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Abstract: In this paper, a unique overview of intelligent machines and mathematical methods
designed and developed to measure and to control the water level in industrial or laboratory setups
of coupled and cascaded configurations of tanks is made. A systematized and concise overview is
made of the mechatronic systems used in the measurement, identification, and control of the water
level enumerates, the software used in the associated scientific research, modern techniques and
sensors, and mathematical models, as well as analysis and control strategies. The broad overview
of applications of the last decade is finalized by a proposition of a control system that is based on
a parameter estimation of a new experimental setup, an integral dynamic model of the system, a
modern mechatronic machine such as the Watson-Marlow peristaltic pump, the Anderson Negele
sensor of level, the NI cRIO-9074 controller, and LabVIEW virtual instrumentation. The results of
real experimental tests, exploiting a hybrid proportional control, being improved by a numerically
predicted water level, are obtained using a few tools, i.e., the static characteristics, the classical step
response, and a new pyramid-shaped step function of a discontinuous path-following reference input,
being introduced to evaluate the effectiveness and robustness of the regulation of the level height.

Keywords: water level control; automatic system; identification; measurements; experimental setup

1. Introduction

Liquid level control is a dynamic problem that occurs in various branches of the
mining, food, processing, and transport industries, as well as at the level of the vast living
environment of humans and animals, e.g., in tanks built by humans. Thus, the effectiveness
of automatic control systems affects not only the functioning of devices and processes
managed by man, but also the quality of life in an environment controlled by humans.
The subject matter of this work is constantly developed due to new measurement tools
and more efficient microcomputers, the performance and programming methods of which
are evolving very quickly. Concepts include, for example, projects based on the wireless
observation of dynamic phenomena, and the monitoring of production lines. In connection
with the above—the constant development of methods of producing and storing liquids,
it is necessary to transfer the already existing methods of controlling dynamic processes,
and to improve and to embed them into new programming environments using modern
programming techniques involving more advanced control algorithms, based on numerical
models imitating the real state of the tested object.

Thus, the objective of the work is to make an extensive, but a concise and unique
overview of the intelligent machines and mathematical methods that have been designed
and developed to measure and control the water level in various configurations of tanks.
The up-to-date overview will be split into a few sections devoted to the main parts of most
designs, including computer software, mechatronics hardware, mathematical modeling
and some strategies of control of liquid level in a single-, two-, or even multi-tank systems.
Next, we present a real laboratory test setup in which modern mechatronic hardware
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is implemented and equipped with an automatic hybrid control system. The obtained
system allows for the introduction of a numerical model and the prediction of the actual
water level, increasing the accuracy of the regulation process. We subject the proposed
system to two tests, where one of them engages a new pyramid-shaped step function—a
discontinuous path reference input.

We organize the remaining part of the manuscript as follows: Section 2 describes the
software used in the scientific research of liquid level control systems. Then, Section 3 covers
modern techniques, hardware implementations, and sensors for water level measurements.
Later on, the mathematical modeling of a single-, two- and multi-tank dynamical systems
are formalized in Section 4, which are gained via a state-of-the-art analysis of the model
and control strategies described in Section 5. At the end, Section 6 presents the results of
our experimental attempts upon the proposed system of control that has been embedded
in a configuration of the National Instruments (NI) hardware platform.

2. Software in the Research of Liquid Level Control Systems

There are many possibilities of numerical coding in the realization of virtual or real
systems of liquid level control. One can simulate such models in any programming lan-
guage, or even in MS Excel. The hardware side that is represented by microcontrollers
(microprocessor units [1]) creates the logic unit that is able to compute the controlling
output accordingly to the prescribed algorithm, operating on inputs coming from the SISO
or MIMO object of control. Programs on microcontrollers are installed in on-chip memory.
We use processing compiling machines to transfer the codes of a high-level languages into a
code that is understood by the machine. Then, it is stored in the appropriate electronic units
managed with the memory. We can process it in a few ways. It can be pre-programmed,
obtaining a status of a read-only memory, it can be treated as a flash memory, being a field-
alterable one, or even like the reconfigurable field-programmable gate array of embedded
systems, of which a very modern approach represented by the LabVIEW environment is
considered later in our work. It is mostly coded with the use of C, FORTRAN, or Pascal lan-
guages, which stand for some examples of high-level languages (HLL), and also very HLL
(VHLL) languages such as Perl, Ruby, Visual Basic, and Python. Usually, engineers try to
look for an easier representation of control schemes. Therefore, mostly MATLAB/Simulink
and LabVIEW, or rarely, Scilab/Xcos environments with a visual interface in a block dia-
gram form, as well as JavaScript and C++, support their investigations. Before we present
and describe our block diagram, let the following applications be enumerated.

2.1. MATLAB/Simulink Environment

A mathematical model of a liquid level in a tank of varying size is derived in [2].
According to some proportional-integral-derivative (PID) parameters, the model was
simulated with the use of Simulink software.

Since any tank system is inherently nonlinear in a wide range of process variables,
the PID controllers are generally noticed not to be efficient in tracking control on a wider
range of water level. Therefore, many papers analyze the effectiveness of the regulation of
the liquid level height using the fuzzy logic (FL) approach. In one of them, see [3], the con-
troller of a fuzzy type is applied in a mathematical model implemented in Simulink—a
fronted tool for the visualization of block diagrams under the umbrella of MATLAB soft-
ware. The most interesting aspect is that the controller has been programmed in an
embedded system equipped with an ARM microprocessor on Arduino. The development
board serves as the system of sensor data acquisition from the Festo didactic tank system.
A generator of PWM—pulse width modulated signal, controls the volumetric outflow of
the water pump.

From modeling and simulating the level control in a water tank, the FL approach
has been considered [4] by Omijeh et al. In order to successfully achieve the design and
simulation of a FL-based controller that will provide a stabilized output response, the Fuzzy
Logic Toolbox package of MATLAB and the Simulink environment are implemented.
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In paper [5], the identification of a water level system using an FL inference system
with the adaptation of the network for the modeling and control of this object is proposed
by Turki et al. The model and its control have been performed in MATLAB/Simulink,
where the numerical and real models have been compared. In the study continued in [6],
the authors tuned the Takagi-Sugeno (T-S) neuro-fuzzy liquid level control system using
PSO—Particle Swarm Optimization.

The proportional and PI regulation of the water level in a tank was presented in [7].
The authors performed a modification of exact linearization, which was based both on an
unknown model dynamics, as well as on an integral action, stating a nonlinear observer
of disturbance. As in previously mentioned cases, the system was visualized as a block
diagram and simulated in Simulink.

The teaching of advanced control topics using a nonlinear MIMO—multiple-input
and multiple-output system of a three-tank model was studied in [8] by Rosinova et al.

The work by [9] is worth attention. The authors analyze the problem of control design
with an observer of the state of a four-tank water level CTS. A simulink supported with
some real-time libraries available in a host environment was successively used to build a
real-time control loop, dealing with the control and observation of the states of the CTS.
One may note the crucial serviceableness of MATLAB/Simulink, and also other packages
such as LabVIEW and Scilab/Xcos, that is, the experimental validation. Being applied in
simulations after the implementation of control laws, the structured graphical interface is
user friendly, and in most cases, much more intuitive for engineers than any written code.
A C++ program from the Simulink model is built using a real-time workshop using Keil
µVision to produce a program for the direct execution on the CPU. A real-time Windows
target module connects to the program with the designed controller implemented, and also
physically interfaces with the CTS via a microcontroller board.

The work [10] deals with an efficient controller, utilizing a quadratic programming
approach in a multi-dimensional parameter space applied to a quadruple-tank system (a
process). The nonlinear 4-CTS is modeled using a transfer function of the Laplace variable,
while the performance of its control system is evaluated based on the Simulink process
model as well.

Analytic and experimental investigations under the FOPI—fractional-order PI con-
troller designed in the frequency domain, are presented in [11]. The controller is referenced
to a few traditional controllers, either PI or PID, with two or three degrees of freedom,
proving its superiority over the controllers with the same type of control loop. The level
sensor’s outputs are made available on a PC inside Simulink through an interfacing card.
The frequency domain approach used in the design to elaborate the closed-loop transfer
function for the FOPI and its concurrent controllers is achievable in MATLAB with the use
of an environment-integrated SISO tool.

The control algorithms of many variables forcing the maintenance of the desired
levels of the closed- and open-loop 2-CTS are taken into consideration in [12]. A Simulink
simulation equipped with the dedicated MATLAB functions served as the programming
environment of the system.

In the context of automotive (not stationary) fuel tanks, a few architectures of NN—Neural
Networks are investigated using MATLAB in [13] by Terzic et al. The networks were trained
using the training function trainlm, the frequency coefficients of which were obtained in a
preliminary processing with the data using the FFT function.

MATLAB can be used to validate the efficiency of the intelligent FL controller of the
second type, as was shown in [14], on the basis of level control in a hybrid 3-tank system.

The model prediction approach marks an important direction in the control and
identification of many dynamical systems, such as that mentioned in this work. The control
of nonlinear MIMO dynamical systems oriented on the regulation of water level with the
use of the PID or RK-PID—Runge–Kutta PID controller in a discretized form is proposed
in [15]. Real-time control platforms operated from Matlab and Simulink have been applied
to build highly effective and fast numerical procedures of the regulation of water level.
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In [16], a NN-based controller is verified on the background of a water-tank Simulink
model using mathematical modeling and control of the object of control in RT—real time.
A good degree of accuracy of tracking for the reference water level for all set-points was
noticed, being maintained by the designed control system.

A typical existence of a weakly nonlinear behavior is reported in [17] in a laboratory
setup created by water tanks arranged in a cascade configuration. Soft and hard nonlineari-
ties that were combined in the configuration were identified based on relatively short-term
records of measurement data. MATLAB was used in the setup to identify the controller of
the water levels based on the sensor and the pump being interfaced by analog-to-digital
and digital-to-analog converters (ADC and DAC).

