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Abstract

Design of automated process control systems plays an important role in modern industry.
Adaptation of such control systems to various processes is one of the pressing issues, and the
presented article examines the design principles of a new type of controller based on a predictive
model as part of a combined industrial facility control system. A simulation is performed using
MATLAB/Simulink to study the application of conventional and combined process control
systems. The development and adaptation of a model predictive cascade PID controller to modern
systems is compared with traditional control systems. The principal control variable was precisely
and accurately controlled using this strong control method, and it was maintained at the required
setpoints. The PID controller quickly responded when disturbances were introduced into the
system, thereby lessening their influence. The simulation results suggest that integrating a PLC
with a cascade Model Predictive Control and PID controller is a practical and desirable strategy.
These results show that this integrated regulatory system can greatly enhance control performance,
attain reference targets.
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Model-prognozlayici tanzimlayicinin asasinda idaraetma prinsiplari
E.A. Malikov
Azarbaycan Doviat Neft vo Sanaye Universiteti (Bak:, Azarbaycan)

Xiilasa

Texnoloji proseslorin avtomatlagdirilmis idaroetma sistemlorinin islanilmasi miiasir sonayeds
mithiim rol oynayir. Bu ciir idaroetmas sistemlorinin miixtalif proseslors uygunlasdirilmasi aktual bir
problemdir va togdim edilon magaloada sonaye obyektlori tigiin kombinsedilmis idaraetma sisteminin
bir hissasi kimi prognozlagdirict models asaslanan yeni tipli tonzimlayicinin layihalondirma prinsiplori
miizakirs olunur. MATLAB/Simulink simulyasiyalart ononavi vo kombinsedilmis idaroetmo
sistemlarinin totbiqini 6yronilmasi tgiin istifado olunur. Kaskad prognozlasdirici modellagdirmaya
malik PID tonzimloyicinin miiasir sistemlora hazirlanmasi vo uygunlasdirilmasi ananavi idaroetmo
sistemloari ilo miiqayiso edilir. Osas idars doyison bu effektiv idaraetmo metodu ils dogiq va diqgatlo
idara olunur va istonilon toyin olunmus ndqtalora uygun olaraq saxlanilir. PID tonzimlayici sistema
daxil olan pozuntulara tez bir zamanda reaksiya verilir vo bununla da onlarin tosirini azaldir.
Simulyasiya naticoalori gostorir Ki, PLC-ni prognozlagdirici idarsetma modelino vo PID tonzimlayiciys
osaslanan kaskad idaroetmasi ilo inteqrasiya praktik vo arzuolunan bir strategiyadir. Bu naticalor
gostarir ki, belo bir inteqrasiya olunmus tonzimloma sistemi idaroetmonin effektivliyini shomiyyatli
daracads yaxsilagdira va hadafa ¢atmagi tomin eds bilar.

Acar sozlar: optimal idaroetma, neftemali, optimal siizgoac, optimallagdirma moasalasi, katalitik
kreking, idaroetmo algoritmi

IIpyHuMnbl  ynpaBJjieHHSI Ha  OCHOBe  MO/eJbHO-TPOTHO3MPYIOLIEro

KOHTpoJJiepa
9.A. MeJuKOB
Aszepbauioxcanckuu I'ocyoapcmeennsiii Ynueepcumem Hegpmu u I[Ipomviuinennocmu
(baxy, Azepbaiioscan)
AHHOTALUA

