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1. Introduction 

The procedure to synthesize electromechanical systems 
(EMS) involves a two-aspect issue. The first concerns the 
synthesis of controllers under a condition that the dynamic 
processes in the object of control are described by a known 
transfer function of the fractional or integer order. The 
second relates to the synthesis under a condition that the 
mathematical model of the dynamic processes of the object 
of control is not known. For an EMS of the integer-order, the 
first issue is almost resolved; it is based on the procedure of 
the structurally parametric synthesis of modal or subordi-
nate regulation systems. The second issue for such systems 
can be resolved by intelligent methods, in particular, by the 
method of genetic algorithm (GA) provided the structure 
of the integer controller is specified. It is obvious that the 
parametric synthesis of such a controller is implied here. The 
task of EMS synthesis is considered to be completed once 
the dynamic processes in it correspond to those specified in 
advance. For an integer order EMS, the formalized repre-
sentation of the desired dynamic processes corresponds to 

the standard forms of distribution of the poles of the transfer 
function on a complex plane. It should be noted that for an 
EMS of the fractional order, those can include the same 
standard forms of the integer order or the two forms of the 
fractional order proposed in works [1, 2]. Expressions for 
their transfer functions (TF) are as follows:
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where q is the fractional order of the characteristic polyno-
mial, ωo1, ωo2 is the mean-geometric root of the correspond-
ing desired form, which determines the performance of the 
system, K1 is the coefficient of feedback amplification based 
on the regulation coordinate.

Regardless of the desired form of a fractional-order EMS, 
the controllers of such systems will almost always be of the 
fractional order. For the case when an object is described by 
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The modern industry is dominated by electric drives 
of the system frequency converter-induction motor, which 
employ integer-order controllers. Allowing the implemen-
tation and adjustment of fractional order controllers in 
the converter itself greatly expand their capabilities and, 
therefore, is relevant. This paper reports a procedure for 
the parametric synthesis of PIλDμ-controllers of fraction-
al order, providing for the use of the desired forms of frac-
tional order, as well as their practical implementation in 
the system frequency converter-induction motor. In this 
case, the control object is described by a transfer function 
of the fractional or integer order, derived on the basis of 
experimental results. The study results demonstrate the 
possibility of constructing new, as well as modernizing 
existing, electromechanical systems involving the frac-
tional-order PIλDμ-controllers with an expanded range of 
dynamic properties that correspond to the desired forms 
of fractional order. The procedure for the parametric syn-
thesis of a PIλDμ-controller has been theoretically sub-
stantiated, which was confirmed by applying the simula-
tion and during field experiments concerning the system 
frequency converter-induction motor. The reported pro-
cedure is universal because it makes it possible to synthe-
size the PIλDμ-controller for standard forms of both the 
integer and fractional orders. It is clear that the range of 
the desired standard forms in the synthesis process can 
include all possible known forms, including those of frac-
tional order. The result of this study allows us to argue 
that it is possible to apply the developed algorithm of 
actions for those engineering tasks that aim to build such 
systems for various industrial mechanisms. At the same 
time, no restrictions are imposed on the transfer function 
of the control object
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the integer-order TF, the structurally parametric synthesis 
of fractional order controllers for the desired forms of the 
integer and fractional order was reported in work [3]. It 
is obvious that the result of the structurally parametric 
synthesis of fractional order controllers necessitates their 
implementation in actual electric drives.

It is well known that the industry is dominated by the elec-
tric drives “Frequency converter-Induction motor” (FC‒IM). 
They implement, specifically FC, the integer order controllers. 
Allowing the implementation of fractional order controllers 
in the converter itself greatly expands their capabilities and, 
therefore, is relevant. It is clear that this should be accompanied 
by an engineering procedure for setting their parameters. By 
analogy with an integer-order EMS with a PID controller, the 
most common case of a fractional-order controller may involve 
a fractional order PIλDμ-controller with a TF

( ) .p p i dW s k k s k s-λ m= + +  		  (3)

On the other hand, if the fractional controller is built 
into a frequency converter, it can be considered together 
with the converter, in certain cases, as part of the control 
object. Then there is the issue related to the parametric syn-
thesis of such a controller.

