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ABSTRACT

A new original approach to the synthesis of the loops of automatic control systems of two-mass positional electromechanical
systems is proposed in the article based on the application of the generalized characteristic polynomial at the first stage and the
intelligent optimization method at the second. In practice, the skylifting mechanism of a fire truck is a complex control object.
Imperfect manufacturing of mechanical components and their connections, elastic deformations of the boom during operation and
supply of fire-extinguishing substance cause rescue cage oscillations. The use of an automatic control system makes it possible to
damp the elastic boom vibrations. The synthesized automatic control system, which controls the movement of the boom, must meet
the following requirements: the necessary speed, static and dynamic accuracy of the rescue cage movement, the absence of
significant adjustments in transient modes, etc. To meet these requirements, an analysis of various automatic control systems and
methods of their synthesis was carried out. As a result of the analysis, a two-mass positional three-loop system of subordinate
regulation by the rescue cage rotation mechanism, taking into account the elastic properties of the boom was created using the
generalized characteristic polynomial method. The synthesized system of subordinate regulation allows damping of elastic
oscillations, providing the desired transition processes of the rescue cage rotation mechanism and low sensitivity in the stable mode
to the action of disturbances. The transfer functions of the angular speed controllers of the motor and rescue cage obtained in the
process of synthesis are high order and turned out to be quite complex from the point of view of practical implementation. It is
proposed to replace these controllers with more compact fractional order controllers. The conducted research using mathematical
modelling confirmed the effectiveness of replacing high-order controllers of the angular speed of the motor and rescue cage with
fractional order controllers. The transfer functions of these controllers are determined by approximating the transfer functions of the
controllers using a genetic algorithm.
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the boom (hinged mechanism) for articulated
skylifts or extension/folding for telescopicskylifts.
Each of them has its own control system, and in

INTRODUCTION

For rescue operations and firefighting at

significant heights, various types of specialized a
fire truck ladders equipped with or without rescue
cage, as well as fire skylift are used. The work of
rescuers using such equipment is dangerous both for
them and for potentially rescued persons. Therefore,
high requirements are put forward to the skylifting
mechanism [1, 2].

Structurally, the rescue cage movement system
consists of the following main mechanisms: platform
rotation, raising/lowering and expanding/ folding
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modern skylift truck they are united

by a common control system at the highest
hierarchical level. The quality of the transient
process of moving the rescue cage depends on the
operation of all these control systems.

Since the boom of the skylifting mechanism is
not completely rigid, deformations of the boom
occur. Due to elastic deformations of the boom,
imperfect manufacturing of mechanical elements
and their connections, large masses of moving parts,
inefficient operation of the control system itself,
reactive action of fire extinguishing means, wind
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load when movement of the rescue cage, oscillations
occur in both the vertical and horizontal planes,
which are called “coordinate perturbations”. These
factors negatively affect the operation of the system
and complicate the rescuers work.

Damping of oscillations with only mechanical
devices is ineffective. Therefore, along with
mechanical devices [3], a promising way to reduce
or eliminate oscillations is the use of an automatic
control system (ACS) [4], which makes the rescuers
work safer and more efficient.

The ACS should function in positioning and
stabilization modes. Parametric and coordinate
perturbations are possible in these modes.
Parametric disturbances a include changes in the
inertia moment of the second mass due to a changes
in the position of the rescue cage and parameters of
electrical equipment due to a changes in
environmental climatic conditions and physical
“aging”. Coordinate disturbances are caused by the
reactive effect of fire-extinguishing substance and
wind load.

The ACS of the rescue cage rotation of the fire
skylift must have minimal sensitivity to all these
disturbances. It should be configured to ensure a
monotonic of the angular coordinate transition
process in the ideal case. The desire to improve
dynamic and static indicators requires the ACS of
the drive of the rescue cage rotation mechanism to
perform more complex tasks. Such an ACS should
ensure: the required speed, static and dynamic
accuracy of the rescue cage movement, absence of
over-regulation in transient modes, etc.

LITERATURE REVIEW

One of the main control coordinates is the angle
of rescue cage rotation. However, the structure of
the ACS by the rescue cage rotation mechanism
includes an internal loop for controlling the speed of
the output shaft of the executive motor and an
internal loop for controlling the rescue cage rotation
speed. Quantitative and qualitative indicators of the
rescue cage rotation angular coordinate depend
significantly on their settings.

In order to ensure the necessary indicators of
the angular coordinates of the rescue cage rotation, a
number of fundamentally different ACSs and
methods of their synthesis were analyzed. It is
possible to ensure a monotonous transition process
with the help of modal control [5, 6]. When
synthesizing a modal control system (MCS), an
important aspect of problem solving is the choice of
desired  standard  characteristic  polynomials.
However, despite the significant advantages of such
a system, it is difficult to configure and does not

provide the ability to adjust intermediate
coordinates, but only the original one.

