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Abstract

Modelling of nonlinear dynamic response of a screen machine described by the nonlinear coupled
differential equations and excited by the system of autoresonant control is presented. The
displacement signal of the screen is fed to the screen excitation directly by means of positive
feedback. Negative feedback is used to fix the level of screen amplitude response within the
expected range. The screen is anticipated to vibrate with a parametric resonance and the excitation,
stabilisation and control response of the system are studied in the stable mode. Autoresonant
control is thoroughly investigated and output tracking is reported. The control developed provides
the possibility of self-tuning and self-adaptation mechanisms that allow the screen machine to
maintain a parametric resonant mode of oscillation under a wide range of uncertainty of mass and
viscosity.
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1. Introduction

Vibratory machines and structures are used in many industrial applications, either as components
or individual pieces of equipment [1-3]. The vibrating screen is an example of a vibratory machine
used to separate bulk materials from a mixture of particles of different sizes. These machines can
perform simple safety screening as well as accurately grade powders or granules. For example,
sand, gravel, river rock, crushed rock and other aggregates are often separated by size using
vibrating screens. To increase the intensity and energy efficiency, resonant modes will be effective

for vibratory screen machines. In addition to giving a high-efficiency performance, operating a
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system in a resonant mode also provides the additional advantages of being able to separate large
particles from fine, and dry from wet. However, the practical use of resonant modes is hindered

by difficulty of the resonant tuning under the variable processing loads.

In general, two types of resonant response can be distinguished in mechanical systems, forced
resonance and parametric resonance (PR). If the frequency of an external periodic excitation is
close to the natural frequency of a system, the system will experience forced resonance. Parametric
oscillations occur in systems having time-varying (periodic) parameters. In PR the amplitude of
the response grows exponentially, and linear damping elements do not help to saturate this growth.
In contrast, forced resonance is caused by an additive driving force. Compared with the forced
resonance response, PR is characterized by a much higher intensity within a broad range of
frequencies. This type of oscillation occurs in a wide variety of engineering applications and when

the excitation term appears as the time dependence parameter in the governing equations of motion

[4].

The PR condition can display various behaviours including periodic, quasi-periodic, non-periodic
and chaotic behaviours [5]. Moreover, resonance often occurs along with saturation phenomena.
In particular, when the secondary system enters into PR it functions as an energy absorber by
draining energy from the external excitation through the primary system. This entails a large
increase in the amplitude of the displacements of the secondary system, whereas the oscillation

amplitude of the primary system is maintained as almost constant.

The idea of applying PR to drive screen motion was patented in 2009 [6]. The new generation of
machines using PR have some advantages over conventional machines, in which the transverse
oscillations are excited directly. PR-based machines have been demonstrated to have large
amplitudes of high-frequency oscillations with a high rate of energy transfer, wide resonant-
frequency region, low sensitivity to damping, in-plane coupling properties, lateral oscillations and
convenient vibration insulation. This type of oscillation has been used in screen machines for the
transportation and separation of granular media, which are characterized by larger amplitude

values and insensitivity to the dissipation level across a rather wide range of viscosities [7].

PR demonstrates large amplitudes of high-frequency lateral oscillations, robust vibration
operation, and the ability to process naturally wet, fine granular material. Although

implementation of the PR regime is generally the most efficient method to drive the screen
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machine, its maintenance is subject to difficulties, especially in systems with high Q-factors and
varying parameters and loads [8]. Dangerous high-amplitude oscillations may arise in the system,
potentially leading to catastrophic failures (Figure 1). This is due to the strong sensitivity of
resonant tuning to parameters and structural deviations. The problem of managing a finely tuned
resonance control is drastically complicated when nonlinear factors, unpredictable variable loads,

or limited excitation forces produced by the energy source occur.

