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Abstract: The estimation of the laundry unbalance and laundry inertia is fundamental in washing
machine applications. On the one hand, the estimation and management of the laundry unbalance
play a pivotal role in reducing mechanical stress and noise during the spinning phase. On the other
hand, the laundry inertia’s estimation, performed at the beginning of the washing cycle, allows for
the determination of the proper amounts of water and detergent, the water temperature, and the
tumbling time. In this way, good washing performance is obtained, avoiding the waste of energy
and resources. Moreover, at the end of the washing cycle, the laundry inertia’s accurate estimation is
needed to properly manage the spinning phase. With the aim of optimizing the washing performance,
this paper proposes a novel method to estimate the laundry unbalance and laundry inertia. The
proposed approach does not require additional sensors, since it uses the already implemented motor
control scheme, enhanced by a dedicated position-tracking observer. Experimental results have been
carried out on a commercial horizontal-axis direct-drive washer, demonstrating the validity of the
proposed solution.

Keywords: laundry inertia; laundry unbalance; washing machine

1. Introduction

Washing machines are undoubtedly the most important home appliances, used by
billions of customers worldwide. Although their basic operating principle has been known
for one century, they have had a continuous and consistent technology development while
reducing energy consumption.

The current policies for reducing energy consumption and saving resources require
the progressive improvement of the washing machine operation during all phases of the
washing cycle [1,2]. Thus, the optimization of the washing performance without increasing
manufacturing costs covers a key-role in the washing machines’ market, characterized by
significant competition among the manufacturers.

In this scenario, the accurate estimation of the laundry unbalance and laundry inertia is
fundamental for optimizing energy consumption and the quantities of water and detergent
of the washing cycle. In the following, the description of a typical horizontal-axis washing
machine, schematically shown in Figure 1, is reported, facilitating this understanding.

The main element of the washing machine is the washing unit (drum). The washer
drum is driven by an electrical motor that is speed-controlled, usually using a sensorless
control scheme [3-9], minimizing the cost of the electric drive (eDrive). The solutions in the
literature use mostly field-oriented control (FOC) with inner current control loops applied
to interior permanent magnet motors (IPM) [3,7], a direct-drive surface mount permanent
magnet (SMPM) motors [4,8,9] and or induction motors [5]. A different approach is the
direct torque control using PWM (DTC-PWM) applied to a direct-drive SMPM motor,
described in [6]. Although each sensorless control solution reported in the literature uses a
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particular position and speed estimation, it is important to mention that an accurate torque
estimation is usually needed by the washer control.

Springs

Dampers

Figure 1. View of a horizontal-axis washing machine (right) and magnification of the mechanical
clearance (left).

For direct-drive washing machines, the motor is directly connected to the drum, while
for belt-driven washers, the motor drives the drum through a belt and a pulley [10].
A washing cycle consists of the following primary phases [10]:

(1)  Tumbling—The laundry is washed with water and detergent, while the drum speed is
kept constant, typically around 50 rpm, and called tumbling speed.

(2) Rinsing—The dirty water is drained out so that the laundry can be rinsed with clean
water, while the drum speed is kept at the same level as the tumbling process.

(3) Spinning—Starting from a standstill, the drum speed is increased to the maximum
spinning value (typically in the range of 800-1600 rpm), extracting the water from the
clean laundry.

As shown in Figure 1, the drum is suspended in the washer cabinet by a set of springs
and dampers. The damping system of a washing machine is designed to be intrinsically
stable at the final spin speed (from 500 rpm up to 1600 rpm, according to the max spinning
speed selected by the customer). In addition, the tumbling speed (usually between 40 and
60 rpm) does not have to excite the resonance region. Therefore, the damping proprieties
are generally set to get a resonance frequency in the typical range of 150-300 rpm.

The laundry unbalance represents a critical factor during the spinning phase, since
it can lead to significant stress and noise during the drum’s acceleration. Indeed, in the
ideal case where the wet laundry is uniformly distributed in the drum, there are no risks
in crossing the resonance region. Conversely, if laundry unbalance occurs, the washing
unit oscillates inside the cabinet when the resonance region is crossed. The amplitude of
the oscillations strongly depends on the unbalance. In extreme cases, the washing unit can
exceed the mechanical clearance, thus touching the cabinet and damaging the washer. For
example, the typical clearance of a washing machine having a rated load of about 12 kg
is close to 15 mm, as shown in Figure 1. However, considering the mechanical tolerances
introduced by today’s manufacturing processes and the potential installing conditions (e.g.,
tilting), the washing unit’s displacement should not exceed the safety threshold of about
2/3 of the clearance, i.e., 10 mm for a total clearance of 15 mm.
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The influence of the laundry unbalance on the displacement of the washing unit is
usually evaluated in a laboratory, using specific rubber plates that are inserted in the drum
(see Figure 2). The rubber plates have a known mass expressed in grams, allowing to
emulate realistically several conditions of laundry unbalance. As an example, Figure 3
shows some displacements of the washing unit that have been measured on a commercial
washing machine. Two case studies are presented, corresponding to a rubber plate of 300 g
(green dots) and 750 g (blue dots), respectively. It is noted how the maximum displacement
of the washing unit is close to 5 mm for an unbalanced mass of 300 g, corresponding to
a typical case where there are no issues in crossing the resonance region. Conversely, if
considering the case in which the unbalanced mass is 750 g, the maximum displacement of
the washing unit is close to 10 mm, corresponding to the maximum limit.

lifters distributed load

unbalance
mass

Figure 2. Emulation of the unbalance mass using specific rubber plates. These are also used to
simulate a distributed load, thereby testing different values of the overall laundry inertia.
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Figure 3. Displacement of the washing unit for different values of the laundry unbalance.

