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Oo0rpynmosano axmyanvHicmo cmeopen-
M5l BUCOKOSAKICHUX CUCMEM YNPAGAIHHA 045
eneKmponpusooie 3 6eHMUNILHO-IHOYKMOPHUM
deuzyrom (SRM). Buxopucmosyrouu memoou
Mamemamuunozo Mmo0e06anns Oyau ompu-
Mani nepexioni xXapaxmepucmuxu npouecy
nycky SRM 3 pisnumu momenmamu inepuii. Ha
0CHOGBI AHAI3Y OMPUMAHUX NEPEXIOHUX XapaK-
mepucmux noxasami ocoéausocmi npovecy
nycxky SRM, o6ymoeneni ounaminnoro 3minoro
napamempie SRM 6 npoueci 1io2o nycky.

Ioxaszana nusvka mounicmo idenmudpixa-
uii SRM 3 euxopucmanmsm opiono-payionans-
noi Qynxuii kaacy rat34, xoegivienm peepecii
ompumanoi modeni cxnaé 85 %. Ha ocnoei
ananisy nepexionux xXapaxmepucmux npouecy
nycxy SRM 6yna sucynyma einomesa npo mosic-
aueicmo idenmugpixauii SRM 0pooromiporo
nepedasanvhoro Qynxuicto. Buxopucmosyionu
Memoou mamemamunnozo Mooea08anHs oyau
ompumani nepexioni xapaxmepucmuxu npoye-
cy nycky SRM 3 piznumu momenmamu inepujii.
3a donomozoro FOMCON MATLAB Toolbox
euxonana idenmuixauis npouecy nycky SRM
0po6HOMIpHOIO Nepedasanvioto Pynkyiero Opy-
2020 nopaoky. Koegiyienm peepecii ompumanoi
Mmodeni cknae 93-96 %.

Jlna ompumanux opobnomipnux nepeda-
eanvHux Qyuxuii peanizoeanuii memoo cum-
me3y Opo6nomipnozo PI'D*-peeynamopa,
ONMUMI306aH020 NO MIHIMYMY iHMEZPANLHOT
Keadpamuunoi nomuaxu (integral square error)
nepexionoi Qynxuii 3amxnymoi cucmemu xepy-
6anHs OpOGHOMIDHUM 06 €KMOM YNPasainHs.
Zlna cunmesy PI'D*-peeynamopa 6ye sacmoco-
eanuii FOMCON MATLAB Toolbox.

Bukxonano nopiensanvnuili anauiz npouecie
3anycxy SRM 6 po3imxnymoi cucmemi ynpae-
JUHHS, 4 MAKOMNC 3aNYCKY 6 3AMKHYmMIll cucmemi
ynpaeainna 3 xaacuunum PID-pezyasmopom
Yinozo nopaoxy i 3 Opobuomipnum PPDH-
pezyasmopom. Buxopucmanns opooromipnozo
PP'D*-peeynsamopa 6 nopiensammi 3 KaacuHum
Pe2Ysamopom Uinozo nopsioKy 0036011€ 3HU-
3umu nepepeeymosanns 3 13.3 % do 2.64 %,
nideuugumu weudxooiro ¢ samxnymii CAY, wac
pezymosanns 3nusuneca 3 1.48 ¢ do 0.53c.
Ompumani pesyromamu Moyicymo oymu 6uxo-
pucmani 0as nideuweHHA AKOCME pobomu 3am-
KHYMUX cucmem ynpaesJinns Kymogoro umeuoxi-
cmio SRM

Kntouogi caosa: eenmunvo-indyxmopHuil
deuzyn, i0enmuixauis, opodbrHomipua nepeoa-
eamvHa Qynxuia, axicmo ynpasainns, 0poo-
HOMIpHULL pe2ynsimop
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they are among most promising types of modern electric motors
for use in energy-intensive industries [1].