According to the recent research, the use of fractional or-
der PIλDμ-controllers in the EMS of FC‒IM makes it possible 
to improve the quality of transition processes and increase 
the margin of stability, compared to similar systems, which 
employ classical (integer order) PID-controllers. The further 
application of PIλDμ-controllers to manage various industrial 
processes instead of the integer-order PID-controllers can ex-
pand only if the set of scientific and applied tasks is resolved. 
The above set of scientific and applied issues is related to 
the synthesis and implementation of such systems, as well as 
methods of their configuration. However, at present, the task 
of the parametric synthesis of the fractional-order PIλDμ-con-
trollers, as well as the research into their capabilities for vari-
ous automated EMS, require further development.

In addition, another modern trend in the design and 
development of new EMS is the use of not only integrated 
but other optimization criteria as well. This requires that 
researchers aiming to solve the tasks of EMS analysis and 
synthesis should turn to new methods and tools, including 
such an intelligent method as a genetic algorithm (GA). The 
genetic algorithm is applied to find an extremum of complex 
functions. Given that the search space in such optimization 
problems is almost not limited, the resulting solution would 
suffice in practice, which sufficiently satisfies the meaning of 
a given problem. Together with the Fuzzy Logic and Neural 
Network packages implemented in the MATLAB software, 
GA is an effective tool for solving many problems.

The use of the fractional-order PIλDμ-controllers in 
EMS makes it possible to improve the quality of dynamic 
processes and, in addition, to increase the margin of stabil-
ity compared to similar EMS that employ the integer order 
controllers. However, to date, the task of implementing the 
fractional-order PIλDμ-controllers, as well as studying their 
capabilities in automated EMS, continues to be relevant. 

2. Literature review and problem statement

Work [4] considers an approach to the synthesis of frac-
tional order PIλDμ-controllers for the circuits in automated 

control systems based on a particle swarm method. However, 
the work did not address the task of identifying a real con-
trol object, in particular the FC‒IM system, using a TF of 
the integer or fractional order, on the basis of experimental 
research. Based on practical experience, it was found that in 
practical tasks of synthesizing the fractional order control-
lers, the genetic algorithm operates slightly faster than the 
particle swarm method.

The authors of [5, 6] show a wide range of GA method 
applications, including the possibility to solve various opti-
mization problems, in particular for the synthesis of control-
lers. However, they did not consider the task of identifying 
an actual control object by using a fractional order TF. The 
use of the GA method for the synthesis of fractional order 
controllers was not considered.

It should be noted that the use of fractional order control-
lers in the AC electric drives was considered in works [7, 8], 
which show the advantages of applying the fractional-order 
PIλ-controllers in the system that controls a synchronous 
motor with permanent magnets. Owing to this, the authors 
derived the desired dynamic characteristics of the system 
while ensuring its robustness. However, the works did not 
address the issue of identifying an actual control object by 
using a TF of the integer or fractional order based on experi-
mental research. In addition, the authors did not consider, in 
the synthesis of the relevant controllers, the desired forms of 
the fractional order in order to ensure the desired dynamic 
characteristics of electric drives.

Studies [9‒11] show that in closed control systems of 
the speed and position of DC engines (DCE) using the 
fractional-order PIλ-controllers in single-circuit systems is 
more effective compared to classical PI-controllers. Howev-
er, the cited studies apply only to systems with DC engines. 
In addition, for such a class of EMS, the authors of [12, 13] 
compared different methods of evolutionary optimization to 
configure the controllers of both fractional and integer order, 
in the system that controls speed of the DCE. Three main 
procedures to synthesize the controllers were considered: 
a genetic algorithm, the particle swarm optimization, and 
differential evolution. The studies performed a comparison 
based on the quality indicators and stability of the developed 
system. However, the cited studies considered control over 
the speed of DCE only, which limits the application scope 
of their results.

The authors of work [14], when designing a new control 
system for an electric vehicle’s IM involving a PIλ-controller, 
concluded that the properly synthesized and implemented 
fractional order controller ensures better characteristics 
than the classic PID- controller. In this work, however, 
the issue of identifying an actual control object by using a 
compact TF of the fractional order based on experimental 
research was not investigated. In the synthesis of fractional 
order controllers, the desired forms of fractional order to 
ensure the desired dynamic characteristics of electric drives 
were not considered.