The dynamic patterns observed in the response of control genetic circuits are often
modeled using the Hill function. One notes that authors of the work [18] applied an integral
Hill controller to regulate the level of a conical tank. Good performance was proven after
a comparison of the controller with the PI and PID controllers of various kinds tuned in
MATLAB CT with the use of the Ziegler–Nichols experimental method. Another attempt
for a basic design of a PID controller tuned online in using by the GA—genetic algorithm
applied to the water level single-tank-reservoir system is shown in [19].

A T-S type FL controller with a PLC—logically programmable controller is used in [20]
to regulate the levels in the tanks. The optimization of the parameters of the very popular
FL controller was performed using the Cuckoo optimization algorithm, where MATLAB
served to tune the optimal parameters of the membership functions, since a simulation of
control of the liquid level was carried out in Simulink. Worth noticing is the PLC-based
water level control performed in [21]. Although the presented results do not fully exhibit
the effectiveness of the proposed application, an interesting hardware of a closed loop has
been used.

MATLAB toolboxes are very useful. As a subsequent example, the toolbox for solving
LMIs—linear matrix inequalities, can be employed in order to deal with many problems of
semidefinite programming. The authors of [22] implemented it to satisfy the robustness of
a model-predictive control, called the MPC method. The most important challenge usually
lies in the uncertainty of the model. Realizing this feature, an additional time delay was
injected into the control procedure coded in MATLAB.

The article [23] presents an analysis of three classical PID algorithms, i.e., the linear,
fuzzy, and NN controllers. The efficiency of the tested control procedures was assessed
using the dedicated laboratory setup, involving a cascade of two tanks and a reservoir.
Implementations of control algorithms have found their realization in MATLAB/Simulink,
communicating with the Advantech card PCI-1710.

Let us now conclude Section 2.2. The presence of MATLAB/Simulink in research
oriented on the intelligent interfacing of hardware with the described experimental setups
of many realizations of CTS is still very strong. Moreover, its scope of computational appli-
cability, together with interactions with measurement hardware that fit to the software’s
libraries and toolboxes, as well as to the embedded systems of many producers, signifi-
cantly increases. Scientists and control engineers like its simplicity, the rapid prototyping
of block diagrams, and its reliability, because they do not need to deeply specialize in
programming languages and the usage of libraries necessary to connect any measurement
cards or microcomputers to their test setups. The applications and exploitation of the
environment with its developing tools, supporting many engineers, will grow in time,
being still a competitive one for the quickly developing and industrially oriented LabVIEW
environment described in the following subsection.

2.2. LabVIEW Virtual Instruments

One of the fast-growing programming platforms is LabVIEW—a system that integrates
the creation of front panels and virtual instruments, saved as separate files belonging to
larger computing projects. The advantage of this environment is ensured by, among others,
multi-node processes and a graphical representation of the numerical code compiled into
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an executable program communicating with measuring devices. The software includes
many possibilities for defining problems and their representation using block diagram,
Stacked Sequence Structure, MathScript nodes, MATLAB or Python, and many others.
The HMI user interface is event-driven, and allows for a visualization of the variables
associated with different displays of values [24].

The software in question appears to be complete, as it provides: (i) the visualization
of components; (ii) the testing of various control strategies; (iii) the obtaining of data; and
(iv) communication with various electronic devices.

The implementation of a digital PI controller for a CTS focused on water level control is
carried out in [25] by Bastida et al. The model parameters were identified using sinusoidal
signals of different frequencies. This made it possible to draw a Bode plot to design a
digital controller in LabVIEW. The controller can send small gains, allowing for the flexible
adjustment of overshoot and the rising time.

The implementation of FL and PID controllers developed in the LabVIEW environment
to solve the problem of water level control was completed in [26]. The traditional PID
algorithm was implemented and tested to correct the steady error, and then FL controllers
with higher efficiency and stability were studied. The following results were obtained:
the elimination of overshoot, better tracking of the set-point, and as a result, a shorter
time of determining the system response, with smaller errors computed on the basis of the
integral criterion.

Another FL controller, together with its input/output membership functions has been
implemented in LabVIEW in [27], using the very useful Control and Simulation Toolbox. It
is the basic tool of control engineers practicing with numerical simulations performed in
the environment. A closed-loop block diagram considers the nonlinear spherical tank level
control process, level transmitter, I/V and V/I converter, NI USB DAQ 6001, a pneumatic
control valve, and a rotameter. The designed FL controller covers the entire range of the
spherical tank level height, while a deviation of process variable to the set-point in the
steady state is estimated to be less than ±2%.

Remote access for an experimental water level control in a 2-CTS with the support of
the LabVIEW Smartphone Communication Toolkit is realized in [28]. The output of a PID
regulator has been fuzzified using a particular logic written in a MathScript node for some
configurations of solenoid valves that have maintained the two reference levels of water.

A water clarity and volume monitoring system of a tank was a subject of an experimen-
tal work [29]. Dealing with the detection of water level, the authors implemented a sensor
of ultrasonic waves (RF04), since dealing with detection of water clarity, they employed a
sensor of turbidity, which was controlled by NI myRIO-1900. An automatic relay module
(a terminal), being a part of the NI controller, was introduced in the water-tank system and
integrated with a LabVIEW running on a PC acting as an HMI. As is often observed, also
in this work, a remote monitoring system has been realized in a local Wi-Fi network.

The work conducted in [30] is devoted to an application of the control software for
a multipurpose tank system, and also to the development of the inspection techniques to
teach the fundamentals of monitoring systems and control engineering. In this case of an
experimental study, the flexibility and high level specifications of LabVIEW decided to
select it as the monitoring interface, since the main control tasks have been assigned to
industrial controllers. The LabVIEW interface operating as an acquisition system, namely
the supervisory control and the data acquisition (SCADA system), allowed one to remotely
regulate the level height and monitor the process from the PC.

Usage of LabVIEW for data acquisition (DAQ), user interfacing, and process moni-
toring was required in [31] during the experimental works under a level sensor based on
the bending of an optic fiber Bragg grating—the so-called FBG. One observes a similar
application of the software in [32] to obtain and process with experimental measurements
of water level, for instance, while building a cross-correlation algorithm, where another
water level optical sensor, being designated for large range measurements and connected
to an instrument integrating optical sensing, has been developed.
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Digital displays that inform drivers of automotive vehicles about fuel consumption
and the distance that they can travel before a next fueling incorporate practical fluid level
measurement systems. One of them, permitting an accurate determination of the fluid level
in a dynamic environment, is described in [33]. Older solutions of such measurements
preferred mechanical mechanisms, since in the very new ones, an ultrasonic sensor of water
level is adopted. In the mentioned experiment, it generates a voltage signal that is acquired
by a card of signal acquisition communicating with the LabVIEW software.

The data flow model offered by the LabVIEW graphical programming idea is used
in [34] to program the Arduino UNO microcontroller (a development board). It stands for
an interface between the components of the electronic circuits and the software. The board
operating based on the LabVIEW program detects the level using ultrasonic sensors, as well
as controlling the relay circuit at any predefined water level limit values.

We may note that usage of front panels is a common practice of many applications of
the software, since its use for signal conditioning is still not fully explored and developed.
Therefore, a fact worth noticing is that in the simulation diagram, the authors applied a
LabVIEW flat sequence structure to command the relay circuit, turning the water pump off,
as well as building a special virtual instrument to acquire data from the ultrasonic sensor.

Finally, let us mention some investigations completed in [35], where a new NMPC—
nonlinear model-predictive controller, working in RT, to regulate a multi-degrees-of-
freedom CTS, is elaborated. The researchers applied a DAQ device NI-6009 coupled
with LabVIEW to acquire streams of data (a multi-input control of levels in both tanks)
from sensors in RT.

This subsection brings some interesting conclusions. The LabVIEW environment
proved its high usefulness as the well-integrated development tool, supporting the obser-
vation, measurement, signal conditioning, numerical simulation, detection, and control of
water level in CTS. Its field of application expands very quickly due to the completeness,
reliability, and also ability to various reconfigurations of the user interface, real-time opera-
tions, integrated packages of measurement devices, continuous development, and growing
popularity within the engineers. Having this in mind, the authors of this paper decided to
interface their experimental test setup with the LabVIEW environment and NI hardware.
This intelligent realization of the mechatronic system is briefly described in Section 6.

2.3. Other Programming Environments and Languages

The main objective of the study carried out in [36] by Alvaro et al. is to regulate
the level of water in a system of tanks using Xcos software. As usual, the mathematical
modeling of the dynamic response of each tank is based on the mass conservation equations.
At a later stage, the identification of the control variables and disturbing factors was
carried out.

The work [37] deals with a wireless MPC of a water level control system (see also [29]
for a wireless application). With respect to the mostly existing saturation limits, the objec-
tives of the control target the maintenance of water level around the reference set-point
values. A wireless mode control algorithm oriented on that aspect is implemented using
C++ language.

Program design in the IDE—integrated development environment using C language
on an Arduino Mega 50 pin I/O microcontroller has been carried out in [38]. The presented
research aimed to design a trainer simulator of the water level measurement using the
microcontroller integrated with HMI. See also [29] for another exemplary exploitation of
the HMI working as a monitoring tool.