Considering simplicity of design, high reliability, power and They have a series of advantages in comparison with other

tuning characteristics of switched reluctance motors (SRM),  controlled AC electric motors. SRM have higher manufac-




turability, are simpler in maintenance and repair and cheaper.
These motors have high energy efficiency and higher resistance
to overloads compared with asynchronous and synchronous
motors. Comparative analysis of asynchronous motors and
synchronous motors with permanent magnets and SRM of
NEMA 184T standard size was made in [2] (Table 1).

Table 1

Comparative analysis of performance characteristics of electric
motors of various types.

Characteristics Asynchronous -Synchronous motor | gp
motor with permanent magnets
Rotor weight, 18.80 15.20 14.80
Lbs.
Stator weight, 51.20 54.90 45.30
Lbs.
Total weight, 70.00 69.40 60.10
Lbs.
Performance
factor, % 90 M i
Cost of materials,
i 59.75 384.00 4710
Torque/USD/ 057 0.25 0.148
Lbs. ) ‘ .

This is important for high-duty equipment (mining, oil and
gas production industry, processing industry, oil and gas pump-
ing, heat and water supply, transport and defense industries,
etc.) [3].

Therefore, the problem of creation of high-quality and
relatively simple control systems for electric drives with SRMs
is becoming increasingly important and relevant. However,
solution of this problem is hindered by essentially nonlinear
characteristics of SRM which makes it difficult to identify
SRM as a control object and subsequent synthesis of closed
control systems.

The study results can be used to develop methods for
identifying the SRM transfer function, simplifying design and
improving quality of operation of closed SRM control systems.

2. Literature review and problem statement

Japanese Nidec Corporation is the leader in development
and implementation of small- and medium-power SRM elec-
tric drives. Total sales in 2014 fiscal year amounted to about
USD10 billion [4-6].

NMC commercially produces under U.S. Motors brand
a line of industrial small- and medium-power (20-420 hp or
14.7-308.7 kW) SRMs with nominal speed of 1,000, 1,800,
3,600 and 4,500 rpm and overload capacity of 110, 150 and
250 % [6]. Nidec SR Drives Ltd. (NSRD) and Nidec SR Drives
Manufacturing Ltd. (NSRM) in the UK have an impressive
experience of using SRM technology in mining and power
industries.

Comprehensive introduction of 40 to 250 kW SRM into
conveyors, mixing plants and grab cranes under license from
NSRD was realized by Drax Power Ltd. (Selby, North York-
shire). The Jeffrey Diamond Co. introduced 35 to 300 kW
SRM drives of dust-ignition-proof design with liquid cooling
on belt and bottom-hole conveyors and pumps in coal mines [7].

Weir Specialty Pumps Ltd. (Salt Lake City, Utah, USA)
has developed high-pressure VSR pumps to supply water and

fuel to gas turbine generators in which 74 and 129 kW SRMs
were used under NSRD license [8].

Le Tourneau Technologies, Inc. (USA) is engaged in man-
ufacture of loaders with 1,050 to 2,300 hp diesel engines
equipped with SRM based electromechanical transmission [9].

In recent years, there has also been a steady trend towards
increase in number of solutions for traction electric drives for
hybrid and electric cars based on SRM technology. Optimized
electric Drivetrain by INtegration (ODIN) project is being
implemented in the European Union [10]. This project is aimed
at creation of an electric car based on SRM technology.

The pace of development and implementation of SRM elec-
tric drives at Russian mining enterprises is considered in [3].
For example, since 2012, VIEM JSC has developed and im-
plemented projects for using SRMs at enterprises of Siberian
Coal Energy Co. with total power of 22.5 MW. The project of
1,250 kW, 900 rpm SRM use in KLM-4500 main belt conveyor
at Beriozovsky open-pit mine in Krasnoyarsky Kray has been
realized. 1,250 kW 630 rpm SRMs have been developed to
replace DC motors for main mechanisms of traction, lifting
and rotating in ESh 20-90 mining excavator at Tugnuysky
open-pit mine. There is also an experience of introducing
500 kW, 850 rpm SRMs for traction electric drive of 136-ton
BelAZ-75131 dump truck. The above examples demonstrate
expansion of the SRM application scope.

Existing scientific and technical studies propose various
approaches to the design of SRM electric drive control systems.