Figure 1: Screen failure due to high-amplitude oscillations

In most resonance-related research, the motivation is to develop techniques to avoid or minimize
the damaging effects of PR on the structure operating within the expected range of excitation
frequencies and forces [9-10]. Few potential methods have been tried in the past to make the
amplitude elevate to the desired level, and make the PR oscillations well-ordered, to create a stable
regime. Okuma et al. [11] and Yabuno et al. [12] researched the nonlinear characteristics of PR
induced in a cantilever beam by a linear feedback control, based on the passive pendulum control
method. The study by Oueini and Nayfeh, [13] showed that PR-induced high amplitude vibrations
cannot be fully prevented by linear or quadratic feedback control. Chen et al. [14] implemented
combined linear and nonlinear-velocity feedback control to suppress the principal PR in a flexible
cantilever beam structure. These studies were mainly dedicated to the use of lumped-parameter
vibration absorbers to suppress the principal PR in structures, however, implementation of such
absorbers is subject to limitations for large flexible structures like vibrating screens. It is
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noteworthy, that due to geometrical and non-linear oscillations in the screen drive motion, the
system follows several possible regimes of vibration when the same frequency control is applied.
Therefore, the actual steady-state response of the system under frequency control is determined
by the history of the control and limited by the use of frequency control to achieve steady
performance of the screen system.

The central problem in PR applications is to control the oscillation instability with the aim of
keeping the amplitude at a desired level, and making the PR oscillations well-ordered to create a
stable response. The autoresonance method is used in the current research for screen systems to
control the system response due to its ability to deal with nonlinearity and its robustness when
confronting systems with a wide range of uncertainties. This method is well established for

machining applications [1, 15-20].

The paper is organized as follows: in Section 2, the dynamic model of the screen is described in
detail; the principle of autoresonant control is introduced in Section 3; and in Section 4, features
of the tuning system are explained, followed by two case studies of mass and viscosity

uncertainties.

2. Dynamic model of the screen

The PR-based vibrating screen machine manufactured by Loginov and Partner Mining Company
(Kiev, Ukraine) is presented in Figure 2(a). The machine includes: the vibrator (1), the base (2),
the beams fastening the sieve (3), the side springs (4) and the sieve plate (5) (which is mainly
under the lid). The schematic diagram of the dynamic model of the machine is shown in Figure
2(b). This mechanism is simplified by synchronously moving end mass in opposite horizontal
directions, while the string is able to oscillate laterally. These two modes of oscillation are coupled
because the tensile force depends on both the longitudinal displacements of the masses and the

transverse displacements of the string (the latter dependence is nonlinear).

The dynamic model of the PR-based vibrating screen (Fig. 2(b)) represents an initially stretched

system of two equal masses connected by an elastic string. The end masses, which can move

horizontally, are also connected with a rigid frame by the side springs. The longitudinal

oscillations are excited by harmonic external forces acting synchronically on the left and right
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masses in opposite horizontal directions. Under certain conditions this motion results in transverse
oscillations of the string. For simplicity, planar motion of the screen is assumed and the treated

granular material action is reflected by linear viscosity.

@ o)
L

(a) (b)
Figure 2: The vibrating screen machine (a) vibrator (1), base (2), beams fastening the sieve (3),
side springs (4) and the sieve plate (5) and its dynamic model (b), after [7]

The dynamic model of two ordinary differential equations coupled by the geometric nonlinearity
as presented by L. Slepyan and V. Slepyan [7] is considered the equation of motion in this

research. Egs.1 are subject to longitudinal and transverse oscillations.

d?u(t) du(t)

M 102 +p T + T, (t) = Qcos(yt + @) 0
d?v(x,t) dv(x, t) o d*v(x,t) 0
acz YT at axz

In these equations, M and p are the end mass value and mass per unit length, respectively; £ and
a are the viscosity numbers associated with the longitudinal and transverse oscillations; u(t) is
the displacement of the right end mass (—u(t) corresponds to the left), v(x, t) is the transverse
displacement of the string at the first mode of vibration. The equation v(0,t) = w(t) shows that
the transverse displacement depends only on time. The excitation signal (Qcos(yt + ¢)) is noted
with Q, as an excitation amplitude, y as a frequency and ¢ as a phase. The dynamic behaviour of
the treated material depends on weight and effective viscosity. In particular, the maximal weight

of the material placed on the sieve plate determines the p parameter. The current model is



described by a system of nonlinear differential equations, tracing the influence of the screen

structure, setting, granular material weight and effective viscosity.