Studies [15, 16] examined the approximation (replace-
ment) of the high-order integer transfer function using 
simpler transfer functions of different types with three or 
five variable parameters. To this end, the particle swarm 
optimization method was used. The accuracy of such substi-
tution was assessed by comparing transitional and frequency 
characteristics. It was proven that the approximation of a 
high-order TF, obtained experimentally, in the excitation 
current channel in an asynchronous machine, which op-
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erates in the mode of a generator with self-excitation, is 
possible with the help of simpler models of fractional order. 
The studies addressed only the task of identifying an actual 
control object using a TF of the fractional order based on the 
results of experimental research. However, no issues related 
to the synthesis of controllers were considered.

There are cases of GA application as a universal opti-
mization method, for the correction of a PIλDμ-controller’s 
parameters. It is shown in [17] that GA is effective at op-
timizing the parameters of integer order controllers. In the 
cited paper, the task to identify an actual control object by 
using a fractional order TF was not investigated. In addition, 
the authors neglected the issue of using a GA method for the 
synthesis of fractional order controllers for EMS. It should 
be noted that papers [18, 19] considered various options for 
the practical application of GA, including to solve optimi-
zation problems. However, the papers did not address the 
issue of identifying an actual control object using a TF of the 
fractional order and the synthesis of the relevant controllers.

Work [20] proposes a new approach to the design of the 
PIλDμ-controller in an asynchronous electric drive. In the 
work, the motor’s drive was modeled by using auto-regres-
sion with an input model whose parameters were experimen-
tally identified using actual dynamic characteristics. Then, 
with the help of GA, the values of the parameters for such a 
controller were found. The experimental results show that 
the proposed controller significantly improves the dynamic 
characteristics of an asynchronous electric drive compared 
to the conventional PID-controller. However, in the work, 
the IM was modeled by an integer transfer function of the 
high order. Additionally, only the inverter was considered 
rather than the entire FC as a control object.

Study [21] proved that a fractional controller can more 
accurately operate a complex system than a traditional PID 
controller. A neural network of backpropagation was select-
ed to optimize the controller’s parameters. The synthesis 
of an optimal PIλDμ-controller for the IM rotation speed 
control system by the evolutionary method of the cuckoo 
search was carried out in work [22]. The comparative anal-
ysis performed in these works concerning EMS with two 
types of controllers showed that the optimized fractional 
PIλDμ-controller ensures better indicators of damping the 
fluctuations in the coordinates of the system control. In 
addition, its application makes it possible to obtain better 
dynamic characteristics than the traditional PID-controller. 
The cited works do not show how to introduce fractional 
controllers into the FC‒IM system.

Work [23] reports the results of developing a PIλDμ-con-
troller of the fractional speed order for vector induction 
motors, where only possible changes in parameters and 
perturbation of load are considered. Based on modeling 
and experimental results, it was found that compared to 
the usual PID-controller, the proposed fractional-order 
PIλDμ-controller can ensure better robustness to the change 
in parameters and load perturbations. However, the cited 
work did not address the task of ensuring the specified dy-
namic characteristics of the system.

Paper [24] proposed using the transformation of Ous-
tolop of the first and second order to implement a fractional 
order controller for EMS. The possibility of such controllers 
functioning in actual time was proven. Thus, the authors 
created the preconditions for the synthesis and construction 
of fractional controllers in the FC‒IM system. All this al-
lows us to argue that the development of a procedure for the 

parametric synthesis of fractional order controller and their 
implementation in the FC‒IM system is a relevant task.

Given a large body of research, a series of issues have 
remained unaddressed regarding the tasks to analyze, syn-
thesize, and implement EMS, in particular FC‒IM systems 
with the fractional order PIλDμ-controllers. Therefore, it is 
reasonable to conduct a study that could resolve these issues.

3. The aim and objectives of the study

The aim of this study is to develop a procedure for the 
parametric synthesis of the fractional-order PIλDμ-control-
lers and their implementation in the FC‒IM system. This 
would make it possible to build new and modernize existing 
EMS with the fractional order PIλDμ-controllers with an 
expanded range of the dynamic properties that correspond 
to the desired forms of the fractional order.

