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Feedback Control for Electromagnetic

Vibration Feeder*

(Applications of Two-Degrees-of-Freedom
Proportional plus Integral plus Derivative
Controller with Nonlinear Element)

Tomoharu DOI**, Koji YOSHIDA***,
Yutaka TAMAI**** Katsuaki KONQ****,
Kazufumi NAITO**** and Toshiro ONQ*****

An electromagnetic-type vibratory feeder of is a typical transportation device
used in automatic weighers. As existing feeders are driven by feedforward control, the
so-called “firing angle control”, the driver cannot negate sudden disturbances. In this
study, we consider applying a feedback control for such a feeder system. First, we give
the two details of modelings for the vibration part and for the electromagnetic force
part. Next, a feedback control system is constructed for the electromagnetic vibration
feeder for which we propose a two-degrees-of-freedom proportional plus integral plus
derivative (PID) controller with nonlinear elements. Next, we apply the feedback
control to the feeder with a standard trough. Finally, we consider a method compatible
with many varieties of troughs by adjusting a nonlinear element. On the basis of the
results of some experiments, we confirm that the two-degrees-of-freedom PID control

is more effective than the conventional firing angle control.

Key Words: Vibration Control, Feeding Drive, Nonlinear Control, Electromagnetic
Actuator, Two-Degrees of Freedom PID Control, Modeling

1. Introduction

For stuff-bagging processes of various food man-
ufacturing industries, an automatic weigher is a very
important device. Automatic weighers were devel-
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oped in 1973, and have subsequently been improved to
become highly accurate and effective. The electro-
magnetic vibration feeder considered in this paper is
an important transportation device which transports
the material supplied to the weighing unit systemat-
ically. However, after the firing angle control (feed-
forward control) was applied to the feeder, further
improvement has not been carried out up to the present.

In this study, a feedback control system is con-
structed for the electromagnetic vibration feeder for
which we propose a two-degrees—-of-freedom propor-
tional plus integral plus derivative (PID) controller
with nonlinear elements. First, we give the details of
modelings for the vibration part and the electromag-
netic force part. Next, we apply the feedback control
to the feeder with a standard trough. Then, we
consider a method compatible with a variety of
troughs by adjusting a nonlinear element of the two-
degrees-of-freedom PID controller. On the basis of
the results of some experiments, we confirm that the
two-degrees-of-freedom PID control is more
effective than the firing angle control.
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Fig. 1 Electromagnetic-type vibratory feeder
G) C.%? (ii)
oQo

(iii) gﬁl

Current ON Current OFF

Fig. 2

Process of the transportation

Spring 4-

Fig. 3 Model of the vibratory element

2. Electromagnetic Vibratory Feeder

2.1 Outline of the feeder and its transportation
principle

Figure 1 shows the picture of a feeder. The term
“trough” refers to a plate in the shape of a conduit, for
transportation. The trough can be easily changed to
match the transported objects. The trough is support-
ed by parallel plate springs and an electromagnetic
coil is located under the trough. The plate springs and
coil are fixed to the base. The base is supported by
three coil springs. All the parts, except the trough,
are called ‘feeder parts’ and the set of all parts, includ-
ing the trough, is called the ‘Feeder.

The trough is connected to the base by plate
springs, thus this system is basically equivalent to a
mass-spring system with a resonance frequency w.
The feeder is in resonance if it is driven at the reso-
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Table 1 Nomenclatures used in the modeling

Coordinate axes

T Horizontal absolute coordinate axis
Yy Vertical absolute coordinate axis
4 Rotary absolute coordinate axis

P Movable direction of plate springs
Relative coordinate axis for base

Variables
P Displacement for P axis of trough
g, Displacement for x axis of base
wy, Displacement for y axis of base
O Rotate angle # axis of base
F Electromagnetic force

Parameters at a stand
g, my, | Mass of trough/base

I, I, | Inertia of trough/base at center of gravity
zy,y; | Center of gravity for z/y axis of trough

zp,y, | Center of gravity for x/y axis of base

23,y3 | Fixed point for z/y axis of spring 3

x4,ys | Fixed point for z/y axis of sring 4

k1, ke | Spring constant for P axis of spring 1/ spring 2
k3, k3y | Spring constant for z/y axis of spring 3
K4z, kay | Spring constant for z:/y axis of spring 4