Pa3paboTKka aBTOMAaTH3MPOBAHHBIX CHCTEM YIPABJIEHHUS TEXHOJOTHYECKUMH IPOLECCAMH
UIPaeT BAXHYIO POJIb B COBPEMEHHON MPOMBINLIEHHOCTH. AJIaNTal[isl TAKUX CUCTEM YIIPAaBJIEHUS K
pasIMYHBIM MIPOIECCAM SIBJISIETCS OJHOM M3 aKTyabHbBIX 3a/1a4, U B JAHHON CTaThe pacCMaTPUBAIOTCS
MPHUHIIUIIB IPOSKTUPOBAHUS HOBOTO THITA KOHTPOJIJIEpa, OCHOBAHHOTO Ha MPEAMKTHBHON MOJIEIH, KaK
4acTH KOMOWHHMPOBAHHON CHCTEMbI yIpaBlieHHs OOBEKTOM. I[IpOBEIEHO MOJEIUPOBAHUE C
ucnoaszoBanuem  MATLAB/Simulink  mist  u3ydeHus  OpUMEHEHHS  TPAIUIMOHHBIX  H
KOMOMHHUPOBAHHBIX CHCTEM YINPABJICHHs TEXHOJIOTMYECKUMH TpoileccaMu. Pa3paboTka v ajgantanus
IMU/]-KoHTpOJIIEpAa € KACKaAHBIM INPEAMKTHBHBIM MOIEIUPOBAHUEM K COBPEMEHHBIM CHCTEMaM
CPaBHHMBAETCs C TPAJAMIUOHHBIMH CHCTEMaMu yrpasjieHus. OCHOBHAs yIpaBisAiollas IepeMeHHast
TOYHO M AaKKypaTHO YIpPaBlsjgach € MOMOIIbIO 3TOro 3()()EeKTHBHOrO MeToAa YIpPaBICHHS W
MOJIZICPXKUBAIACh B COOTBETCTBHU ¢ TPEOYEMBIMHU 3alaHHBIMU 3HaueHUsIMH. [TU]]-perynstop ObICcTpO
pearupoBail Ha BO3MYIICHHsI, BHOCUMBIE B CHCTEMY, TEM CAMbIM YMEHbBINAs UX BIHMIHKUE. Pe3yibTarhl
MOJIEJTMPOBaHMs MIOKa3bIBatOT, uTo WHTEerpanus [1JIK ¢ KackaJHbIM yIpaBJIeHHEM Ha OCHOBE MOJCIIH
MpOrHO3Upyromero ympasienus u IIAJ[-perynstopa sBASETCS NPAKTHYHOW W SKEIaTEeIbHOU
CTpaTervei. DTU pe3ysIbTaThl MMOKA3bIBAIOT, YTO TaKas WHTETPHUPOBAHHAS CHCTEMA PEryIHUPOBAHMS
MOJKET 3HAYHMTEIBHO MOBBICUTH d()(HEKTHMBHOCTH YIPABIEHHS U O00ECHEYHUTH AOCTHIKEHUE IENEBBIX
3HAYEHUII.

KaloueBsble cjioBa:  onTUManbHOE yIpaBieHHe, HeQTenepepaboTKa, ONTUMAILHBIN QUIBTP,
3a7a4a ONTUMHU3ALMH, KATaJTUTUYECKUN KPEKHUHT, aJITOPUTM YIIPABIECHU
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Introduction

Currently, in modern control
technologies, regulators have a large
percentage of industrial and advanced

technologies due to their wide range of
capabilities. As crucial as creating new
technologies is comprehending combined
regulatory systems and applying them to real-
world situations. According to control
engineers, control technology should be used to
address industrial problems [1-8]. To improve
control and redundancy, however, a single
regulator may occasionally be unable to
manage the plant or systems. Two or more
techniques may be combined into a single
solution in these situations.

Due to their enormous capacity for
reducing disturbance effects and application of
unconventional ~ approaches,  such  as
implementing neural networks and cascade
control into nonlinear pH processes, combined
regulatory systems, which combine multiple
control strategies to optimize performance, are
growing in popularity today [9]. Hybrid
systems integrate both continuous and discrete
control approaches, whereas other systems
typically only use continuous.

The absence of real-world practices is the
main obstacle to establishing combined
regulatory systems more comprehensively.
This is mostly due to the new regulator's
complexity and the difficulty of applying it to
real-world situations. Each type of regulator has
a unique innate behavior, making it challenging
to predict how each regulator will interact with
the others when they are combined. Newly
created unified regulatory systems should be
simple without compromising the efficiency to
address these issues.

It is known that in order for any
developed control system to be successful and

effective in managing industrial operations, it is
necessary to take into account and analyze a
number of important factors [10-15]. A vital
factor, first of all, is a comprehensive
assessment of the system requirements. This
entails having a thorough grasp of the particular
industrial process, its variables, intended
setpoints, performance goals, and any
applicable industry standards or regulations that
must be followed. Designing the unified
regulatory system will be built on a solid grasp
of these criteria. Another crucial factor is right
choosing the control loops. To obtain the
required control results, several control
systems, such as PID control, cascade control
(CC), and feedforward control, may need to be
integrated. The process dynamics, interactions
between variables, and the control goals
decided upon during the system requirements
analysis should all be taken into consideration
while choosing the control loops.

In addition, selecting appropriate
hardware and software components is of
decisive importance when creating a combined
regulatory system. This involves choosing a
DCS or PLC with enough processing power and
memory to support many control loops. The
accessibility of suitable input/output modules,
communication protocols, and integration
possibilities with other systems, such as
SCADA, should also be taken into account.