The relation between tensile force T;(t), and total force T'(t) in the string was expressed by the

following equations [7]
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T(t) =Ty + Ty (t)

)

where T, is initial tensile force, L is the string length and k is the side spring stiffness. Replacing

Egs. 2 in Egs.1 and rearranging them, results in:

Mdzu(t) du(t) T lu(e) = " .
J P g ) = Qs+ ) - ﬁw ® 5
o) | do)

w3(1),

(T0 + ku(t))w(t) =

kp dt? ® dt 64L2

where the primary system is externally excited by a harmonic force, and the secondary system is

2
parametrically excited. The parametric excitation term (:? (Ty + ku(t))) results in the observed

PR response in the screen motion. This system represents a system of Mathieu-Hill equations,

where the effects of damping are added [21].

During the resonant mode of operation, the displacement of the sieve plate increases, and the
screen oscillates with higher amplitude. PR has the ability to exhibit higher mechanical
amplification than direct resonance when operating in favourable conditions. The displacement
responses of the system are shown in Figure 3, while the frequency of external excitation is close
to twice that of the natural frequency of the string equation. The steady state responses of the
system show that small oscillations of the mass (u(t)) lead to a large amplitude of the sieve plate

(w(t)) when PR is fulfilled in the screen machine. The ratio of maximum longitudinal
displacement to transverse displacement level ( ) is around 10, showing dramatic improvement

of the screen efficiency. Implementation of PR allows the company to reduce costs and equipment

downtime, and enables them to gain a market advantage by being able to make fine separations,

and provide higher purity and more precise sizing control of the product than a traditional vibrating
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screen. With a traditional vibration screen, the dissipation is highest at the centre, and the material
gathers there, but with PR not only is the amplitude larger for a given amount of input energy, but
the dissipation is better distributed, so material does not clump. Both initial conditions and
constant parameter values, used to produce this figure, are noted as M =400 kg, k=400 Nm™,
Q=0.7N,y =1sLa=4/3Nsm?, g =8/3N.sm?, T, = 1 N,u(0) =0.0025m, w(0) = —0.06
m and 1(0) = w(0) = 0.
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Figure 3: The longitudinal w(t) (a) and transverse w(t) (b) displacements of screen machine

variables

The amplitude-frequency characteristics for the parametrically excited non-linear system with two
degrees of freedom are shown in Figure 4. For the particular system chosen, the harmonic PR is
predicted to occur at a frequency around 1 s. The natural frequency of the sieve plate is around

0.5 s while the external excitation frequency is around 1 s™. Therefore, while the first system
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vibrates in normal resonance mode the second operates at twice its natural frequency. The
fundamental resonance peaks for longitudinal u(t) and transverse w(t) displacements were
observed to occur at the same frequency. It can clearly be seen that the peak value in the amplitude-

frequency curve is very sharp which makes fixed frequency control insufficient.
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Figure 4: Illustration of amplitude-frequency characteristics of the nonlinear screen system

The loss of stability (quasi-periodic or chaotic) of a vibrating sieve plate can occur at detuning
values corresponding to changing screen parameters such as mass or viscosity, or excitation
parameters such as phase or frequency. In the next section the principle of the autoresonant control

method is presented, which is used for the stabilization of PR.