Such shortcomings can be eliminated by
building ACS based on the principle of subordinate
regulation [6, 7], [8]. Traditionally, the system of
subordinate regulation (SSR) of the electric drive
coordinates is adjusted on the basis of two standard
forms of the distribution of the roots of the
characteristic equation, namely: according to the
modular (technical) optimum and according to the
symmetrical optimum. However, problems arise in
ensuring static and dynamic accuracy, as well as
sensitivity to parametric disturbances. In addition,
the formation of the dynamic characteristics of ACS
is affected by the location on the complex plane of
the poles and zeros of their transfer functions (TF).

The SSR during synthesis for symmetric or
modular optimum and MCS do not allow
compensating zeros of TF. The TF zeros of
electromechanical systems (EMS) are compensated
with the help of appropriate filters connected to the
system input [6]. It is clear that in this case it is
possible to obtain the entire range of standard forms
of transient functions, if there is no problem related
with a decrease of the speed and the limit of stability
in terms of the system amplitude. Thus, in a SSR
configured for a symmetrical optimum, the
introduction of a filter at the system input leads to a
decrease in speed.

High ACS indicators can be obtained using the
principle of combined control [6]. However, the
disadvantage of this approach is that several
synthesis methods are considered when considering
one positional SSR.

An alternative version of the construction of the
ACS of the rescue cage rotation mechanism is the
SSR, synthesized by the method of the generalized
characteristic polynomial (GCP) [9]. This method
allows it possible to take into account the zeros of
the transfer function during the synthesis of the
control system and adjust it to any standard form of
the transition process of the output controlled
coordinate. In addition, this method ensures the
stability of the system against disturbances [9].

On the basis of the research conducted in [10,
11], [12, 13], it is shown that fractional order (FO)
controllers have advantages over classical ones, in
particular, in the case of their use for the
optimization of two-mass EMSs.

In article [10], the application of the Caputo—
Fabrizio operator to improve the mathematical
model of a two-mass system with a long shaft and
concentrated parameters is analyzed. The approach
proposed in the article makes it possible to develop a
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mathematical model of two-mass systems using a
fractional integrator. This mathematical model
allows you to describe real transient processes. It can
be used to build a mathematical model of a two-
mass turning mechanism of a fire truck. However,
the article does not consider the synthesis of
controllers for this two-mass system.

In article [13], a fractional PI"D"-controller and
an active disturbance elimination controller for a
nonlinear two-mass system were developed.
However, it is important to note that the PI*D*-
controller was designed with feedback based on the
first mass speed. In addition, the active perturbation
controller used an observer that provided
information about the control coordinates.

In article [14], various optimization algorithms
of FO PI"D"-controllers are analyzed. Each
optimization algorithm has different performance
not only due to the structure of the algorithm, but
also depending on the optimization problem. It is
proved that for a two-wheeled inverted pendulum,
the best result is achieved by the FO controller,
which is optimized using the artificial bee swarm
algorithm. In article [15], a FO PI*D*-controller for
the rotation angle of the fire control system of the
gun barrel was synthesized. To solve the problem of
nonlinear multi-criteria optimization, a new multi-
criteria differential evolution algorithm based on the
Pareto optimal solution is proposed. In the work, the
mathematical model of the gun barrel rotation
mechanism is presented as a one-mass one, taking
into account external viscous friction.

In article [16], the method of synthesis using
GCP for multi-loop EMSs under the condition of
cascade activation use of FO controllers was
improved. The algorithm for the synthesis of FO
controllers of the corresponding control circuits is
presented. The conducted studies showed the
possibility of introducing cascaded fractional
controllers for EMSs, where loop with TFs of
integer and FO are combined, as well as systems
with loop of the only FO. However, in the work, an
SSR with single-mass and two-loops was
synthesized, where the object of regulation is the
electric drive “thyristor converter — motor”.

In article [17], the authors focused on the
synthesis of a fractional controller for a wind power
plant using a multi-criteria genetic algorithm. The
mathematical model of the wind power plant was
considered as a two-mass system with integral
integrators. The authors showed that this fractional
controller outperforms other controllers in terms of
overall efficiency. It is important to note that in this

work the system was constructed as a single-loop
system.

THE PURPOSE OF THE ARTICLE

In this article, for the damping of elastic
vibrations in the horizontal plane, it is proposed to
synthesize the positional SSR by the rescue cage
rotation mechanism, taking into account the elastic
properties of the boom. This will ensure the
necessary dynamic and static characteristics of the
rescue cage movement under the influence of control
and disturbance actions on it. Thus, increase the
efficiency of rescuers work in real conditions. To
implement the obtained controllers for the angular
speed of the motor and rescue cage, it is suggested to
replace them by approximation by evolutionary
methods with more compact PI*D*-controllers or FO
controllers.

