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MODEL-BASED DESIGN OF A CONE CRUSHER ADAPTIVE
CONTROL SYSTEM

Purpose. The purpose of the article is to develop a methodology for creating cone crusher adaptive control system
based on the model-based design method for automated software generation of microprocessor controllers.

Methodology. A method based on a block-oriented predictive model was used to generate control signals for the
cone crusher. The parameters and structure of this model were identified in real time using measured data from the
plant. A prototype of the control system was created in MATLAB/Simulink. Then, the model-based design method
was used to generate software for digital signal processors. Mathematical statistics methods were employed to analyze
the experimental results.

Findings. A method of model-based design of an adaptive control system for a cone crusher has been developed.
This system uses a predictive model of a block-oriented structure. This model adjusts the predictive controller’s struc-
ture and parameters directly during operation. This approach makes it possible to divide the functions of identifying
the process model and generating controls between the two digital controllers. Consequently, the average computa-
tional time is reduced while ensuring the stabilization of the degree of homogeneity of ore crushing and separate output
of the control size class, with respective standard deviation coefficients not exceeding 3.42 and 1.83 %, respectively.

Originality. The regularity of the effect of the closed-side setting and the eccentric speed on the particle size dis-
tribution of crushed ore has been established. This shows that high homogeneity of the crushed product is ensured by
simultaneously adjusting these input coordinates. We propose a new method for synthesizing an adaptive cone crush-
er control system based on a model-based design approach. This method provides automated real-time generation of
software for microprocessor-based controllers, allowing the system to quickly adjust to changes in rock mass charac-
teristics and other disturbances.

Practical value. A hardware and software implementation of an adaptive control system for a cone crusher is pro-
posed. This system is based on a block-oriented predictive model. The model ensures the stabilization of the required
ore particle size distribution. This stabilization is achieved by adjusting the closed-side setting and the eccentric speed.
The system is based on 16-bit, low-cost digital signal processors. A prototype of the system was tested in a crushing

plant at a metallurgical enterprise.

Keywords: cone crusher, adaptive control system, model-based design, implementation

Introduction. The ever-increasing cost of mining and
mineral processing, particularly iron ore, requires a con-
stant search for ways to improve the technological pro-
cesses performance at the ore dressing plants. Crushing
and grinding are among the most energy- and resource-
intensive processes at such enterprises. In total, the share
of multi-stage ore preparation in crushers and mills is
more than 60 % of the company’s total power consump-
tion. At the same time, it is possible to increase the en-
ergy efficiency of production in general by obtaining ho-
mogeneous ore of the required size at the crushing stage.

Today, cone crusher control systems at Ukrainian
ore dressing plants do not allow for high-quality crushed
ore particle size distribution (PSD) control. This is due
to the use of outdated crushers that are not equipped
with automated control of the main control variables,
which include the closed-side setting (CSS), eccentric
speed, or feeder capacity [1]. The ore crushing process
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can be improved by replacing outdated technological
equipment, primarily cone crushers, with more modern
ones or by introducing new approaches to controlling
existing crushers. The first solution requires significant
capital expenditures, so in the short term, it is advisable
to give preference to the second option.

Available approaches to the design of automated con-
trol systems (ACS) for the crushing process do not allow
for sufficiently effective of the crushed ore PSD control
under disturbances. Therefore, the development of an
adaptive ACS that ensures high PSD under the condi-
tions of varying in ore properties, changes in technologi-
cal equipment parameters, and the noise presence in
data transmission channels is a current scientific task.

To date, a large number of studies have been con-
ducted on the development of crushing process control
systems [2]. However, all of them are mostly theoretical
in nature and hardly consider the practical implementa-
tion of the synthesized systems. Given that there are ad-
equate mathematical models of the crushing process
that qualitatively describe the nonlinear behavior of a
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dynamic object, it is therefore advisable to apply a mod-
el-based approach to the design of real controllers [3],
namely their hardware and software parts, thereby auto-
mating the development process and ensuring that this
method can be used to upgrade control systems for cone
crushers of any configuration.

Implementing the resulting control systems will in-
crease profits from existing equipment operations by re-
ducing ore processing costs [4].

This work is a logical continuation of the research
presented in articles [5, 6] and utilizes the primary re-
sults of these studies to develop a cone crusher control
system.

Literature review. When controlling the crushing pro-
cesses, the following criteria are used: stabilization of the
PSD of the finished product at constant or maximum
crusher productivity, and stabilization of the crusher
productivity while minimizing the size of the finished
product [7]. Currently, there are several studies dedicat-
ed to the development of control systems for the crush-
ing process that implement these management princi-
ples. However, as noted earlier, to improve the efficiency
of grinding at a mineral processing plant, the crushing
process must ensure the production of ore with the most
uniform PSD. An analysis of the crushing process con-
trol systems will be conducted considering this specific
feature of ore preparation technology for grinding.

