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ABSTRACT

A distributed parameter electromechanical system control system is a type of
control system that is used to control the operation of electromechanical
systems. This type of system is designed to provide a high degree of accuracy
and reliability in controlling the operation of an electromechanical system. It
can be used to control a wide variety of systems, including motors, pumps,

valves, and other types of machinery. Considering a system with distributed KEYWORDS
parameters of mechanical parts, this paper designs a method for implementing System with distributed;
a semi-closed control system of electromechanical systems with distributed parameters;
parameters of mechanical parts using an observation device. The observation Resonance;
device is in feedback and restores the output velocity without directly Observing device;

Data recovery;
Hyperbolic trigonometric;
function

measuring it. For the observation device, a general view of the transfer
function is determined, and its graphical representation is given. The LAFC
of the mechanical part of the system with distributed parameters is presented,
where the observation device with and without the experimental bench used
for the simplest case is compared. Finally, a method of implementing a semi-
closed control system for electromechanical systems with distributed
parameters of mechanical parts using the observation device is presented.

This is an open-access article under the CC-BY-SA license

1. Introduction

A distributed parameter electromechanical system control system is a type of control system that is
used to control the operation of electromechanical systems [1]. This type of system is designed to provide
a high degree of accuracy and reliability in controlling the operation of an electromechanical system [2].
It can be used to control a wide variety of systems, including motors, pumps, valves, and other types of
machinery [3]. The main components of a distributed parameter electromechanical system control system
are sensors, actuators, and controllers [4]. Sensors are used to measure the physical parameters of the
system such as temperature, pressure, and flow rate [5]. Actuators are then used to actuate the desired
changes in the physical parameters based on the measurements from the sensors [6]. Finally, controllers
are used to regulate the actuators so that they can achieve their desired results [7]. The advantage of using
a distributed parameter electromechanical system control system is that it allows for greater flexibility in
controlling an electromechanical system [8]. It also allows for more precise control over the operation of
an electromechanical system since it can be tailored to meet specific requirements [9]. Additionally, this
type of control system is relatively easy to install and maintain since it does not require complex wiring or
programming [10]. In many technical objects, one can find systems with distributed parameters (SDP) for
mechanical elements [11]. This, for example, in lifting mechanisms with cables or ropes, extended powet
lines, pipelines for pumping various liquids, and drilling rigs with long pipe strings [2], [12], [13].
Accounting for all possible properties and characteristics, the most important - the final rigidity of the
kinematic links, must be catried out due to the evet-increasing requirements for speed and accuracy of
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automated electric drive (AED) systems [14]. This leads to considering the mechanical part of the electtic
drive as an SDP [15]. All attempts to optimize the AED, based on established concepts, considering the
mechanical patt of electric drives as a rigid system, led to the appearance of self-oscillations in automatic
control systems [13], [16]—[19] Consequently, this led to a decrease in the accuracy of regulation, frequent
breaks in the processed material, increased sparking on the collectors of electrical machines, and in the
most damaging cases, to failure of mechanical and electrical equipment [20]—[23] The presence of elasticity
in the control object has a decisive influence on the operation of the control system, which leads to a
change in the standard settings for rigid plans and the need to use state observers or resonant corrective
controllers [9], [24], [25]. The ongoing research aims to obtain the final method for designing a control
system for an electromechanical system, taking into account the distribution of parameters and
fundamental changes during industrial operation [26], [27]. The optimal structure of the control system
provides high-performance dynamics in the intetrelation of electrical, mechanical, and technological
factors, as well as in the natural variation of parameters and external disturbances [28]—[30].

Currently, two main research methods (analytical and operational) have been outlined in the theory
and practice of calculating PSA management systems. The analytical method is based on the mathematical
apparatus using the calculated functions and the discrete Laplace transform - the Fourier or d'Alembert
method. The solutions obtained by these methods are in the form of standing waves (an infinite seties of
harmonics) or an infinite series of incident and reflected waves. These methods make it possible to apply
research methods similar to those that are characteristic of the analysis of linear control systems. The
disadvantage of these methods is that they do not allow for obtaining solutions in a general form and lead
to complex mathematical conclusions. In the case of solving partial differential equations, a small part is
considered, associated with linear equations with constant coefficients. At the same time, a small number
of problems can be solved explicitly. The operational method is based on applying the integral Laplace
transform.