To achieve the stated goal, the following
scientific tasks must be completed:

— to synthesize a SSR by the rescue cage
rotation mechanism taking into account the elastic
properties of the boom;

— to obtain the controllers of the angular speed
of the motor and rescue cage, replacing them by
approximation by evolutionary methods with more
compact PI"D*-controllers or FO controllers.

SYNTHESIS OF TWO-MASS SYSTEM OF
SUBORDINATE REGULATION BY THE
RESCUE CAGE ROTATION MECHANISM

The process of SSR synthesis requires the
creation of a mathematical model of the control
object: the executive motor and the rescue cage
rotation mechanism, taking into account the
influence of elastic deformations of the boom. In
article [18], to improve dynamic and static
indicators, it was shown the advantages of replacing
the mechanical gear rotation the platform system of
a fire truck with an electromechanical gearless one,
which is driven by a torque valve motor (TVM). The
TVM provides high accuracy and a large moment on
the shaft at low speeds. The absence of a reducer in
such a drive makes it possible to simplify the
mechanical part of the drive: get rid of backlash and
eliminate the problem of dynamic shocks during
start and stop, thereby increasing the rigidity of the
rotation mechanism. In article [18] it is stated that
the nominal rotation frequency of the lifting-rotation
mechanism is approximately 2 r/min, then the
angular speed of rotation @ = 0.21 rad/s. In article
[19], an motor with the following rated parameters
was used for TVM simulation for the platform
rotation mechanism of the fire skylift: R, = 1.52
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Ohm; La= 0.0091 H; C = 131 Nm/A; Mmnax = 13000
Nm; M, = 8750.8 Nm; am = 0,37 rad/s; Jn = 2000
kg-m?% U, = 150 V. The electromagnetic time
constant of such motors is small enough and is about
0.006 s (Ta = 0.006 s), and the time constant of the
pulse-width converter Tc = 0.005 s. To synthesize
the controllers for a small uncompensated time
constant, the sum of the time constants of the pulse-
width converter and the armature circuit
(T,.=0.011 s) was taken.

Since T, is much smaller than the
electromechanical time constant of the electric drive

(T, =JR,/C?) and the moment of the second

mass, in this case the TF of the electric part of the
drive can be written:

Wel.dr(p):Kel/(THp"'l)' 1)

The developed mathematical model for the
rotation mechanism of the rescue cage in the
horizontal plane is based on the kinematic scheme of
the variant of the two-mass system:

My(p)-ay(ploy(p)~[My( p)-bia(0( p) - wy(p))]= 3, pery( p),

Mlz(p):%z(ml( p)—wz(p)),

M, ( p)+b12(0)1( P) - oy( p))i Fo(p)L=J,pa,(p),

0.(p)=20,(p)
p

)

where an(p) is angular speed of the motor; ax(p) is
angular speed of the rescue cage; ¢c(p) is angle of
rescue cage rotation; M is motor torque; Miz(p) is
moment of elastic deformation of the arrow in the
horizontal plane; Ji, J2 is total moment of inertia of
the first and second masses; Fs(p) is horizontal
component of disturbances caused by the force of
the wind and the reactive force from the water jet;
C12 is elasticity coefficient of bending deformation;
a; is coefficient of external viscous friction; by, is
coefficient of internal viscous friction in an elastic
boom; p is Laplace operator.

In the case of using a gearless drive, the value
of the coefficient of external viscous friction a; will
be quite small, and the impact on the system will be
minimal, so it can be neglected in the synthesis
process.

Since it is quite problematic to implement
feedback on the moment of elastic deformation of
the boom, we will perform the synthesis of the SSR
by the rescue cage rotation mechanism without
taking into account the control loop for the moment
of elastic deformation Mi,(p). Taking into account

the accepted assumptions, the structural diagram of
such an SSR, taking into account the elasticity
properties of the boom, is shown in Fig. 1.

The following designations are used in the
figure: Wesi1(p), Wes2(p) are TFs of the angular speed
controllers of the motor and rescue cage; Wep(p) is
TF of the rescue cage position controller; K, Ks, Kp
are transmission coefficients of the speed sensors of
the first mass (motor), second mass (rescue cage)
and position sensor.

Fig. 1. The structural diagram of the two-mass
positional SSR by the rescue cage rotation

mechanism
Source: compiled by the authors

Let's consider three options for the synthesis of
a two-mass positional SIR by the rescue cage
rotation mechanism using the GCP method. Previous
studies have shown that the decomposition version
of the synthesis using the GCP method of such a
two-mass system does not make it possible to build a
three-loop SSR without taking into account the
feedback of the elastic deformation moment Miz(p),
so we will not consider it.