The paper [39] presents an innovative approach for carrying out automated experi-
ments, expressing an idea of a VL—a virtual laboratory. VLs for some educational purposes,
studying the water-tank system, are developed and executed using the experiment editor
elaborated in Java-based VLs created with the use of Easy Java/JavaScript simulations.
The presented IDE is open for data gathering from the tasks subjected to an automation
and statistical analysis.
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To sum up Section 2, MATLAB/Simulink and LabVIEW are the most commonly
exploited environments in the modeling of dynamical systems conjugated with the design
of virtually realized control systems, which are connected with real tests or industrial
setups subjected to many kinds of theoretical analyses and control strategies. Next to the
mentioned rapid prototyping packages, there exist in the branch of applied mechanics
and mechatronics, the Scilab/Xcos environment, which is slowly growing in popularity,
and also some general purpose programming languages such as C++ or Java, allowing
for the creation of highly customizable programs. Many simulations or programming
environments are not described by the authors of scientific works, since they do not decide
to mention the tools that they use in their investigations. Nevertheless, the overview reveals
many possibilities and areas of application of the inspected software.

3. Modern Techniques, Machines, and Sensor Solutions for Water Level Measurements

Real applications reveal many methods for measuring and regulating the liquid level.
The measurement techniques must meet the requirements of modern technological pro-
cesses. The real-time measurement of the water level is possible, e.g., with gauge pressure
transducers. The use of mechanical measuring devices such as differential pressure sensors
and level gauges based on a hydrostatic measuring method, and capacitive sensors or opti-
cal grating are often selected [5,40–43]. On the other hand, non-contact measurement tech-
niques without electrical connections inside tanks are being developed [32,33]. However,
this approach is not effective in controlling chemical reactions in liquid tanks. For example,
to remedy this, measurement techniques based on image acquisition conducted in [44] (see
also a review [45] with references) have emerged that have proven their high resolution
stability at low cost. In the following chapters, we highlight new developments in the field
of capacitive, visual, fiber-optic, and ultrasonic tank fill level detection.

3.1. Capacitive-Type Sensing

There are not many state-of-the-art reviews and evaluations of the performances of
low cost measurements in the tank systems. One of them is reported in [46], where a short
inspection of the techniques for the sensing of liquid level is performed. The study shows
that the idea of measurements at very decreased costs of the software and hardware (overall
equipment) is relatively poorly explored. In a drawn conclusion, special high-cost equip-
ment is required for the conditioning of electric signals and processing with the acquired
data generated by various sensors of level. On the background of a few solutions of sensor
designs (for instance, see the capacitive-type sensing mentioned in [47–49]), the authors
boldly proposed a sensor made of three-layer polyethylene tubes. The sensor, consisting of
two insulating materials and a metal material between them, is made concentrically with
slightly differing diameters of cross-sections of the tubes. Vertical placement of the two
tubes permits stable measurement, as well as protecting the sensor from the troublesome
noise of parasitic capacitance. A particular description that is devoted to the high accuracy
measurement of capacitance of the sensor and an interesting circuit for signal conditioning
with operational amplifiers is presented. After a careful demonstration of the performance,
the elaborated capacitive water level monitoring has revealed a quality that is comparable
to the very popular ultrasonic techniques of sensing.

A non-contacting device of a capacitive principle of operation, which is proposed for
water level detection, is fabricated from two copper plates, as described in [50]. The sensor
is characterized by a high impedance (at low frequency) that results from the impedance
expression for the capacitor. The solution can find an application for the quantification of
water level from electric characteristics, which is in inverse proportion to the impedance
of the sensor (the dielectric constant between the two plates is proportional to the height
of level). The conditioning of the signal is made on the way of linearization, inverted
amplification, and the usage of rectifying circuits. As a result, a relationship between the
capacitance, the water level, and the output voltage is delivered.
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A water level measurement of a different kind using an digital capacitive sensor, inte-
grating two interpenetrating comb electrodes at low costs, and the consumption of energy,
good linearity, and repeatability can be found in [51]. The spacing between each comb elec-
trode causes variations in the capacitance at changes of water level. The capacitance of the
comb electrodes in terms of the time of discharge related to the measured level is estimated
using a microcontroller. The presented technique does not need re-calibration, since the
sensor can deal with the absolute measurement of water levels at a resolution of 0.2 cm,
and in the 30 cm range. The paper contains a deeper literature overview devoted to other
capacitive sensors for liquids, as well as to contrary techniques, such as TDR monitoring,
FBG embedded in cantilever, fiber optic sensors of the liquid level, and Fabry-Pérot and
FBG pressure sensors.

Let us conclude this part. Capacitive sensing devices are the relatively simple low-cost
sensors characterized by small dimensions and the low consumption of power at non-
complicated manufacturability. Despite the above, the use of capacitive transducers is
limited. Being the proximity sensors, they are not effective in dusty and chemical industries,
because their responses are subject to significant variations in the presence of pollution and
aggressive media. Image-based, optical, or ultrasonic sensing, described in next section,
can overcome many of these problems.

3.2. Image-Based and Optical Sensing

An opto-fluidic sensor for the measurement of liquid level has been demonstrated
in [52]. For the first time, the authors presented an ECVFL—an electronically controlled
variable focus lens that changes the profile of the spatial intensity of the optical beam
falling on the liquid surface, and simultaneously conserving low power requirements.
The surface of the liquid reflected an intensity profile for reaching its smallest size, while by
tuning and measuring, the liquid level was estimated according to the size of a beam spot
varying versus the calibration table of ECVFL focal length. In opposition to the mentioned
ultrasonic sensors, this non-contact sensor, utilizing a non-modulated radio frequency, is
useful for hazardous fluids. Focusing our attention on the reviewing perspective, many
references have been provided to the non-contact level sensing techniques using computer
vision, optical radars, or optical fibers.

Mainly with regard to new numerical achievements in image recognition and the
appearance of low-cost industrial cameras, the measurement of fill levels in miscellaneous
water tank systems, including the monitoring of their physical status using recorded
images of the object of control, develops very quickly. One of such attempts, presenting an
innovatory measuring system based on image recognition, is proposed in [53]. Above the
tank with liquid, the authors installed a digital camera and found a relation of the pixel
counts of liquid float in the image to the distance, at which the pictures were taken. It
was shown that during the monitoring of the process in the tank, the author system
could precisely measure the level using the recorded images. One can also read in the
mentioned references about several competitive solutions. Other high precision automatic
measurement based on processing with images can be found in [54], including fiber-optic
liquid level sensors in [43,55,56].

Next to the above small-scale applications, many environmental solutions of civil
engineering do exist in surveillance cameras [57], which make single-camera images,
providing the field monitoring of the water level at rivers and hydraulic facilities.

3.3. Ultrasonic Sensing

These kinds of sensors are widely employed, being installed above the process tanks.
They are simple and safe for use. Moreover, the guided ultrasound sensors can be operated
robustly for a long time. None of the sensor elements come into contact with the liquid;
therefore, it can be used in many applications, including aggressive media. Moisture,
temperature, and pressure have some impact on the accuracy of measurements performed
with the use of these sensors.
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For instance, in [58], the sensor’s speaker emits high-frequency 40 kHz acoustic
waves that reflect against the fluid’s surface and that return back to the transducer’s
sound receiver (a microphone). The electronics measures the time of transition of the
reflected signal to determine the height of the liquid level. An ultrasonic sound wave
is emitted in 200 µs of time and in the frequency of 40 kHz. Propagating at the speeds
of 1/29.034 cm/µs, the sound wave detects the level surface at some height, and then it
reflects back to the ping sensor, which generates a pulse while waiting for the reflected
wave. The sensor’s generation of pulses stops when the reflected sound is detected. This
way, the distance between the sensor and liquid surface can be seen in terms of a changing
width of the waiting-state pulses. Finally, the microcontroller is able to measure the width
of the generated pulses and convert them into the distance. The applications of such
intelligent sensors for the purpose of detection of water level can be extended on a wireless
communication, in which the data are collected remotely.

An interesting solution exploiting the ultrasonic transducer and the wave guide rod is
demonstrated in [59]. The level of the liquid is mainly proportional to the time of traveling
of the wedge wave. The so-called interface echo method is described by a 0.39 mm of deviation
at the 0.12 mm level of uncertainty, which is smaller than the industry standards. There
was an electric noise observed, such as the variation of the water level (due to variations in
the liquid surface) and the droplets of water, having not so much effect on the accuracy of
the contactless measurement. In practice, sufficient accuracy and high resolution at a low
cost and high safety have been reported by inventors of the sensing method.

Another measurement technique of an accurate sensing of water level, finding its ap-
plication in dynamic environments, is mentioned in Section 2.2 [33], since many more, using
the physical mechanism of the acoustic wave propagation is shown in the paper [59]. Other
applications of an ultrasonic sensor, and cooperation with Arduino UNO and LabVIEW
software, are performed in [34].

To sum up Section 3, we have performed a short inspection of the sensors and their
associated hardware environment applied to the measurement of water level. Each of the
techniques enumerated in Sections 3.1–3.3 have their own special destination, the features
of which are used in some dedicated or more general realizations of fill level detection and
and monitoring. We referred this part of our overview only to the newest achievements in
sensing and processing with the physical signals, such as mechanical, electrical, optical, or
even visual ones. Their common feature is distinguishable in the exploitation of modern
materials and electrical engineering. For instance, miniaturization reflected on the micro-
controller boards allows for the embedding of more or less sophisticated mathematical
algorithms, e.g., performing geometrical or analytic computations on the data collected
by the sensors in electric form. The very expanding use of the microcomputers makes the
mechatronic measurement systems more intelligent, allowing much more complex mathe-
matical transformations to be realized, including simple calculus, estimation, prediction,
numerical integration, etc. Some of the most important ones are studied in the next section.