A cone crusher control system with a local PSD con-
trol loop is presented in [8]. As a control action, the au-
thors consider the closed side setting. The control is per-
formed using a modified PID controller. A comparative
analysis was performed between the closed-loop system
and an open-loop system that maintains a constant
closed-side setting (CSS). Uncontrolled disturbances
include the moisture content and PSD of the input ma-
terial, as well as feed productivity. Analyzing the results
of the computational experiment, the authors estab-
lished that the open-loop system does not stabilize the
PSD of the finished product under disturbances com-
pared to the feedback system. The peculiarity of the pro-
posed system is the absence of consideration of the in-
fluence of the cone revolution speed on the PSD. Ad-
justing this parameter allows for achieving a more uni-
form finished product and more flexible compensation
for uncontrolled disturbances.

In [9], an extremum control system for the productiv-
ity and PSD of a cone crusher is proposed. It is based on
the unimodality of the productivity dependence on the
rotational speed of the mantle and closed-side setting.
The extremum of the target function is sought by estimat-
ing the gradient using the synchronous detection method
with an extended Kalman filter. However, the work does
not provide a justification for choosing this solution.
Based on the results of simulation modeling, a compara-
tive analysis of the developed algorithm with a synchro-
nous detector based on a band-pass filter was performed.
The harmonic excitation parameters applied to the input
of the plant were taken as identical for both systems. The
author notes that both systems exhibit the same conver-
gence speed. The use of the extended Kalman filter al-
lows for a reduction in the frequency of output oscilla-
tions of the plant relative to the operating point.

However, implementing the proposed method for
determining the eccentric rotation speed in real-world

conditions is challenging. This is primarily due to low
resistance to noise and disturbances, resulting from the
inability to accurately estimate the gradient of the target
function. Consequently, the productivity oscillations of
the crusher increase significantly. Additionally, the ex-
tremum control system does not provide stabilization of
the crushed ore PSD to the absence of a subsystem for
regulating the closed side setting.

A potential decrease in crushing quality also will lead
to an increase in circulating load, significantly reducing
process control efficiency. The rigid attachment of the
control system to the plant real parameters results the
speed calculation algorithm instability due to drifting
extremums under rapidly changing disturbance condi-
tions and noisy data transmission channels from sen-
sors. While noise can be compensated for using techni-
cal means such as filters, to eliminate disturbance fluc-
tuations, it is necessary to improve the control algo-
rithm. This limitation hinders the applicability of the
system in its proposed form for ore preparation.

A multidimensional approach to crushing cycle con-
trol is proposed in [10]. The authors consider the con-
trol efficiency of a cone crusher using two input coordi-
nates simultaneously — the eccentric speed and the
closed-side setting. By means of modeling, based on
experimental data the influence of these control actions
on the particle size distribution of crushed ore, produc-
tivity, and power of the crusher is determined. The ob-
tained response surfaces in the range of input parame-
ters have global maxima. The authors note that this ap-
proach makes it possible to optimize the operation of
the closed crushing cycle and ensure a high level of
crushing performance with the required particle size
distribution at acceptable energy costs. The authors see
the main problem with this control approach in the in-
sufficient quality of rock mass flow control [10, 11].

To determine the PSD of crushed ore, devices im-
plementing both contact and non-contact methods for
controlling the PSD of bulk material can be used. Non-
contact control is based on irradiating the ore with
acoustic waves [12], ultrasonic waves [13] and X-ray
[14]. However, the most promising method is consid-
ered to be optical control [15, 16]. The last one allows
determining the particle size distribution of crushed ore
by processing images of a moving conveyor belt loaded
with ore obtained from a video camera or laser profiler
[17]. This approach has become very widespread due to
the use of machine learning methods [18, 19] for seg-
mentation [20, 21] and analysis [22, 23] of segmented
crushed ore images.

Considering that the PSD is represented by the mass
distribution curve of ore by size, the weight of each par-
ticle-size class is determined by volume under the as-
sumption of constant ore density.

Thus, it can be concluded that most of the reviewed
crushing process control systems, despite their technical
capability to control PSD, do not allow for prompt re-
sponse to changing operating conditions due to uncon-
trolled disturbances. Some control systems ensure max-
imum productivity of individual units and crushing
stages as a whole without considering the qualitative
characteristics of the final product. Control systems for
PSD share a common disadvantage: the spatial separa-
tion of the control device for the regime parameter from
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the technological object. The resulting delays prevent
these systems from adapting to disturbance fluctuations,
especially high-frequency ones. A drawback of systems
implementing multidimensional control with multiple
regulation loops is the lack of coordination between
them, which reduces the system’s efficiency in achieving
its control objectives.