To accomplish the aim, the following tasks have been set:
– to modernize a method of the parametric synthesis of 

PIλDμ-controllers in EMS by using a GA method to find the 
controllers’ parameters and identify the object of control; 

– to devise a procedure for the parametric synthesis of 
PIλDμ-controllers in EMS based on the developed modern-
ized method;  

– to synthesize and implement the PIλDμ-controller for 
FC‒IM as part of a typical FC, followed by an experimental 
study of the dynamic characteristics of the obtained EMS.

4. Materials and research methods

4. 1. The parametric synthesis of fractional-order 
PIλDμ-controllers using a genetic algorithm method

The structural and parametric synthesis of fractional 
controllers can produce [3] different TFs of the fractional 
order. Typically, they can be interpreted as a partial case of 
one or more, appropriately connected, PIλDμ-controllers. 
Therefore, one can immediately, by setting the structure of 
the universal PIλDμ-controller, proceed to the parametric 
synthesis of such controllers. Thus, it is possible to unify 
the type of controller to be introduced as a component in 
the object of control, in particular in FC. Should the result 
of the structural and parametric synthesis reveal that the 
TF differs from the PIλDμ-controller, it would be possible 
to implement it by adjusting the values (including zero) of 
parameters for the universal PIλDμ-controller.

For the parametric synthesis of EMS, an adaptive-based 
approach is suggested. It employs the transitional functions 
of the reference model and the actual system. Re-adjustment 
of the closed regulation system is carried out in accordance 
with the established parameters for PIλDμ-controllers based 
on the comparative analysis of these transitional functions. 
It is proposed to use the transfer functions (1), or (2) of the 
desired fractional form, as a reference model. In turn, the 
parametric synthesis of PIλDμ-controllers is carried out by 
the evolutionary GA method. The general functional scheme 
of such a procedure to synthesize a PIλDμ-controller is 
shown in Fig. 1.

A setting influence is sent to the input of the PIλDμ-con-
troller. At the output of the control object Wo(s), a transi-
tional function Y(t) is obtained, which is compared to the 
transitional function of the reference model Y*(t), that is, to 
the desired dynamic characteristic of the system. The signal 
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from the output of the error assessment unit triggers the 
algorithm of the genetic algorithm, according to which the 
parameters of the PIλDμ-controller are derived to minimize 
the error, that is, to ensure the desired form of the original 
transition process.

We synthesized a fractional controller based on a GA meth-
od for the case of EMS in FC‒IM with a reference model in 
the form of TF (1). This TF includes five variable parameters. 
In the GA method, alternative variants for the parameters of a 
PIλDμ-controller are encoded using chromosomes. Thus, in the 
case of using a fractional-order PIλDμ-controller, it can be re-
corded using expression (3). The corresponding parameters kp, 
ki, kd, λ, μ are selected in the process of the parametric synthesis 
of a fractional PIλDμ-controller and, when using a GA method, 
are represented in the form shown in Fig. 2.

For the case of the parametric synthesis of an integer 
PID-controller, or partial cases of the fractional PIλDμ-con-
troller, for example, PIλ, PDμ, a chromosome will have, re-
spectively, only three genes.

4. 2. A procedure of the parametric synthesis of 
PIλDμ-controllers

For the case when the dynamic processes in the object 
of control are described by a known transfer function of the 
fractional or integer order, a procedure has been proposed 
for the parametric synthesis of a PIλDμ-controller with its 
subsequent configuration. The sequence 
of activities in accordance with this pro-
cedure is as follows:

1) the parameters of the PIλDμ-con-
troller (phenotype) are encoded using the 
chromosome so that the length of the chro-
mosome is proportional to the number of 
parameters. The GA method functions fast-
er at a small length of the chromosomes, so 
it is desirable, if possible, to minimize the 
number of configuration parameters and 
the range of their changes;

2) the reference model is entered into the computer mem-
ory, the dynamic characteristics of which correspond to the 
desired fractional form; 

3) the initial parameters of the PIλDμ-controller are set; 
4) we start the process of searching for parameters of 

the fractional controller of the system using the GA method, 
which could ensure the desired transition process; 

5) the iterative process of the GA method is terminated 
when the value of the selected functionality of quality J be-
comes less than the specified value, or can be set manually;

6) after determining the parameters of the controller, 
it is necessary to configure the appropriate setting of the 
PIλDμ-controller.