4. Mathematical Modeling

Typically, the mathematical modeling of a single tank is straightforward, although the
models of any coupled or cascaded tank systems are nonlinear due to the series connection
of the individual tanks. In both cases, nonlinearities are transferred via the dynamic
response of valves, pumps, and sometimes sensors. The derivation of the models is based
on the mass or volume flow balance (or mass or volume conservation) equation, estimation
of flow resistance on contraction lines, the Bernoulli continuity equation, and valve inlets
and outlets, while less often on tank geometry. It is also based on estimating the efficiency
of the water source if the height of the water in a tank placed in a gravity field is higher
than the height of the water tank. A single tank or a system of tanks can be understood
as complex lines of inertial, most often gravitational, flow of media filling them. They are
modeled as single integral automation elements or as multiple integral elements arranged
in series when two or more cascaded tanks are considered.
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This section begins from the enumeration of a tank system configurations designed
and explored in state-of-the-art engineering research and educational applications. Then,
some mathematical models embracing the most popular ones are delivered.

We have selected an up-to-date literature by splitting our study into three cases
differing in complexity for the object of control:

1. A single-tank dynamical system (eventually, equipped with a reservoir—a basin of
water), which is investigated in [39,60,61] (state-space approach, PI, PID), [22,37]
(state-space representation in a discrete form), [2,7,19,26,62,63] (transfer function
approach), [3,5,6,26,62–65] (FL, PSO), [22,37] (predictive control), [18,20,27] (geometry-
varying tank: conical and spherical) and others [34,46];

2. A coupled or cascaded two-tank dynamical system, which is investigated in [17,66–69]
(state-space approach, PI, PID), [11,12,23,25,30,36] (transfer function approach), [35,70,71]
(FL, PSO, NN), [72] (autoregressive model), [73] (multidimensional regularization), [74]
(model-predictive control of a geometry-varying conical tank), and [75,76] (SMC);

3. A coupled or cascaded dynamical system consisting of many tanks, which is inves-
tigated in [8,15,68,77–82] (state-space approach, PI, PID), [10,30,80] (transfer func-
tion approach), [14,16] (FL, NN), [9,10,15,78,83] (model-based or model-predictive
control, state predictor), [8,16,79] (geometry-varying tank), [77,84] (SMC), and [80]
(dead-time).

4.1. The Single-Tank Dynamical System

A schematic representation of a known model of the physical water level control
process based on a single outlet and controlled inlet of a tank is shown in Figure 1a,b
(taking into account the varying cross-section).

(a) (b)

Figure 1. Control techniques of the most basic single-tank level process. (a) Controlled inflow.
(b) Input controlled geometry-varying tank.

Let the inflow to the tank change, as shown in the Figure 1a. Assuming that, in the
steady state of the linear dynamic process, the inflow to the tank is regulated by a propor-
tional regulator, and the flow will depend on the inflow pressure [60]. The mathematical
notation can be given in a linear form by connecting the flow regulator in series with the
water level regulator.

The assumed balance of the water mass in the tank allows us to write the first-order
differential equation

Aρ
dh(t)

dt
= q̃in(t)− q̃out(t), (1)

where the level height is denoted by h, q̃in is the rate of mass flow to the tank (a mass
inflow rate), q̃out is the rate of gravitational or forced mass flow of discharge (mass outflow
rate), A—constant cross-section area of tank, ρ—density of liquid, and the time derivative
d(·)/dt ≡ ˙(·) is the rate of level changes in time. At an assumption of incompressibility of
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the liquid, the model given by Equation (1) can be rewritten in terms of volume conservation
in the tank, using the system of state-space equations:

ḣ(t) =
1

Aρ
(qin(t)− qout(t)) with h(0) = h0,

y(t) = h(t).
(2)

The rate of volume flow that discharges the tank (volumetric outflow rate) is denoted
by qout, since qin is the rate of volume flow charging the tank (volumetric inflow rate).

The model introduced in Equation (2) is often practiced in the control of water level
only. While operating with chemical reactors, the model in Equation (1) is most frequently
used. Both equations in the system (2), i.e., the ordinary differential one at the initial
condition h0 = h(t)|t=0 and the second algebraic one, denoting the output equation, create
the basic state-space representation of the dynamical water-tank model. It is often observed
in the literature that the mathematical models disregard the initial condition. Moreover,
the models (1) and (2) differ in physical quantities, in which the dimensional solution is
calculated; that is, kg/s and m3/s, respectively. The SI system of measurement units is
assumed in both cases, as summarized in [85].

Equation (2) exhibits the simplest possible mathematical model in the state-space
approach used in the tank water level control problem with an inflow and outflow, where
one or both flows can be subjected to a continuous or switching form of regulation. Similar
models can be found in [60,61].

A slightly different description is presented in [39]. The model (2) can be expanded to
a nonlinear form, if the volumetric outflow reads

qout(t) = a
√

2gh(t) = α
√

h(t), (3)

where: a—the output orifice area (or area of the flow measured perpendicularly to its
streamlines), and g—the gravity acceleration at sea level. According to [75], the constant
term α = a

√
2g is known as an admittance coefficient.

Some assumptions have to be made for the theoretical analysis of discharge due to
complex fluid behavior around orifices, gates, and weirs. With respect to that, we can
assume that the pressure is zero at the gate opening, and Equation (3) for a discharge is
valid. From other side, the pressure is not exactly zero at the gate, so a non-dimensional
discharge coefficient Cd is to be defined, providing the term C = aCd, instead of a in
Equation (3). For example, the derivation of the dimensionless discharge coefficient for a
valve (a part of the hydraulic armature) can be found in [3].

The linearization of a nonlinear model in the modeling and control of either single-
or multi-tank systems is a common engineering practice, when maintenance of the level
height at a particular set-point reference value or function (continuous or piecewise linear)
comes into consideration. In such case, the procedure linearizing the considered nonlinear
models (2) and (3) near the operating point (h, qin)o = (h(t), qin(t))|t→∞ is applied with
the use of the Taylor series expansion; see the derivation in [39]. Therefore, the nonlinear
mathematical model (2) can be approximately expressed by the linear dynamical model of
first-order as it follows:

ξ
dh̄(t)

dt
+ h̄(t) = µq̄in(t). (4)

In Equation (4), we assume ξ = A/a
√

2ho/g, µ = ξ/A, h̄ = h− ho, and qin = q− qo.
The model of local dynamics is valid only in the close neighborhood of the operating point
(h, qin)o. A linearized single-tank model is found also in [2,18] (e.g., numerically estimated
using the trim and linmod functions of MATLAB) or [37], where the volumetric outflow in
the nonlinear model is initially equal to α

√
h(t); see Equation (3).

When a geometry-varying tank is modeled (see the physical model shown in Figure 1b),
then the constant area A in Equation (1) becomes dependent on height, i.e., A = A(h),
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being indirectly dependent on the process time. For example, such a single-tank model of
the h-dependent area is studied in [20] using Equation (2).

Some papers, e.g., [22,37] address a model description in the discrete state-space,
where the state is represented by the height of the water level. Such an approach is not
so frequently practiced, since it may be very much desired in the real process of data
acquisition. When the acquisition is realized with the use of the A/D signal converter
supervised by a microprocessor unit, then the sampling time (a discretization interval)
should be adapted to the sampling time of the water level sensor readings. In a result,
a discretized measurement series (known as tabular data) is acquired. In most cases of
industrial applications with some electrically realized measurement loops, the output of
the water level sensors is often set to 0–20 mA or 0–10 V, even if the hydraulic pressure,
sound wave length, electric capacity, resistance, or another physical quantity is measured.

In the work [22], a three-phase induction machine drives a pump that transfers water
from the reservoir to the process tank, analogous to Figure 1a. The liquid leaves the tank
through a bottom valve. A sensor of differential pressure is used to measure the level in the
tank. For instance, the values of the control input u (proportional to the volumetric inflow
qin) and the process variable h have been normalized to be in the range 0–100%. Adequately,
the height h of the level was normalized to 0–70 cm. The dynamical model of interest was
found from the step responses of the open-loop control system via a linearization around
the equilibrium point (u, h)0 = (65, 30)%; see the linearized model (3). Setting the sampling
time ts = 5 s, the resulting discrete one-dimensional system is proposed

h̄(k + 1) = h̄(k) + ηū(k− 1). (5)

In Equation (5), the value of η = 0.0865 depends on ts, and also on the operating point
selected in linearization; the pair (h̄(k), ū(k)) is defined as deviations of h and u from the
equilibrium values (h, u)o, respectively; the (k + 1)-sample represents a new value, while
the (k− 1)-sample stands for the previous one, which is delayed in time by ts with respect
to the current reading k, and also:

h̄(k) = h(k)− ho, ū(k) = u(k)− uo. (6)

One should note that the one-sample delay in Equation (5) comes from the relation
between the actuator’s command and the inflow of water to the tank. Similar applications
utilizing the voltage regulation of a DC machine driven pump with a derivation of the
discrete mathematical model is carried out in [37].

The basic time-dependent state-space representation of the object of control is useful,
even in single-tank first-order dynamic models. Its usability is still unquestionable when
the modeling of nonlinear dynamics is investigated. The simple single-tank water level
system with a resistance at the flow’s output is nonlinear as well. Linearization brings a
new mathematical model that is valid only locally. This kind of modeling is concurrent
with the popular transfer function approach [2,19,26,62,63].

According to a pressure drop ∆p in the flow of liquid flowing through pipes or valves,
the mass outflow rate q̃out in Equation (1) can be determined on the distance between the
outlet and inlet to the tank. In the regime of the laminar flow of the resistance R, we write

q̃out =
∆p
Rl

, (7)

where Rl = R, since for the turbulent flow,

q̃out =

√
∆p

Rt
, (8)

where Rt =
√

R, but for equal air pressures at the inlet and outlet ∆p = ρgh.
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We focus our investigations on a laminar flow of water through the hydraulic armature
of the laboratory test setup presented in Section 6. Therefore, according to Equation (7),
Equation (1) can be given as follows

Aρ
dh(t)

dt
+

ρg
Rl

h(t) = q̃in(t), (9)

where the multiplication of both sides by ki = Rl/(ρg) at T = ARl/g yields

T
dh(t)

dt
+ h(t) = ki q̃in(t). (10)

The Laplace transformation of Equation (9) at the initial condition h(0) = 0 brings the
model of the first-order inertial system in s-domain, i.e.,

TsH(s) + H(s) = kiQ̃in(s). (11)

A subsequent mathematical model can be deduced from Equation (10) as the transfer
function Giner between the output H and the input Q̃in, i.e.,

Giner(s) =
H(s)

Q̃in(s)
=

ki
Ts + 1

. (12)

To introduce a time delay of the actual dynamical state to the reference value of the
input to the system, the formula (12) can be multiplied using a basic element’s term of the
delay e−τs.

