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Abstract. The article deals with issues related to the synthesis of an
automatic control system for a jaw crusher, for which the main control and
disturbance channels were identified and its mathematical model was
obtained. Implementation of mechanization and automation systems at
crushing and screening plants is necessary for the production of granite
crushed stone, which is massively used in the construction of agricultural
facilities. Based on the analysis of the mathematical model, a decision was
made to choose the law of regulation and its parametric identification was
carried out. Analysis of the quality indicators of the regulation of the
synthesized system revealed their significant dependence on the disturbing
effect, which required the synthesis of a disturbance compensator, the
inclusion of which in the structure of the system made it possible to realize
the requirements imposed on it.

1 Introduction

Continuously growing volumes of construction dictate the need to increase the production of
building materials. The latter, given that one of the main building materials, without which
no construction can do is concrete, causes a high demand for aggregates of concrete, asphalt
and other building mixtures. This leads to the need to increase the volume and quality of
production of aggregates, in particular, granite crushed stone.

One of the decisive factors ensuring the growth of granite crushed stone production while
maintaining quality indicators is the introduction of mechanization and automation systems
at crushing and screening plants. This determines the relevance of the development and
implementation of automated process control systems for crushed granite crushed stone,
which, as a rule, is carried out in two stages. In this paper, we consider the stage of primary
crushing, carried out, as a rule, by jaw crushers.

The jaw crusher consists of a bed 1, part of which is a fixed jaw 2, a shaft 4 with a
suspended movable jaw 5, a drive mechanism and a device for regulation (Figure 1). The ore
is loaded into the crusher from above in the space between the fixed bed 1 and the movable
5 cheeks and armor plates 2 and 3. The movable cheek is suspended on the axis 4 and is
driven (swinged) by means of a connecting rod 8, mounted on the main (eccentric) shaft 9.
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The connecting rod is hinged with the hanging cheek 5 by means of spacer plates 6 and 7.
The main shaft is driven by pulleys [1].

In the rear beam of the bed there is a mechanism for regulating the outlet gap, consisting
of a slider, wedges, a screw with nuts and a drive. As the screw rotates, the wedges move
closer or farther away from each other, moving the slider until the desired size of the outlet
slit is obtained. The drive of the control mechanism is mounted on a separate plate and
consists of a motor and a worm gearbox. To limit the increase in the discharge gap, a limit
switch mounted on the bracket of the side cover of the mechanism and closed with a casing
is used. The limit switch is triggered by the action of the rod on it and disables the drive
motors of the slit adjustment mechanism. The rod moves with a wedge when approaching
the extreme position.

Fig. 1 - Structural diagram of the jaw crusher: 1-bed; 2-fixed and movable 3 crushing plates; 4 - axis
of the movable plate; 5 - movable cheek; 6-front spacer plate; 7-rear spacer plate; 8-connecting rod; 9-
eccentric connecting rod shaft; 10-mechanism for adjusting the size of the outlet slit.

When the connecting rod moves upwards, the movable cheek approaches the stationary
one and the material is crushed. When the connecting rod moves back, the movable jaw
moves away from the stationary one and the crushed material is discharged from the crusher
under its own weight. Arod 7 is hinged to the movable cheek; With the help of this rod and
spring 5, the movable cheek is pulled away from the stationary cheek when the connecting
rod moves downwards [2,3].

The loading window of the crusher is called the throat. The width and length of the throat,
expressed in millimeters, characterizes the dimensions of the crusher. The width of the
crusher outlet jaw is adjusted by changing the thickness of the gaskets laid between the rear
wall of the frame and the special stop on which the right spacer plate rests.

2 Materials and Methods

To determine the optimal parameters for setting regulators, information about the static and
dynamic characteristics of the control object and the current disturbances is necessary. These
characteristics can be obtained either analytically or experimentally. In view of the lack of
knowledge of the objects of regulation and the need to take a number of simplifying
assumptions in their mathematical description, the static and dynamic characteristics of the
objects of regulation, obtained experimentally, should be recognized as the most reliable. The
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static characteristics of the perturbations acting in the ACP can be obtained only as a result
of the experiment [4].