Therefore, one of the research tasks is the develop-
ment of a multidimensional control system for the qual-
ity of crushed ore with adaptation to the influence of
disturbances.

Main material presentation. Substantiation of the
methods used. An adaptive control method based on a
model predictive control scheme was used to generate
control actions for the cone crusher’s closed-side setting
and eccentric speed. The predictive model (Wiener,
Hammerstein or Hammerstein-Wiener [24]) and pa-
rameters were estimated online using the crushing pro-
cess parameters measurement data. The prototype con-
trol system was created as a simulation model in MAT-
LAB/Simulink. Then, using the model-based design
method [3], software for several digital signal processors
was generated. These processors implemented the logic
of the model-predictive control scheme and the cone
crusher’s electric and hydraulic drives control systems.
The efficiency of the system was verified by conducting
an active experiment at the crushing plant on an experi-
mental cone crusher. Mathematical statistics methods
were used to process the results of experimental studies.

Results and discussion. Development of a functional
diagram of the control system for a cone crusher. Fig. 1
shows the block diagram cone crusher control system
at a mining and processing plant. The system includes
the following units, elements, and blocks: / — hopper
feeder with an electromechanical vibrator mounted on
its capacity (not indicated on the diagram); 2 — scraper
conveyor of the feeder; 3 — cone crusher CH880 EEF;
4 — conveyor for transporting ore to the vibrating

Crusher -I 10

control
system

Fig. 1. Adaptive cone crusher control system

screen; 5 — vibrating screen GIT-51; 6 — ore bins of the
ore dressing plant; 7 — eccentric electric drive; & — hy-
draulic drive pump; 9 — electric drive of the hydraulic
system pump for the CSS control; /0 — uncontrolled
electric drive of the feeder conveyor; /7 — digital signal
processor for eccentric electric drive speed control;
12 — digital signal processor for the CSS control; /3 —
digital signal processor that implements the process
control algorithm based on the predictive model; /4 —
personal computer that performs digital image process-
ing and control system model-based design; LT — ul-
trasonic level sensor with remote data transmission;
ST — digital rotational speed sensor of the motor shaft
with remote data transmission; GT — digital tensomet-
ric sensor for measuring the lifting height of the crush-
ing cone with remote data transmission; QT — laser
profilometric sensor for determining the PSD of
crushed ore with remote data transmission.

Solid thick lines on the diagram indicate the path of
ore movement along the technological chain. Dashed
lines represent channels for the transmission of electri-
cal, hydraulic, and mechanical energy. Thin solid lines
indicate information communication lines transmitting
data on the current values of physical quantities from
sensors to control units, as well as control signals from
the controller to the control systems of actuators.

The crusher 3 starts when the working space of the
crusher is empty. The predictive controller /3 generates
setpoint signals based on the eccentric speed and the
CSS according to the basic requirements of the techno-
logical process. It should be noted that, unlike the rota-
tional speed, which is directly determined using the digi-
tal shaft rotation frequency sensor ST with a correction
for the gearbox ratio, the closed side setting is indirectly
determined through the force applied to the strain gauge
sensor, corresponding to the plunger position that
changes the height of the crushing cone lift. Until the
speed and CSS stabilize, the crusher 3 continues to oper-
ate in idle mode, while the electric motor /0 of the feed
conveyor 2is turned off. Upon completion of the crusher
startup, the predictive controller /3 generates a permis-
sion signal to the motor /0 and the conveyor 2, which
begin to feed ore into the working area of the crusher.

In real time, the digital signal processor /3 receives
data from the speed (ST) and pressure (GT) sensors and
sendsit to the PC /4via a communication interface. At the
same time, data from the laser profilometer (QT) is sent
directly to the PC (/4), where a specialized digital image
processing module analyzes it to determine the current ore
PSD. This data is then transferred to MATLAB.

Based on the aggregated data from QT, GT, and ST,
the crusher model is parametrically identified. The mod-
el is built until the identification accuracy, as determined
by mean square error (MSE), reaches a specified value.
The final mathematical description is used as a predic-
tive model when designing the cone crusher’s predictive
controller. Next, MATLAB is used to analyze step re-
sponse parameters of the resulting predictive controller.
If the controller’s quality meets the requirements, the
controller is used as a prototype, and firmware is gener-
ated automatically and loaded into the digital signal pro-
cessor /3 program memory using a programmer.