Nevertheless, the laundry unbalance can also be larger than 750 g, e.g., if a few items
with huge soaking properties are washed. Such properties are typical for the shower
towels that can soak up a water mass with about five times their dry weight. Therefore,
in a real scenario, an unbalanced mass close to 1500 g cannot be excluded. For such
cases, the washing unit’s predicted displacement reaches 20 mm (see Figure 3, red dots),
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corresponding to 200% of the maximum allowed limit. In this case, the washing unit
crashes into the cabinet, causing potential mechanical damages. Moreover, the drum
bearings are subjected to significant stress, thereby reducing their lifetime. The solution for
avoiding these issues involves redistributing the laundry inside the drum, thus reducing
the unbalanced mass below the allowed limits.

In parallel with the laundry unbalance, another factor that strongly affects the washing
performance is the estimated laundry inertia, that is directly related to the washed load.
The latter has a high variability level, since it can assume all the values between zero
(empty drum) up to the rated limit, depending on the customers’ needs. The laundry
inertia knowledge is fundamental for setting the washing parameters correctly, consisting
of the proper amounts of water, detergent, bleach, and softener. The laundry inertia also
determines the optimal values of water temperature, washing time, and tumbling time.
Therefore, the laundry inertia affects energy consumption, the amount of the resources,
and the washing cycle’s quality, making its estimation essential for getting a high washing
performance.

Finally, the estimates of both the laundry unbalance and laundry inertia are also used
to reduce the drum vibrations over the spinning process as follows:

e  If the washing machine has standard lifters (Figure 1), the drum is stopped and then
started again to redistribute the laundry inside the drum.

e  If the washing machine has balancing lifters, these can be filled with the right amount
of water to compensate for the laundry unbalance, getting the same results of a
redistribution action but without stopping the drum.

Based on all considerations presented above, the estimation of the laundry unbalance
and laundry inertia is fundamental in washing machine applications.

The literature contains very few papers dealing with the estimation of inertia and load
unbalance for washing machines, since the washer manufacturers prefer the patents.

Therefore, this paper proposes a novel method for estimating the laundry unbalance
and the laundry inertia of a washing machine. Compared to the conventional approach
usually implemented in practice, the proposed methodology has the following advantages
and contributions:

(1) The laundry inertia is evaluated at a constant average drum speed, avoiding the risks
of washer damaging caused by performing an acceleration ramp.

(2) The proposed approach does not use any lookup table (LUT), avoiding demanding
off-line tuning procedures by the washer manufacturer.

(3) The laundry inertia estimation method does not require evaluating the friction losses
and the load torque generated by the laundry unbalance.

(4) Neither the speed controller bandwidth nor the laundry inertia affect the accuracy of
the laundry unbalance estimation.

(5) The proposed methodology can be easily embedded in the already implemented
eDrive control algorithm, using the microcontrollers that are usually employed for
such applications.

The paper is organized as follows. Section 2 describes the model of the laundry
unbalances and the effects of the latter on the drum speed. Section 3 presents in detail the
conventional method for estimating the laundry unbalance and laundry inertia, describing
the shortcomings of this approach. The proposed method’s description is reported in
Section 4, highlighting the introduced advantages and the added value. The validation of
the proposed solution through simulation and experiments is reported in Section 5, while
Section 6 provides the paper conclusions.

2. Model of the Laundry Unbalance

In the following, the model of the laundry unbalance for a horizontal-axis washing
machine is reported. This model is valid for a drum speed higher than the satelization
speed. The latter is defined as the speed value above which the laundry distributes itself
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inside the drum without moving. If the speed is higher than the satelization threshold, the

laundry does not tumble anymore because it is sticked on the internal surface of the drum.
For commercial washing machines, the satelization speed is usually close to 100 rpm.

In this condition, the amount of laundry inside the drum can be divided into two parts:

(1)  Distributed load—Consisting of the laundry portion that is uniformly distributed inside
the drum.

(2)  Unbalance mass—Consisting of the laundry portion that, on the contrary, is not uni-
formly distributed inside the drum.

Based on the literature [11], the laundry unbalance can be modeled as a mass point m
attached to the drum’s internal surface, as shown in Figure 4. According to such a model,
the unbalance mass leads to a load torque T} computed as:

Tp=m-g-r-sin(Bam + ) @

where g is the gravitational acceleration (~9.81 m/ s?), r is the drum radius, 9,,,,, is the
drum’s angular position to the vertical axis, and ¢ is the angular displacement of the
unbalance mass to the drum position.

drum

Y

Figure 4. Model of the laundry unbalance for a horizontal-axis washing machine.

When the drum speed is higher than the satelization speed, the angular displacement
o between the unbalance mass and the drum position is constant. Therefore, based on (1),
the unbalanced mass leads to a sinusoidal load torque T, whose period is one mechanical
revolution of the drum. The peak value of T} depends on the unbalanced mass m.

For example, if considering an unbalance mass of m = 1 kg, and a drum radius of
r = 0.2 m, a sinusoidal load torque with a peak of about 1.96 Nm ensues.