The choice of the method of experimental research of the operating object is determined
by the nature of the task, the deviations of the studied quantities permissible according to the
technological requirements, and the nature of the operational disturbances. At the same time,
obtaining the desired characteristics is possible through passive and active experiments.

The method of passive experiment is based on the registration of the controlled
parameters of the process in the mode of normal operation of the object without introducing
any deliberate perturbations into it. The method of active experiment is based on the use of
certain artificial perturbations introduced into the object according to a pre-planned
program[5].

The introduction of artificial perturbations allows you to purposefully and quickly
determine the desired characteristics. However, in order to eliminate the influence of natural
noise, artificial disturbances must be significant. For many objects, the introduction of such
artificial disturbances is unacceptable, since violations of the technological regime are
possible.

The amount of experimental work depends significantly on the purpose of the study. So,
to determine the optimal settings of the regulators, it is enough to determine the frequency or
transient characteristics of the object along the control channel at maximum, medium and
minimum loads (if the characteristics depend on the loads). In order to assess the maximum
control error, in addition to this, it is necessary to determine the transient response along the
channel of the most dangerous disturbance effect[6].

Defining the structure of an object

To determine the transfer function of the jaw crusher, consider the crushing chamber (Fig.

).

1)
o5

Fig. 2 — Crushing chamber

Analysis of the design of the jaw crusher allows us to conclude that during its normal
operation, the supply of material in the crusher must be constant. The latter means that the
flow rate of material entering the crusher Qp [kg/s] and its capacity Qd [kg/s] are related to
the equation of material balance

dMm
WzQP(t)_QD(t)! )
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where M is the stock of material in the crusher.
Linearization of the equation of material balance by the method of small deviations allows
us to represent (1) in the form of:
dAM

BTl AQ, (1) - AQy (1), )

where is AM, AQp , AQp — increment of mass, material entering the crusher and its
capacity, respectively.
According to Fig. 1 the increment of the mass of the material in the crusher will be
AM =yAV =yHLAS, 3)
where is AS — change in the size of the discharge port.
Increment of crusher capacity
AQ, =60unyAV,,, 4)
where is p = 0,3...0,65 — coefficient of loosening of the material, n — Cheek swing
frequency per minute, AVy — increment of the volume of material in the prism of
precipitation[7].
According to Fig. 1

AV, =hLAS (®)
Then, according to the (4) increment of the crusher capacity, it will be
AQp =60unyhLAS (6)
from where
1
S=——A 7
60pnyhL R ()
The expression (7) allows you to represent (3) in the form:
H
AM = AQ,. 8
50unh Qo ()
Taking into account (8) the equation of the material balance (2) will take the form:
H dAQ,(t)
— = +A 1) =AQ, () . 9
Gounh _dt Qp (1) =AQ, (1) 9)

In accordance with (9) the transfer function of the crusher through the channel, "the flow
rate of the material entering the crusher - the capacity of the crusher"”, taking into account
the delay due to the free fall of the material, can be written in the form of:

A —(+1,)s
W(s) = 2% 6) _€ ,
AQ,(s) Ts+1

(10)

whereis T, = G()Lh — the Time Constant, t1, T2 — lag time.
un

At the same time, since the jaw crusher, as a rule, acts as the head technological unit, its
performance, and therefore its dimensions, are significantly larger than the dimensions of
subsequent units. Therefore, the performance of the crusher in unsteady mode is affected by
an incomplete supply of material My, and its effective value Met« My, in direct contact with
«loss prism»[8,9].