The mathematical model (12) describes the system dynamics with a time delay. It
has been adapted in [7,18,19,62], while among others, for the model (11) in [2,63], new
constants of resistance and capacitance are introduced to find the time constant T = RC
and gain ki = R.

A simpler model of the tank system to be investigated in the experimental part of this
work can be delivered. Denoting the difference between mass flow rates q̃ = q̃in − q̃out,
being the resulting mass of water changes in time and flowing through the tank, we find

Aρ
dh(t)

dt
= q̃(t), (13)

but after inserting the delay, one finds

G̃int(s) =
H(s)
Q̃(s)

= e−τs 1
Tis

. (14)

The transfer function G̃int shown in Equation (14) becomes a form of the integral
element with transport delay and constant Ti = Aρ, depending on the cross-sectional area
of the tank and the density of the water. This approach was implemented in [3], but is very
rare in practice. It will be developed in Section 6.

This way, as simple a mathematical model as possible has been obtained. In a practical
control application, it will require an identification of the outlet resistance on the output,
and the pump efficiency on the input, as well as the introduction of some correction factors
of the above characteristics.

In conclusion, such a simple model is a good starting point for proving different
control strategies applied to different machines, as described in Section 5. On the other
hand, the transfer functions of linear systems are convenient. In addition to various
realizations of state-space representations, they belong to diagram-based programming
environment libraries such as LabVIEW, Simulink, and Xcos. From a technical point of view,
the mathematical models of the water level dynamical problem presented in the studied
literature ignore the initial conditions. Moreover, in most cases, the units of measurement
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for constant or even system states have not been provided (despite [35]). For this reason, it
may be difficult to identify or evaluate the performances of actual experiments conducted
in various systems of measurement units [85].

4.2. The Two-Tank Dynamical System

As we have mentioned, the control of water or any liquid level belongs to important
industrial processes. Often, they involve two or more interconnected tanks, the levels of
which have to be maintained at a reference value, while other levels in the multidimensional
space of state may be expected to follow some desired time-varying paths.

Any physical model of the single-tank water level process considered in Section 4.2
can be naturally extended to some coupled or cascaded configurations of two-tank systems
schematically represented by two single tanks connected in a series to allow for water flow
between them, as is depicted in Figures 2 and 3.

(a) (b)

(c) (d)

(e) (f)

Figure 2. Various physical models of coupled two-tank configurations. (a) One control inlet and outlet.
(b) One control inlet and two outlets. (c) Two control inlets and one outlet. (d) Two control inlets and
two outlets. (e) As in (d), with two disturbance signals. (f) As in (d), with a conical geometry.

Depending on the physical model, the configurations shown in Figure 2 differ in
the presence of inlets to and outlets from the tanks. Referring our survey to some se-
lected but representative research, the coupled two-tank systems have been realized in a
few configurations:

(C1) One control inlet and one outlet; see [36,66] (pump on the outlet), [67] (additional
disturbance inflow) [69];

(C2) One control inlet and two outlets [25,70];
(C3) Two control inlets and one outlet [30,75];
(C4) Two control inlets and two outlets [11,12,35,74] (tanks of a conical geometry).

Typically, deriving the basic mathematical model of a coupled two-tank configuration
begins with Equations (2) and (3). The volumetric interflow q12 m3/s between both tanks
shown in Figure 2a varies accordingly to the difference between the level heights h1 and h2.
With respect to that, we obtain:
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dh1(t)
dt

=
1

A1

N1

∑
i1=1

qi1(t) =
1

A1
(qin(t)− q12(t)),

dh2(t)
dt

=
1

A2

N2

∑
i2=1

qi2(t) =
1

A2
(q12(t)− qout(t)), (15)

where Ai is the constant area of i-th tank, and N1 and N2 denote the number of all flows
directed to and from the first and second tank, respectively. In the above mathematical
model, the flow qout is defined by Equation (3), since the volumetric interflow

q12(t) = a12

√
2g(h1(t)− h2(t)) until h1(t) ≥ h2(t), (16)

where a12 states the area of the pipe or orifice between the tanks.
The model can be given as a SISO system if the inflow qin stands for the single input to

the object, and the level h2 in the second tank stands for the single output from the system.
The most frequently used dynamic model of coupled two-tank SISO systems is described
by Equation (15), but the volumetric interflow introduced in Equation (16) finds a more
general form, which captures the positive and negative differences

q12(t) = α12sgn h12(t)
√
|h12(t)|, for the admittance coefficient α12 = a12

√
2g. (17)

Now, let us continue with the case of linearization of the model. In many realizations,
the inflow qin is positive, what means that the pump only supplies the medium to the
tank—a charging state occurs. At an equilibrium system’s state, for the constant set-
point problem of the level control, the time derivatives of both levels are zero, such that the
conditions dh1/dt = dh2/dt = 0 hold. Applying the conditions to the first of Equations (15),
the steady-state equilibrium volumetric inflow qin = q12. By analysis of the physical model
in Figure 2a, we see that the height h2 will be always less or equal to h1, because there is
no additional source of inflow to the second tank that could make its level higher than the
level in tank 1, even though the outlet from the tank 2 would be closed. Having this in
mind, we return back to the definition in Equation (16). More about modeling, linearization,
and operation about equilibrium points and numerical simulations of the types of coupled
configurations of tanks (Figure 2a) can be found in [66].

From the other side, if the condition h1 ≥ h2 does not hold, if the second tank in
the coupled type configuration is supplied with an additional source of inflow (see Fig-
ure 2c,e), then the conditioned mathematical model takes into consideration q12 defined in
Equation (17), and finally, the law of volume conservation in the second tank is governed
by the sum of flows ∑N2

i2=1 qi2 present in the second equation in (15), i.e.,

3

∑
i2=1

qi2(t) = q12(t)− α2

√
h2(t) + q2,in(t) for α2 = a2

√
2g, (18)

and a2 is the second tank’s output orifice area.
More about the mathematical modeling and a real experiment of this type of coupled

tanks configuration (Figure 2c,d) can be found in [30,75].
A coupled two-tank system of a conical geometry tanks has been investigated in [74].

The model configuration is similar to the case in Figure 2d, but it is also geometrically
conditioned, allowing to us to mathematically describe the height-dependent areas of both
coupled tanks.

The cascaded two-tank system presented in Figure 3 is modeled almost exactly as the
previously described systems.

It differs in the modeling of the interflow q12, since it is not dependent on the differ-
ence of level heights in both tanks, but only on the height of level in the preceding tank,
i.e., q2,in = q1,out, where q1,out is given by Equation (3). If there is not any disturbance inputs,
then each tank stands for a single inertial dynamic element. Connecting more elements
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in a coupled or cascaded series, we find a multi-inertial dynamical system, which is often
linearized, as is stated in Section 4.1, and then obtains a higher-order transfer function in
the s-domain. Such mathematical representation usually precedes an application of one
of the traditional techniques exploiting P, PI, or PID control, as well as its variations, is
studied in [11,12,23,25,30,36].

Figure 3. A physical model of the cascaded configuration of a two-tank system with one inlet and
two outlets, see [17,23,67,68,71–73].

A short conclusion can be drawn. Although other canonical forms of the time-
dependent state-space representation of the object of control are present in the theory
of control (e.g., a controller, observer or Jordan form), the basic one is still useful, even in
two-tank first-order dynamic models.

4.3. Multi-Tank Dynamical Systems

Modeling the multi-tank configurations of water level systems, we act in an analo-
gous way. Basing on Sections 4.1 and 4.2, we add more equations with the definitions
of interflows between neighborhood tanks. Therefore, many configurations involving
either the pure coupled, cascaded, or their hybrid solutions is developed. Our repre-
sentative overview of the coupled or cascaded multi-tank dynamical systems refers to
the state-space approach, PI and PID, as noted in [8,15,68,77–80,82,84]; the transfer func-
tion approach [10,30,80]; a geometry-varying tank [8,16,79,83]; a dead-time inclusion [80],
and a few commonly used control methods, as noted in [14,16] (FL, NN) [9,10,15,78,83]
(model-based, model predictive, and state predictor) [77] (SMC).

Many implemented industrial processes have multiple outputs from a single process,
what means that they become multi-variable. Thus, the mathematical description and the
multi-dimensional control create a more complex dynamical system of many state variables.
The controlling technique of such a multi-dimensional process of many state variables is
more difficult. In a consequence, a nonlinear triple- or quadruple-tank process is analyzed
and controlled in the presence of parametric variations.

An experimental real-time multi-input multi-output (MIMO) nonlinear system com-
posed from three interconnected cylindrical tanks, as shown in Figure 4a, is studied in [15].
Two pumps and six valves were also used, and a reservoir of water was located in the
bottom. The water is pumped from the reservoir on the tops of both tanks. The precise
positioning of valves and the regulation of efficiency of the pumps is achieved by measuring
and controlling the analogue electrical signals. Pressure sensors have been used to measure
the heights of all water levels.