¥ Angle of the plate spring
a,b Tuning parameters for coefficient of dumping

nance frequency @. The resonance phenomenon is
highly efficient because significant displacement is
caused as output by a small amount of power as input.
Figure 2 shows a transportation process of trans-
ported objects. The shaded arrow indicates the
movable direction of the trough in resonance. Figure
2(1) demonstrates the feeder is to be in an equilib-
rium position. Initially, when the current flows to the
electromagnet coil (hereafter termed ‘Coil’), the
trough is displaced to the left lower direction (see
gray arrow) by electromagnetic force, as shown in
Fig. 2(ii). During this time, the transported objects
on the trough move in the direction of gravity (see
white arrow). When the current is turned off, the
plate springs and trough propel the transported
objects to the upper right direction (see gray arrow),
as shown in Fig. 2(iii). In this manner, the transported
objects are transported forward slowly. The feeder
cyclically repeats steps (ii) and (iii) shown in Fig. 2
at a resonance frequency w.
2.2 Modeling of vibratory mechanical element
Figure 3 shows a model of the vibratory element
for the feeder. Nomenclatures of coordinate axes,
variables and parameters used in this modeling are
listed in Table 1. A key point of this modeling is that
the movable direction P of the trough is fixed by a
restrictive condition. Then, the following linear
dynamic model of the fourth order can be derived as
the detailed model of the vibration.
MZ+CZ+KZ=5F (1)
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Z=[P: uo wo O]

M, K are symmetrlc matrices (symbol * shows the symmetry element) as follows:

me —mesina mecosa m(x.—xs) cos a+(y:—ys) sin a}
M= * M+ My 0 —m(ye— Z/b)
* 0 e+ e m(x:— o)
* * * Ib+[¢—|—mt{(xt-xb)z—k(yt—yb)z}
ki+ ko 0 0 0
K= 0 ksr+ kaz 0 Aksx(ys—yb)—ku(y;x*yb)
0 0 kszt kax ksy(.rs—xb)+k4y(.l‘4—xb)
0 * * ksx(ys— y6)*+ kac(ya— yo)?+ ay(Xs— 25)° + ay(2a— 2)*

C=aM+bK, F=[-Fcosa 0 0 0]

Therefore this model (1) is useful to design the
vibration element. The eigenfrequency from this
model (1) corresponds to the results of experimental
modal analysis.

The spring element of the feeder is composed of
several plate springs. This model does not consider
the nonlinear characteristic of the spring element®®,
that changes the resonance frequency in accordance
with the amplitude change in resonance.

2.3 Electromagnetic actuating element

We apply the modeling technique of an electro-
magnetic suspension system® shown in Fig. 4 to this
modeling. In Fig. 4, ¢, 7, and R denote coil voltage,
coil current and coil resistance, respectively. In-
ductance in gap z between the coil and the trough is
expressed by the function L(2)= Q(Ze+2)"'+ L. As
a result, the electromagnetic force F can be expres-

sed by
1 2 6’L(2:) b
F= ol g, (2)

The relationship between the coil voltage and the
current is expressed as

e= Rz+ {L(z)z} (3)
where @, Ze and L.. are constants determined by the
coil. A simulation of the feeder can be constructed on
a computer using Egs.(1), (2) and (3). Moreover,

a state space model® can be derived by the lineariza-
tion of Egs.(1), (2), and (3).

3. Structure of a Control Experiment System

3.1 Structure of feedback system
Figure 5 shows the structure of the feedback
system. The manipulated variable (hereafter termed

— 1.
T&ﬁf 3§

e
<L (2)

Fig. 4 Model of the electromagnetic coil
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‘Amplitude Power’ AP which implies ‘strength of
amplitude’ and is dimensionless) of this feedback
system is a variable of the existing firing angle control
(hereafter termed ‘FAC’; its details are given later).
The measured variable, the controlled variable, and
the command variable are assumed to be amplitudes
(hereafter termed ‘Gap amplitude’ Ganp) with gap 2z
between the trough and the surface of the coil. The
part that consists of the FAC, actuator system, and
vibratory element is considered a controlled system. .
Figure 5 shows a structure to achieve disturbance
cancellation and to improve the tracking characteris-
tic of the command variable by two-degrees-of-free-
dom PID controller. This structure becomes a built-
in structure of the existing FAC system, which
describes the two-degrees-of-freedom PID controller
in general®®, Accordingly, if the manipulated vari-
able urs shown in Fig. 5 is shut down when the system
becomes unstable by the feedback controller, this
structure will correspond to the present conventional
system. Hence this structure becomes a fail-safe system.
3.2 Feeder and trough used in the experiment