The first option
An integral version of the synthesis by the
generalized characteristic polynomial method

The TF Wy((p)=ec(p)/Us(p) for a positional
three-loop SSR by the rescue cage rotation
mechanism taking into account the elastic properties
of the boom (Fig. 1) has the following form:

— ch(p )Wcsz( p )Wcsl(p )Wel .dr(p )(blzp + Clz)
lez(szz +b12p+C12)+ (b12p+C12)‘]2 pP+—

W,(p)

= Wy (2 W 4 (2K p(Jz p%+ b,p+ C12)+ -

- +Wc52Wcsl( p )Wel .dr(p )(blzp + ClZ)Ksz p+ g
©)

- +ch ( p )Wcsz(p )Wcsl( p )Wel.dr(p )(blzp + ClZ)K p .

Analysis (3) shows that the quality of the
transition process for the initial coordinate ¢c(p) will
be affected by the poles and zeros of the system. The
synthesis of the studied positional SSR by the rescue
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cage rotation mechanism will be carried out using
the integral method of GCP [9].

As a result, we get the following system of
equations:

0303J1(J2p2+b12p+C12)+J2(b12p+C12) -
Kchp(p )WCSZ( p )Wcsl( p )Wel .dr(p )(b12 p + ClZ)p
CO03K51(~]2 p? +b12p+C12) = 0,0, 4)
Kchp( V4 )Wcsz( p )(blz p + ClZ)p
3
@ Ksy =0t20)02
Kchp(P)

where e is the geometric mean root of the standard
form of the characteristic polynomial; a4, oo, o3 are
coefficients of the selected standard form of the
characteristic polynomial.

After solving the obtained system of equations
(4) taking into account (1), we obtain the following
system of equations:

almo(npﬂ){J .
1

Wcsl(p): K_K
s1' el

Jo(b,p+Cyy) }
J3,p? +b,p+Cyy
3;p +1J (5)
b,p+Cp, P

o, K
Wcsz(p): =g Sl[
O(lKSZ

o, K
W, (p)=200s2
a,K,

Based on the obtained expressions (5), it can be
concluded that the TF of the first angular speed
(motor) and second (cradle) regulators are difficult
to implement and have a high order. This greatly
complicates their further practical implementation.

The second variant of the combined variant of
the synthesis by the generalized characteristic
polynomial method

Let's consider the combined version of the
synthesis of SSR by the mechanism of turning the
cradle in the horizontal plane by the GCP method
[9]. To do this, we first synthesize, using the integral
method, a two-mass SSR with the speed of the
second mass with contours for regulating the speeds
of the first and second masses. The elastic torque
regulating loop is not provided here, as in the
previous case. Then we synthesize the external
controller of the cradle position for the position loop,
which includes the two-mass SSR synthesized
earlier.

The expression of the TF Wypp) =
@o(p)/Ucp(p) for the internal two-loop two-mass

SSR has the form:

W (p): Wcsz(p)Wcsl(p)Wel .dr(p)(b12p+ ClZ)
N [‘le(‘]sz+b12p+C12)+(b12p+C12)‘]2pJ+_>

- +|Wcsl(P )Wel.dr(p)Ksl(‘]Z p2 +b,p+ Clz) J+ -

- +W052Wcsl( p )Wel .dr( p )(blzp + ClZ)Ksz . (6)

Let us represent the GCP of such SSR as a
polynomial of the second order. To do this, multiply
and divide the first and second components (in
square brackets) of the characteristic polynomial TF
(6) by p. After that, the GCP will be obtained by
dividing the components of the characteristic
polynomial term by term by the expression of the
numerator.

Then, from the condition of equality of the GCP
and the characteristic polynomial of some standard
form, provided that the order of the synthesized
system is n = 2, we write down the following system
of equations:

0‘)os2 [‘]1(32 p* + b,p+ C12)+ ‘]2(b12 p+ Clz)] =1,
KSZWCSZ(p )Wcsl(p )Wel .dr(p )(blz p + Clz) p

(Dosszl(‘]Z p*+b,p+ Clz) -0
KsWeso(p) (01, +Cyp )

where o,® is a parameter of the second-order
standard form selected for the speed loop of the
second mass; mos iS the geometric mean root of the
selected standard form.