System integration and testing must be
taken into consideration during the design
process. The unified regulatory system should
be connected with the already installed
SCADA, DCS, and other control systems for
process control. The system must be thoroughly
tested to ensure its responsiveness, stability,
and functioning. To make sure the system
works as planned, many scenarios, including
normal operation, setpoint changes, disturbance
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rejection, and fault circumstances, should be
simulated and tested. The unified regulatory
system may be further optimized by identifying
possibilities for improvement through ongoing
monitoring and data analysis.

Purpose of the Work

The purpose of this work is to investigate
the performance of combined regulatory
systems and to develop a cascade MPC-PID
control  structure capable of improving
disturbance rejection, robustness, and control
accuracy in industrial processes.

Problem Statement

Although conventional PID and MPC
controllers are widely wused in industrial
applications, their performance may deteriorate
under unmeasured disturbances and nonlinear
operating conditions. Therefore, there is a need
for an integrated control strategy that combines
the advantages of both approaches while
minimizing their limitations.

Problem Solving

Cascade Control Strategy. A cascade
design gives the systems a lot more flexibility
and robustness. For the control of temperature,
flow, and pressure loops, CC loops can be
employed and are a popular element in the
process control sectors. CC consists of two
individual control loops generally called inner
and outer or primary and secondary [16].
Combining conventional PID controllers with
cascade architecture adds much more flexibility
to the system.

When creating controllers for industrial
applications, it is crucial to take both
measurable and unmeasured disturbances into
account. Measured disturbances givecontrollers
immediate input on the behavior of the process,

allowing them to react quickly and keep up
target performance. System stability might be
weakened and suboptimal control can result
from ignoring recorded disturbances. On the
other hand, undetected disturbances can have a
big effect on process dynamics even though
they are not directly observable. Engineers can
increase the robustness and dependability of the
control system and ensure optimal performance
under a variety of circumstances by including
methods to handle unmeasured disturbances in
the controller design.

Unmeasured disturbances are frequently
unavoidable in industrial applications because
of the environment, equipment changes, or
unforeseen circumstances. Ignoring them can
make control techniques unable to adjust and
make up for disruptions, which would
compromise system performance. As a result,
taking into account both measured and
unmeasured disturbances improve system
performance overall, including setpoint
tracking, variability, and disturbance rejection.
This results in enhanced product quality,
decreased downtime, and increased
productivity - all important factors in industrial
settings.

Both sorts of disturbances are taken into
account, which is in line with the robust control
principles, where controllers are built to handle
uncertainties and disturbances that arise in
practical situations. The development of control
techniques that enhance system performance,
adapt to changing circumstances, and offer
solid and dependable control in industrial
applications is supported by this all-
encompassing approach.

It should be noted that the simplicity of
the PID controller is one of its advantages over
other complex controllers but in case of
unmeasured disturbances the system states
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become fluctuating which should be avoided.
Different kinds of applications can be
implemented to reduce disturbance factors such
as using different control approaches. For
instance, feedforward control, cascade control,
designing a controller under robustness
strategies, etc.

To obtain a combined regulatory system,

it is necessary to use two different or similar
regulators. One of them is using two similar
PID controllers and implementing them with
cascade architecture and the second is
implementing a new cascade MPC-PID
controller.
A step function is given to the system to
observe its stability and robustness under
instantaneous changes. If the system stabilizes
itself after a couple of ups and downs it can be
called stable otherwise system should be
considered as unstable. A noise component is
also added to the system to observe its behavior
and pave the way to compare it with a non-
conventional Cascade PID controller.

Principles for Designing a Cascade
Controller with a Predictive Model. It is
known that MPC is a model-based control
strategy that uses predictions to form output
control actions according to a reference. In
Figure 1 the general structure of the MPC is
shown.

] Measured
l Disturbances
References Measured
— | Optimizer Outputs
b —-
I_ Prediction Control
Modd! Moves

MPC

Figure 1 — Structure of MPC

References are given to the system to
maintain predictions of the system's further
behavior and state. It is a feedback control
strategy that is suitable for non-linear

applications due to its inherent characteristics.
In each prediction, the controller compares
predicted values and chooses the optimal
decision. Unlike conventional PID controllers,
MPC is capable of handling Multiple Input
Multiple Output (MIMO) systems which is a
strong tool for handling non-linear MIMO
systems.