In [11], TSE nonlinear control scheme with prediction
based on the control object state equations is proposed for
SRM. Based on TSE and predictive control theory, a non-linear
intelligent regulator has been developed for the SRM control
system. However, predictive control requires additional time
for verification of the resulting model which limits scope of
control objects with constant or slowly changing parameters.

PSO particle swarm method was used in [12] to determine
optimal parameters of the proportional-integral (PI) controller
as well as turn-on/turn-off angles to minimize the SRM torque
pulsations. The proposed optimization method has a slow con-
vergence which reduces its scope of use in processes with slowly
varying parameters.

It is indicated in [13, 14] that SRM has essentially nonlin-
ear characteristics, and two SRM control methods were consid-
ered that were successfully used in other intelligent modeling
and control applications. Both a system of neuro-fuzzy locally
linear models and neural computing methods are used to con-
trol SRM. The results indicate applicability of the proposed
methods in intelligent control of this essentially nonlinear
system. However, this approach requires significant computa-
tional resources, both at the stage of neural network training
and directly in the control process which increases cost of the
control device.

Methods for identifying winding parameters and motor
condition are considered in [15, 16] and a method for identi-
fying SRM by an SRM equivalent DC motor with sequential
excitation and appropriate control is described in [17]. The pro-
posed method neither reduces complexity of the control object
nor enables obtaining of required settings in the control system
at significant alteration of electric drive operating modes.

Known SRM control methods are quite complex and re-
quire substantial computational power of embedded control
devices for their practical implementation.

At present, methods of controlling nonlinear objects based
on their representation by fractional-order differential equa-
tions [23] have gained significant development.



Ever increasing interest paid to applications of fractional
calculus has necessitated development and study of special
numerical methods for solving fractional-order differential
equations (FDE). Finding analytical solutions for FDE is
indeed more difficult than solving ordinary differential equa-
tions (ODE) and it is possible to provide numerical approxi-
mation of solution in most cases [18, 19]. Numerical methods
for solving FDE problems are widely studied.

FOMCON MATLAB Toolbox, a freely distributed li-
brary that solves the main problems arising in identification
of FDE systems is one of the most complete and functional
applications for solving FDE problems with ability to analyze
control systems with fractional-order regulators and control
objects [20]. This library partially includes elements of other
popular libraries dedicated to working with FDE objects:
CRONE [21] and NINTEGER [22].

Implementation of high-speed PI*D¥ controllers is a com-
plicated technical problem. Application of discrete Grun-
wald-Letnikov or Riemann-Liouville forms which are infinite
series theoretically involves allocation of infinite volumes of
memory and requires a large number of arithmetic operations
to be performed during the processor quantization period.
Problems of synthesis of systems for controlling objects with
a fractional order of astatism were considered and methods
for technical implementation of high-speed fractional-order
integrating-differentiating regulators were developed in [23].
They enable technical implementation of the proposed method.

Therefore, development of methods for identification of
nonlinear objects using fractional-order transfer functions in
relation to SRM is promising since it will improve quality of
SRM control.

- Hysteresis
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3. The aim and objectives of the study

The study objective is to substantiate the possibility of
SRM identification by a fractional-order transfer function
and synthesis of a fractional-order PI*D* controller which
will improve quality of SRM control.

To achieve this objective, it is necessary to solve the
following tasks:

— determine transient characteristics of the SRM;

—determine a preferred method for SRM identification
by comparing indicators of identification quality by fraction-
ally rational transfer functions of integral order and identifi-
cation by fractional-order transfer functions;

—synthesize a fractional-order PI*D* controller of SRM,
evaluate regulation parameters in a closed control system
with the obtained regulator.

4. Registration of SRM transient characteristics in
a mathematical model

To study characteristics of transient characteristics of
SRM, a method of mathematical modeling of dynamic pro-
cesses occurring during SRM turn-on was used with the help
of the MATLAB SimPower library. This library contains a
sufficient number of predefined variants of technical imple-
mentation of SRM with various stator and rotor tooth ratios
and nominal powers. The obtained results are shown in Fig. 2.

