wise currents (id, ig) indicative of said output currents
(iu, v, iw).

6. Inverter-based apparatus according to claims 4 or 5, wherein said active
voltage limiter unit (15) is configured to determine a second active current (iaref)
based on the d-q axis-wise duty cycles (Ud, Ug) indicative of said duty cycles of the
switching signals and said determined current references (idref, igref).

7. Inverter-based apparatus according to claims 6 when depending on claim
5, wherein said active voltage limiter unit (15) is further configured to determine said
active current (iaws) by computing a minimum current between said first (ia(z)) and
second active currents (iaref{t)).

8. Inverter-based apparatus according to claim 7, wherein said active voltage
limiter unit (15) is further configured to determine two maximum absolute correction
signals (idmax(t), igmax(t)) on the basis of said second active current (iaref) and said
d-q axis-wise duty cycles (Ud, Ug).

9. Inverter-based apparatus according to claim 8, wherein said active voltage
limiter unit (15) is further configured to determine an instantaneous maximum
allowable regeneration current (ialstAbs(t)) based on a measured voltage level and a
parameter (iaMaxAbs) indicative of a maximum absolute active current for

regeneration.
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10. Inverter-based apparatus according to claim 9, wherein said active voltage
limiter unit (15) is further configured to determine an instantaneous maximum

allowable regeneration current (ialstAbs(t)) based on the following equation

iﬁzﬂirﬁ'@h{@ (t} - i£~;E’” {t)éaa!amﬁ ba

wherein v (1) is a weight coefficient that depends on said DC-link capacitor

voltage (Vdc(t)), on a nominal DC-link voltage (Vdcnom), and on a predetermined
high-voltage limit (Vhigh).

11. Inverter-based apparatus according to claim 10, wherein said active

voltage limiter unit (15) is further configured to determine a negative fraction of

correction to be applied according to an empirical saturated-cubic equation:

?:(Zws (f) %“ iuié;iﬂ,&ﬁ {f) ) ’

larsians (1)

p(t) = sat (

-1

12. Inverter-based apparatus according to claim 11, wherein said active
voltage limiter unit (15) is further configured to determine unconstrained axis-wise

corrections as a fraction of the maximum correction by the following equation:

U ync (f) = p(t)id . (t)
lgune <t} - p(z)ii}gmam (f)

13. Inverter-based apparatus according to claim 12, wherein said active
voltage limiter unit (15) is further configured to determines constrained axis-wise

current corrections by applying the following saturation and correction equations

Aeore 301 min (i, (1),0), if w(t) >0
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wherein:

Kqd is a positive tuning gain that may be used to transfer to the d—axis part of the

correction originally computed for the q—axis, when saturation occurs,
idunc and iqunc are said axis-wise current corrections .

14. An electric appliance, comprising an electric motor (2) and an inverter-
based apparatus (1) according to anyone of claims 1 to 13 to control the electric

motor (2).

15. Method to control an electric motor by an apparatus comprising an input
stage to convert an AC mains voltage to a rectified DC voltage, an electrolytic
capacitor-less inverter connected to the input stage by a DC-link, and a capacitor
connected to the DC-link, the method comprising the steps of:

e generating, by the electrolytic capacitor-less inverter, output currents to be fed
to the electric motor based on duty cycles of switching signals;

e determining the output currents fed to the electric motor;

e controlling the duty cycles based on current references and the determined
output currents;

¢ determining the voltage across the capacitor; and

e regulating the current references so as to limit the capacitor voltage within a

predetermined voltage range.
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