N N
J= z wy, (T; — %) + z wy, Au;?
i=1 i=1

In many industrial applications, including
blending, mills, kilns, boilers, and distillation
columns, MPC is a well-established method for
advanced process control. MPC uses a plant
model and optimizer and has different types
such as explicit, adaptive, multistage, non-
linear, and multiple. The main disadvantage of
the MPC technology is that it requires a lot of
computational resources which should be
considered while implementing it into a real
scenario.

For a number of reasons, MPC is
recognized as a highly successful control
approach for industrial applications. First,
MPC considers the system's dynamic
behavior and limitations, enabling the
optimization of control actions over an
extended period. This enables the controller to
foresee issues and deal with them proactively,
ensuring reliable and effective operation.

Second, MPC offers a structured
framework for tackling complicated control
limitations and objectives that are frequently
encountered in industrial operations. It
enables the incorporation of numerous
process factors and optimization standards,
such as setpoint tracking, reducing energy use,
or satisfying product quality requirements.
Due to its adaptability, MPC is a good choice
for a variety of industrial applications where it
is necessary to balance several control
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objectives.

Additionally, MPC has intrinsic
robustness and adaptability. Through its
model-based methodology, it can manage
fluctuations in process dynamics,
nonlinearities, and uncertainties. Using a
precise model of the system, MPC can
forecast how the process will behave in the
future and optimize control measures
accordingly. Because of its versatility, it can
be used for a wide range of industrial
operations  under different  operating
conditions.

MPC is a highly effective control strategy
for a variety of industrial applications due to its
capacity to manage complex systems, optimize
numerous objectives, adapt to fluctuations, and
seamlessly interact with other control
strategies. Its capability to achieve exceptional
control performance in difficult industrial
environments is further enhanced by its
compatibility with multiple regulatory systems.
In many industrial fields where precision
control, optimization, and the fusion of several
control techniques are crucial, MPC-based
combined regulatory systems are used.

Our main goal is to establish the most
accurate, robust, and smooth control actions.
The main working principle of the MPC is
establishing continuous control actions to get as
precise as possible and acquiring the reference
or intended output.

In our case, measured disturbances are
neglected and the reference signal will be a step
signal for simplicity. MPC controller will try to
generate control actions to get the step signal.
However, the system has a noise and this noise
will cause unwanted fluctuation, error, and lags.
To avoid this problem auxiliary PID controller
is added to the system using a cascade
connection. The generated multi-loop system is

not prone to disturbances which would have
devastating effects on the system. The results
can be driven to establish solid understanding
about implementation of MPC and PID
controllers together. Each and every controller
has its own behavior in different situation and
that is the main reason why implementing
combined regulatory systems are complicated.
To prove that combined control systems have
better noise handling capabilities, we compare
the performance of a conventional PID
controller and a cascade PID controller. For
evaluating the performance of the system step
response method is used to get the behavior of
the system under instantaneous changes. In
Figure 2 step response of two different
controllers are given and a general
understanding can be driven that conventional
PID has better settling time and has better peak
value.

However, in case of disturbance
simulations show that the conventional PID
controller is not able to handle disturbance
factor as much as Cascade PID controller.

Even though Cascade PID controller has
longer sampling time and steeper peak value it is
able to handle fluctuation from unmeasured
disturbance.

Model and result of the model show that a
cascade architecture has a great benefit on dealing
with disturbances (Figure 3).

The results of simulation show that if any
change or deviation happens during process it will
be considered and inner or secondary controller will
deal with it. Simple technological process
example for aforementioned simulation is
controlling the temperature with controlling the
flow of fuel of boiler. Temperature controller is
the primary or outer controller and flow
controller is the secondary or inner loop.
Temperature controller gives the set point to
flow controller and it adjusts it via opening and
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closing the valve or some kind of actuator. In
case of deviations in fuel feed/inlet it will

L

directly affect the temperature of the boiler.

Band-Limited
White Noise
tep
J_ »(- PID(s) PID(s) num(s) >
- den(s) > D
S Sdm1 2 Cascade-PID »
Step PID Controller PID Controller1 Transfer Fen1
Scope
- num(s) PID
PID(s) " den(s)
Sdfh3 Sdf5
PID Controller2 Transfer Fen2
Figure 2 — Comparing Cascade PID and conventional PID controller with disturbance factor
Figure 3 — Step response difference of Cascade PID and conventional PID under disturbance factor
Now let's compare the efficiency of track the reference signal with real time

MPC controller and cascade MPC-PID
controller. As it is mentioned before the
efficiency of cascade structure is proven and
shown by means of simulations and controller
models. MPC controller are generally used to
track reference signal which can be produced
by means of CPU or something else. It will

predictions and adaptiveness. In this paper a
reference signal is step signal for simplicity and
MPC tries to track and gives an optimal output.
Figure 4 compares the MPC controller and the
MPC-PID cascade controller under interference
conditions.
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Figure 4 — Comparing MPC controller and Cascade MPC-PID controller under disturbance

Figure 5 shows the output control signal
of MPC which is trained and tuned during
initiation of the controller. As it is shown in the
figure MPC controller increase its value so
smoothly and has really negligible peak value
during stabilization. MPC controller are very
efficient and it can be seen that it reaches
intended value in very short time, or in other
words it hasvery good response time.