On the basis of the idea of dividing the total stock of material into effective and
preliminary zones, and applying to the individual zones the expression of the material balance
and the functional relationship between the capacity of the crusher and the total stock of
material, it is possible to obtain a system of equations for the jaw crusher
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My (5) =2 (Qu(9) - Q, (5))
° (11)

My (9) = £(Q, (- Qo 9)

where is M, —material stock in the pre-crushing area; Mer— Material stock in the efficient
crushing zone; Qur — capacity in the pre-crushing zone; Q, — MPOM3BOAUTENTHHOCTD MUTATENS;
Tp, Te — time constants[10].
In accordance with the (11) transfer function of the crusher through the channel in
question, it will take the form:
AQD (S) B ef(rmz)s

W) AQy(s) (Tps+1)(Tes+1)
Further analysis of the jaw crusher allows us to conclude that when the width of the outlet
slit S changes, in addition to the particle size distribution composition of crushed stone, its
performance will also change, which must also be taken into account when designing an
automatic control system.
When the flow of material entering the crusher changes, the volumetric mass of the
material in it will also change[11].

(12)

yHL

AQ, =LAV =248, (13)
0 0
where is T — the time during which the crusher chamber is completely filled with material
at QD =0.
Substituting (13) in we (9) get:
H dAQ,(t) yHL
—— 22+ AQ, (t) =——AS(t 14
sonnh dt Qo(t) = T, (t) (14)
The expression (14) allows you to write a transfer function over a channel Qp(s) — S(5)
yHL
AQ, (s T K
wg=t8. K (15)
) B gyq TS+
60unh
where is K = L transmission coefficient, T, __H — time constant.
T, 60unh
Taking into account the delay, the transfer function (15) will take the form:
Ke™*
W, (s) = 16
,(9) Toil (16)

Given that the lag times t1 and t are negligible, compared to the time constants T; and
T, and also representing the feeder of the crusher through the channel "motor speed - feeder
performance" in the form of a proportional link, we finally get the block diagram of the jaw
crusher shown in Fig. 2.
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Fig. 3 - Block diagram of the jaw crusher

Parametric Object Identification
For parametric identification of the jaw crusher, we will use the System Identification
Toolbox extension pact of the MatLab programming system. As the initial data, we will use

the waveforms of the signals at the input (change in the speed of the feeder motor) and
output (change in the performance of the jaw crusher) of the control object at a constant
value of the outlet S (Fig. 3)[12,13].
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Fig. 4 — Waveforms of input and output signals

The System Identification module window after entering the initial data is shown in

Fig. 4.
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Next, by activating the Estimate drop-down list, select Transfer Function Models, and in
the window that opens, enter the orders of the polynomials of the numerator and denominator
of the desired transfer function (in our case, 0 and 2, respectively) and start the identification
process. The result of identification is shown in

Fig. 5[14,15].
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Fig. 6 - Results of identification of the control object

As can be seen from Figure
Fig. 5 desired transfer function is presented in the form of::

0.01747 157 K
s°+0.19755+0.01116  89.6s° +17.7s+1 Ts’+T,s+1

Similarly, we determine the parameters of the transfer function along the perturbation
channel (S — Qp):

Wy (s)=

0.12
6.35+1

W, (s) = (18)

3 Research and results

Analysis of the technological process of primary crushing made it possible to formulate the
requirements for a closed-loop control system:

regulation time —t, <40 c;

overshoot — 3 < 5%;

steady error — € = 0.

Since the transfer function of the object along the control channel is described by a
second-order inertial link, then to implement the requirements for the system, the PID control
law is sufficient.

To determine the controller parameters, we will use the PID — Controller configuration
module of the MatLab programming system. To do this, let’s draw up a block diagram of a
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closed-loop system (Figure 7) and double-click on the PID(s) block and call up the window
for selecting the controller transfer function (Figure 8)[16].