Since the load torque acts as an additive disturbance on the motor’s speed control,
a ripple in the drum speed is generated. Besides, the ripple amplitude depends on the
speed loop bandwidth. Usually, the speed control loop is implemented with a conventional
proportional-integral (PI) regulator whose setting is crucial in keeping the drum speed
oscillations within acceptable limits. As described better in the next sections, the drum
speed oscillations should not be eliminated, as they are used to estimate the laundry
unbalance.

3. Conventional Method for Estimating the Laundry Unbalance and Laundry Inertia

The literature and patent database report several methods for estimating the laundry
inertia [12-14], the laundry unbalance [11,15-22], or both [23].

These techniques aim at finding a correlation between the ripple of the drum speed
and the laundry unbalance that causes it, as described in Section 2. However, to get an
accurate estimation of the laundry unbalance, the above correlation must consider the



Energies 2021, 14, 637

60f23

damping effect of the laundry inertia on the drum speed’s oscillations. Consequently,
the accurate estimation of the laundry unbalance also requires the assessment of the
laundry inertia. The industry’s conventional method uses an “acceleration ramp” for the
simultaneous estimation of the laundry unbalance and laundry inertia. The procedure is
performed before the spinning phase to understand if the unbalance mass leads to excessive
mechanical stress both when the resonance region is crossed and at the final spin speed
(risk of bending torque on the washer bearings).

3.1. Conventional Method Speed Profile

The profile of the drum speed for the conventional method is shown in Figure 5. The
following actions are performed

4 Spinning (IV -a)
Drum speed ' '
(rpm) Final spin speed
Unbalance @ \ = j————rw
estimation (I1I)
Acceleration

ramp (1)
New distribution
ramp (IV -b)

Resonance (

region
Satelization |............ ./ ' e
e
speed -
»
>
Time (s)
Distribution
ramp (I)

Figure 5. Profile of the drum speed for the conventional method.

(I)  Distribution ramp—The speed drum is set to the satelization value, allowing for the
laundry’s distribution inside the drum.

(I)  Acceleration ramp—The drum is accelerated with a constant average torque using the
motor control scheme, allowing for the estimation of laundry inertia.

(II) Unbalance estimation—According to the speed controller settings, the oscillations of
the drum speed are used to estimate the unbalance mass.

(IV) Decision making—Based on the estimated unbalance mass, two options are possible. If
this value is below the maximum limit, (a) the spinning process is started, completing
the washing cycle. Conversely, if the estimated unbalance mass overcomes the safety
limit, (b) the drum is stopped, and a new distribution ramp is started, thus repeating
the whole sequence.

The acceleration ramp is usually performed in the speed range between the satelization
threshold and the resonance region, i.e., typically 100 to 300 rpm, depending on the
considered washer. The standard way to evaluate the motor’s net torque is to estimate the
electromagnetic torque Ty, first, followed by the compensation of the friction losses, T.

Therefore, the average motor’s net torque, Tpyg, during the acceleration ramp is
computed as:

Tavg = % knzi {Tem(k) - Tf(k)} (2)

The superscript ~ denotes an estimated variable, while k is the generic sampling time
instant of the motor control algorithm, the latter being implemented on a microcontroller.
Finally, n is the overall number of samples acquired during the acceleration ramp. This
number must correspond to an integer number of drum revolutions. In this way, according
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to (1), the load torque generated by the unbalance mass T} has an average value close to
zero. Therefore, for a given motor acceleration ", whose value is imposed by the motor
control algorithm, the overall inertia J; is estimated as:

Tt = Tavg/w* ®3)

For a direct drive washing machine, the overall inertia directly corresponds to that of
the drum plus laundry. Conversely, for a belt-driven washing machine, the belt ratio must
be considered.

Compared to the laundry inertia estimation, the evaluation of the laundry unbalance
is performed using pre-loaded LUTs. Indeed, the washer manufacturers usually perform
demanding identification procedures that correlate the laundry unbalance to the speed
controller’s bandwidth and the amplitude of the drum speed oscillations caused by the
unbalance mass. Such identification procedures are performed off-line on a dedicated test
rig in the laboratory, where the value of the unbalance mass is known as rubber plates are
used (see Figure 2). Once all possible values of the unbalance mass have been mapped and
the speed controller bandwidth has been chosen, a specific LUT is uploaded in the washer
control algorithm.

In summary, after the acceleration ramp (II), the unbalance mass estimation (III) at
constant average speed is performed (see Figure 5). The estimated overall inertia J; is first
used to tune the speed controller bandwidth at the target value. Finally, according to the
measured speed oscillations, the unbalance mass is computed using the pre-loaded LUT,
allowing for the decision making (IV).

3.2. Conventional Method'’s Critical Points
Although the conventional method is simple, it has the following critical points:

(1) The estimation of unbalance mass requires experimental LUTs, forcing the washer
manufacturer to perform demanding identification procedures that must be per-
formed off-line using dedicated test rigs.

(2) The laundry inertia evaluation needs to estimate friction (2), thus requiring in-depth
modeling of the mechanical transmission system (motor to the drum).

(3) The acceleration ramp may excite the drum’s mechanical resonance, running the risk
of the washing unit’s oscillations exceeding the clearance (see Figure 1), touching the
cabinet, and damaging the washer.

To demonstrate the importance of getting an accurate LUT to estimate the unbal-
ance mass using the conventional method, experimental tests have been carried out on
a commercial direct-drive washer. The first test, whose results are shown in Figure 6,
demonstrates how the speed controller bandwidth must be tuned accurately. Two cases of
study have been considered:

o  Speed controller bandwidth of 5 Hz; such a setting is from now onwards denoted
as SC1.
o Speed controller bandwidth of 1 Hz; by analogy, this setting is denoted as SC2.