3. The principle of autoresonant control

The main purpose of a control system is to keep the vibrations at a specified level during the
oscillation process. In autoresonant control the resonant domain of oscillation is automatically
maintained by positive feedback using transformation (phase shift) and an amplification signal
from a movement sensor of the sieve. This is based on the fact that during resonance, the phase
lag between the vibration of the working element (screen) and the applied excitation force is
constant. This control method does not have a prescribed excitation frequency. A general

schematic of a control feedback system is presented in Figure 5.
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Figure 5: General schematic of control feedback system

The control feedback system includes a sensor, control system unit and actuators. The input of the
system is a sensor signal measuring the sieve vibration w(t), and the output is Qcos(yt + @), the
excitation force generated by machine actuators. In the case of the described model the sensor is
attached to the screen machine to measure the mechanical characteristics of the oscillations
(displacement of the sieve plate). The signal is used by the control system unit, and generates a
control signal, in its simplest form, shifting the phase of the vibration signal from the sensor and
amplifying its magnitude. The powerful signal produced feeds a synchronous type power actuator
which transforms the signal to the excitation force (Qcos(yt + ¢)) with the same frequency and
phase shift calculated by a control system unit. This force oscillates the beams that fasten the sieve
plate.

The schematic diagram of autoresonant control is shown in more detail in Figure 6, and
demonstrates positive feedback including a phase shifter, limiter and filter. The parameters of self-
sustaining vibration can be controlled by changing the phase shift and/or the limitation level in the
feedback circuit.
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Figure 6: Schematic diagram of the autoresonant control, Rq is the desired RMS, R is the critical

RMS, and R is the present RMS control signal

In order to compute the root mean square (RMS) value, the following equation is used:

1 T
R= |7 jo w(t)2dt, 4)

where R is the RMS of a control cycle, T represents the period of a control cycle which equals 100
oscillation periods in this case, and w(t) denotes sieve vibration. The R value remains constant within one
control cycle and will not change until the beginning of the next one. In Figure 6, Rq represents the
desired RMS of a sensor signal (fixed at 0.08 in this case); Rc is the critical RMS value fixed at
5% Rq and R; is the RMS of the current control signal.

In the condition |0.08 — R;| < 0.04 the phase unit is executed. This unit includes phase control
and phase shift blocks designed to shift the system into the PR domain of oscillation according to
the change in the RMS of a control cycle. In this unit, the RMS of each control cycle is calculated

and compared with the RMS of the previous cycle (R;_;). When R; > R;_,, the phase will be
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increased by 0.5°; otherwise 0.5° will be subtracted from the phase. There is a domain for changing
the phase, discussed later. Therefore, the phase control signal is constantly changed by 0.5°
between the threshold values. The inputs to the phase control block are the RMS values and a
parameter called counter. Counter values are recorded as the number of oscillation periods that
form one control cycle. The output from this block is the actual phase shift value (¢) determined
by the phase control algorithm which is further processed by the phase shifter block.

The phase shifter block is designed to add the phase (¢) calculated from the phase control block
to the control signal. Since this block is only applicable to a square wave signal, a sinusoidal wave
is transformed to a square wave with a unity gain. Basically, for a symmetric sinusoidal signal
centred around zero, this block converts the positive half wave into a positive straight unity line,
and transforms the negative half wave into a negative straight unity line. Therefore, a square wave
is generated with exactly the same frequency as the original sensor signal. The counter values
determine each oscillation period. The detail of converting a sinusoidal wave to a square wave is
well presented in Li [22] and Voronina [23] PhD theses. The newly generated square wave can be
further processed by an amplifier.