This synthesis procedure was implemented in relation 
to the FC‒IM electric drive. Here, the object of control 
is the FC‒IM itself. Then there are two possible cases of 
EMS construction using FC‒IM. The first case involves 
the possibility of implementing the functional scheme 
shown in Fig. 1, in actual time. In this case, there is no 
need to determine WO(s) because whatever the form of the 
transitional function of the actual object of control is, the 
GA method will ensure that the appropriate parameters of 
the PIλDμ-controller are defined, owing to which the de-
sired dynamic characteristics are obtained. In the second 
case, the situation is considered when there is no possibil-
ity to implement the synthesis and configuration of the 
system in real time. Then the parameters of the controller 
are first synthesized on some computing device, and then 
the appropriate settings of the PIλDμ-controller are imple-
mented. In this case, there must be a mathematical model 
of the control object.

Consider the second case in detail because 
in actual engineering tasks, due to various 
reasons, this situation is most commonly found. 
Fig. 3 shows the functional circuit of EMS in 
FC‒IM, which implies feedback from the angu-
lar velocity of the motor (ωm). 

The parameters of the controller are en-
tered using the keyboard of the default FC, 
which traditionally includes the integer order 
controller.

For the case concerning the synthesis of the PIλDμ-con-
troller, provided that the mathematical model of the dynam-
ic processes of the object of control is unknown, it is neces-
sary to first identify this object. Identification precedes the 
procedure of parametric synthesis.

For most objects of control, their mathematical model can 
be represented by the transfer functions of different order. 
Works [15, 16] consider the possibility of replacing (approx-
imation) of the integer transfer function of a high order by 
means of the transfer functions of fractional order of different 
types with three, or with five variable parameters, namely:

Fig. 1. Functional scheme of the synthesis and adjustment of 
a fractional-order PIλDμ-controller using GA

Fig. 2. Chromosome representation when configuring a fractional PIλDμ-
controller

Fig. 3. Functional scheme of EMS in FC‒IM with a PIλDμ-controller
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Finding TF parameters (4) or (5) can be done by one 
of the intelligent methods. To preserve a single method-
ology for the parametric synthesis and identification of 
the object, the GA method was used. The features of this 
method are discussed above, and, in relation to the proce-
dure of identification of the control object in Fig. 2, one 
must enter parameters corresponding to TF (4) or (5). It 
is obvious that for TF (4), the number of genes is three, 
and for TF (5) – five.

5. The results of studying the synthesized  
EMS in FC‒IM

The control object selected was a typical FC, the 
TWERD MFC 710 type, which drives an IM of the type 
4AHB2P1000L. The FC parameters: Рl=3.0 kW; encoder: 
Kubler 8.3620.546E.1024; DPS: P22, Рl=1 kW, nl=1,500 rpm 
Ul=220 V, Il=5.9 A. The IM settings: Рl=4.0 kW, nl=420 rpm, 
Ul=380 V, Il=8.7 A, cosφ=0.84, η=84 %. The FC‒IM was 
loaded using a DC machine in a generator mode.

It should be noted that the FC control system of the 
type TWERD MFC 710 employs the МОDВUS interface. 
Owing to it, it is possible to control the frequency converter 
in any automatic control system. If necessary, one can use 
a programmable logic controller (PLC), microcontroller, 
computer, or specialized microprocessor device to control 
such FC. 

The designed test bench is shown in Fig. 4.

The selected FC‒IM system with such parameters is 
widely used in machine electric drives where the speed 
of working tools is most often used that corresponds to 
motor rotation frequencies from 750 rpm to 1,500 rpm. 
Therefore, it was in this range of changes in motor speed 
that our experimental studies were conducted.

For the case of an unknown mathematical model of 
the control object, in the first stage of synthesizing a 
fractional order controller, it is necessary to identify this 
object. Therefore, initially, the transitional process of 
launching the open FC‒IM system was experimentally 
obtained. The oscillogram of the corresponding speed 
transition process is shown in Fig. 5. It reflects the pro-
cess of launching the electric drive to a steady speed at 
1,200 rpm. The information was acquired at the output of 
a speed sensor using the Board Arduino Mega 2560 (Ita-
ly) and was recorded in memory.