After solving the system of equations (7), we get:

masals(Tup"'l)[J + Jz(b12p+C12) j
KaKaq ' (sz2+b12p+clz)

o,K J,p 1
W (p): os_ ‘sl 2 +2
= o, 'K, \bpp+C, P

()

Wcsl( p ) =

®)

Now we synthesize the external loop of the
position. To do this, based on the analysis of the
structural diagram with an optimized internal SSR,
which includes the speed controllers synthesized
above, we will write the PF for the position loop

Wo(®) = @, (p)/Us():

W, (p)o,,’

W,(p)=
KSZ p3 + KSZ(xlswm p2+ KSZ(Doszp +ch(P )pros

p

7-(9)

Equating the expressions for the same powers
of the GCP and the characteristic polynomial of the
standard form under the condition n = 3, we obtain a
system of equations, on the basis of which it is
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possible to calculate the expressions of the TF of the
position controller Wep(p) and the value of the
geometric mean root mop for the third-order system.
Let's solve these equations under the condition that
the parameters of the standard form of the third
order are the values a1”, .

(10)

It is obvious that the last two conditions of
expression (10) will be strictly fulfilled if

Job =af /o, ie., the position loop is subject to

requirements regarding the selection of a standard
form for it. In the case when it is still chosen

arbitrarily, it is worth choosing one for which /o)

and of/a it will not differ much. So, if you
choose the standard forms of Butterworth,
then o, =2 &P = &P = 2. It is obvious that here
the condition of ensuring this form in all loops is
fulfilled. If we take the standard binomial form,
when a® = 2; ao® = &” = 3, then we get
contradictory conditions: w.s= 3/2wmy and s =

J3 ®.p, Which are not very different, and therefore a

compromise is possible when adjusting all loops to
the standard binomial form.

The third variant of the combined variant of
the synthesis by the generalized characteristic
polynomial method

Let's consider another combined version of the
synthesis of SSR by the mechanism of turning the
cradle by the GCP method [9]. To do this, we first
synthesize the internal speed loop of the first mass,
having brought the action of the internal connection
by the torque of elastic deformations A1, to the input
of the first speed controller CS1. Then we synthesize
by the integral method a two-mass SSR with a cradle
rotation mechanism taking into account the speed
loop of the second mass and the synthesized speed
loop of the first mass.

The expression of the TF Wsi(p) = w5(p)/Ucp(p)

for the internal two-loop two-mass SSR has the
form:

Wcsl(p)Kel (11)
J; p(Tu p +1)+Wcsl( P)KaKy

Let us represent the GCP of such SSR as a
polynomial of the first order. Then, from the
condition of equality of the GCP and the
characteristic polynomial of some standard form,
provided that the order of the synthesized system is
n = 1, we write down the following system of
equations:

Wsl(p)=

0,adi(T,p+1) _ .
Kslwcsl( p )Kel
® Ksl —

osl

, (12)

sl

where mos1 IS the geometric mean root of the selected
standard form.
After solving the system of equations (12):

®,0d:(T, p+1)
W (p): os1¥1 n
= KeIKsl

(13)

So, the speed controller of the first mass Wes(p)
turned out to be a PD controller.

We now synthesize by the integral method a
two-mass SSR with a cradle rotation mechanism,
taking into account the speed loop of the second
mass and the synthesized loop of the speed control
of the first mass.

To do this, based on the analysis of the
structural diagram, which includes the speed
controller of the first mass synthesized above, we
will write the TF for the position loop Wy(p) =

@.(p)/Us(p):

o
ch(P)VVcﬁsz(P)KLS1 Jl(bup + CIZ)

sl

P> [Jl(p + wosl)(‘]sz "'bleH’Clz)+ ‘]zp(blzp+c12)]l7+ -

W, (

(Dosl
K sl

_)+Wcsz(p)‘Jl Ksz p(b12p+C12)+_>

.(14)
[0}
— tW (P)W,, (P) KUSl Jl(b12p + ClZ)K P

sl

Let us represent the GCP of such SSR as a
polynomial of the second order. To do this, multiply
and divide the first and second components (in
square brackets) of the characteristic polynomial of
the transfer function (14) by p. After that, the GCP
will be obtained by dividing the components of the
characteristic polynomial term by term by the
expression of the numerator. Then, from the
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condition of equality of the GCP and the
characteristic polynomial of some standard form,
provided that the order of the synthesized system is
n = 2, we write down the following system of
equations:

a)opz[Jl(p + wusl)(‘]z p’+ b,p+ C12)+ ‘]z(b12 p+ Clz)] 1

[0)
Kchp (p)WCSZ(p)KLSlJl(blzp+C12) p 15)

sl

— alﬂ wﬂ ,
KWy () ’

ou” is a parameter of the second-order standard form

of the position selected for the loop; w.s is the

geometric mean root of the selected standard form.
After solving the system of equations (15):

W ( ):a)op(p+a)osl)(‘]2p2+b12p+C12)+ szop
~ p KSZ a)osl KSZ a)osl
ﬁi(blzp"'clz)p ‘]lipi
a Ky o Ky t(16)
o K
W —_ 52.
(D) —alpr

From the obtained results (13) and (16), it can
be seen that the TF of the angular speed controllers
of the motor and the cradle, which were obtained in
the process of synthesis by the GCP method of the
three-loop SSR by the cradle rotation mechanism,
have a high order and turned out to be quite complex
from the point of view of practical implementation.
However, these systems make it possible to provide
an aperiodic transition process of turning the cradle
and low sensitivity, in a steady state, to the action of
disturbances. Let's replace these controllers by
approximation by evolutionary methods with more
compact PI*D*-controllers.