It is noted how, depending on the value of the speed controller bandwidth, the same
speed oscillation can be caused by two completely different unbalance mass values. For
example, referring to Figure 6, a speed oscillation of 4.3 rpm is caused by an unbalance
mass of 500 g for SC1. However, the same speed oscillation is caused by an unbalance
mass of 1500 g if SC2 is set. Therefore, to consider the amplitude of the speed oscillations, a
reliable variable for estimating the unbalance mass, the speed controller bandwidth must
be tuned accurately. In other words, an accurate estimation of the overall inertia J; is needed
to set the speed controller parameters properly.
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Effect of Speed Controller Bandwidth
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Figure 6. Conventional method: effect of the speed controller bandwidth on the speed oscillations
for a given unbalance mass.

The sensitivity of the conventional method to the laundry inertia detuning is demon-
strated by the results shown in Figure 7. In the case of the empty drum, corresponding to
the presence of only the unbalance mass inside it (as in Figure 2, left), the conventional
method algorithm estimates the unbalance mass correctly, regardless of its value. For
example, to a real unbalance mass of 505 g, the conventional method leads to an estimate
of 570.8 g, corresponding to an error of about 13%, resulting in an acceptable value.

Effect of Laundry Inertia Detuning
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Figure 7. Conventional method: effect of the laundry inertia detuning on the unbalance mass
estimation.

However, in the case of a laundry inertia detuning of 0.26 kg-mz, e.g., caused by a
distributed load (as in Figure 2, right), the conventional method strongly underestimates
the unbalance mass. For example, to a real unbalance mass of 1505 g, the conventional
method algorithm estimates a value of only 587.2 g, corresponding to an unacceptable
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error of about 61%. Therefore, the laundry inertia estimation is of primary importance to
update the LUT and properly evaluate the unbalance mass. Furthermore, this is a typical
case in which the real unbalance mass damages the washer if the spinning is performed
(IV-A), as the washing unit’s oscillations exceed the mechanical clearance (see Figure 3).

Finally, the most delicate aspect of the conventional method consists in the speed
range in which the acceleration ramp should be performed. Indeed, to get an accurate
estimation of the laundry inertia, such a range must be as broad as possible. However,
below the satelization speed, the laundry does not distribute itself inside the drum.

Therefore, the only way to extend the speed range is to increase the acceleration
ramp’s high-speed limit, setting it close to or inside the resonance region (as shown in
Figure 5). Such a solution often happens in practice, since the speed range between the
satelization speed and the low-limit of the resonance region is often small due to the
washers’ mechanical design. Therefore, the acceleration ramp’s execution in this speed
range is usually not enough, hindering the laundry inertia’s evaluation with acceptable
accuracy. That results in forcing the extension of the acceleration ramp within the resonance
region (see Figure 5). However, if such a solution is applied, two cases can happen,
as follows:

(1) The unbalance mass has a small value; therefore, the washer resonances excitation
does not lead to dangerous oscillations of the washing unit, allowing the execution of
the acceleration ramp without running any risk.

(2) The unknown unbalance mass has a high value; the washer resonances excitation
leads to the washing unit oscillations whose amplitude exceeds the clearance and
may damage the washer (see Figure 3).

In both cases, the unbalance mass is unknown, since it is evaluated only after estimat-
ing the laundry inertia, i.e., the acceleration ramp’s execution. Therefore, the conventional
method statistically leads the washing unit to touch the cabinet, with negative consequences
related to the washer’s mechanical damaging and noise.

3.3. Conventional Method Literature

The literature does not report many publications in this research field, since the washer
manufacturers prefer to file patents, protecting their interests. However, the conventional
method is still the most employed solution, eventually proposed under different variants.
For example, the solutions in [15,17] propose the estimation of the unbalance mass using
the motor torque ripple instead of the speed oscillations. However, these methods require a
high bandwidth of the speed controller to keep the speed constant, without any oscillation.
Unfortunately, this solution is usually not viable, since the motor control algorithms
for washing machines are sensorless, minimizing costs but being unable to get a high-
performance speed control. An alternative solution is found in [12], which proposes the
laundry inertia’s estimation using the power instead of the torque. Such an approach is
useful for those applications where the torque estimation is not available. Finally, another
industry solution consists of estimating the unbalance mass before and after performing
the acceleration ramp. In this way, the first estimate is obtained at a low drum speed,
allowing for a better detection of its oscillations. Conversely, the second estimate is used to
compensate for the error of the first one, using the just estimated value of laundry inertia
obtained by performing the acceleration ramp.

4. Proposed Method for Estimating the Laundry Unbalance and Laundry Inertia

Compared to the conventional method, the proposed one estimates the laundry
inertia and the laundry unbalance at a constant average drum speed, using the already
implemented motor control scheme. The following conditions are necessary:

e  The drum speed must be higher or at least equal to the satelization threshold, avoiding
any movement of the laundry inside the drum.

e  The drum speed must be significantly lower than the resonance speed, avoiding any
mechanical interference.
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For the proposed method, the test speed is usually set to 100 rpm. Considering the
dynamic properties of the standard washing machines, this value guarantees the laundry
satelization and, at the same time, a consistent speed margin from the resonance region.
The objectives of the proposed method are:

e  Accurate estimation of the drum acceleration due to the speed oscillations
e  Accurate estimation of the load torque that is oscillating for the considered application
(washers)

Such quantities cannot be estimated simultaneously using a conventional phase-
locked loop (PLL). Therefore, the existing motor control algorithm is enhanced with a
position-tracking observer (PTO) [24,25], which is a well-known solution in the literature,
especially for industrial applications.