An amplitude unit is designed to control the PR domain automatically, by adjusting the
amplification gain in order to provide extra power to the actuator to maintain the vibration at the
desired level during operation. This unit operates in the condition |0.08 — R;| > 0.04 and consists
of two blocks, amplitude control and amplitude shift. There are two inputs to this unit which are
identical to those of the phase unit, RMS and counter value. The amplitude control algorithm
provides automatic control of the limiter threshold to keep the RMS value of the reference signal
at the same level during oscillation. It is performed by a nonlinear transducer with a variable level
of saturation. The new amplitude Qi+1, was calculated based on following equation:

R
Qis1 = Q=% (5)

Rit1
where Qi is the amplitude of the present control cycle signal, Q;., is the elaborated control signal
value, and Ri+1 is the RMS of a sensor signal obtained from the next control cycle. If R;,; is greater
than R, then the amplitude Q;,; will decline and vice versa. The value Qi+1 would be set if, and
only if, R;,, differs from R; by more than 5%, otherwise the Q; value would be retained. The
output from this block is the calculated amplitude value (Q) which is fed into the amplifier shift

block. The amplitude shift block, as with the phase shift block, needs a square wave, and is
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designed to amplify the shifted square wave by multiplying by a gain (Q) calculated from the
amplitude control block.

In order to rectify (smooth) the amplified square wave and generate a quasi-sine wave, which
eliminates the high-frequency components, a second-order low-pass filter is used [18-20]. The

transfer function of the second-order low-pass filter used in this case is as follows:
1

Gs = 73000 (6)
where s is the complex variable. This passes low-frequency signals but attenuates signals with
frequencies higher than the cut-off frequency. The excitation signal is applied to a synchronous
type power actuator to produce an excitation force with the same frequency and phase shift
calculated for the vibrating system.
To sum up for every control cycle, the level of change in oscillation is evaluated as a RMS value
and then the phase is shifted by the phase control unit and the amplitude by an amplitude control
block. Basically, the amplitude control is applied when the RMS of a sensor’s signal is detected
to deviate of more than 5% from the desired RMS; otherwise, phase control is used by the system
to shift it to a PR oscillation domain. Therefore, typically, both amplitude and phase control signals
change during the operation and keep the vibration level of the screen oscillation at the desired
value. As a result, realisation of autoresonant control is achieved with positive feedback,
containing phase shifter, limiter and filters. The total transformation of a signal in the controller
can be described in operator form as:

f(t) = Flo(®)exp(jo)] ()

where nonlinear characteristics F include the limitation and filtering of the RMS signal, ¢ is the
phase shift due to action of the phase shifter, and j2 = —1. After harmonic linearization of Eq. (7)

a complex amplitude of vibration is achieved as follows:

il = Z(a,)a@exp(jg) (8)

where Z(a,) is a coefficient of harmonic linearization for the limiter. A maximum response of the

limiter is fixed to Q, i.e.

[Flo(®)exp(p)]l < @ ©)
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The periodic function f(t) in this case, cannot have a fundamental amplitude exceeding 4Q/m
[19]. The frequency and amplitude of the vibration are determined by the parameters of the
mechanical system and feedback. Self-adaptation and self-tuning are the principle features of an
autoresonant control system. This system automatically changes its regime of function in order to
have the maximum dynamic effect. It always follows the state that brings the system to resonance
independence in which the parameters are changed.

It is known that the nonlinear term influences the resonant frequency of the system. Egs. 3 have
stable solutions in a domain of the problem parameters due to the presence of the nonlinearity in
the background. In this case, coupling plays the role of the automatic stabiliser. It is remarkable
that in the case of resonant excitation, where the external force frequency is twice the frequency
of the free longitudinal oscillations, the amplitudes are independent of the viscosity and the
nonlinearity bounds the amplitudes.

In order to excite the autoresonant control, the possibility of phase and amplitude shift needs to be
found and set. The range of change in amplitude and phase is calculated and used as the boundary
of the phase and amplitude control units. In the next section the amplitude and phase limits to keep
the PR mode of oscillations stable are discussed. Setting these values allows the desired level of

oscillation to be approached.