Figure 6 shows the set up of the experimental
system. This experimental feeder can transport about
10 kg maximum mass, however a feeder is usually
driven by about 0.1 kg. The resonance frequency / of
this feeder is 40 Hz. When the feeder transports the
maximum mass, the resonance frequency changes by
about 49%. However, because it is rare to transport

Nonlinear PD controller

_ [ Transform reference { 9"
into amplitude power|

»| D controller 2
for tracking to ref. _'?

L

¢ - . Trmeane ] € Fr—:
PID cqnwol}er for iring angle L) Actuator Vibration N
canceling disturbance Ugp controller system system

Cary Measurement "

with accelerometer [~

Fig. 5 Structure of the feedback system
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Fig. 6 Experimental system

0.5 kg or more, we neglect the change of resonance
frequency caused by the change in mass of the trans-
ported objects.

Regarding the shape and type of trough, there are
more than 100 varieties of troughs depending on the
transported objects. For our experiment, five special
kinds of troughs are used. The parameters of these
troughs are listed in Table 2, and the shapes are given
in Fig.7. In the following, trough B is called the
‘standard trough.” Since the mass of trough £ is large,
we change the combination of the plate spring ele-
ments such that the resonance frequency of the feeder
becomes 40 Hz.

3.3 Feeder drive part

The FAC is used for driving an existing feeder
system. Figure 8 shows the outline of the operation
for FAC. The waves of Fig. 8 indicate the AC source,
coil voltage and coil current, respectively. The FAC
is a repetitive control method, using the crossing time
(ZAT: Zero Across Time) of AC source. After the
delay time L from ZAT, conducting the current into
the coil is carried out. L is obtained from AT
(constant) and AP (manipulated variable) by the
following function :

L=F.(AT, AP) (4)
where AT (constant) is the period of the AC source.
The delay time L with function /. becomes shorter
when AP becomes larger. The FAC operates based
on this delay time as follows: (i) The voltage of the
AC source is excited directly to the coil after the
delay time L and the coil current is caused. (ii) After
the peak, the coil current starts decreasing. (iii)
When the coil current becomes 0 A, the AC source is
turned off. Nonlinear processing like these cases (1)
-(iii) are executed repeatedly with the resonance
period. In the FAC, the coil current increases by AP
and becomes large as a result of which vibration
amplitude becomes large. The AP determines the
input power for one resonance period. The resonance
period corresponds to the update period of the
manipulated variable. Therefore, sampling time Al in
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Table 2 Properties of the troughs
Designation Mass Inertia Resonance
ID of the trough my Iy freq. w
lke]  [kgm?] [rad/s]

2.12x1072 40.6
1.98x1072 39.8
2.04x107* 40.0
2.70x10°2 39.9
3.46x107* 39.8

A Sausage 1.94
B Standard 2.01
C Boiled crab paste 2.09
D Increased in height | 2.16
E  Bean sprout 2.53

Fig. 7 Shapes of the troughs

Alternating current
AT ms (fHz)

LiaT,AP) Coil voltage

Coil current

Time —

Fig. 8 Outline of current and voltage cycles in FAC

the control experiment becomes 0.025 sec. The AP,
which depends on the hardware of the FAC driver,
takes the integer value from 0 to 127 (7 bits).
3.4 Measurement part of the gap amplitude
The Gamp, which is the measured variable, is
measured by the acceleration sensor because of its
low sensitivity to environmental changes and the ease
of maintenance. The acceleration sensor is installed
with metal fittings in the trough fixing part of the
experimental feeder. To obtain a standard value of
gap measurement, the optical displacement sensor is
installed in the experimental feeder. However, the
displacement signal with optical sensor is not used for
the feedback control for examining of the measuring
accuracy of the acceleration sensor signal.