Similarly, experimental studies were conducted to 
launch the electric drive to other steady speed values, name-
ly 750 rpm, 900 rpm, and 1,500 rpm.

The approximation of the obtained experimental transi-
tional processes by a fractional TF was carried out using the 
GA particles.

It should be noted that the oscillogram of the transition 
process in the FC‒IM system that was initially acquired, for 
example, for a speed of 1,200 rpm (Fig. 5), must be prepared 
for approximation. To this end, one needs to perform the 
following activities:

– match the beginning of the acquired transition process 
to the time equal to zero; 

– to convert the scale of the transition process from 
the range of 0‒5 V, at which the Arduino Mega 2560 (It-
aly) board operates, to the range of 0‒10 V, at which the 
MFC1000/10 board (Poland) operates, which implements 
the fractional PIλDμ-controller and FC MFC 710, by mul-
tiplying each point of the resulting transition process by the 
appropriate scale factor 2.

The transitional process of IM speed prepared for approx-
imation corresponds to curve 1 in Fig. 6.

The result of our approximation when using fractional 
TF (4) is:

( ) 1.205

4.101
.

0.961 1
W s

s
=

+
		  (6)

Fig. 6 (curve 2) shows the transitional start-up process 
of FC‒IM obtained for the object of control approximated 

Fig. 4. The test bench: 	
a – control system and frequency converter; b – power unit

a b

Fig. 5. Oscillogram of the transition process of the FC‒IM 
startup speed, up to a steady speed of 1,200 rpm (the signal 

from the encoder was digitized)

Fig. 6. Transitional process of FC‒IM launch, acquired 
experimentally (curve 1), and modeled on the result of 

identification of the object of control (curve 2)



Eastern-European Journal of Enterprise Technologies ISSN 1729-3774	 5/2 ( 107 ) 2020

62

by expression (6). The rms deviation (σn) of the resulting ap-
proximating transitional function from the experimental one 
is 0.132. This value can be slightly reduced if one uses TF (5). 

It should be noted that such identification of the object 
of control can be used during the structural and paramet-
ric synthesis of fractional controllers when the TF of the 
object of control or its parts are not known.

Following the identification of the control object, it 
is necessary to proceed to the parametric synthesis of a 
PIλDμ-controller. 

We have synthesized the PIλDμ-controller by a GA 
method for the above FC‒IM. We shall impose a require-
ment that the dynamic process of starting the closed EMS 
FC‒IM should be characterized by the following parame-
ters: overshooting δ=0 %, the time of reaching 0.95 of the 
steady speed t0.95=3.01 s. According to [1], these parame-
ters are ensured by the desired form (1) with the following 
parameters q=1.0 and ωoc=1 s-1. It is obvious that this is an 
integer order TF. Thus, it is necessary to solve the problem 
using a fractional controller – to translate the fraction-
al-order PT-IM into a closed integer-order EMS.

The MATLAB software environment, based on the ap-
plication of the optimization package Optimization Tool, 
the corresponding GA program is implemented. 

Fig. 7 shows the results of the iterative process, which 
occurs during the synthesis of the parameters of a PIλDμ 
controller for EMS in accordance with the desired dynamic 
process. We compare the results of two transitional process-
es at each iteration using the J quality functionality, where

*
і.

1

.
n

i
i

J Y Y
=

= -∑

The assigned population size is 100.
The result of the iterative process is:

( ) 0.995 1,0142.821 3.366 1.028 .pW s s s-= + + 		  (7)

Fig. 8 shows the simulated transitional functions of the 
desired form (curve 1), as well as the transitional functions 
of the closed EMS with the synthesized controller (curve 2). 
The control object is characterized by curve 3.

The practical implementation of such a controller using 
FC of the type MFC710 with a fractional PIλDμ-controller 
is not problematic. 

Fig. 9 (curve 1) shows the oscillogram of the transitional 
process of FC-IM speed, derived from a physical experiment, 
and curve 2 represents the desired form.

We have checked the performance of the synthe-
sized FC‒IM system in an extended range of speeds of 
400‒1,500 rpm based on the results of appropriate ex-
perimental studies for the same parameter values of the 
desired dynamic processes. The results from physical 
experiments are shown in Fig. 10.