At the next stage, hardware-in-the-loop simulation
is carried out for software testing and verification. In the
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absence of errors, the digital signal processor begins to
function as a digital controller of the PSD of the crushed
ore with a predictive model. The digital controller /3
generates CSS and eccentric speed setpoint and sends
them to the digital controllers of the drives /7 and 12 via
the communication interface.

The eccentric and the oil pump of the cone lifting
mechanism induction motors speeds are regulated by a
variable-frequency drives (VFD-IM) [25, 26]. Chang-
ing the AC motor stator voltage frequency makes it
possible to adapt the operation of electric motors to
changing technological conditions. This is achieved
using power semiconductor converters with a con-
trolled voltage inverter implemented on insulated-gate
bipolar transistors (IGBTs). The choice of frequency
control is determined by its high regulation accuracy
and energy efficiency [27, 28]. The use of the VFD-IM
combination to adjust the working oil pressure in the
hydraulic system of the closed side setting regulation
mechanism is necessitated by the need for precise con-
trol of the cone lift speed to promptly respond to fluc-
tuations in feed quality and emergency situations in-
volving the entry of non-crushable objects into the
crushing chamber. Moreover, this approach allows the
use of identical circuit design solutions and embedded
software for digital controllers /7 and 12, as well as
identical power converters of drives 7 and 9, differing
only in the power of the semiconductor devices. This
significantly simplifies design, data exchange between
controllers /1, 12, and 13, as well as subsequent main-
tenance and diagnostics.

Digital signal processors /7 and 12 are designed to
generate control pulses and adjust the duration of the
open state of the power semiconductor switches in con-
verters of drives 7 and 9 according to the pulse-width
modulation law as a function of the control action from
the digital predictive controller 73.

Data from the ST and GT sensors are sent to the pre-
dictive controller /3, which provides feedback to the
control system. Additionally, control parameter values
are transmitted via the communication interface to the
personal computer /4 for forming a test sample for
adaptive identification of the control plant model. The
process of model refinement is continuous to reduce the
speed of prototyping the predictive control system, pro-
vided there is a significant discrepancy between the re-
sponses of the plant and its mathematical model to the
same control signals during system operation.

Controller /3 also performs two-position relay con-
trol of the crusher loading level with ore to protect it
from jamming. For this purpose, an ultrasonic level sen-
sor LT is installed in the scheme. When the maximum
allowable loading limit is reached, the digital control-
ler 13 stops the motor /0 of the feeder /, 2, and ore feed-
ing is halted. Once the ore level drops to the required
value, the operation of the feeder 7, 2 resumes.

The proposed functional diagram of the cone crush-
er predictive control system uses a laser profilometer to
reduce transport delays that the traditional PSD mea-
surement method (sieve analysis) has. The processing of
3D-profilometer images, the prototyping of the predic-
tive controller, and its physical implementation are car-
ried out by separate digital devices. This system design is
intended to improve performance.

The use of the discussed algorithm for determining
particle size characteristics further reduces computation-
al load and enables obtaining operating parameter values
at a frequency that corresponds to the control system’s
sampling rate. The rationale for selecting the quantiza-
tion interval, in terms of the inertia of the crushing pro-
cess, is discussed in previous sections. It is also proposed
to implement the control systems for the actuators using
separate hardware-software modules based on micro-
controller devices, which prevents overloading the digital
predictive controller with additional calculations.

Hardware-software implementation of a model predic-
tive control system. According to the proposed method
for controlling the ore crushing using predictive models,
it is intended to be implemented by digital control de-
vices. The schematic diagram of the digital predictive
control system is shown in Fig. 2. The predictive digital
controller is based on a 16-bit digital signal processor
dsPIC30F6015 (DD1), whose core is optimized for
high-speed matrix calculations.

In the communication channels discussed in previ-
ous section, data received from sensors about the cur-
rent values of the cone crusher’s eccentric speed and
closed side setting is transmitted from the digital signal
processor to the personal computer. In the reverse di-
rection, information about the PSD of the crushed ore
is received after image processing from the laser scanner
located above the conveyor belt.

The second universal asynchronous transmitter-re-
ceiver (UART?2) of the dsPIC30F6015 is used for polling
the sensors for the rotational speed of the drive motor
shaft and the closed side setting. To match the logic lev-
els between the DD1 controller and the RS-485 inter-
face bus, through which polling occurs, an RS485/
RS422 transceiver with a limited voltage rise rate and
low power consumption, MAX487 (element DD4), is
used. Unlike the rest of the circuit, DD4 is powered by
+12 'V from the LM78L12 voltage controller (DA2).

Considering the need for real-time adjustment of
predictive control algorithms and their coefficients,
which is related to the adaptive parametric identification
of the plant model, connector X7 is provided. A pro-
grammer is permanently connected to it for loading code
generated by the MATLAB/Simulink environment.