The law of volume conservation in the three tanks, governing the dynamics of the
system shown in Figure 4a, is based on sums of all flows (compare with Equation (19)),
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being directed to and from the particular dynamical subsystem, and for j representing the
subsequent number of the tank, i.e.,

dhj(t)
dt

=
1
A

Nj

∑
ij=1

qij(t), for j = 1 . . . 3. (19)

The element-wise summation of all the volumetric flows that charge or discharge each
of the tanks of the MIMO dynamical system are expanded as follows:

N1

∑
i1=1

qi1(t) = q1,in(t)−q13(t)− q1,out,
N2

∑
i2=1

qi1(t) = q2,in(t)− q23(t)− q2,out,

N3

∑
i3=1

qi3(t) = q13(t) + q23(t)− q3,out,

(20)

where the number of flows is the same for all subsystems, i.e., N1 = N2 = N3 = 3.

(a)

(b)

Figure 4. A physical model of the three-tank system. (a) Coupled configuration with two control
inlets and two outlets, see [14,15]. (b) Cascaded tanks with one control inlet and outlet with varying
geometry, see [8,16,79,83].
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Proceeding in an analogous manner, the mathematical description of the three-tank
system with two geometry-varying tanks (see Figure 4b) can be derived; for instance,
see [79]. A difference appears, in that some of the tank areas are height-dependent functions
of the tank geometries according to the algebraic formulas:

A1(h1) = vw, A2(h2) =
bw

Hmax
h2 + cw, A3(h3) = w

√
R2 − (R− h3)2, (21)

where the area A1 is not dependent on h1, and the geometric constants b, c, v, w, and R
depend on the dimensions of all the tanks.

Figure 5, together with the representative literature referenced in the caption, presents
other interesting hybrid configurations of quadruple-tank systems that are subjected to the
same rules of the mathematical model’s derivation, as is based on Equation (20).

One should note that in the case of the cascaded part of a serial connection of tanks,
the sgn function, as written in Equation (17), which captures the positive and negative
differences of liquid levels in the vertically adjacent tanks, has to be considered.

(a)

(b)

Figure 5. A physical model of the quadruple-tank system. (a) Four control inlets and two outlets,
see [10,78,80,84]. (b) Two control inlets and two outlets, see [9,77].

At the end of this section, we reach a brief summary. Due to the almost constant
density of water, the mass conservation law is less frequently used in the derivation of
the mathematical models of water-tank systems in favor of the volume conservation law.
The mathematical models, especially those of multi-tank dynamical systems, could be
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given in a much compact—general mathematical form, as is introduced by Equation (19).
Although our review of the literature extends on many references, we have not reported
any name for the flows between subsequent tanks, so the term of a volumetric interflow
has been adapted. Beginning from a single- to multi-tank systems, the mathematical
models have been generalized in the same name space of the variables, allowing the reader
to compare their structural complexity, which synthesizes the knowledge and can also
be helpful in any further investigations of the water level control problems of applied
mechanics. A deeper study of the literature, being referenced to in this section, shows that
the mathematical models of the SISO or MIMO dynamical systems serve as a background
to an application of various control strategies presented in the next section.

5. Model Analysis and Control Strategies
5.1. Traditional Approaches with Modern Inclusions

The traditional design of the so-called control laws bases on the well-known P, PI
or PID controllers—a family of very simple mathematical operations in the continuous
or discrete time domain [2,25,26,36,39,67]. This approach is good enough for solving
most problems of water level regulation in a single- or two-tank systems, but may be
insufficient while searching for the fast and robust control of level in multi-dimensional
water tank systems.

A modern inclusion to the traditional control approaches is shown in [7], where an
overview of the P and PI control of the liquid level in a nonlinear single-tank system
associated with exact linearization is performed. The authors have modified it using the
consideration of not modeled dynamics and a nonlinear disturbance-observer that is based
on integral action as well. According to the nomenclature introduced by the authors,
the assignments in the cited work use two paradigms, i.e., the learning by doing and the
learning by experimenting carried out in a quasi-real laboratory model of a CTS.

Proportional or proportional-integral controllers play a crucial role in the regulation
of liquid level. In paper [61], an averaging level control is considered. The reduction of
flow variations at liquid levels varying in time was the main difficulty in the solution of the
problem of control. We meet here another problem such as the overfilling and full emptying
of the tank. To avoid the unpredictable behaviors, the liquid level has to be operated in
the frame of the assumed safety constraints. The authors of the work propose a simple
PI scheme for the usual operation and two P controllers of a high gain, maintaining the
liquid level in the constraints. At the end, less effort of modeling and a smaller time of
computations at a simpler tuning of the controller have been obtained in the introduced
MPC strategy.

Following paper [15], a simple design and a satisfactory level of efficiency of the
conventional PID controller mainly decides its popularity in mechanical engineering,
andoverall, in industrial applications. As usual, there is no golden solution to every
application, since the parameters of the PID controller have to be particularly set to achieve
the desired efficiency of a set-point or even a smooth reference signal tracking regulation.
With respect to that sometimes challenging task, many experimental works in the last
decades have been oriented on providing some methodologies or algorithms of tuning of
PID controllers for the linear time invariant dynamical systems.

A discretization-based auto-tuned PID MPC is proposed in [15] on the basis of the con-
trol of nonlinear systems in the continuous time domain. The tuning of the PID controller
is made in a parameter prediction scheme, delivering an enhanced degree of tuning that is
based on the minimization of the square of error of the regulation. It belongs to the MPC
approach, which provides an adaptation of the controller’s parameters at a simultaneous
generation of additive terms correcting the controller’s parameters. Finally, experimental
real-time systems serve as the models of testing of efficiency for the proposed methodology.

The controllers of a simple form are still explored, but an estimation of their gains and
time constants is carried out using genetic algorithms [19]. The controller is tuned online
by GA—a genetic algorithm that is a method of stochastic global search. In the innovative
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method, one operates on a set of potential solutions. The principle of survival of the
well-fitting candidate to the solution found after some evolutions is applied. With regard
to some limitations of the water tank system presented, it was difficult to achieve the most
optimal control of water level with the use of only constant parameters of the PID controller.
Therefore, they had to be changing in time. Due to that, the strategy of online tuning of
the generic algorithm is included. The introduced GA locates areas of high performance
without the difficulties, appearing in high dimensional systems or even false optima, and
occurring in the methods of gradient decent.

A VS PI controller characterized by a variable structure for the process of level control
is proposed in [60]. An analysis of the performance and stability of the system is analyzed
by the authors with the use of a describing function method. They show that the improved
controller makes the dynamical system a quasi-linear one. In comparison to the conven-
tional PI controller, the properly tuned VS PI controller provides higher performance.

An assessment of the very important feature is a crucial consideration to underline
in the literature devoted to liquid level control. The nonlinear process conducted in [65]
has been expressed in terms of a transfer function approach. It has allowed for a better
PID control of the water level, the parameters of which have been optimized with the use
of a PSO. The authors have achieved in the simulations an effective set-point control and
also the tracking of a level along a reference trajectory. The reader can find in this work an
overview of adaptive controllers and PSO.

As is observed in [11], the level in one tank has to be kept at a constant value, but the
level in the other is required to track a reference signal varying in time. In such cases,
the traditional PID solution in a feedforward realization of the controller will not be capable
of rejecting the disturbance, having appeared after a change of level in the second tank,
and consequently, to keep the level in the first tank at a constant value. Normally, such a
disability causes a decrease of the tracking performance of the water level in the second
tank. This is a very interesting observation, proving that even in such two-dimensional
cases, the golden PID controller may be insufficient. Based on analytic and experimental
investigations, the authors propose the usage of a FOPI—a fractional order PI controller
to be designed in the frequency domain. The performance of the controller is tested on
an experimental setup, where a constant level was maintained in the first tank, but the
level in the second tank followed some periodic reference test signals. More about modern
inclusions to the traditional controller design can be found in Section 5.3, which we dedicate
to the MPC (model-predictive control).

5.2. Experimental Identification and the Estimation of Model Parameters

One of the methodologies allowing the designer of any control system to deal with a
large number of requirements that the system has to satisfy is to engage the experimental
data that have been obtained by forcing the object of control to perform a measurement of
its response. This approach is covered by an interdisciplinary identification of dynamical
systems. For instance, we use the identification of parameters if the object of control
is structurally complex and could be provoked by a strong nonlinearities, affecting the
dynamics of the physical model of the object.

The literature of recent years presents a kind of translation of the identification methods
between the linear and nonlinear systems [86,87]. In this context, the necessity of capturing
of the inherent nonlinear phenomena governing the real systems’ dynamics is crucial.
As we have observed and written in Section 6, treating about the experimental part of our
review, an identification of the nonlinear system faces the challenge of the flexibility of the
estimated model and its ease of mathematical description at once.

In a reference to [17], there is not any general methodology of the identification of
real nonlinear systems, the modeling of which are covered by either statistical or machine
learning. We find in the reference that most of these methods are not fully oriented on
the dynamics due to limited means for dealing with measurement noise. A methodol-
ogy showcased in the work identifies a flexible NLSS model—an unstructured flexible
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nonlinear state-space model for the water CTS, on the basis of a cascaded water-tank
identification problem.

In a view of the announced engineering problem, the contribution [72] addresses
the identification of different flexible structures of nonlinear systems with soft and hard
nonlinearities in the cascaded water tanks identification problem as well. Beginning from
the simplest structures of linear black box models, the authors extend the scope of their
studies on the nonlinear ones and compare them by investigating a series of models with
increasing complexity, based on a prior knowledge of physics. It is shown that while the
linear models are well in prediction, a better description of the nonlinear effects is needed
to achieve a good performance in numerical simulations. The contribution even brings an
overview of real identification problems.