The literature reports some application examples of PTO or similar solutions for
washers. In [26,27], the observed motor position is used for compensating the bumps
generated by low-resolution Hall effect sensors. Such transducers are often used to imple-
ment sensor-based motor control schemes, but keeping the washer’s manufacturing cost
low. However, it is pointed out how most of the current eDrives for washing machines
are sensorless, thanks to the good performance reached by such control algorithms [3-9].
Another interesting solution is presented in [19], where a load torque observer is proposed
to improve the speed controller’s performance.

The conventional PTO block diagram is shown in Figure 8. Although this structure is
well consolidated, it does not allow for the accurate estimation of the angular acceleration
@. Indeed, the PTO has been proposed for getting a bumpless position, a bumpless speed,
or both. The PTO can also be used to estimate the load torque (see Figure 8). Besides, to
avoid the potential noise of the discrete-time derivation, the output of the derivative gain
k; is conventionally considered as a speed regulation. However, this simplification renders
the first integrator’s input W pro, highlighted in dark red in Figure 8, not coincident with
the angular acceleration.

%
Ten « PTO

ﬁ —>
+ 0 T

:I K, “;O—Ltd—> Ji

o

v
—
N
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P
v
?s
—
N
1
—

?

n
:I k,

Figure 8. Block diagram of the conventional position-tracking observer (PTO) (the variable “z” is used to indicate the

observer’s discrete-time implementation).

For this reason, the proposed method uses a modified position-tracking observer
(MPTO), whose block diagram is shown in Figure 9. It is noted how the outputs of the
proportional, integral, and derivative blocks are considered as contributions of the observed
load torque. In this way, although the discrete-time derivation must be performed, the
first integrator’s input corresponds to the angular acceleration of the drum w. The MPTO
inputs are the estimated electromagnetic motor torque T;;, assumed to be coincident with
the reference one, T,y , provided by the speed controller, and the drum position 9 4,,,,,- The
proposed MTPO uses the Euler discretization method, as this choice can guarantee a good
compromise between implementation simplicity and observation accuracy.
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Figure 9. Block diagram of the modified position-tracking observer (MPTO).

For simplicity, a direct-drive washer is considered, avoiding the introduction of a belt
ratio. Therefore, the drum position is obtained from the motor control algorithm after
considering the motor pole pairs p. The design procedure of the integral gain k; is the same
as the conventional PTO [28] and not reported here, since it is well known in the literature.

Concerning the proportional k,,, and derivative k;,, gains, these are computed starting
from those of the PTO. After using the block diagrams rules, these gains are corrected to
keep the equivalence between the two observers as:

Kim = Jt - ka @)

{ Ky = kp +B kg
where (3 is the viscous friction coefficient. The MPTO can be integrated with any sensorless
motor control algorithm, regardless of how the torque regulation is performed (e.g., current
vector control [3-5,7,9], direct flux, and torque control [6]). For example, the integration of
the MPTO on a sensorless field-oriented control scheme is shown in Figure 10, helping the
understanding. Further details about the sensorless control algorithm are not reported, as
they are beyond the scope of this work. Finally, it is noted how both PTO and MPTO con-
sider as input electromagnetic torque the reference signal provided by the speed controller
(see Figure 10). Such a simplification is valid only if the motor control algorithm limits the
reference torque, allowing the torque controller to satisfy it. Otherwise, the electromagnetic
torque can be estimated using the sensorless observer implemented on the motor control
algorithm [6].

o Speed T, o v; .
Controller q 7, dq Voo | PWM
—»| Controller >
A . | abc AV
5 @ ldq Labe
m *
[ A A 1%
L 7 M\ [Q) N o abc
A . Sensorless |
* . i
T Tem Ly abcl<« v Observer abc
Observer A dq 4—h ;
3 < ﬂ abc
(Fig.9)

Figure 10. Example of MPTO integration on a sensorless field-oriented control scheme for washers.
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The profile of the drum speed for the proposed method is shown in Figure 11. Com-
pared to the conventional method, the acceleration ramp is avoided. Three main actions
are performed, as follows.

L Distribution ramp—See the description in Section 3.
II. Inertia and Unbalance estimation—Using the MPTO, laundry inertia and laundry
unbalance are estimated at a constant average drum speed.
IIL. Decision making—See the description in Section 3.
A
Drum speed . .
(rpm) Spinning (I11 - a) Final spin speed

Inertia & Unbalance
estimation (1I)
New distribution
ramp (111 -b)

Resonance {
region

Satelization
speed

Distribution
ramp (I)

Figure 11. Profile of the drum speed for the proposed method.

The main advantage of the proposed approach is evident, as the acceleration ramp
is not performed. Therefore, the speed region between the satelization threshold and the
resonance can be very narrow, without affecting the estimation performance. Moreover, the
risk to excite the washer’s mechanical resonance before estimating the laundry unbalance
is avoided. Indeed, the estimation of the laundry inertia and laundry unbalance can be
performed for any speed value between the satelization threshold and the resonance region.

The proposed method estimates the laundry inertia by comparing two different
system conditions, in the following indicated using the subscripts 1 and 2. According to
the mechanical balance of the drum, the following equation system is derived:

{ Tem,l_TL,lzft'C:L’1+B'wl
Temp—Trp=Jt-wa+p-wr

Q)

The above system can be expressed as a function of the time or the drum position
Dgrum- If assuming the latter as the base variable, the load torque T} generated by the
unbalance mass does not depend on the considered condition.