The development of the control device software is
based on the method of model-based design. The pro-
cess of implementing the adaptive predictive control
system for the crushing process using this approach is
shown in Fig. 3. The first step in building the prototype
(step 1) is determining the parameters of the techno-
logical object model with a known structure based on
orthonormal Laguerre functions [4]. For this purpose, a
software implementation of the modified adaptive re-
cursive least-squares algorithm is used together with
MATLAB/System Identification Toolbox.

Next, the predictive control system model (step 2) is
built using standard blocks from the MATLAB/Simu-
link library, MATLAB Function user-defined func-
tions, configuration blocks for the dsPIC30F6015 digital
signal processor, and emulation of its peripheral mod-
ules via MPLAB 16-bit Device Blocks for Simulink. At
this stage, the system’s operability, transient process
quality, and other characteristics are analyzed. Based on
the results, design errors are identified and corrected.
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Fig. 2. Schematic diagram of the microprocessor predictive control system

After simulations are completed, real-time modeling
must be performed. For this purpose, based on the *.sIx
model file, the control device’s program code in *.c and
* h formats is automatically generated (step 3). The code
is then compiled (step 4) into a hexadecimal object file
* hex and subsequently loaded into the microcontroller
(step 5).

Considering that testing the predictive controller in
an industrial setting on a cone crusher is expensive and
unsafe, the program code generated from the techno-
logical object model is loaded into a dsPIC30F4012 sig-
nal processor connected to the target dsPIC30F6015 via
the SPI bus. As a result, testing of the control system in
real-time mode occurs through data exchange between
the two digital signal processors.

If no errors are found in the operation algorithm of
the physical device, the dsPIC30F4012 microcontroller
is programmed with the control system software for the
corresponding actuator (step 7), and the hardware com-
plex is ready to connect to the real plant (step 6). During
operation, the control device queries the sensors for the
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eccentric speed and the closed side setting via RS-485
(step 8) and transmits the received values via the USB-
UART channel to a personal computer for updating the
model parameters (step 1), which may have changed
due to external disturbances.

Fig. 4 presents the predictive controller model in the
MATLAB/Simulink. It serves as the basis for generating
the program code for the digital signal processor.

In the general case, solving the control problem in-
volves determining the control trajectory that minimizes
a quadratic cost function [29]
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Fig. 3. Algorithm of model-based design of the control system with a predictive model based on the dsPIC30F6015 digital

signal processor

where N,, N, are control and prediction horizons; Q, Sare
weight matrices for inputs and outputs; =(-), Y(-) are block-
oriented system nonlinear functions; R is a reference vector

R=[rlk+11klrlk+2|k]...rlk+ N, k117
Uis an input vector

U=lulk+1|klulk+2|k]...ulk+N,—1|kN7;

AU is a control vector

AU =[Aillk +1| k1 Ak +2| k... AUk + N, 1| k]T;

Y isa predicted output vector

Y =[ylk +1]k]ylk+2]k).. 3k + N, | k]I,
Y ins ¥ max> Umin» Umax  are output and control con-
straints.
Microchip Master, Compiler Options and UART
Configuration blocks are used to set the parameters of

the target microcontroller to ensure the proper genera-
tion of program code by the Simulink Coder package. To
correctly transmit the control action values from the pre-
dictive controller on the dsPIC30F6015 processor to the
actuator control processors dsPIC30F4012, the commu-
nication parameters for each SPI channel are configured
using the BUS SPI and BUS SPI1 blocks, where it is also
specified that the dsPIC30F6015 acts as the master rela-
tive to the slave dsPIC30F4012 processors.

The blocks Weight Matrices Generator, Laguerre
Generator, System Matrices Generator, MPC Con-
straints Calc, Hessian Calc, Gradient Vector Calc,
Quadratic Programming Procedure, and Control Calc
represent the steps of the algorithm for forming control
actions by the predictive controller. The developed
model structure allows for an investigation of the con-
trol system’s quality characteristics under various pre-
dictive controller parameters.

After the control actions are calculated by the Con-
trol Calc block, their values are inverted by the Inverse
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Input Nonlinearity and Inverse Input Nonlinearityl
blocks and applied to the cone crusher via actuators —
namely, the electromechanical systems for the eccentric
bowl drive and the hydraulic pump regulating the height
of the movable cone. Simultaneously, the output value
of the technological plant model (State and Output
Calc) is calculated and stored in the Memory y block
until the next calculation moment. During the next
computation interval, data on the cone crusher’s re-
sponse is received through the RS-232 receiver (UART
Rx block), processed by the Inverse Output Nonlinear-
ityl block, and subtracted from the previous model out-
put value (Memory y block). This determines the con-
trol error. If the error exceeds the permissible value, the
Sys Ident Enable block signals the need for parameter
identification of the control plant model.