Series C, Vol. 44, No. 1, 2001
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Fig. 9 Scheme for amplitude measurement

3.4.1 Conversion from the acceleration to the
gap amplitude Because the feeder is driven by the
firing angle control, an output signal a(t) of the accel-
eration sensor can be assumed to be a sine wave of
amplitudes A and
[rad/s].

alt)=A sin wt
From this assumption, a gap 2(¢) is obtained by inte-
grating the acceleration a(¢) twice. Therefore, the
gap is expressed by the trough displacement and the
geometrical relationship of the feeder as follows:

()=

resonance frequency w=2af

*% cos e sin w! = Ka(f). (5)

In other words, gap 2(#) is obtained not by integrating
the output signal «(/) twice but by multiplying the
output signal by the constant because it can be
assumed that a wave of the output signal is a sine
wave.

The method of obtaining Gamp from the gap z()
is also devised. When the Gamp is obtained from the
maximum and minimum values of gap z(¢) by Eq.(5),
it is possible to receive the influence caused by noise
directly.

First, area Ar. in the hatched part in Fig. 9 is
calculated from the output signal @(#) using a acceler-
ation sensor. Next, Gamp is obtained based on the
Area. The Awa becomes Are=2KAjw if the output
signal is assumed to be a sine wave, and Gamp becomes
as follows :

Gamp: 2KA= wArea.

Therefore, the Gemps can be measured by calculating
the Awe from the acceleration a(f).

The A is calculated by the following steps:
(i) To enable a sine wave to be centered at 0 V, an
offset (—1.397 V) isremoved. (ii) An absoluted wave
is generated from the absolute value of the sine wave
in step (i). (iii) A trapezoid rule of integration
algorithm is applied to the absolute wave in step (ii)
and finally the A is calculated. The interval time of
the integration is 0.25 msec and the sampling time of
the acceleration sensor is also 0.25 msec. The integra-
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Fig. 10 Relationship between A by accelerometer

and Gamp by opticalsensor

tion time is 25 msec of the resonance period 1/f, and
area Are is calculated using this period. We consider
deriving an expression which converts the Area [Vs]
into the output value of the optical displacement
SEensor.

Figure 10 shows the relationship between the Gamp
with an optical sensor and the A calculated by an
acceleration sensor. The relationship between the
Avrea and the Gamp in Fig. 10 shows that it switches at
the boundary of 12.6 Vs. This switching characteristic
is thought to be nonlinear"® due to the set of plate
gprings. Therefore, the expression of conversion was
approximated by two straight lines, which changed at
the boundary as follows:

Gamp=0.100 1A a1+ 0.002 599 (Area <12.65),
Goanp=0.056 86Area+0.5729  (Area=12.65).
(6)
3.4.2 Noise caused by transported objects
When solids are transported, the transported objects
cause an impact on the trough. Therefore, the acceler-
ation is caused by the impact and the noise appears as
the output signal of the acceleration sensor. The
frequency of this noise changes when the trough and
transportation objects are replaced. However, it was
confirmed by the experiment that the frequency was
0.5 kHz or more, even when the replacement was con-
ducted. The noise of 0.5 kHz or more was eliminated
by the digital low-pass filter /[z] of the third order
and A can be calculated with low-pass filter using
this preprocess. In our experiment, the following filter
was used.

-1 -2 -3
H[z]i0‘0317+0'09512 +0.095127°+0.03172

1—1.4590z71+0.91042 2—0.1978z""
Figure 11 shows the responses when the noise is
removed using this digital filter from the original
acceleration sensor output.

3.4.3 Data-processing in measurement process
Figure 12 shows the summary of data-processing in
the measurement process. First, the output signal by
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Fig. 13 Performance comparison of sensing methods

the acceleration sensor is sampled at 4 kHz, and the
noise is removed by the digital filter. The A is
calculated from the filtered signal and the Gamp is
obtained from the relationship of Eq.{6) at the reso-
nance period 1/f. Figure 13 shows the validity of the
Gamp obtained by this data-processing, which installed
a standard trough by the FAC at AP of 68. Test
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pieces of 50 g (Wooden column piece of about 0.5g
mass; 8mm in diameter; 15 mm in length.) were
dropped on the trough four times during the driving
test. The measurements using an optical sensor and
those obtained from of Awe, which was calculated
after removing noises, gave similar outputs. How-
ever, the noises caused by test pieces appear in the
measurement results of the middle figure where the
Gamp was obtained from the maximum and minimum
values at one period. Thus, it is confirmed that the
displacement obtained by the acceleration sensor and
shows a similar measurement performance as an
optical sensor. The effectiveness of this data-process-
ing method to obtain Gamp from A is confirmed by
this result.