The graphs presented in Fig. 2 are a transient character-
istic of the SRM, a response to a surge in the supply voltage
applied.
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Fig. 1. Implementation of the SRM mathematical model using the SimPower library of the Matlab /Simulink program
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Fig. 2. SRM turn-on transients for various SRM designs and power obtained in a mathematical model. Tooth ratio:
a — 6/4, power: 5 kW; tooth ratio: b — 10/8, power: 10 kW; tooth ratio: ¢ — 6 /4, power: 75 kW



As the visual analysis of the results of mathematical mod-
eling shows, the nature of angular velocity change during the
SRM turn-on is of a qualitatively similar nature, independent
of the SRM power and value of tooth ratio. The SRM speed
change in time, although being aperiodic in character, differs
radically from the exponential form: it is more intensive at
the initial stage and more extended at the second
stage. Non-linearity of the SRM characteristics is
caused by dynamic change of the SRM parameters
when angular velocity changes during the turn-on

el used and the source data was assumed to be Ryn=80 %.
As aresult of processing the source data presented in Fig. 3,
numerical coefficients of polynomials of the numerator and
the denominator were obtained for various variants of the
SRM transfer functions and the corresponding regression
coefficients, Table 2.

Table 2

Variants of identification of transient characteristics of turn-on of SRMs

with various moments of inertia

process. . No SRM. Il’lOl’l:lCIlt Transfer function Rc.gl.“cssion
Further, a 5 kW SRM with a stator to rotor tooth of inertia coefficient R, %
ratio of 6/4 was taken as the study object. To simu- 149.85% + 3¢%s +1.116°
late various technological conditions of operation, | 1 |/=0.05kgm? 3 — — 7 91.42
variants of the SRM turn-on mode with two differ- S HO16.757+1.98¢ s +3.72¢
ent values of the moment of inertia were considered. L | 252285 +8.07¢'s? +1.09¢% + 2.13¢°
\ﬁrlaglts o{l trangeg cllalaracterlstlcs of the study | 2 |J/=0.05kgm T 1153857 + 70405% -5 560%s +.7.02¢" 98.38
object are shown in Fig. 3.
Considering the data obtained as a transient ) 51.025% + 3. 04e's + 8.53¢"
function brought about by the applied supply |3 | /701 kgm? P 113465 +y2429.53+2962_2 658
voltage, we can proceed to identification of SRM
as a control object via the Supply Voltage — Rotor o1 kem? 1275 +1.866¢"s” +2.137¢°s + 3.069¢°
Velocity channel. O e 6257 + 194657 + 1.197¢"s + 1.038¢" 85.62
10000 T T T \SRM 6{4 3 kw T
1.J=0.05 kgm? It can be seen from the above data that
at moment of inertia /=0.1 kg'm?, SRM mod-
8000 - 1 eling by the transfer function of rat32 class
’Y is performed with regression coefficient
= 6000 2.1=0.1 kgmz = R=658 %<RMIN.. )
& Thus, a sufficient convergence of the re-
g sults in the entire studied range of the SRM
4000 | moments of inertia can be obtained by identi-
fying a fractionally rational transfer function
2000 4 of the rat34 class which has three zeros and
four poles. The high order of the SRM transfer
0 | | , | | | | ‘ . function and low accuracy of identification
o 05 1 15 2 25 3 35 4 45 5 may cause poor quality control.
Offset=0 t,s

Fig. 3. Transition characteristics of turn-on of the 5 kW SRM, 6 /4, with
different values of the moment of inertia of the electric drive

5. Identification of SRM by fractionally rational transfer
functions of integer order

The System Identification Toolbox (SIT) of the Mat-
lab software was used to identify SRM and determine the
transfer function via the Supply Voltage - Rotor Velocity
channel.

The SIT is designed to synthesize linear and non-linear
models using measured data at the input and output of an
identification object. The identified system can be repre-
sented as a black box for estimating parameters of a us-
er-defined model. The SIT offers a variety of identification
methods: maximum likelihood, minimization of forecast
error, system subset identification and others.