Indeed, as demonstrated in (1), the load torque depends only on the drum position
Vdrum- Concerning the friction torque Ty = B - w, it consists of two contributions. The first is
related to the drum’s average speed, while the second is related to the oscillations caused
by the unbalance mass. However, the second contribution can be considered negligible if
compared to the first one.

In summary, if the two conditions above refer to the same average speed wjyg, (5) can
be expressed as a function of the drum position as:

{ Temp — 1L :]t‘wl+f"wzwg ®)
Tema—TL =]t w2+ P~ Wavg
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Consequently, the overall inertia (drum plus laundry) can be obtained by comparing
the two system conditions as:

]t _ Terr.z,l - Tem,Z (7)
w1 — w2

It is noted how using this approach, the overall inertia is computed with high accuracy,
as neither the friction losses nor the load torque needs to be considered. The proposed
method performs the estimation of the laundry inertia using (7).

For getting two different system conditions while keeping the same average speed,
it is sufficient to set different values of the speed controller bandwidth. In this way,
different drum speed oscillations are obtained, differentiating the electromagnetic torque
and angular acceleration for every drum position. For example, it is possible to use settings
SC1 and SC2 presented in Section 3.

The application of (7) requires evaluating the drum acceleration related to the speed
oscillations caused by the unbalance mass. For this reason, the use of the MPTO (Figure 9)
is proposed. However, the MPTO gains must be designed for getting a proper acceleration-
tracking, thus considering the following transfer function:

= _ — (8)
]t'53+(kdm+(5)'52+kpm‘5+ki

é kdm'52+kpm’s+ki
w

where s is the Laplace variable, while the superscript ~ denotes an observed variable.
Therefore, using the MPTO, the proposed method performs the estimation of overall
inertia by applying (7) as:

Je = (Tous = Toma)/ (501 - 502) ©)

As stated before, the electromagnetic torque is assumed to coincide with the reference
one provided by the speed controller (see Figure 10). In the alternative, the electromagnetic
torque can be estimated using the eDrive variables (e.g., measured currents, observed
fluxes) [6].

Finally, according to (1), the estimation of the unbalance mass m can be performed
using the peak value of the observed load torque T} as:

11 peak
i = ,pea

= (10)

It is noted how the unbalance mass estimation strictly depends on the accuracy of the
MPTO, thus related to the detuning of the viscous friction coefficient (3. Therefore, as with
the conventional method, the proposed one seems to require friction estimation. However,
this operation can be performed easily, since the friction torque is computed as the average
value of the electromagnetic torque over an integer number of the drum’s mechanical
revolutions. Therefore, at the beginning of the proposed identification procedure, the
viscous friction coefficient 3 is estimated as:

By T 1)

k=1

n - Wang

In this way, (10) is applied with a high level of confidence, leading to an accurate
estimation of the laundry unbalance.
Figure 12 shows the flowchart for the proposed method.
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MPTO Initialization
]t =]drum ’ B = Bbearings

\4

SC1 settings

\4

Perform Distribution ramp (1)

\4

Friction estimation ﬁ using (11)

\ 4

Store T,,,, ; and w; over one drum revolution

\4

SC2 settings

\4

Store T, » and @, over one drum revolution

\4

Inertia estimation J, using (9)

v
MPTO Updating using B and J,

\ 4

Store load torque T, over one drum revolution

'

Unbalanced mass estimation 771 using (10)

!

Perform Decision making (111)

Figure 12. Flowchart of the proposed method.

At the beginning of the procedure, both laundry inertia J; and viscous friction coeffi-
cient § are unknown. Therefore, the MPTO is initialized as follows:
e J;is set to the value related to the empty drum condition J .,
e P is set to the value related to the bearings Bpearings

Both the above-mentioned values are known by the washer manufacturer.

According to (8), the MPTO parameters (kpy, k;, and ky,,) are set to get a proper
acceleration-tracking. Concerning the speed controller bandwidth, SC1 settings are initially
set. After performing the distribution ramp (I), the viscous friction coefficient 3 is estimated
using (11). The values of the reference electromagnetic torque T ; and drum acceleration
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(1 are stored over one drum revolution. Subsequently, by keeping the drum average speed
constant, SC2 settings are set, thus storing the values of reference electromagnetic torque

T:m,2
overall inertia J; (laundry plus drum) is computed using (9). The MPTO is thus tuned
correctly using the obtained values of overall inertia J; and viscous friction coefficient 3,
thereby allowing the estimation of the load torque T}, with high accuracy.

Finally, the observed value of load torque Ty is stored over one drum revolution,
allowing the computation of the unbalanced mass m using (10). The estimated value of

unbalance mass is thus used for performing decision making (III).

and drum acceleration wj; also in this case for one drum revolution. In this way, the

5. Validation

The validation of the proposed methodology has been carried out through simulation
and experimental tests on a commercial direct-drive horizontal-axis washing machine. The
simulation results are illustrated first to facilitate the understanding of the experimental
validation.