3.5 Control part

The structure of the controller is similar to a-

two-degrees-of-freedom PID controller. The PID con-
troller (hereafter, called the ‘feedback controller’)
takes charge of the disturbance cancellation and the
command variable filter takes charge of the improve-
ment in tracking characteristic to the command vari-
able. The command variable filter is indicated by the
block of ‘transform reference A’ into in shown
Fig. 5.

3.5.1 Feedback controller The function of
digital feedback controller can be given as follows :

u,.-ﬁ[mAt]:Kp{c[mA/]Jr%{ éne[/eé.f]
+ 'gf’(e[mm]fc{(m*l)m])]’ (7)

where ¢ is the error, At is the sampling time, K, is
proportional gain, 77 is integration time and 7» is
differentiation time. In the control experiment, rough
values of these parameters were obtained by the
ultimate sensitivity method®, assuming K,=12.0, 7;
=(0.10, and 75=0.25 by adjustment.

3.5.2 Command variable filter The command
variable filter calculates the steady-state amplitude
power APeqn based on the command variable. The
derivative controller for tracking the reference (com-
mand) in Fig. 5 works to improve the tracking charac-
teristic to the command variable. In this study, we
apply a nonlinear function f(#) to the command
variable filter, though a proportional controller is
generally used as a command variable filter. The
stability of the system is not problem because this
nonlinear element gives a unique output by the com-
mand variable. This nonlinear element is also in-
dependent of the feedback system. Figure 14 shows
the relationship between the command variable and
the AP obtained by an experiment using a standard
trough. The command variable filter was obtained
based on these results, as follows:
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APegn=1(7r)
=375+*—1017*4+146»—14.8. (8)
The derivative controller, which improved the track-
ing performance to the command variable, was
assumed to be an approximate differentiation accord-
ing to the first-order transfer function as follows:

DFF(S): B.S‘yil (9)

This derivative controller and the command variable
filter (8) are obtained in discrete-time realization at
sampling time Af, and the command variable filter
urr| mAt] is obtained as follows:

wrr| mA = f(r[mAt]) — y{Bi(r[mAt]

—r[(m—1)At]) — Bourr[(m— DAL},

where 81 and f: are necessary for the discrete counter-
part of coefficients as follows:

Bi=RB", B=—exp (—AtB).
Parameters y=6.0 and #=0.1 were used for the con-
trol experiment.

4. Control Experiment for a Standard Trough

4.1 Change in mass of transportation objects

The performance in disturbance cancellation
when the mass of the transportation objects changes is
verified by the experiment for a standard trough.

Figure 15 shows the time behavior when the
command variable of the Gamp is assumed to be
0.2 mm, and test pieces of 200 g are dropped in an empty
trough. The short dashed line indicates the FAC, and
the solid line indicates the feedback control. Using
the FAC, the Gams recovers after decreasing, when the
transported objects are dropped off (test pieces fall
from the trough by transportation and the mass of test
pieces on the trough decreases). On the other hand,
with the feedback control, the Gamp recovers in about
8 sec after the test pieces are dropped on the trough.

Thus, the feedback contro! can cancel the distur-
bance which increases the mass of transportation
objects suddenly.
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Fig. 15 Effect of transporting wooden plugs
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Fig. 16 Stepresponses with 2-d.o.f. controller

4.2 Tracking characteristic to command vari-
able

The improvement of the tracking characteristic

to the command variable is confirmed using a stan-
dard trough by an experimental step response. Figure
16 shows the experimental results. The short dashed
line indicates the response using the FAC, and the
solid line shows the response using the feedback con-
trol. A response with vibration and steady-state
deviation was observed with the FAC when the com-
mand variables increased. On the other hand, the
response with feedback control shows improved
tracking characteristic and no steady-state deviation.
In particular, the response with feedback control Gamp
in of 1.0 mm shows an excellent tracking response
because the PID parameters are adjusted in the Gamp
of L.0mm. However, the characteristic of feeder
changes depends on the Ganp. Therefore, the response
when the Gamp has an other value is worse than the

JSME International Journal
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5. Control Experiment with Different Troughs

5.1 Grouping of troughs

It has already been mentioned that the types of
troughs exceed 100. Therefore, adjusting the PID
parameters for an individual trough increasses costs.
Hence, we consider a method which can control sev-
eral kinds of troughs using the same PID parameters.
In this study, we consider a method in which we adjust
the command variable filter based on experimental
results for five kinds of troughs mentioned in Table 2.