SYNTHESIS OF FRACTIONAL-ORDER
CONTROLLERS FOR A TWO-MASS
POSITION SSR WITH A CRADLE ROTATION
MECHANISM

Having considered three variants of the
synthesis of a two-mass positional SSR by the cradle
rotation mechanism, it can be concluded that the TF
of the angular speed of the motor and the cradle are
complex and have a high order. This complicates
their practical implementation. In addition, in the
second option, contradictory conditions were
obtained.

The use of the PI*D*-controller of the FO is an
effective approach to the optimization of various
EMSs with the possibility of taking into account the

effect of the two-mass effect of the control object

based on the use of various intelligent methods
1

Wp(p):Kp +W+Tds‘u, (17)

where K,, Ti, Tq, are values of the proportional,
integral and differential components.

Let's consider the first version of the
synthesis as an example

With the other two options, the transition
process is identical. Let's replace the complex
regulators of angular speeds of the motor (CS1)
Wes1(p) and cradle (CS2) Wes2(p) with TF (1) PI*D*-
controllers (17) DP by applying evolutionary
methods for approximation [20].

Integer order Y*(1)
" | complex controller

. . . &(t) Error |
Genetic algorithm - e
estimation-—

v’
_ [Fractional controller
formation block

X Y(1)

»

Fig. 2. Functional scheme of approximation of
high-order TFs by fractional TFs

Source: compiled by the authors

The procedure for approximating a complex TF
using one of the intelligent methods, in particular a
genetic algorithm (GA) or a particle swarm, consists
in comparing at each iteration of the transition
process the initial integer TF of the complex
controller Y*(t) and the transition function from the
“approximating” TF Y(t), which corresponds to the
current setting of the parameters of the fractional
controller. The difference between the instantaneous
values of two TF controllers at certain discrete
moments of time is analyzed by a special “error
estimation” block. Through this block, the
“intelligent method” of the GA or particles swarm
corrects the parameters of the “fractional controller
forming block” at each iteration until the minimum
set error of divergence is reached. "Block of

formation of the fractional controller” after
achieving the desired accuracy will fix the
parameters of the fractional controller, which

approximates the transition function of the integer
complex controller.

For the practical approximation of the classical
high-order controller CS1 with PF Wes1(p) (5) by the
PI*D*-controller (17), a structural diagram was
developed in the MATLAB package (Fig. 3).
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506 4798952 +0.0985+5.6

Fig. 3. Structural diagram in MATLAB Simulink
for practical approximation of the controller CS1
with TF (5) and (17)

Source: compiled by the authors

The replacement of the high-order integer
controller CS1 with the TF (5) was carried out in
accordance with [20]. The GA method is
implemented in MATLAB based on the
Optimization Toolbox optimization package. The
search for the parameters of the fractional PI"D*-
controller was carried out within the limits given in
the Table. 1.

TABLEL. LIMITS OF CHANGES OF PI*D"-
CONTROLLERS PARAMETERS

Parameter Margin
Kp [1..50]
Ki=1/Ti [0..100]
A [0..0.999]
Tyq [0..100]
u [0..0.999]

Source: compiled by the authors

As a result of the approximation, the TF of the
PI"D*-controller of the angular speed of the motor
was obtained:

Wy, (p)=12197 +12,241p 0% + 2434 )", (18)

In Fig. 4 shows the transition functions for the
RSh1 controller with the TF Weai(p) (5) (curve 1)
and the PI"D*-controller with the TF Wes1(p) (18)
(curve 2) obtained by approximation.

In Fig. 5 shows the dependence of the accuracy
on the time of the approximation process for finding
the parameters of the PI*D*-controller of the FO
using GA. The population size is chosen to be 50.
The approximation program shows the best (curve 1)
and average values (curve 2) for the quality function
J. By controlling these values, you can set the
required accuracy to complete the approximation
process. Additionally, we estimate the
approximation result by the absolute root mean
square deviation o, .

Fig. 4. Transition functions of the motor angular
speed controllers:
curve 1 —TF (5); curve 2 - TF (18)

Source: compiled by the authors

Best: 51.3418 Mean: 89,5996
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1000 | e e s
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o, - . .