When identifying the SRM according to the transient
characteristics obtained in Section 4, fractionally rational
functions of rat23 and rat34 classes were used as a math-
ematical model. Regression coefficient R served as an
indicator of conformity of the used model and the source
data. The lower limit of numerical value of the regression
coefficient signaling unsatisfactory conformity of the mod-

6. SRM identification by means of
fractional-order transfer functions

An alternative way to identification of nonlinear dy-
namic objects by means of a transition function of a com-
plex shape (Fig. 3) consists in the use of the apparatus of
the fractional-order differential equation (FDE) and rep-
resentation of control objects by means of corresponding
transfer functions.

Fractional differential calculus is a generalization of
operations of integration and differentiation by non-integer
order operator ,D;* where a and ¢ define limits of the opera-
tion, and a sets fractional order of the operation as follows:

ar
dat*’
D* =11,

a—t

R(a)>0,
R(a)=0, )

[y, R(o)>0,

a

where it is assumed that a€R but may take a complex value
[24]. There are several generally accepted definitions of a
fractional-order differential, for example,



— Riemann-Liouville definition [25]:

oo 1 (dY'7_S()
D) —r(m_a)( dt) St )

for m—1<a<m, meN where I'() is the Euler gamma function;
— alternative Grunwald-Letnikov definition [25]:

7
D =limo2 3 (—1)](].Jf(r—jh), 3)

h =

where [-] symbol denotes operation of taking the integer part.

Laplace transform of the a-th derivative of the signal
x(t) where a€R. (at zero initial conditions) is given by the
formula:

L(D“x(t)) =s"X(s). %)

Fig. 4 shows transition functions for aperiodic (@), and
oscillatory (b) fractional-order links calculated using the

FOMCON MATLAB Toolbox.
I r
0.3
0.8 1
0.
0.6
S 0.9
0.4r
1 FDE order
1
0.2 —03
—0.6
—0.9
0 L . L ! )
0 0.1 0.2 0.3 0.4 0.5
t, s
a
1.2
0.9
1 k
0.6
0.8 0.3
> 0.6 1
0.4 FDE order
1
—03
027 ——06
—0.9
0 . . . )
0 0.2 0.4 0.6 0.8
s
b

Fig. 4. Transition functions for fractional-order links of
various orders: a — aperiodic; b — oscillatory

The obtained transient characteristics of elementary
fractional links are qualitatively very close to real transient
characteristic of the SRM (Fig. 3).

To identify the SRM with fractional-order transfer func-
tions, the FOMCON MATLAB Toolbox (FMT) [20] was
used which is closest in functionality to the System Identifica-
tion Toolbox. FMT provides the ability to identify fractional

control objects by their characteristics, both in time and fre-
quency domains. FMT allows one to identify a control object
of a fractional-order model in continuous time as follows:

m
Zbi'sﬁ'
— i=0 .
n
2as”
=0

G(s) )

Identification is performed by tuning the initial model us-
ing the least squares method which minimizes the error norm.

ly(0)- 9. (6)

by searching for the required set of parameters

an dAp1 " QAo

0= On Opt "t O . (7)
bm bm—1 bO
Bm Bm—1 Bo

Using the FOMCON MATLAB Toolbox, the procedure
for identifying transient characteristics of turn-on of the SRM
with various values of the moment of inertia of the electric drive
was performed. The identification results are shown in Table 3.
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Fig. 5. Results of verification of transient characteristics of
turn-on of the SRM electric drive by means of fractional-order
transfer functions at various values of the drive moment
of inertia and coefficient of regression: @ — /=0.05 kg-m?,
R=93.8 %; b— /=0.1kg-m?, R=96.48 %



Fig. 5 shows results of verification of the obtained models
performed directly in the FOMCON MATLAB Toolbox.

Table 3

Results of identification of transient characteristics of turn-
on of the SRM electric drive by means of fractional-order
transfer functions.