5.1. Simulation Results

The proposed methodology has been simulated in a Matlab/Simulink environment.
The primary test conditions are reported in Table 1, listing the MPTO settings used next for
the experimental validation. The MPTO gains have been designed to get an acceleration-
tracking bandwidth of about 50 Hz (magnitude of about —3 dB). The Bode plot of the
obtained transfer function (8) is shown in Figure 13. For an average drum speed of 100
rpm, the drum acceleration oscillations frequency is about 1.67 Hz, so that the MPTO can
track it with high accuracy. Indeed, for such an oscillation frequency, the magnitude and
phase shift of (8) are about 0.109 dB (1.26%) and —1.63 deg, respectively. Finally, the two
system conditions for estimating the inertia (9) are SC1 and SC2, corresponding to a speed
controller bandwidth of 5 Hz and 1 Hz, respectively.

Table 1. Simulated test conditions.

Symbol Quantity Unit Value
m Unbalance mass kg 0.75
r Drum radius m 0.2
i Overall inertia kg~m2 0.2

B Viscous friction coefficient N-m-s/rad 0.075

T peak Peak load torque N-m 1.47
Wang Drum speed rpm 100
kpm MPTO proportional gain N-m/rad 342
ky PTO proportional gain N-m/rad 320
k; MPTO/PTO integral gain N-m/rad/s 120
kim MPTO derivative gain N-m-s/rad 64
k; PTO derivative gain 1/s 320

The better performance of the MPTO with regard to the PTO is demonstrated in Fig-
ures 14 and 15. It is noted how, in terms of speed-tracking, the observation performance of
PTO and MPTO is the same. However, if comparing the acceleration-tracking performance,
it is evident that the PTO is characterized by a significant error in amplitude and phase
shift, making such an observer unsuitable for the purposes of this work. Conversely, the
MPTO can track the drum acceleration with high accuracy, thus justifying its application in
the proposed method.
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Magnitude (dB)
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Figure 13. Bode plot of the acceleration-tracking transfer function.
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Figure 14. Speed- and acceleration-tracking performance of the PTO.
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Referring to Figures 14 and 15, the acceleration is expressed as a function of the drum
position for applying (9) correctly. Indeed, during the proposed identification procedure,
the reference electromagnetic torque, drum speed, and drum acceleration follow the time
profile shown in Figure 16.

Proposed Method - Implementation Steps

e
<‘/ _].5 1
0 5 10 15 20 25 30
Time (s)

Figure 16. Implementation steps of the proposed method (the speed transient from 0 to 100 rpm is
not fully shown to better emphasize the drum speed oscillations).

It is noted how the proposed method is structured in four implementation steps (S1,
S», S3, S4), as follows.

S1—The distribution ramp is performed (see Figure 11), setting the speed controller as SC1
and imposing the average target speed wgyg, i.e., 100 rpm, to the considered case (see
Figure 16).

Sp,—The viscous friction coefficient 3 using (11) is estimated, allowing the calibration of
the MPTO. Finally, the profiles of the electromagnetic torque T, ; and observed drum

acceleration &)1, over one drum revolution, are stored.

S3—The speed controller is set as SC2, and a reasonable waiting time is used to reach
steady-state operation.

S4—The new profiles of the electromagnetic torque T, , and observed drum acceleration

Wy, over one drum revolution, are stored. The overall inertia J; is evaluated using (9),
allowing for the full calibration of the MPTO. Finally, the observed load torque profile
T, over one drum revolution is stored, leading to the estimation of the unbalance
mass m using (10).

For the considered simulation test, the numerator (electromagnetic torque difference
between SC1 and SC2) and denominator (drum acceleration difference between SC1 and
SC2) of (9) are shown on the top of Figure 17. At the bottom of the same figure, the observed
load torque profile at the procedure end is shown. It is noted how (9) can be computed for
every drum position, apart from the cases in which the numerator and denominator get
zero. For this reason, it is preferable to compute the inertia as the average of (9) over the
drum revolution, getting a robust result. In summary, the computed values of inertia J; (9)
and unbalance mass 7 (10) at the simulation end are J; = 0.205 kg-m? and 7 = 0.744 kg.
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Figure 17. Simulation results. Top: profiles of the numerator and denominator of (9) in one drum
revolution for SC1 and SC2. Bottom: profile of the observed and real load torque over one drum

revolution at the procedure ends.

Compared to the values reported in Table 1, the absolute errors of inertia and unbal-
ance mass are 2.5% and 0.8%, respectively, showing excellent accuracy.

5.2. Experimental Results
The experimental validation has been carried out on a commercial direct-drive horizontal-

axis washer (see Figure 18). The unbalance mass and the distributed load have been
emulated using dedicated rubber plates placed inside the drum (see Figures 2 and 18). The
already implemented sensorless motor control algorithm of the washer has been enhanced
with the MPTO, whose parameters are the same that have been used for the simulation val-
idation (Table 1). In addition, the two system conditions used for estimating the inertia (9)
are still SC1 and SC2. Finally, the estimation of the laundry inertia and laundry unbalance
has been performed at a constant average drum speed of 100 rpm.

Figure 18. View of the direct-drive horizontal-axis washer. Left view: empty drum condition. Right
view: insertion of rubber plates (black colored) inside the drum to emulate the laundry unbalance

(test with unbalance mass of 1505 g).
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The washer motor is 36 poles, fractional slot permanent magnet machine, rated 600
W with a maximum speed of 1200 rpm. Since a direct-drive washer is considered, the
maximum motor speed also corresponds to the spinning limit.

The experimental verification has been performed by testing different values of dis-
tributed load (DL), as follows.

(1) 0kg DL, corresponding to the empty drum condition (J g, = 0.22 kg-m?).
(2) 6kg DL, emulating a laundry inertia of J; = 0.26 kg-m?.
(3) 10 kg DL, emulating a laundry inertia of J; = 0.46 kg-m?.