0 1 I ]
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Generation

Fig. 5. Dependence of the quality function on the
iteration number for the approximation
process using GA:

curve 1 — best; curve 2 — mean fitness
Source: compiled by the authors

The research results practically confirm the
thesis about the effectiveness of replacing the integer
high-order controller CS1 with PF Wca(p) (5) by a
fractional PI"D"-controller (17), whose TF is
determined by approximating the transition function
of the controller with TF (18) by the GA method.

At the second stage, we carry out a similar
replacement of the high-order integer controller CS2
with the PF Wes2(p) (5) by the PI*D*-controller (17)
using the developed structural diagram in the
MATLAB package (Fig. 6).

Similarly, we will use the Optimization
Toolbox optimization package for approximation by
the GA method and, taking the transition process of
TF CS2 (1) as a reference, we will carry out the
synthesis of the approximating PI*D*-controller of
the FO using the GA method.

As a result of the approximation, the following
PF of the PI*D*-controller of the angular speed of
the cradle was obtained

W.., (p)=0135+0.248 p % 1 60,539 %78, (19)
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Fig. 6. Structural diagram in MATLAB Simulink
for practical approximation of the CS2 controller
with TF (5) and (17)

Source: compiled by the authors

In Fig. 7 shows the transition functions of the
CS2 regulator with the TF Wes2(p) (5) (curve 1) and
the controller with the TF Wes2(p) 7 (19) (curve 2)
obtained using the GA method.

10000 L
5000 -
5000 f----
7000 p---
6000 {4 ---
5000
4000 (-4~
3000 |-
2000 f---
1000 |----

0

om0 i i i i i i
0 0.05 0.1 0.15 02 025 03 035 LS 0.4

Fig. 7. Transition functions of the cradle angular
speed controllers:
curve 1 - TF (5); curve 2 — TF (19)
Source: compiled by the authors

In Fig. 8 shows the dependence of the accuracy
on the time of the approximation process for finding
the parameters of the PI*D*-controller of the FO
using GA. The selected population size is 100.

The analysis of the obtained results of the
approximation process of the complex controller
CS2 with TF (5) and (19) found in the process of
simulation modelling demonstrated satisfactory
accuracy.

We conducted a comparative study of the
system shown in Fig. 1 with integer-order
controllers (5) and the same system with
approximated fractional-order controllers (18) and
(19). In Fig. 9 shows the resulting transition
functions of the entire system (Fig. 1) with integer
controllers (5) (curve 1) and of the system with
PI*D*-controller s (18) and (19) (curve 2) obtained
using the GA method. At a time of 15 seconds, there
is a step load jump, which both systems work well.

x 10 Best: 42605.7 Mean: 49259.5
14 -
- Best fitness
+  Mean fitness
@
L —1
)
=
2 1
=
i sﬁ:f'.‘p% 2
*
Py
k3
A S Eanang
LS PewYr
r

160 1&0 200 25I0 3;30
‘Generation
Fig. 8. Dependence of the quality function on
the iteration number for the approximation
process using GA:

curve 1 — best; curve 2 — mean fitness
Source: compiled by the authors
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Fig. 9. Transitional functions of the rescue
cage position:
curve 1 —TF (5); curve 2 - TFs (18) and (19)

Source: compiled by the authors

The analysis of the obtained results of the
approximation process of complex controllers CS1
with TF (5) and (18), CS2 with TF (5) and (19)
found in the process of simulation modelling
demonstrated the satisfactory accuracy and
workability of this approach. The accuracy of the
approximation of the transition function of the
controller of the angular speed of the rescue cage
can be further increased by using not a compact
PI*D*-controller for CS2, but a slightly more
complex fractional controller. Such a fractional
controller does not complicate the implementation
of ACS.

CONCLUSIONS

1. The article proposes a new and original
approach to the synthesis of the loops of the
automatic ~ control  systems  of  two-mass
electromechanical systems based on the application
of the generalized characteristic polynomial at the
first stage and the intelligent optimization method at
the second.
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2. Using the generalized characteristic
polynomial method, a positional three-loop system
of subordinate control of the rescue cage rotation
mechanism was created, taking into account the
elastic properties of the boom with a rescue cage.
The transition functions of the angular wvelocity
controllers of the motor and rescue cage obtained in
the process of synthesis are of a high order and
turned out to be quite complex from the point of
view of practical implementation.