SRM Coefficient
No. | moment of Transfer function of regression
inertia R %
1
_ 2 | W(s)= _ _ _
L |J=0.05kgm (s) 002125 + 0.885°%2 1 1 938
1
_ m? | W(s)= _
2 | J=0.1kgm (s) 0.0395% 1 (0 87501502 4 1 96.48

It was established that structure of transfer functions of
the SRM turn-on process does not depend on magnitude of
the moment of inertia and is described by a link of the second
order. For the SRM turn-on options considered, coefficient of
regression R was 93-96 % which confirms high accuracy of
the models obtained. It should also be noted that value of the
coefficient of regression R weakly depends on magnitude of
the moment of inertia and significantly exceeds the coefficient
of regression obtained by identifying the SRM by means of
fractionally rational transfer function of rat34 class, Table 2.

7. Synthesis of fractional-order PI D* controller

The fractional-order PID controller was first introduced
by Podlubny in [26]. This generalized regulator called the
PI*D* controller has an integrator of A order and a differ-
entiator of u order. Recent studies show that the PI*DH
fractional-order controller is superior to the classical PID in
a number of applications [27-30].

Transfer function of the fractional-order PID controller
is as follows:

G(s):KP+£x’+KD-S“. ®)
s

Obviously, if we take A=u=1, the result is a classical
integer-order PID controller. The PI*D* controller has
significantly greater capabilities in the controller tuning.

Classical integer-order PID controller was synthe-
sized for the variant of SRM identification by a fraction-
ally rational transfer function, according to Tables 2—4.
The PID controller was tuned in MATLAB using the
built-in tool for automatic tuning PID controllers.

Parameters of the PI*D¥ controller were synthesized
using the FOMCON MATLAB Toolbox. The regulator
was optimized according to the criterion of minimum
integral square error of the transition function of the
closed control system.

Let us use the control object model obtained by
identifying the SRM turn-on process given in (8):

W, rpm

1
W = 00305 1 08757 1 1"

®)

Initially, parameters of the PID controller were set to
Kp=K;=Kp=100; r=p=1=1. At the first stage, exponents
were fixed so that the integer-order PID controller was

10000

8000 |

6000

4000

2000

practically evaluated. The search limits were set in the range
K=[0; 1000] for transfer coefficients. For default simulation,
refined Oustaloup filter approximation was used with the
following parameters: (o=[0: 0001; 10000]; N=10). Opti-
mization using these tuning operations led to the following
set of parameters for the integer-order PID controller:
Kp=0.33295; K;=12.45; Kp=2.4011.

Then gain coefficients were fixed and initial orders of
the integrator and the differentiator set equal to A=u=1=0.5.

As a result of optimization, the following orders of the
integrator and the differentiator were found: 2=0.31875 and
u=0.95597. Parameters of tuning of the PI*D" controller
obtained in the FOMCON MATLAB Toolbox are shown
in Fig. 6.

{4\ Fractional PID Design Tool - X

Import  Tuning ~

PI*DH Plant

Fractional control system

Fractional PID parameters

Kp 0.33295 System  |gappr2_09

Ki 1245 Set value 1

lambda 0.31875 Time 0:0.1:100

Kd 24011 View in console

hy 0.95597 Simulate Open-loop Bode

Export controller Realize controller Export control system to workspace

Fig. 6. The results of automatic tuning the PI*D¥ controller
obtained in the FOMCON MATLAB Toolbox

Comparative analysis of the SRM turn-on processes in
an open control system as well as in a closed control system
with a classical integer-order PID controller and with a frac-
tional-order PI*D* controller was performed. The results are
presented in Fig. 7.

a) open loop
——Db) PID

¢) PI'D*

O 1 1 1
0 0.5 1 1.5 2
t,s

Fig. 7. Turn-on of SRM with various variants of developed PID

controllers for open and closed control systems

Use of a fractional-order PI*D* controller as compared to
the classical integer-order regulator enables reduction of over-
shoot from 13.3 % to 2.64 %, increase in response speed of the



closed ACS, cut of regulation time from 1.48 s to 0.53 s while
reducing response variability of transient characteristics.

The obtained results confirm superiority of the PI*DH
controller over the classical integer-order regulator. Closed
control systems with PI*D¥ controllers have greater speed and
less overshoot compared to integer-order regulators with no
restrictions on the control forcing.