Figure 5 — Output of MPC controller with step
signal reference

In Figure 6 show the output control signal
of MPC under disturbance and it can be seen
that it is not very good at handling ups and
downs while controlling the system. Due to a
number of causes, MPC controllers may have
trouble handling unmeasured disturbances.
First, since the consequences of unmeasured

disturbances cannot be directly measured due to
their lack of observability, it is difficult for the
controller to precisely account for their effects.
Additionally, due to their poor adaptation, MPC
controllers may find it difficult to respond fast
to unforeseen or rapidly changing disruptions,
which could hinder their capacity to make the
best decisions possible in the present. After
evaluating the effect disturbance to the MPC
system implementing a PID controller with
cascade structure is considered as an optimal
solution. Figure 7 shows a cascaded MPC-PID
controller, and Figure 8 shows a comparison
between an MPC and a cascaded MPC-PID
controller. For a number of reasons, combining
a cascade PID controller with an MPC
controller can be advantageous. First off, the
PID controller operates on a shorter time scale
than the MPC controller, enabling it to perform
real-time control actions that are speedier and
more sensitive. When dealing with sudden
disruptions or changes in the system, this can
help to alleviate the delays and constraints of
the MPC controller. Second, by continually
modifying the control output based on the
difference between the setpoint and the actual
system output, the PID controller can directly
handle unmeasured disturbances. As a result,
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the PID controller can offer prompt remedial
action, enhancing the MPC controller's
predictive capabilities. Thirdly, by successfully
compensating for modeling mistakes or
differences between the anticipated system
model and the actual dynamics, the PID
controller can increase the robustness of the
overall control system. It can function as a
feedback mechanism that lessens the effects of

Figure 6 — Output of MPC controller under
disturbance

Figure 8 — Comparing MPC and Cascade MPC-PID controller

In order to enable the system to react to
changes in the reference signal fast, the
aggressive tuning strategy gave priority on
decreasing the settling time. But it also caused
more oscillations and overshoot, which may
make the system unstable.

The goal of robust tuning was to
guarantee consistent and dependable system
performance, particularly during turbulent
times. In this method, tuning settings were
chosen to limit susceptibility to parameter

disruptions that are neither modeled or
measured. The control system's dependability
and safety are improved by this redundancy.
Last butnot least, combining a cascade PID
controller with an MPC controller is a well-
known and popular control method that has
benefited from in-depth study, real-world

application, and a wealth of expertise and
experience.

fluctuations ~ while  providing  adequate
disturbance rejection. The simulation findings
showed that, in comparison to aggressive
tuning, robust tuning resulted in a slower
response time. However, it provided improved
stability and reduced the performance effect of
disruptions.

The outcomes of the simulation clearly
demonstrated how important tuning is to the
creation of integrated regulatory systems. The
system's performance and behavior were
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directly impacted by the tuning settings used.
Robust tuning resulted in a longer response
time but offered stability and robustness to
shocks. Response times that were slower or
quicker had an impact on the dynamic behavior
of the system, enabling smoother operation or
quick adaption.

Conclusion

The implementation of the MPC
controller combined with the cascade PID
controller showed excellent performance in
achieving optimum output based on the
reference signal. However, its ability to handle
disturbances was limited. To address this, an
inner control loop with a PID controller was
introduced, providing faster reaction time and
enhanced disturbance handling capabilities.
Overall, the results highlight the potential of
combined regulatory systems, such as the

E.A. Melikov
applications, particularly in technological
processes. The MPC component offers

predictive control and system optimization,
allowing the system to adapt to changing load
requirements and maintain optimal operating
conditions. The MPC component enables
predictive modeling and optimization in
processes that call for precise control of
technological parameters like temperature,
pressure, and composition, facilitating optimal
system control. This makes manufacturing and
quality control efficient. Additionally, the
cascaded MPC-PID controller improves the
system's capacity to tolerate disturbances and
contributes to overall stability, which are
important requirements in these industries.
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