At the end of this section, let us mention the noteworthy paper [5], which proposes
an identification of a water level dynamical system made with the use of both NN and FL,
i.e., the neurofuzzy approach. In this study, a water level dynamical system is analyzed
using an adaptive ANFIS—a network-based fuzzy logic inference system. The model is
applied to develop and to use a PI control. The application of a real system and the ANFIS
model produce interesting results that are finally discussed and compared with respect to
the identified system efficiency.

5.3. Model Prediction

The future dynamical behavior of an object can be forecast (predicted) using the
MPC—model-predictive control, in which optimal decisions are conditioned via an opti-
mization algorithm. This feature has been utilized the autonomous control of water level
systems for the purpose of the trajectory tracking problems, where the future reference is
included to improve the control performance. Such a treatment opens the control algorithm
for an adoption of future errors of regulation.

Every sampling instant of a discrete model is used to solve the optimization problem in
an NGMPC—a nonlinear generalized model-predictive control presented in [9], to compare
with the NMPC studied in [35]. The implementation has to be repeated on the object in
RT. Therefore, with respect to the computational complexity, an analytic solution to the
NGMPC problem is approximated by Taylor expansion from the tracking error and the
effort of control. Thanks to that, omitting the online optimization, the controller could have
been formulated in a closed form.

Making a short enumeration of recent advances in this field, the methods engaging
the MPC were developed within the project HD-MPC [88]. Decentralized strategies of
control were studied in [10] using five methodologies that were based on a distributed
multi-parametric model-predictive control. The same type of controller was explored
in [89], but this time, a linearized state-space model was proposed. Another distributed and
even hierarchical MPC with fast gradient-based optimization was investigated in [90], since
a nonlinear generalization of this type of control takes into consideration a back-stepping
algorithm in [91].

Any linear model approximation of nonlinear systems introduces a non-modeled
part of dynamics and the uncertainty of parameters of the mathematical (physical) model.
As a result, a steady-state error appears and the actual response of the water level system
exhibits an uncorrectable error of regulation. We can cope with the inaccurateness by
placing an integral action in the closed-loop control system. Such an approach, allowing
for an increase in the robustness of a controlled CTS, has been used in [37]. A wireless
MPC of a water level was implemented by the authors. They stated the objectives of the
optimization, and the level was maintained within a range of a set of pre-defined values.
To prove the effectiveness of the wireless model-predictive control, the authors conducted
a real-time simulation of the MPC algorithm, including the integral action.

A special field of applications of control strategies is lately reserved via distributed
control. Multi-parametric quadratic programming-based controllers are developed in [10]
for a quadruple-tank problem. The stable and optimal operation of the developed de-
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centralized control in some superposed constraints requires the use of a distributed MPC
extended on game theory. Similarly to the previous reference, the integral action in a
form of the PI controller has been introduced to improve the reference signal tracking and
rejection of disturbance. Another quadruple-tank control problem tending to meet similar
requirements has been solved in [78].

5.4. Time Effects

Measurement procedures, communication lags, computational processing, or even
many processes of a media transportation are subjected to time delays. Big delays cause the
instability of control algorithms, because the controller’s responses are highly inappropriate
to the current dynamical behavior of the plant. For instance, the opening or closing of valves
being an alternating input to the system makes the problem more difficult. Robust control is
of main interest for almost all strategies. With respect to that, a dynamical behavior of each
closed-loop system should be satisfactorily well-resistant to small parameter perturbations,
measurement noise, and also at the time delay, remaining in acceptable bounds. In scope
of that, the robust MPC shortly overviewed in Section 5.3 may be of particular interest,
if the enforcement of some constraints for th eoperation of an actuator or process variable
is mandatory.

An exemplary work, considering the problem of time delays in a predictive control, is
conducted in [22]. The robustness of the response of a two-tank system with time delays
and input constraints has been achieved by representing the time delay uncertainty in a
polytopic form and by using the linear matrix inequalities.

At the end of this subsection, we only signalize the problem of dead time that was
investigated, e.g., in [80], on the basis of a novel quadruple-tank multi-variable control
process, incorporating independent multi-variable dead-time zones.

5.5. Sliding Mode Control

The control systems of variable structures play an important role in the nonlinear
dynamics. The SMC—sliding mode control, belongs to the branch of algorithms that control
the nonlinear dynamical systems, applying a very fast time-discontinuous switching on a
predetermined surface of sliding. The SMC, operating usually with a nonlinear feedback,
is composed of a sliding surface that is found for a desired stable dynamics, and also
of the control algorithm, which excites dynamics of the considered object of control to
reach this sliding surface and to stay on it as long as it is possible. In the sliding surface’s
reaching mode, th etrajectories of the dynamical system are sensitive to fluctuations of
model parameters, as well as to disturbances, but they are not sensitive, being in the sliding
mode. Although the transient state is subject to the aforementioned variations, the SMC’s
discontinuous nature of action is highly robust in the output tracking problem and for
the stabilization of the system. As a consequence, an insensitivity of the obtained control
performance to variations of parameters and the rejection of disturbances is reported.
From the point of view of application of the methodology of a variable structure control of
liquid level, some achievements can be pointed out in the literature mentioned below.

An exemplary application of one degree SMC (1-DoF SMC) used in [66] is to control
the height of water level in a numerical model of the CTS, using an integral variation
of the method, which reduces the chattering problem. The relative degree of the sliding
variable is equal to one, since the asymptotic stability of the closed-loop control system is
guaranteed. The simulation results presented by the authors indicate that the proposed
control technique is characterized by good performance, as proven by the time histories
of water level changes in the tanks. Other curious attempts in this field devoted to a
neuro-fuzzy approach with a nonlinear sliding surface [92], or a sliding surface parameter,
depending on the state [93] can be mentioned.

The 1-DoF SMC has a disadvantage, because the high frequency of switching around
the sliding surface produces chattering. An elimination of this effect can be achieved in
higher-order realizations. One is able to read about some interesting studies of water



Machines 2022, 10, 960 23 of 31

level control, using the second- and higher-order sliding mode control in [75,76,84], where,
respectively: the derivative of the sliding variable is not necessary, less information about
the CTS system is required in comparison to 1-DoF SMC, and the conventional sliding
surface applied to a quadruple-tank system is altered with the dynamics of fractional order.

Concluding this part of the overview, beginning from the SMC methods and its
variations, the multi-dimensional water level control problem has become more complex,
but mostly more effective. Another successful attempt for solving the multi-tank problem
continues this tendency via the application of the PSO and NN [5,6,16,35,63,65], since the
most popular FL control is described below.

5.6. Fuzzy Logic Control

As we have noted, the previously described methodology is associated with a big
chattering of control. The experiments conducted in the last decade have demonstrated that
a fuzzy controller with adaptation abilities can be successively applied to the not necessarily
well-defined or even completely not available dynamical system [94]. In addition, the
AFC—adaptive FL control, proves its specific features to enhance the robustness of the
nonlinear control problems. For instance, comparing the AFC with the conventional PI,
the first one presents a better tracking performance, while the transient responses of the
object of control bring a shorter time of settling and also a smaller overshoot (undershoot)
of the responses. Moreover, a much more robust control with respect to the disturbance-
caused fluctuations of water level is reported.

A PDC—parallel distributed compensation method, states a background in [62] for a
FL controller implemented to an experimental setup of water level control.

As in our experimental test setup described in Section 6, the mathematical model is
identified experimentally based on estimations of system responses. The control of height
of water level is realized in the full range of changes of the level that is achieved via the
linearization of the nonlinear model around a set of the assumed operating points. Using
a fuzzy blending of the PI controllers, working at the specific operating points, the PDC-
based FL controller has been designed. It turns out that the controller is better than the
reference PI controller, based on the FL approach as well. More about the PDC methods
can be found in a short literature overview included in the cited paper.

The authors of paper [70] propose the so-called FM—fuzzy-molecular method to
robustly control the water level in a CTS with variable rates of volume discharge at the
second tank. In view of an application of a hybrid FL inference system and the defuzzi-
fication performed with the use of artificial hydrocarbon networks, they propose the FM
controller as the one properly dealing with noise and the uncertainty of dynamics around
the operating points. It is curious, but the experiments have proven that a knowledge of
the model of the plant is not necessary.

Other linked applications of water level control refer to, e.g., the implementation
of a computer-embedded FL controller [3], interval FL controller of second type for a
two- [71] and three-tank system [14], Cuckoo optimization algorithm [20], simultaneous
FL- and PID control in LabVIEW [26], stiction compensated FL controller design for a
nonlinear spherical tank level system using LabVIEW [27], and a fuzzy dynamic parameter
adaptation in ant colony adaptation and PSO applied to the regulation of water level [65].

Although they might look quite advanced, most of the techniques developed or
explored in the examined field of control of the analyzed process are adopted from the
general theory of modern control. Special treatment appears on the level of identification
of the parameters and the static characteristics of the investigated systems of water level
control (see also Sections 2.2 and 6).

5.7. Special Approaches

Let us enumerate some dedicated approaches, the specific applications of which are
present in the related literature, e.g.: (i) a model reference control driven from the experi-
mental data of MIMO cascaded tank systems, including the tuning of a virtual reference
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feedback [83]; (ii) nonlinear control of a three-tank CTS with mismatched uncertainties [79];
(iii) a robust high-gain observers-based water level and leakage flow rate estimation [77];
(iv) the control of two conical tanks with interacting levels based on a dynamic matrix
approach [74]; (v) a Volterra series estimate of the CTS using multidimensional regulariza-
tion [73]; (vi) black and white box approaches for a CTS identification [72]; and (vii) a few
references [8,12,18] described in Section 2.

At the end, let us briefly summarize Section 5. Although our overview takes into
consideration the contributions of the last decade, the authors of many of them refer to
older literature references, trying to incrementally improve either the existing mathematical
modeling, the identification approaches, or the control strategies. Of course, reported in our
survey are plenty of innovative theoretical or experimental approaches to the identification,
maintenance, and regulation of various liquid level control systems. The technique based
on the FL approach looks as the most widely explored one in the domain of liquid level
control, as well as the identification or tuning of model parameters, but the well-established
methodologies involving the classical theory of linear and nonlinear control are still alive
in an improved form.