4. Setting the boundaries of the phase and amplitude

The first step in the autoresonant control system is tuning the system for the PR domain. This is
done by accomplishing the initial preparation procedure. The procedure allows identification of
the optimal phase shift in the system (the phase shift gives a stable PR response). To define the
optimal phase shift, the amplitude-phase characteristic of the closed loop system has to be obtained
for control signals. This is achieved by slowly changing the phase shift to provide the full range
from 0° to 360° in the system and tracing the screen oscillation. The increment step of 0.5° is fixed
for phase shift in each numerical model, and the amplitude peak value after initial oscillations was
extracted. Figure 7 represents the results of autoresonant excitation in the closed loop control
system with positive feedback under various phase shifts (provided by the phase shifter), but with

the same level of limiter threshold.
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Figure 7: Amplitude-phase characteristic of the loaded system

The amplitude-phase characteristic gently slopes near the resonance and is smoother than the
amplitude-frequency curve presented in Figure 4, which provides easier access to the control
design. As shown in Figure 7, the phase domain between 7° and 65° in the feedback loop allows
the tuning control system to be in the stable PR state. By setting the phase angle at 27° the
maximum screen amplitude is reached. The response of the screen stopped the oscillation at phases
smaller than 7° or larger than 65°. The whole control process can be realized within a domain and
to maintain it, any bifurcation has to be avoided. In the test the following parameters were used:
M =400 kg, p =10 kg m?, k=400 N m?, & = 4/3Nsm?, g =83Nsm? Q=07N,T,=1N
with the initial conditions of u(0) = 0.0025 m, w(0) = —0.06 mand u(0) = w(0) = 0.

To identify the threshold of the amplitude control unit the phase shifter control signal is kept
between 7° and 65° and the threshold of the amplitude limiter is varied from 0 N to 2 N. Altering
the limiter threshold permits control of the vibration level. The increment step of 0.01 N was kept

for Q (amplitude excitation).

Figure 8 presents the amplitude of the screen system over the level of excitation change. The
purpose of this test was to determine the interval of the control characteristic, where the control
14



signal causes linear dependence of the reference RMS signal. The minimum level of Q for
excitation of the screen is around 0.48 N while setting the values of the threshold to larger than
1.22 N lead to a chaotic response. Therefore, 0.48 N < Q < 1.22 N is the limit of the output
control signal amplitude. Each time Q is increased in this domain the level of screen displacement

is increased, however, where Q > 1.22 N the level of vibration cannot be controlled properly.
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Figure 8: Threshold of the amplitude limiter

The control unit is now defined to limit the phase and amplitude response of the system in a proper
domain. The performance of the control evaluation for two case studies is presented in the next

section.

5. The performance of the control system

In Egs.3, p and a denote the mass per unit length and the viscosity, respectively, associated with
transverse oscillations. When the mass or viscosity change, the resonance frequency of the system
changes. Thus, to obtain the PR regime which is the most efficient domain in which to drive the
screen machine, the excitation signal should be changed. The results of autoresonant control, with
positive feedback, using screen displacement as a mechanical control signal are studied under
mass and viscosity variation with the same level of limiting and phase. In particular, the induction
of PR is achieved by shifting the system into the principal PR region, that is, where the frequency
of the parametric excitation is approximately equal to twice the natural frequency of the string
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system. It is notable that the values of mass and viscosity should be considered in the acceptable

range to have oscillation in the system.