Each of the conditions above has been tested with several unbalance masses, thus
emulating the laundry unbalance. Seven rubber plates have been used, corresponding to
the following unbalance mass m values: 58 g, 162 g, 320 g, 505 g, 750 g, 995 g, and 1505 g.

The experimental time profiles of reference electromagnetic torque, drum speed, and
drum acceleration for an unbalanced mass of 750 g are shown in Figure 19, thus performing
a fair comparison with the simulation test presented previously (see Figures 15 and 16).
It is noted how the experimental waveforms are affected by noise, as it often happens in
real applications.

Experimental Results

Step S2 — SC1 (5 Hz) Step S4 — SC2 (1 Hz)
] ]0 - - - v - . -

110
105
100 |

Speed

Torque

Acceleration

Time (s) Time (s)

Figure 19. Experimental waveforms for implementation steps S, and Sy.

For this reason, the practical implementation of the proposed approach requires a
fast Fourier transform (FFT) to get the time-fundamental component of the waveforms
(see Figure 19). However, the floating-point microcontrollers used nowadays for washers
support the FFT function without issues. The recommended sampling frequency for per-
forming an accurate FFT is 100 times the time-fundamental target frequency. For example,
to an average drum speed of 100 rpm, corresponding to a drum acceleration oscillations
frequency of 1.67 Hz, the recommended sampling frequency is 167 Hz. Therefore, if the
motor control algorithm is performed at a sampling frequency of 16 kHz, a downsampling
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factor equal to 10 must be applied. Moreover, the FFT algorithm does not need to be
performed in real-time, resulting as not critical in terms of execution time.

The values of estimated unbalance mass for each testing condition are shown in
Figure 20, performing a comparison with the conventional method results. The latter
have been obtained using the LUT defined for the empty drum regardless of the DL value.
It is noted how the proposed methodology estimates the unbalance mass correctly for
all DL values, without using any LUT since the MTPO is implemented. Conversely, the
conventional approach performs a non-negligible error as the DL increases, failing to
estimate the unbalance mass, thus requiring a demanding case-by-case LUT calibration.

Estimated Unbalance Mass
Proposed Method

1600 R -
& m— Empty Drum 4
— & - DL =6k -7
B0 g -
~ 1200 - ® M- DL=10kg | - |
.=z = Zero Error Line -
7 4 _-f
5~ 800 t- ]
a9 -
Z g 1
M5 400 ¢
C $--
= L 3
O - u
0 200 400 600 800 1000 1200 1400 1600
Real Unbalance Mass (g)
Estimated Unbalance Mass
Conventional Method
1600 =
& m— Empty Drum . ”
& & - DL = Gkg _ -
~1200- ¢ in — DL = 10kg ——* d
— =z = «Zero Error Line -~
23 .Y
S~ 800 s -
— 5 -
£ = [ P ¢
] -
M= 400 - r g . 1
£ - R
)

-
-+ ¢
o-§ o 3
0 200 400 600 800 1000 1200 1400 1600
Real Unbalance Mass (g)

Figure 20. Estimation of the unbalance mass; experimental results obtained with the proposed-(top)
and conventional- (bottom) method.

The performance of the proposed method in estimating the overall inertia is shown in
Figure 21. It is noted how the inertia is also estimated correctly for all testing conditions.
Indeed, by performing a linear regression for all DL cases, the estimated overall inertia can
be expressed as a function of the estimated unbalance mass as:

Tt:ko+k1'ﬂ~1 (12)

The computed regression coefficients are reported in Table 2. Regardless of the
considered DL, the inertia increment for each additional grams of unbalance mass is about
0.1 g-m? (coefficient k). Concerning the regressor coefficient ko, it represents the inertia
value related to the drum plus DL. For 0 kg DL, ky corresponds to the drum inertia, i.e.,
Tdmm =0.22 kg~m2. Therefore, the DL inertia J; is estimated as:

Tl = kO - Tdrum (13)
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Figure 21. Estimation of the overall inertia; experimental results obtained with the proposed method.

Table 2. Linear regression results.

DL Coefficient Unit Value
f i by
o ki o
toig 3 o

By applying (13), the following values of DL inertia are estimated:

DL 6kg = ], =025kg-m?
= 2 (14)
DL 10kg = J; =041kg-m

Compared to the real values, the estimation accuracy is good and with acceptable

errors. Indeed, the DL inertia’s absolute error is 3.8% for 6 kg DL, and 10.9% for 10 kg DL.

In summary, compared to the conventional method, the proposed approach exhibits high

estimation performance of the laundry inertia and laundry unbalance in a wide range of
washer operating conditions.

6. Conclusions

This industrial paper proposed a novel method for evaluating the laundry inertia and
the laundry unbalance of a washing machine. The proposed approach is eDrive-based,
since it uses the washer’s already implemented motor control algorithm, enhanced by a
modified position-tracking observer.

Compared to the state-of-art in this research field, the proposed test procedure is
performed at a constant average drum speed, avoiding the execution of an acceleration
ramp and running the risk of damaging the washer. Furthermore, the laundry unbalance
estimation is performed without using any lookup table, avoiding demanding tuning
procedures by the washer manufacturer.

The proposed approach has been validated on a commercial horizontal-axis direct-
drive washer using a sensorless motor control scheme. Experimental results for different
conditions of laundry unbalance and laundry inertia have been provided, demonstrating
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the high estimation performance of the proposed procedure. The method presented in this
paper is currently patent-pending.
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