6. Proportional Control with Correction Based on a Numerical Prediction of
Water Level

A tank or any system of connected or even cascaded tanks with water under atmo-
spheric pressure and negligible temperature fluctuations should be considered as a simple
control object, requiring the simplest possible level control system. In this way, we con-
centrate on searching for the simplest but most effective control strategy supported by
the numerical model. More about the construction and mechatronic devices can be found
in [95].

As in Section 4.1, we analyze our control object that is understood as a linear differential
model—an integral dynamic element. It holds because the associated level control system
has to deal with the nonlinear characteristics of inputs and outputs, and flow resistance, all
of which are inaccuracies of physical and mathematical modeling, but they must also must
eliminate any measurement noise. The mathematical modeling of our dynamical system is
simply governed by the mathematical model given in Equation (13).

A concept of a new experimental setup shown in Figure 6 serves for a precise control
of water level in the modern single-tank-reservoir system.

Figure 6. General view of the experimental setup. Main components: 1—NSK sensor, 2—sensor rods,
3—a pad on the water surface marking the level, 4—a solenoid valve on the outlet, 5—an inlet valve,
6—pump, 7—NI controller, 8—reservoir.
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Adjusting the set point in the event of disturbances in the water volume and checking
the step response of the pyramid-shaped system is preceded by the identification of the
system parameters. These include the pump efficiency and the resistance of water outflow
from the tank. In the next step, sequential hybrid proportional closed-loop control is
applied with correction based on a numerical prediction of the state of the system and the
actual measurement of the state of the system to map successive states of the water level.
The mathematical model given by Equation (13) of the two configurations of the tested
hydraulic control system was developed using LabVIEW virtual instruments.

6.1. Identification of the Hydraulic System

Identification of the pump performance from 16 static characteristics hi(t) for
i = 1 . . . 16 of the tank filling at constant voltage values Ui applied to obtain 16 increasing
rates of pumping of the peristaltic pump results in the linear characteristics shown in
Figure 7a.

(a) (b)
Figure 7. Identification of pump performance. (a) Static characteristics hi(t). (b) Square and linear
approximation of efficiency.

The coefficients of the characteristics have been approximated and presented by red
dots in Figure 7b, which shows a comparison of the square and linear approximations of
the real volumetric efficiency of the peristaltic machine against the measured values.

The linear mass flow rate q̃in(Us) = 0.0193Us − 0.0046 at the input depends on the
control voltage Us in the allowed range of 0.25-9 V. An estimation of the outflow resistance
of the observed laminar flow, i.e., Rl(h) = −6867h2 + 99619h, captures the irregularities
of the inner shapes of the hydraulic armature. The resistance was estimated according
to Equation (7) after a series of measurements of the level and the corresponding out-
flow. Finally, the water level dependency on the sensor’s voltage U is found in the form
hm(U) = 0.0556(U −U0), where U0 is the reference initial reading at hm = hm,0.

Figure 8 shows a closed-loop control system with two proportional controllers, and a
correction based on the prediction of the numerical state variable.

Figure 8. Block diagram of the closed-loop control system (see [95]).

The most useful feature of the control system is that the pump control input, coming
from the numerical prediction, is found from a smooth numerical estimation of the water
level in the tank. It guarantees a better robustness of the system and stability of regulation.
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It has turned out that the precisely estimated characteristics of pump efficiency and
also the laminar outflow resistance are dependent on the temperature of water, and on the
temperature and pressure of air in the space surrounding the test setup. With respect to
that circumstances, the two non-dimensional coefficients: c1—responsible for correction
of inflow filling the tank, c2—responsible for the correction of outflow resistance during
the emptying of the tank (see the corresponding slopes in Figure 9), both positive and less
than 1, have to be identified at the initial stage of the process of regulation. Both constants
have to be adjusted until the black line of the numerical solution will be coinciding with the
red line representing the measurement. Usually, the automated calibration process takes
about 30 s.

Figure 9. Estimation of correction coefficients on the filling of the tank, when q̃in 6= 0 and qout = 0
(marked by c1) and emptying, when q̃in = 0 and qout 6= 0 (marked by c2); hm—measured level,
he—numerically estimated level.

Correction of the mass inflow q̃in enforces multiplication by c1, while the correction of
the mass outflow q̃out requires a similar multiplication by c2.

6.2. Control of the Experimental Test Station

In the further part of the description of this experiment, we will base on the previously
made idealization of the actual test stand and the tank with outflow, inflow, and disturbance
implemented there. Our goal will be to apply a numerical prediction, obtain the intended
step function of hm, and keep this response as close as possible to the reference function hr,
using a numerical estimation he approximating a series of measured values hm.

The superiority of the hybrid proportional closed-loop control with numerical predic-
tion is confirmed after comparing the time histories shown in Figure 10; see more broadly
in [95]. It is important to note that during the experiments, the same parameters of the
precisely identified experimental model were used.

(a) (b)
Figure 10. Time histories of the pyramid-shaped step responses of the hybrid P-controller-based
closed-loop control system with a numerical prediction of the reference input hr(t). Opening of the
solenoid valve at d(t) operates as the control input, allowing for emptying of the tank. (a) h(0) = 0,
kp = 200. (b) h(0) = 0, kp = 400.
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The experimental verification of the effectiveness of the proposed two-stage P hybrid
control system with numerical prediction of the water level, as shown in Figure 10, is
finally investigated on the basis of a new form of the test signal—a pyramid-shaped test
reference input determined by an amplitude-modulated step function matched by a green
line. It is built from a series of reference set-point inputs, hr,i = {2, 6, 10, 14, 10, 6, 2} × 10−2,
for i = 1 . . . 7. After four step responses of the system for the increasing amplitude, reaching
the highest reference value at hr,4, the pump stops working, and at t = 65 s, the solenoid
valve starts to properly open the system’s outlet for a time, allowing for gravitational
flow of the water out of the tank and for the new decreasing set-point value to be reached.
The final reference level hr,7 is achieved after the third closing of the valve at about t = 125 s.
After that full cycle, the actual value of the level can be referenced to the final step input to
measure the error of regulation.

Making an assessment of the convergence of the observed system responses registered
in the final test of efficiency of the designed 2-stage P controller with numerical prediction,
the numerically estimated level mostly follows the pyramid-shaped discontinuous reference
input very well. This is because its real adequate proves its proper convergence, as shown
in Figure 10b, for kp = 400, where after the occurrence of an overshoot of the level height at
t = 110, and after the last switching of the valve, the level stabilizes on the last reference
hr,7, aswas required.

Summarizing this section, the basic but improved control system design with numeri-
cal prediction of the real state of the system and also real measurement readings, provide
a good control effect. Numerical prediction makes it possible to more effectively reject
the sensor’s measurement noise and to stabilize the actual water level in the tank at the
desired value.

7. Conclusions

In spite of the rapid development of mathematical analysis applied to the control
of water level systems, there has not been such a broad overview devoted to the field
of dynamical systems and its control that has been made in the current literature. This
contribution aims at complementing this gap by performing a systematized and concise
overview of the intelligent mechatronic systems used in the measurement, identification,
and control of water level. Making a reference in the concluding part of the paper to some
particular sections, the following general observations are made.

MATLAB/Simulink and LabVIEW are the most commonly exploited environments
in the modeling of dynamical systems conjugated with the design of virtually realized
control systems.

Each of the modern techniques and sensors for water level measurement and control
has its own dedicated realizations, the features of which are used in some specific or more
general realizations of detection and the monitoring of filling level. A common feature of the
newest achievements in this field is distinguishable in the exploitation of modern material
and electrical engineering. Miniaturization, introduced along with the popularization of
microcontrollers, allows us to embed more or less sophisticated mathematical algorithms.
The very expanding use of microelectronics makes the mechatronic measurement systems
more applicable, realizable, and intelligent.

The mass conservation law in mathematical modeling is less frequently used in the
derivation of mathematical models of water-tank systems in favor of the volume conserva-
tion law. The mathematical models, especially those of multi-tank dynamical systems, could
be given in a much compact mathematical form. Beginning from a single- to multi-tank
systems, the mathematical models have been generalized in our work in the same name
space of the variables, allowing the reader to compare their structural complexity, which
synthesizes the knowledge and can also be helpful in any further iterate investigations
of the water level control problems of applied mechanics and mechatronics. Uniformed
pictures of coupled or cascaded tanks configurations may also be helpful in this matter.
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The authors of many contributions of the last decade refer in their studies to older
literature references, trying to incrementally improve the system modeling, identification
approaches, or control strategies. There are plenty of innovative theoretical or experimental
approaches to the identification, maintenance, and regulation of miscellaneous water level
control systems reported in our survey.

The technique based on the fuzzy logic approach looks like the most explored tech-
nique in the domain of liquid level control, as well as in the identification or tuning of
model parameters, but the well-established methodologies of the classical theory of linear
and nonlinear control are still present in an improved form.

The new term, volumetric interflow, which up to now does not exist in the literature,
devoted to the control of water-tank processes, is introduced, whilst its use is justified in
the description of various types of flow between the surge, reservoir, or process tanks.

A new test is proposed, engaging a pyramid-shaped step function, having a form of
the discontinuous path of reference level, and also engaging the operation of the pump and
the valve on the outlet separately to check the efficiency of the designed control system in
both directions, i.e., during the filling and emptying of the tank.

More extensive research on the control methodology to be applied at the presented
experimental station, including the development of its design and deeper mathematical
analysis, will be undertaken in a prospective work, where more methods will be applied,
including PID, FL, and differential evolution.
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