Kf
T s +1
Q PID(s) le-;1+K‘;'Zy-s+l @

Fig. 7 — Block diagram of a closed-loop system

In the window that opens, you need to select PID - the control law and set the initial
approximations of the controller parameters. As can be seen from Figure 8, the transfer
function of the controller is sought in the form:

1 N
W, (s)=P|1+1=+D ot (19)
S 14N=
S
where is P, I, D and N settings parameters.
Block Parameters: PID Controller %
PID 1dof (mask) (link) P

This block implements continuous- and discrete-time PID control algorithms and includes advanced features such as anti-windup,
external reset, and signal tracking. You can tune the PID gains automatically using the "Tune..." button (requires Simulink Control

Design).
Controller: | PID ~ | Form: | Ideal -
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N

1+N
s

P[1+11+D
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oK Cancel Help Apply

Fig. 8 - Window for selecting the transfer function of the regulator

To clarify the pre-selected tuning parameters, click on the Tune... button. This will lead
to the appearance of the PID — Controller settings window (Figure 9) where, by moving the
Response Time and Transient Behavior sliders, it is necessary to correct the transient process.
The settings will be reflected in the Show Parameters window (Figure 9). Transient process
in a closed system with settings: P = 1.4679; | = 0.064085; D = 3.8669; N = 14.6347 shown
in Figure 10[17,18].
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The analysis shows that the required quality indicators in the time domain have been
implemented:

regulation time —t, = 38 c;

overshoot — & = 1%;

steady error —g =~ 0.

Step Plot: Reference tracking

Ampltude

4 Show Parameters - [u} X
Controller Parameters
Tuned
2 14679
1 0.064085
D 38669
N 146347
Performance and Robustness
Tuned
Rise time 13.8 seconds
Settling time 19.6 seconds
Overshoot 1.81%
Peak 1.02
Gain margin Inf dB @ Inf rad/s
Phase margin 78 deg @ 0.128 rad/s
Closed-loop stabilty Stable
Close

Fig. 9 — Window for selecting PID settings — Controller
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Fig. 10 — Transient response along the control channel

Figure 11 shows the transient process along the disturbance channel, the analysis of which
shows that in transient modes there is overregulation that is unacceptable according to
technological requirements. Considering that for a given circuit the disturbing influence is
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easily measurable, it is advisable to use a disturbance compensator to suppress it (Figure
12)[19].

In accordance with Figure 12, the image of the output signal of a closed-loop system can
be represented as:

B W, ()W, (S) W, ()W, () + W, (S)
Q)= 1+ Wi, ()W, (5) Uz () + 1+ W, (S)W,, (s) 6 (20)
o X ext

Fig. 11 — Transient process through the perturbation channel

According to the (20) output signal will not be affected by the disturbing effect when the
condition is met:

W, ()W, () + W, (s) =0, (21)
from where
_ W, ()
WO = (22)
wis) = |®

b2 (P o v A <
& (‘i W, Is/ }\

Fig. 12 - Block diagram of a closed system with a disturbance compensator

Taking into account (17) and (18) rewriting (22) in the form:

0.12
 63sel 1075258 +2.1245+0.12
Wele) = - 157 9.8915+1.57 (23)
89.65° +17.7s +1

The analysis (23) shows that the order of the numerator is one greater than the order of
the denominator, which indicates the unrealizability of such a link. To ensure the technical
feasibility of the compensator, we add one fast pole to its transfer function, which will not
have a significant effect on the output signal of the compensator [20].

10
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According to the (23) dominant pole of the compensator s = -0.159, then the pole s = -1
can be considered fast and the transfer function of the compensator will take the form:

10.752s% +2.124s +0.12
W, () =— (24)
(9.891s+1.57)(s+1)
Transients in a closed system with and without a disturbing compensator are shown in

Figure 13Fig. 913Fig. 9.
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Fig. 13 - Transients along the perturbation channel in a system with a disturbance compensator

4 Conclusion

As aresult of this work, an analytical model of a jaw crusher was obtained along the channels
“feeder productivity - crusher productivity” and “outlet size - crusher productivity”. Using
the MatLab programming system and oscillograms of the corresponding input and output
signals, parametric identification of the resulting models was carried out, which made it
possible to synthesize an algorithm for controlling the performance of a jaw crusher. Analysis
of transient processes along control and disturbance channels determined the feasibility of
synthesizing a disturbance compensator. As a result, a control system for a jaw crusher has
been proposed, allowing it to stabilize its performance, which, after experimental testing, can
be recommended for implementation.
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