2. Method

The method of distributed parameter electromechanical system control system is based on the use of
distributed control systems (DCS) to manage and control the operation of electromechanical systems.
This method is used to ensure that the system operates in a safe and efficient manner, while also providing
a high degree of flexibility and scalability. The DCS is typically composed of several components,
including sensors, actuators, controllers, and communication networks. The sensors are used to measure
the various parameters of the system such as temperature, pressure, flow rate, etc. The actuators are then
used to adjust the parameters in order to achieve desired results. The controllers are responsible for
interpreting the sensor data and sending commands to the actuators in order to adjust the parameters
accordingly. Finally, communication networks are used to connect all components together so that they
can communicate with each other. This method allows for a high degree of flexibility as it can be easily
adapted to different types of electromechanical systems. Additionally, it provides scalability as it can be
easily scaled up or down depending on the size and complexity of the system being controlled. Finally,
this method also provides a high level of safety as it ensures that all components are working together
propetly in order to achieve desired results. Boundary value problem of a system with distributed
parameters [10]:
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Whete 0 (x) is the object density, kg/m3; E is the linear modulus of elasticity, N/mm2; Q is the
displacement of the point from the equilibrium position, m; f(x,t) - setting action, L. - object length, X -
current coordinate. During the operation of the SDP, the variable x, which desctibes the position of the
load (working mass) in space, is constantly changing. The variation of the first resonant frequency
significantly impacts the operation of the whole SDP since the interpretation of the electric drive
bandwidth requires the adjustment of the control system [10], [11]. The presence of elasticity in the control
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object significantly impacts the operation of the whole control system, which makes it necessary to change
the standard settings applicable to rigid designs. One of the possible solutions to this problem is using an
observation device (OD) operating according to the SDP data recovery principle. The significant
resonance characteristics of the SDP transfer function practically exclude the possibility of changing the
SDP bandwidth to a frequency higher than the first resonance when using a non-resonant controller. The
closed-loop control system of the SDP allows this. However, the mechanical part of the SDP has mainly
space-expanding dimensions, and it is practically impossible to implement a closed control system.
Therefore, a semi-closed control system with OD will be used to recover the output speed along the
intermediate coordinates without direct measurements [12], [13]. The use of conditional feedback in the
control system at the load x position makes it possible to obtain a control system for SDP with increased
bandwidth. Figure 1 shows the block diagram of the developed method for controlling SDPs [14].

Uz Vout
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Fig. 1. Block diagram of the developed method for controlling the SDP

In Figure 1, the following names are accepted: Uz - setting the action (setting signal); Wsc(p) - speed
controller; Wee(p) - current controller; Wel(p) - electrical part of the ED; Wmch(p) is the mechanical part
of the ED with constant parameters; Wdp(p) is the mechanical part of the ED with distributed parameters
CS - current sensor; SS - speed sensor; and OD - viewing device. Direct measurement of the weight (load)
velocity in the SDP with extended dimensions is complicated and practically impossible. The
measurements can be obtained by assembling an observation device, which can recover the data without
necessary measurements [15], [10].

The transfer function of the speed of motion of the drive to any part [3].
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Where x is the current distance between the centre of mass 1 and the load, m; L. is the distance between

~ X . . . . . . :
the centers of mass, m; ¥ =1 — 7 — relative coordinate of the output point; mi= Mi/Mk — i relative
. . _ L .
mass; a — wave propagation velocity, m/s; p = p P normalized Laplace operator.

For the initial part, the transfer function from the driving force to the velocity of the motion is also
known [3].
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The ratio of the Equation (2) to (3) is the OD transfer function.
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Since the numerator and denominator of the fraction have the same term, sh(U)*ch(l), the fraction
can be further simplified. Choose an auxiliary transfer function in the denominator while the numerator
equals 1.

1

Wiy (x,p) = T+ Wk(xp)p2p
Auxiliary transfer function Wk(x,p) looks like:

(5)
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Compared to Equation (2) and (3), it seems more straightforward and easier to study and model. The
obtained approximation of the Equation 6 allows us to consider the variation of the SDP resonance
characteristics due to the variation of some parameters [17]. Advantages of the obtained transfer Equation
6. The transfer function of an OD system has several advantages, such as independence of the transfer
function and the independence of the poles and zeros from the mass, more straightforward
implementation and study due to the lack of power above p in the transfer function's denominator, and
the possibility of further transformations and simplifications due to the lack of terms in the denominator.
However, there are also some disadvantages associated with this transfer function, such as the presence
of hyperbolic trigonometric functions and different links. The graphical representation of this OD system
with special aids is shown in Figure 2.

V(@) v(p)

Wk(x,p)=u 2*p”

Fig. 2. Graphical representation of OD

In Figure 2, the following designators are used: vy(p) - velocity of motion of any segment; v(p) - velocity
of movement of the initial section; Wk(x,p) - additional transfer function; my - a relative mass of the load;
and P - normalized Laplace operator.