The results obtained have fully confirmed the solution to 
the set task. 

Another variant of the parametric synthesis of 
a PIλDμ-controller with the following parameters 
of the desired dynamic process was also consid-
ered: δ=7.3 % and t0.95=1.92 s. This is provided 
by the desired form with the parameters q=1.2 
and ωoc=1 s-1 [1]. This variant of synthesis is very 
similar to the previous one, but here the desired 
form is described by a TF of the fractional order.

Accordingly, Fig. 11 shows the results of the 
iterative process, which occurs during the para-
metric synthesis of parameters for a PIλDμ-con-
troller in a given EMS.

When the synthesis process is over, the fol-
lowing transfer function of the PIλDμ-controller 
is obtained

( ) ¦¦¦¦3.349 3.763 0.619 .pW s s s-= + + 	 (8)

Fig. 12 (curve 1) shows the oscillogram of the 
transitional process of FC-IM speed acquired 

Fig. 7. Representation of an iterative process of the parametric synthesis 
of a PIλDμ-controller using a GA method

Fig. 8. Simulated transitional functions of the desired form 
(curve 1), the synthesized EMS (curve 2), and the control 

object (curve 3)

Fig. 9. Oscillogram of the transitional process of FC‒IM 
speed, derived from a physical experiment (curve 1), the 

oscillogram of the desired form – curve 2



Industry control systems

63

from a physical experiment, and curve 2 represents the de-
sired fractional form.

We have conducted similar studies of the closed EMS in 
FC‒IM for different values of steady speed for the same param-
eter values of the desired dynamic processes of the fractional or-
der. The results from physical experiments are shown in Fig. 13.

It should be noted that all oscillograms of the transition 
processes during field experiments were acquired when 
using the Arduino Mega 2560 board in oscilloscope mode.

6. Discussion of results of developing the 
parametric synthesis of PIλDμ-controllers and 
experimental studies of EMS in FC‒IM with 

such controllers

Modernizing a method of the parametric 
synthesis of PIλDμ-controllers implies the use 
of additional standard forms of the fractional 
order (1), (2). Provided that the q parameter is 
an integer, we come to the standard forms of 
the integer order (by Butterworth or a binomial 
form). Thus, it is evident that integer forms are 
a partial case of the fractional order forms. This 
expands the range of EMS dynamic characteris-
tics. In the process of the parametric synthesis 
of a PIλDμ-controller, such forms as the refer-
ence model are laid down in the synthesis proce-
dure, which is represented in Fig. 2.

On the other hand, when the mathematical 
model of the control object is unknown, it is iden-

tified according to data on the transition function. For the 
case of AC EMS, in particular FC‒IM, the integer order TF 
WO(s) is approximated by the fractional-order TF, for exam-
ple (4) or (5). Even in the case of simple expression (4), where 
there are only three unknown parameters, the rms deviation 
of the resulting approximating transitional function from the 
experimental one is 0.132. The search for these three param-
eters involves the same method as is used during the synthe-
sis of a PIλDμ-controller, namely: by a GA method. Thus, the 
parametric synthesis of the controller and the identification 
of the control object involve a single methodological basis.

Works [20‒23] used a PIλDμ-controller in the FC‒IM 
system, but, to identify the control object, the authors 
applied a high-order integer transfer function, which is 
much more complex than the proposed fractional order TF. 
Therefore, the parametric synthesis of the controllers 
themselves is greatly complicated. In addition, the dynamic 
characteristics of such systems do not correspond to the 
desired. They are obtained in accordance with the accepted 
parameters of fractional controllers, and not in accordance 
with the desired fractional or integer forms.

