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ABSTRACT BODY:

Digest Body: I.Introduction Lately, as the desire for comfortable and pleasant living environments has grown because
of improvements in the standard of living, interest in the reduction of vibration and noise of electric appliances has
increased. In the case of washing machines, in particular, the drum of the machine rotates at a high speed during the
dehydration mode, and thus, the problem of vibration arises. The vibration of rotary machines not only shortens their
lifecycle and produces noise, but also causes discomfort to those nearby. Therefore, a great deal of effort has been
devoted to reducing this vibration. The load of the washing machine is primarily dependent on the weight of the
laundry. However, unbalance mass is not determined as a simple function of the increase in weight. During the
washing process, laundry is often driven to one side of the machine because of a tangle. In general, such a change in
the load alters the magnitude of the current flowing through the electric motor, and thus, proper control would
necessarily depend on the size of the change. Additionally, structural sources of unbalance mass inevitably exist in
the steps of designing and manufacturing washing machines and the unbalance mass of the laundry causes the
vibration in the spin-dry mode. To determine the unbalance mass, adding an additional sensor is one solution;
however, this additional cost would likely be passed on to the consumer, and thus, a method of accurately determining
the unbalance mass without increasing the cost is needed. The vibration issues related to the mechanical structure of
the washing machine were examined in [1; the assumptions of [1] regarding the unbalance mass when using a
mechanical sensor were studied in [2]. In [3], a mathematical model of a vertical axis washing machine including the
unbalance force was suggested. In this study, first, an equivalent circuit of a permanent-magnet synchronous motor
(PMSM) and a dynamic model of a washing machine are derived; second, a method for deriving the unbalance mass
from the ripple of the current flowing through the electric motor is suggested; and finally experimental verification of
the results are conducted. 1l.Analytical models (1) presents a d-g-axis equivalent circuit of a PMSM that includes core
loss; the voltage and torque equations based on this circuit are as follows [4]. vd = Ra iod +(1+Ra /Rc )Vod +pLd iod,
vq = Raioq +(1+Ra /Rc )Voq +pLq ioq (1) vod = - welLq, voq =weLd +weWa (2) Te=Pn [Waioq +(Ld - Lq) iod ioq] (3)
Here,vd and vq refer to the d- and g-axis terminal voltage, respectively; iod and ioq refer to the d- and g-axis current
excluding core loss, respectively;Ra and Rc refer to the winding resistance and equivalent core-loss resistance,
respectively;Wa refers to the flux linkage of the permanent magnet; Pn refers to the pole pair; p=d/dt;Te and refers to
the motor torque. 9(t)=f(wr -w )dt+60 (4) Ft=mubgsin®sinB (5) Te = Jzdwr/dt+mubgRsin®sinB8+Tf (6) 2ioq =
(2|mubgRsin®|+Tf )/(PnWa) (7) Fig.1 shows the washing machine system. As the drum of the washing machine
rotates, the rotation axis is tilted because of the centrifugal force of the unbalance mass [3]. ® refers to the angle
between axis and axis; R refers to the radius of the drum; mub refers to the unbalance mass;Tf refers to the combined
friction torque and cogging torque; Jz refers to the moment of inertia of the drum. Additionally, (5) determines the
tangential force applied to drum by the unbalance mass. In the steady state, when the electric motor is controlled
according to id=0 vector control, a current ripple can be obtained, as defined by (7). Then, the current ripple caused by
Tf can be measured by running a washing machine without any laundry, and Tf is kept as a constant. Ill.Experiment
and Simulation result Because the magnitude of the current ripple is irregular while the motor rotates, a representative
value was determined using the moving average method ; it was confirmed that the value converged after
approximately 30 iterations, as shown in Fig. 2 (a). Fig. 2 (b) shows the relationship between unbalance mass and
current ripple for different rotational speeds of the drum of the washing machine. Fig. 2 (b) indicates that the proposed
equation in (7) is correct. Errors occur because the mass is not a point mass and the current of the experimental value
does not reflect the current of the core loss. Additional errors occur, because of the structure of the suspension rod, is
irregular while the drum of the washing machine rotates. [V.CONCLUSION Estimating unbalance mass of vertical axis
washing machine by measuring current ripple was presented. The vibration and noise of a vertical axis washing
machine are caused by complex factors including the structure, environmental conditions, and the unbalance mass.
The reproducibility of these factors is also irregular. Unbalance mass, in particular, might occur because of a tangle
during the washing process, and thus, the unbalance mass should be either predicted or measured before the spin-



dry mode. Although the addition of a sensor or the use of complicated algorithms have been proposed to measure the
unbalance mass, this study suggested a method of determining the unbalance mass using the current ripple without
requiring additional sensors and experimentally confirmed its validity. As a result, current ripple is one of the key
factors for estimating unbalance mass.
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Fig. 1 Unbalance mass in vertical axis the washing machine
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Fig. 2 (a) Current ripple and moving average method (b) Unbalance mass and current ripple
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