To control the rotational speed of the actuator motors
for the crusher’s eccentric bowl drive and the hydraulic
pump regulating the closed side setting, the designed
scheme includes two specialized digital signal processors,
dsPIC30F4012 (DD2 and DD3), with hardware modules
for generating three-channel PWM signals. During pre-
dictive control, after the control actions are formed by
the DDI chip, data on their values is transmitted via the
Serial Peripheral Interface (SPI) to DD2 and DD3. This
alters the duty cycle and period of the PWM signals,
which correspond to the required speed.

The power section of the regulated asynchronous
electric drive is implemented as a VFD-IM system with
double conversion.

Controlling actuators with separate hardware and
software modules prevents the digital predictive control-
ler from being overloaded with additional computations.
Using frequency-based control for the rotational speeds
of the crusher’s working body drive motors and the hy-
draulic pump for CSS adjustment provides flexible speed
regulation, reduces the design time for hardware and
software components of the controllers, and simplifies

diagnostics and troubleshooting during operation. An
additional advantage is the use of identical component
bases, which reduces the range of spare parts needed for
repairs. The difference lies only in the power section,
nominal currents, and voltages of the semiconductor el-
ements of the frequency converter.

Experimental study of the cone crusher control system
performance. Practical testing of the proposed algorithmic
and hardware-software developments was conducted
during commissioning work at the crushing plant of the
mining department of PJSC “ArcelorMittal Kryvyi Rih”.
The following equipment was used: for prototyping the
predictive control system — an Intel Core i5-8500 16 Gb
RAM OS x64; a predictive controller board based on
dsPIC30F6015 and dsPIC30F4012 microcontrollers; and
for controlling the PSD of crushed ore — a laser profilom-
eter of the SICK-IVP Ruler E4111 type with a maximum
field of view of 88 x 185 mm. The non-contact size ana-
lyzer was connected to the PC via an Ethernet interface.
Image processing from the profilometer, the estimation of
PSD, the calculation —9 + 7 mm particle-size class, and
the uniformity index were performed using software de-
veloped in MATLAB. This allowed the calculation of op-
erating parameter values and the identification of the
crushing process model in a single software package with-
out requiring additional interfacing modules.

To determine the homogeneity of the ore, the coef-
ficient of variation (CV) is used

i f(m; = X)? /100 Z fim,
CcV = i=1 _ : A_/ _ =l ,
X 100

3)

where 7 is the number of particle size classes; m; is the
midpoint of the i particle size class; f; is the frequency
corresponding to the i class.

Experimental studies on industrial equipment were
conducted over 2 hours and 42 minutes. To achieve
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qualitative results, the testing interval was divided into
10 time segments of 1,000 seconds each. At the start of
each interval, the parameters of the models predicting
the plant’s behavior and approximating control trajecto-
ries were reset. Upon completion of the regulation, the
coefficient of variation of the root-mean-square error
CV(RMSE) between the output values and the setpoint
signals were calculated for the uniformity index (CV) of
the crushed product and the specific output of the con-
trol particle-size class (y).

CV(RMSE) formula is

e -
;zyi =i
CV(RMSE)="—-——,
5i/n
i=l

where y; is the observed value; }i is the predicted value;
n is the total number of observations.

After completing the series of experiments, the aver-
age CV(RMSE) values were computed. The setpoint sig-
nals for the operating parameters: crushed ore unifor-
mity index r¢y= 0.5 and main particle-size class r, = 20 %
were maintained constant throughout all the stages of
the experiment.

The first series of experiments was conducted using
the baseline control system employed at the industrial
enterprise, which regulates the closed side setting. The
stabilization process is shown in Fig 5.

The graphs clearly illustrate the impact of distur-
bances in data transmission channels and changes in the
characteristics of the ore mass and technological equip-
ment parameters on the plant’s performance. It is worth
noting that the stabilization process of the operating pa-
rameters with the proposed controller settings is rela-
tively inertial (Figs. 5, a, b). At the same time, the high-
frequency fluctuations in speed exhibit insignificant
amplitude (Fig. 5, d), making it unnecessary to impose
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Fig. 5. Cone crusher particle-size distribution stabiliza-
tion without a predictive controller

additional constraints on control increments. As a re-
sult, the average quality stabilization indices across
10 experiments were CW(RMSE.) = 5.54 % and
CV(RMSE,) =6.27 %.

At the next stage, a hardware-software prototype of
the adaptive predictive control system was used to stabi-
lize the operating parameters, and a series of ten experi-
ments was conducted again.