The procedure of the parametric synthesis of a 
PIλDμ-controller implies the execution of six steps. The 
main provisions of this procedure are substantiated in 
the previous chapters. They are formulated in such a way 

Fig. 10. Results from physical experiments for different 
values of the steady speed (curve 1 – 400 rpm, 

curve 2 – 600 rpm, curve 3 – 800 rpm, curve 4 – 1,000 rpm, 
curve 5 – 1,200 rpm, curve 6 – 1,400 rpm)

Fig. 11. Representation of an iterative process of the parametric 
synthesis of a PIλDμ-controller by a GA method for other parameters of 

the dynamic process

Best: 0.846359 Mean:0.668676 

Fig. 12. Oscillogram of the transitional process of FC‒IM 
speed, acquired from a physical experiment (curve 1), the 

oscillogram of the desired fractional form – curve 2

Fig. 13. Results from physical experiments for different 
values of steady speed, subject to the desired forms of the 

fractional order (curve 1 – 400 rpm, curve 2 – 600 rpm, 
curve 3 – 800 rpm, curve 4 – 1,000 rpm, 	

curve 5 – 1,200 rpm, curve 6 – 1,400 rpm)
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that the proposed procedure for the synthesis of frac-
tional controllers can be used to solve a wide range of 
engineering problems of this type. For example, it shows 
how this is done in relation to the FC‒IM system, where 
the requirements for dynamic processes to be ensured are 
specified. If necessary, the proposed procedure can be 
supplemented with the identification of the control object. 
It should be noted that these six points relate specifically 
to the synthesis of the PIλDμ-controllers, considered in 
this work; therefore, such a procedure is not reported by 
other literary sources.

In order to confirm the correctness of the decisions 
taken, we have synthesized and experimentally investi-
gated PIλDμ-controllers for FC‒IM. The implementation 
of such EMS required the identification of the control ob-
ject. The approximation of TF by expression (6) allowed 
an adequate representation of FC‒IM during the syn-
thesis of a fractional speed controller in a closed EMS. If 
one needs a higher approximation accuracy, it is possible 
to use expression (5). For the case of approximating the 
control object using TF (6), the PIλDμ-speed controllers 
of the closed FC‒IM system for two different desired 
forms were synthesized. For q=1, TF (7) of the controller 
was obtained, and for q=1.2, TF (8) of the controller was 
obtained. The simulation and experimental studies are 
represented in Fig. 8, 10, and Fig. 12, 13, respectively: 
they confirm the correctness of the synthesis of such 
EMS and the possibility of implementing the synthe-
sized PIλDμ-controllers using the MFC1000/10 board 
(Poland). It should be noted that not all typical FCs are 
equipped with such boards. Therefore, this should be con-
sidered when selecting a converter as part of an EMS of 
the fractional order.

Such synthesized and implemented fractional EMS 
should be analyzed in terms of their treatment of perturba-
tions. It is in this area that our further work is planned.

7. Conclusions 

1. We have modernized a method for the parametric syn-
thesis of fractional-order PIλDμ-controllers for EMS. The mod-
ernization implies that a GA method employed as a reference 
model the desired standard form of the fractional or integer 
order. Thus, the search for the parameter values for controllers 
is purposeful. Owing to a large number of standard forms, the 
implementation of a wide range of the dynamic characteristics 
of a fractional-order EMS is ensured. A given synthesis method 
implies the use of identification of the control object by apply-
ing a fractional TF. Therefore, the mathematical model of such 
an object is greatly simplified, which, together with its approxi-
mation by the GA method, helps reduce the time to achieve the 
result of a parametric synthesis.

2. The use of the modernized method for the parametric 
synthesis of fractional controllers to build the relevant EMS in-
volves a certain algorithm of actions, which is represented by the 
devised procedure of six steps together with the identification of 
the control object. Thus, an engineering procedure has been de-
veloped to implement this particular method for the parametric 
synthesis of fractional-order PIλDμ-controllers for EMS.

3. For a typical FC‒IM electric drive, a fractional speed 
controller was synthesized: the simulation and experimental 
studies of a given EMS were conducted. The results confirmed 
the applicability of the proposed modernization of the method 
of parametric synthesis. Ensuring any desired dynamic char-
acteristic of the created system was carried out by changing 
the parameters of PIλDμ-controllers using a keyboard (Fig. 3) 
of the MFC1000/10 board (Poland). These parameters were 
found on the basis of the results from identifying the FC‒IM 
as a control object, and the synthesis of the controller in ac-
cordance with the desired form of random order. A typical 
TWERD MFC 710 converter is equipped with such a board 
and this made it possible to use the synthesized fractional con-
trollers in the actual FC‒IM system.
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