3. Complex high-order controllers for the motor

result of the synthesis are replaced by more compact
fractional-order PI*D*-controllers by approximation
using evolutionary methods. The conducted research
with the help of mathematical modelling confirmed
the effectiveness of replacing complex high-order
angular speed controllers of the motor and high-
order rescue cage with fractional-order PI*D-
controllers, the transfer functions of which are
determined by approximating the transition
functions of the controllers using a genetic
algorithm.

and angular speed of the rescue cage obtained as a
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AHOTALIS

B craTTi 3anponoHoBaHO HOBUI OpUTiHAJBHUH IiJXiJ 10 CHHTE3Y KOHTYpPIB CHCTEM aBTOMAaTHYHOTO KepYBaHHS JABOMAacOBUX
MO3UIIHHAX €IEeKTPOMEXaHIYHAX CHCTEM Ha OCHOBI 3aCTOCYBAaHHS y3arajbHEHOTO XapaKTePHUCTUYHOTO TOJIIHOMY Ha MepIIoMY eTarti
Ta IHTENIEKTyaJIbHOrO MeToXy onTuMizamii Ha apyromy. [limifiManbHMII MeXaHi3M ITOXKEXHOTO aBTOMiJifiMada Ha TIPAKTHII €
CKJIAJIHUM 00’€KTOM KepyBaHHs. HemocKoHaiCTh BHTIOTOBJICHHS MEXaHIYHMX KOMIIOHEHTIB Ta IX 3'€HaHb, NPYXHI Aedopmanii
CTpiH Tij] 9ac poOOTH Ta 1MoJavi BOrHETacHO! peYOBMHH BHKJIMKAIOTh KOJMBAHHS JIOJbKHA. BHKOPHCTaHHS CHCTEMH aBTOMAaTHYHOTO
KepyBaHHS Ja€ MOXJIUBICT AeMI(yBaTH NMpPYyXHI KoJIHBaHHS cTpian. CHHTE30BaHA CHCTEMa aBTOMAaTHYHOI'O KEpyBaHHS, sIKa Kepye
PYXOM CTpiJIH, TIOBMHHA BiJIIOBIJaTH TaKMM BHMOTaM: HEOOXiTHIH IMIBUAKOMIII, CTaTHYHIN Ta AMHAMIUHIA TOYHOCTI MepeMilleHHs
JIIOJIBKY, BIJICYTHOCTI 3HAUHMX IIepeperyIroBaHb y IMEpexXiHUX pexuMmax Tomo. J[1s BUKOHAHHS IIMX BHMOT IPOBEIEHO aHai3
PI3HHMX CHCTEM aBTOMaTHYHOIO KEpyBaHHS Ta METONIB iX cuHTe3y. B pesymprari aHamizy 3a JOMOMOTOM METOAY y3araJlbHEHOTO
XapaKTepUCTHIHOTO TOJIIHOMY CTBOPEHO JIBOMACOBY IO3HLIHHY TPUKOHTYPHY CHCTEMY IiIIOPSIKOBAHOTO KEPYBAHHS MEXaHi3MOM
MOBOPOTY JIIONBKM 3 YpPaxyBaHHSIM IIPYXHHUX BIIACTUBOCTEH CTpiaM i3 Jroibkoro. CHHTE30BaHAa CHCTEMa [MiIIOPSIKOBAHOTO
KepyBaHHS J03BOJISIE IeMII(yBaTH NPYXHI KOJIMBaHHS, 3a0e3medytoun OaXkaHi MepexiHi MpoIecH MeXaHi3My ITOBOPOTY JIFOIBKU Ta
HHU3bKY YYTJIUBICTB Y CTaJIOMY pexuMi 210 Jii 30ypenb. OznepkaHi B IpoLeci CHHTE3Y NepeaaBaibHi (QyHKIIT perynsTopiB KyToBUX
IIBUAKOCTEH JBHTYHA 1 JIFOJNIBKM MAlOTh BUCOKWH MOPSZOK 1 BUSIBWINCS JOCUTH CKJIQJHMMH 3 TOYKH 30py NMPaKTHYHOI peasizamii.
[IpomnoHyeTbCsT 3aMIHUTH I PETYISATOpPH OiBII KOMIAKTHHMH PETYISTOpaMu JpoOOBOro mopsaky. IIpoBeneHi mocimimkeHHS 3a
JIOTIOMOT'O0 MaTeMaTHYHOTO MOJICTIFOBAHHS I ITBEPIHIH €(PEKTHBHICTD 3aMiHU PETYJSITOPIB BUCOKOTO MOPSIIKY KYTOBOi IIBHAKOCTI
JIBUTYHA Ta JIIOJBKMA Ha PEryIaTOpU JIpOOOBOro MOPSAKY, NepelaBalbHi (YHKIIT SKMX BU3HAYAIOTHCS HUIIXOM arpoOKCUMAIil
nepeaBatbHUX QYHKIIN PEryasaTopiB 3a JIOMOMOIOI0 TeHETHIHOTO AJITOPUTMY.

Keywords: noxesxHuil aBTomiaiiiMay; 1B0MacoBa eJIeKTpOMEXaHidHa CHCTeMa; OpUTIiHAIBHUI CHHTE3 PEryJsTopiB; Mepexia 10
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