5.1. Case study 1: Changing the screen mass

Figure 9 shows the ability of the displacement control to control the level of vibration under
conditions of mass uncertainty. For illustrative purposes, the mass values are monitored together
with the displacement of the screen. The level of changing mass (p in Egs.3) varies from 6 kg to
10 kg (Fig. 9(a)). The other parameters in the system are fixed: M =400 kg, k=400 Nm™, o = 4/3
N.s m?, g =8/3Nsm? Q=07 N, T, = 1 N with the initial conditions of u(0) = -0.0025 m,
w(0) = 0.06 m and 1(0) = @(0) = 0. A time of 10° s elapses between each mass increment.
Figure 9(b) describes the response of the screen system over the selected time. The control system
uses the RMS value of the displacement signal as a control signal, which is shown in Fig. 9(c) as
a solid line; the dashed line depicts the desired value of the RMS of the displacement signal. The
desired RMS value was defined as 0.08 m, corresponding to the proper amplitude of oscillation
of the loaded system. The derivation of the RMS from the desired value becomes nearly constant
by changing the mass from 6 kg to 10 kg. The phase and amplitude shifter signals are presented
in Fig. 9(d) and Fig. 9(e). The phase shift signal is in radians, therefore, 0.485 phase shift is equal
t0 27.80°. To keep the vibration at the desired level of oscillation, both amplitude and phase control
signals are changed during the operation. It can be seen that when the amplitude control is applied
and the amplitude value is changing, the phase shift value remains unchanged. As soon as the
RMS value enters the phase control zone the amplitude control stops working and the phase
control starts. By this action the control system keeps the RMS value relatively stable in spite of
a considerable increase in loadings Implementation of phase control only, is insufficient to keep

the desired level of vibration under such loading, and amplitude control should be considered.
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Figure 9: Performance of the autoresonant control system, mass changing (a), displacement of

the screen (b), RMS value (c), phase shift signal (d) and amplitude shift signal (e)

The combined amplitude-phase control algorithm allows for the possibility of simultaneous
control of the phase (phase control) and the level of oscillation (amplitude control). When the
mass changes, the resonance frequency of the system changes. This results in the system being
excited at different frequencies. Fixing the amplitude and phase boundary to achieve a stable PR

state in the system is ensured by stabilising the oscillations of the screen system.

5.2. Case study 2: Changing the viscosity

The main goal of the autoresonant control system is to keep the displacement of the screen stable
during the process of oscillation, while different loading conditions are induced. The influence of
viscosity on control system performance is now considered. Figure 10(a) represents variations of
viscosity over time, from 4/3 N.m s to 8/3 N.m s%. The previous test (10° s) brought the system
to a stable state after each viscosity increment. The response of the screen operation during the
test is presented in Figure 10(b). The fluctuation response just after the viscosity changes shows
that even small changes in the viscosity condition lead to changes in the performance of the
system’s vibration. Figure 10(c) shows the RMS value of the displacement signal (solid curve);
the dashed line corresponds to the desired value of the RMS of the displacement signal. The
desired value for this test is the same as for the previous test, 0.08 m. When the RMS value leaves
the phase control zone, the amplitude control starts. Figures 10(d) and (e) represent the phase
control and amplitude control signal operation. When the amplitude control is applied and the
amplitude value changed, the phase shift value remains unchanged. As soon as the RMS value
enters the phase control zone, the amplitude control stops working and the phase control begins.
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Figure 10: Performance of the control system, mass changing (a), displacement of the screen
(b), RMS value (c), phase shift (d) and amplitude shift (e) of the displacement signal

This test shows the autoresonant control system keeping the displacement of the screen at the

desired vibration level while as the viscosity varies between 4/3 N.m st and 7/4 N.ms™,

5. Conclusions

PR is a widespread phenomenon that may be threatening or beneficial according to the particular
system where it takes place since very large oscillations can be generated by rather small
parametric excitations. The exponentially growing response of the system creates awareness of
the potential danger hidden in such a phenomenon. That is why a profound knowledge of the
dynamics of systems where PR is to be induced is needed, in order to capture the energy flow
between the different system modes when resonance takes place. Control strategies are designed
to induce and stabilize unstable oscillations. In this paper autoresonant control was implemented
for the intensification and stabilisation of a PR vibration screen in conditions of variable loading.
The efficacy of the proposed control strategy has been verified in simulation, where both induction
and stabilization of PR in screen machines have been successfully obtained. The results show that
these characteristics retain robustness under a wide deviation of processing loads such as mass
and viscosity uncertainties. Application of a robust and high-quality autoresonant control system

offers the opportunity to increase productivity and efficiency, while improving design.
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