The predictive controller parameters were config-
ured as follows. The MPC-controller weight coefficients
were: for the coefficient of variation of particle size dis-
tribution — Q¢ = 1,200 (input weight), S = 0.005
(output weight); for the separate output of the —9+ 7 mm
class — Q, =600, S, = 0.005. The prediction horizon was
set to N, = 20. Constraints on control amplitudes were:
Ugymin = 6 IPS, Uymax = 12 Ips, u_emin = 8 mm, Uymax =
= 13 mm. Constraints were applied only to the first
component of the control trajectory. The stabilization
process graphs for this scenario are shown in Fig. 6.

As we can see, changing the settings resulted in high-
er-quality stabilization of the controlled values. The av-
erage coefficients of variation of the root mean square
errors decreased to CW(RMSEq) = 342 % and
CV(RMSE,) = 1.83 %, corresponding to reductions by
factors of 1.41 and 2.61, respectively. It is worth noting
that the quality control indicator decreased more sig-
nificantly for the specific output of the control size class
(Fig. 6, b).

Attempts to achieve better stabilization of the unifor-
mity of the crushed product by adjusting the weighting
coefficients Q. and S¢y resulted in an increase in the
amplitude of fluctuations in the rotational speed of the
crusher cone, which worsens the operating conditions of
the drive motor. From the perspective of process control
quality requirements for crushing, the value of 3.42 % is
entirely acceptable. Therefore, no additional changes to
the control algorithm or restrictions on the increment of
control actions were introduced.
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Fig. 6. Cone crusher particle-size distribution stabiliza-
tion using a predictive controller
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In summary, the results of the experimental studies
demonstrated that the developed model-based design
method for cone crusher automated control system
building is viable and can be applied under ore prepara-
tion conditions at mining and processing plants. The
high control quality and responsiveness of the proposed
algorithms allow for improved performance of the tech-
nological process under uncontrolled disturbances due
to the input raw iron ore physical parameters variations,
as well as noisy data transmission channels from process
parameter monitoring tools.

Conclusions. The methodology for model-based de-
sign of the adaptive cone crusher control system aimed
at stabilizing the crushed ore particle size distribution
was presented. The proposed approach is based on the
use of a predictive block-oriented model that adapts to
changes in rock mass characteristics and other distur-
bances in real time.

A hardware-software complex implementing model
identification and predictive control algorithms for ore
crushing processes has been developed. The use of digi-
tal signal processors (DSPs) as control devices, which
support multiple reloading of embedded software, en-
ables the model-oriented design of control systems.
Thus, all stages of development — from building the
plant model to software implementation of the predic-
tive controller’s algorithms — are carried out without ac-
tive interference in the technological process.

Industrial testing of the purposed cone crusher con-
trol system under the disturbances (due to the iron ore
parameters variations and noisy data transmission chan-
nels), showed that with appropriate controller settings,
coefficient of variation of the root mean square error of
stabilization can be achieved at 3.42 % for the unifor-
mity indicator and 1.83 % for the specific output of the
control size class.
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Mera. Ilonsrana B po3poOlli METOOAUKU CUHTE3Y
aIanTABHOI CUCTEMM KePYBaHHSI IIPOIIECOM IPOOJICH-
HS pyau Ha 0a3i MeToay MOIeIbHO-OPiEHTOBAHOIO
MPOEKTYBAHHSI TSI aBTOMATHU30BAaHOTO TeHEpPYBaHHS
TIPOTPAMHOTO 3a0e3TeUeHHST MiKpOIIPOILIECOPHUX PEe-
TYJISITOPIB.

MeTtomuka. 1151 hopMyBaHHS KepyrOUMX Aiil KOHYC-
HOI IpobapKy BUKOPHCTOBYBABCSI METOI KEPYBaHHST Ha
0a3i mporHo3yt4oi 6JoYHO-opieHTOBaHOI MoneJi. I1a-
paMeTpu Ta CTPYKTypa i€l Mozesli BUSHAYAJIUCS B pe-
aJIbHOMY Yaci IUISIXOM imeHTudikauii i3 BUKOpUCTaH-
HSIM BUMIpSSHMX Ha 00’exTi ganux. [Ipototumn cucremMu
kepyBaHHs cTBoproBaBcst y MATLAB/Simulink. dai i3
BUKOPUCTAHHSIM METOJYy MOJEIbHO-OPIEHTOBAHOTO
MPOEKTYBAHHS BigOyBajacsl reHepailiss IporpaMHOro
3a0e3MeueHHs UIST MUMPOBUX CUTHAJIBHUX ITPOIIECO-
piB. 151 00poOKU pe3yabTaTiB €KCIEPUMEHTIB BUKO-
PUCTOBYBAJIMCSI METOIM MaTeMAaTUIHOI CTATUCTUKU.