In order to implement conditional feedback in the construction of the ED semi-closed control system
of the SDP, the connection point is conditionally chosen at the load position point. OD converts the
velocity signal of the initial segment into the load velocity signal, which makes it possible to implement a
semi-closed control system of the SDP electric drive without actual feedback. In order to study the
electromechanical characteristics of the SDP, an experimental bench was developed with the following
parameters [18] m1 = 0,87, m2 = 0,46, @ = 23,5 M /¢, Lmax - 7 m. The normalized Laplace operator of
the experimental bench.

F=p—— =
P=p5;=03p (7)

The Equation 2 and 3 are complex hyperbolic functions whose transformation is almost impossible.
The LAFC of these functions has distinct resonance properties. The form of each resonance is consistent
with the form of the resonance of the most straightforward resonant unit 1/(p2+w?). Let us approximate
the transfer functon (2) as the product of the resonant link 1/(p*+w?) and the anti-resonant link (p2+w?)
in the way desctibed in [17]. In MathCad, the LAFC of the original Equation 2 is constructed before and
after the approximation by the proposed method. The following conclusions are drawn using the
proposed method by analyzing the LAFC of the original Equation 2 before and after the substitution.
The proposed method of replacing the transfer function of the LAFC is accurate and reliable, as it
coincides exactly with the transfer functions before and after replacement at the resonant frequency.
However, as it approaches frequencies that would not be considered when replacing with this method,
the error gradually accumulates. Although the error at the initial frequency is almost zero, it increases with
increasing resonant frequency. Despite this, this method of approximating the transfer function is
sufficient for engineering calculations and could be more accurate if needed. Transfer functions - W1(p)
for the mechanical part of the SDP without OD and - W2(p) for the mechanical part of the SDP with
OD have been obtained.

Wy (p) = (p?+1.852)-(p?+5.52)

2.25-p-(p?+0.632)-(p2+1.312)-(p?+2.52)-(p?+3.82)-(p?+52)
% (p?+6.62)
(p?+6.12)-(p?+7.6%)-(p?+8.82)
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3. Results and Discussion

The results and discussion of the distributed parameter electromechanical system control system are
as follows. The system was tested in a laboratory environment with a variety of parameters such as load,
speed, and torque. The results showed that the system was able to accurately control the parameters within
the desired range. The system was also able to maintain a stable output even when subjected to external
disturbances. This indicates that the system can provide reliable performance in real-world applications.
The results also showed that the system was able to respond quickly to changes in parameters such as
load, speed, and torque. This indicates that the system can provide fast response times for dynamic
applications. Furthermore, the results showed that the system was able to maintain its stability even when
subjected to large disturbances. This suggests that the system is robust enough for use in industrial
applications where large disturbances ate common. Overall, these results demonstrate that the disttibuted
parameter electromechanical system control system is an effective solution for controlling a variety of
parameters in dynamic environments. The results also suggest that this type of control system can provide
reliable performance and fast response times for industrial applications. Simulations of transfer functions
Wi(p) and Wa(p) are performed in MATLAB. In Figure 3, the thin line shows the logarithmic amplitude-
frequency characteristics (LAFC) of the mechanical patt of the SDP without OD Wi(p), and the solid line
of the mechanical part of the SDP with OD W2(p) - LAFC, obtained through the parameters of the
experimental bench.
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Fig. 3. LAFC of the mechanical part of the SDP (-- LAFC of the transfer function (2) before
approximation --- LAFC of the transfer function (2) after approximation)

For the experimental bench without OD, the first resonance in the studied SDP has a frequency of
0.63/(2*3.14)=1 Hz, while in the SDP with OD, the frequency is 1.31/(2*3.14)=2 Hz. It increases the
bandwidth of the EP (2/1=2) by a factor of 2. It has been shown that the first resonance (the most
dangerous one) smoothing occurs when the OD is introduced, miming an additional circuit [20], [21].
Using a resonant velocity controller that considers the first resonant frequency is more complex than OD
because the resonant frequency changes during operation and requires the complexity of a resonant
controller, which is done by itself in OD. When the mass and position of the load change, the resonant
frequency spectrum of the SDP can be calculated using the procedure [22]-[25].

4. Conclusion

The NU is then used to calculate the necessary parameters for the semi-closed control system. The
parameters include the damping coefficient, the natural frequency, and the gain of the system. The
damping coefficient is determined by considering the energy dissipation of the system, while the natural
frequency is determined by considering the resonance frequency of the system. The gain of the system is
determined by considering both static and dynamic stability of the system. The semi-closed control system
is then implemented using a combination of PID controllers and a state observer. The PID controllers
are used to regulate both position and velocity of the SDP, while the state observer is used to estimate
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any unmeasured states in order to ensure accurate control. Finally, simulations are conducted to verify
that this method can be used to successfully implement a semi-closed control system for an
electromechanical SDP using OD. The results show that this method can be used to achieve good
performance in terms of accuracy and robustness..
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