The relationship between AP and Gamp is shown
in Fig. 17 for five kinds of troughs (in Table 2). We
performed the following automatic experiment : (i)
The feeder is driven by increasing AP every 0.2 sec
from 0 to 127, and decreasing every 0.2 sec from 127
to 0. (ii) During this driving, AP and Gum» are mea-
sured automatically. The results of this automatic
experiment were plotted in Fig. 17. The time taken
for this experiment was about 50 sec because this
relationship can be obtained for several kinds of
troughs easily.

Figure 17 shows that troughs C, D and the stan-
dard trough B have similar relationships. Trough A,
which is light, vibrates well compared to other
troughs and the range of amplitude is also wide. On
the other hand, trough E, which is heavy, requires
more AP and the range of amplitude is narrow. From
these results, troughs of shapes and parameters can be
grouped together based on the relationship between
AP and Gamp.

5.2 Tracking characteristic to command vari-
able for trough group

Troughs B, C, and D having similar relationships
between AP and Gump are grouped as trough group G.
We performed experiments on feedback control on
trough group G using the same PID parameters of the
feedback controller. Figure 18 shows the experimen-
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Fig. 18 Step responses of group G

tal step response.

The output responses of troughs B, C and D
correspond considerably, as shown in Fig.18, there-
fore, the relationships between AP and Gamp is similar
for the group. Therefore, it is possible to control
using the same PID parameters and the same com-
mand variable filter. From the results we consider
that the same PID parameters and the same command
variable filter can be used to control the system if the
relationship between AP and Gamp are similar. Thus,
the number of controllers and the time required for
PID parameter adjustment could be decreased if we
group the troughs taking into account the relationship
between AP and Gamp.

5.3 Adjustment of the command variable filter

It is confirmed that tracking characteristic to the
command variable can be improved by adjusting the
command variable filter.

In our experiment, the command variable filter
(8) based on a standard trough is called ‘standard
filter.” Moreover, the command variable filter which
adjusts individually based on the relationship between
AP and Gamp for trough E is called ‘individually
adjusted filter’ and can be expressed as follows:

AP.qu= f_( 7)

=26473—906»>+1100» —370 (1D
Figure 19 shows the step responses using a standard
filter and an individually adjusted filter. When the
command variables are 0.65 mm, 0.75 mm, 0.85 mm and
0.95 mm, the transient responses are different with
respect to the difference of the command variable
filter. The response is ineffective if a standard filter is
used, however, it is improved with individually adjust-
ed filters though the response vibrate. When the
command variable is 0.95 mm or more, an excellent
tracking characteristic is shown regardless of the
individually adjusted filter. We consider that the
reason is the integral gain of feedback controller
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Fig. 19 Con}parison of step responses by 7(#) and those
by f(#)

because the difference in the relationship shows a few
offsets in the range where Gamp is larger than 0.9 mm
as shown in Fig. 17.

When grouping is difficult because the relation-
ship between AP and Ganp is considerably different,
an adjustment of the command variable filter is
effective. Therefore, it is thought that the tracking
characteristic to the command variable is improved if
the command variable filter is adjusted for trough A.

6. Conclusions

In this study, we have reported our attempts and
experiments on the feedback control of feeders. The
conclusions are summarized as follows.

(1) A structure of two-degrees-of-freedom PID
control system containing the FAC driver was
proposed.

(2) The control performance with the proposed

feedback control system and that with the FAC were
compared.

(3) We confirmed through experiments that the
trough group for which the relationship between AP
and Gamp are similar can be controlled using the same
PID parameters and the same command variable
filter.

(4) We confirmed through experiments that the
adjustment of the command variable filter is effective
when the relationship between AP and Gamp shows a
considerable difference.
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