Pe3syabrat. Po3pobiieHO MeToa MOJEIbHO-Opi€EH-
TOBAHOTO TIPOEKTYBAHHSI aJallTUBHOI CHCTEMM Kepy-
BaHHSI KOHYCHOIO ApoOapKolo, KOTpa BUKOPHUCTOBYE
MPOTHO3YIOUY MOJIEIb OJIOUHO-OPiEHTOBAHOT CTPYKTY-

pu. Y naHiil momeni 3AiACHIOETbCS HaJlallITyBaHHSI
CTPYKTYPH 1 mapaMeTpiB MPOrHO3YIOUOI0 Peryasropa
Oe3rocepenHbo Mif yac KepyBaHHA. Takuii miaxin no-
3BOJISIE PO3AITUTU (byHKIIT ineHTudiKauii Moaesi mpo-
1ecy it (hopMyBaHHSI KEpyBaHb MixK IBOMAa IU(DPOBUMU
KOHTpoJIepaMUu. Y pe3yJbTaTi CKOPOUYYEThCS CepenHiii
yac OOYMCTIOBaJIbLHUX oOfepaliii mpu 3abe3redyeHHi
cTabijizallil CTyneH OIHOPIAHOCTI NPOOJIEHHS pyau
Ta OKPEMOTO BUXOAY KOHTPOJIBHOTO KJIacy KPYITHOCTI
i3 KoedillieHTaMu Bapiallii cepeTHbOKBaAPaTUYHOI TO-
xu0Oku He Bule 3,421 1,83 % BinmosigHo.

HaykoBa HoBu3HA. Bu3HaueHa 3aKOHOMipHICTh
BIUTMBY IMMPUHU PO3BaHTAXKYBaJbHOI IIJTMHU i1 Jac-
TOTU 00epTaHHS EKCLIEHTPUKY KOHYCHOI 1poOapKu Ha
IPaHYyJIOMETPUYHMIA CKJ1a[ IpOOJIEHOI PyIu, KA TIOKa-
3Y€, 1110 LIJISIXOM OTHOYACHOT'O PETyI0OBaHHS LIUX BXil-
HUX KOOpJAMHAT 3a0e3IMeuyeThCsl BUCOKA OIHOPIAHICTh
MPOIAYKTY NpOOIeHHS. 3ampoOIIOHOBAHO HOBUII METOJ,
CHHTE3y aJalTHUBHOI CUCTEMU KEpyBaHHSI KOHYCHOIO
npobapkor Ha 0a3i MOAEIbHO-OPIEHTOBAHOTO MiIX0-
Iy, KOTpHUI 3a0e3Ieuye aBTOMATH30BaHy TeHepallifo
MPOrPaMHOrO 3a0e3MeYeHHs M1 MiKpOIPOLIECOPHUX
PEryJISITOPiB Y PeXUMi peaTbHOTO Yacy, 10 IT03BOJISIE
CUCTEeMi orepaTUBHO IiIalTOBYBAaTUCS il 3MiHU Xa-
PaKTEPUCTUK TiPChKOI MACH Ta iHIIi 30ypEeHHS.

IIpakTiyHa 3HaYMMicTh. 3apPONIOHOBAaHA amapar-
HO-TIpOrpaMHa peaji3allisi aJjanTUBHOI CUCTEMU Ke-
pPYBaHHSI KOHYCHOIO ApoOapKoro Ha 0a3i HeliHiitHOi
0JIOUHO-OpPiEHTOBAHOI MOJEJi, 1110 3a0e3Mmeuye cTabdi-
Jlizalilo HeoOXiIHOTrO TPaHYJIOMETPUYHOIO CKJIaay
PYIU IUISIXOM DPETYIIOBaHHS ITMUPWUHU PO3BAHTAXY-
BaJIbHOI IIIJIMHU ApOOApKU i 4acTOTU 00epTaHb eKC-
LIEHTPUKOBOrO cTakaHy. CmcTeMa IoOymoBaHa Ha
6a3i 16-Tu po3psLAHUX LU(PPOBUX CUTHATBHUX IIPO-
1iecopiB HU3bKOI BapTocTi. [IpoToTHN cUcTeMU BU-
MnpoOyBaHO B yMOBax ApobapHoi (padpuku Metanryp-
riffHOTO MiANpUEMCTBA.

KmouoBi cioBa: konycua dpobapka, adanmueéna cuc-
mema Kepy8aHHs, M0OOeAbHO-0PIEHMOBAHE NPOEKMYBAH-
HA, peanizayis
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