8. Discussion of results obtained in the study of closed SRM
control systems with fractional-order P'D* controllers

equations in modern computational mathematics have not
been investigated.

Further studies of the considered problem may consist in
establishing existence of a unique relationship between the
SRM electromechanical parameters (active resistance and
winding inductance, inertia, etc.) and parameters of the SRM
fractional-order transfer function (Table 2) and the fractional-
order PI*D¥ controller.

9. Conclusions,

With the help of the SimPower library in Matlab/Simulink,
mathematical simulation of processes of turn-on of SRMs in
a power range from 5 to 75 kW with various tooth ratios and
moment of inertia of the working machine was performed. It
was established that shape of the transit characteristics of the
SRM angular velocity (Fig. 2, 3) does not depend on power and
design of the SRM and is aperiodic, significantly different from
the exponential character. Non-linearity of the SRM character-
istics is explained by dynamic change of the SRM parameters
when angular velocity changes during the turn-on process. It
was hypothesized that the SRM can be identified by means of a
fractional-order transfer function.

Using the Matlab/System Identification Toolbox, the SRM
identification was performed by means of fractionally rational
transfer functions of integer order. When the SRM was identi-
fied by a fractionally rational transfer function of rat34 class,
coefficient of regression of the resulting model was 85 % (Ta-
ble 2). The SRM identification with the help of the fractional-
order transfer function was performed using the FOMCON
MATLAB Toolbox. When the SRM was identified by means
of a fractional-order transfer function of the second degree,
regression coefficient was 93-96 % (Fig.5, Table 3) which
confirms advantage of using the proposed SRM model. Using
the FOMCON MATLAB Toolbox, a PI*D* controller was syn-
thesized and optimized in terms of minimum integral quadratic
error of the transition function of the closed system of control of
a fractional-order control object (Fig. 6). Comparative analysis
of the SRM turn-on processes with various types of regulators
has shown that the use of a fractional-order PI*D* controller
compared to the classical integer-order regulator reduces over-
shoot from 13.3 % to 2.64 %, increases speed of the closed ACS
and cuts regulation time from 1.48 s to 0.53 s (Fig. 7).

The obtained results confirm the possibility of SRM identi-
fication with a fractional-order transfer function and improving
quality of the SRM control when using the fractional-order
PI*DH controller.

Effect of random measurement errors on operation of a
closed fractional-order control system which may worsen
conclusions is a serious issue of this study. The issues of prop-
agating computation errors for fractional-order differential

1. Mathematical simulation of turn-on of 5 to 75 kW SRMs
with various tooth ratios was performed with the help of the
SimPower library in Matlab/Simulink. It was established that
shape of the transient characteristics of the SRM in terms of
angular velocity does not depend on power and design of the
SRM and is aperiodic essentially differing from the exponen-
tial character. Non-linearity of the SRM characteristics is
explained by dynamic change of the SRM parameters when
angular velocity changes during the turn-on process. It was hy-
pothesized that the SRM can be identified by a fractional-order
transfer function.

2. Using the System Identification Toolbox, the SRM was
identified by fractionally rational transfer functions of integer
order. Sufficient convergence of the results was obtained in
identifying the SRM with the help of a fractionally rational
transfer function of the rat34 class which has three zeros and
four poles, regression coefficient of the resulting model was
85 %. Using the FOMCON MATLAB Toolbox, identification
of the SRM turn-on process with the help of a fractional-order
transfer quadratic function of second order was performed. Re-
gression coefficient of the fractional model was 93—-96 % which
confirms advantage of using the proposed fractional-order
identification.

3. A fractional-order PI*D¥ controller optimized in terms
of minimum integral square error of the transition function of
the closed system of control of the fractional-order object was
synthesized for the obtained transfer functions of the SRM
turn-on process. FOMCON MATLAB Toolbox was used for
synthesis of the PI*D" controller. Comparative analysis of
processes of the SRM turn-on in an open control system as well
as in a closed control system with a classical integer-order PID
controller and with a fractional-order PI*D* controller was
performed. In the case under study, the use of a fractional-order
PI*D* controller compared to the classical integer-order reg-
ulator enables reduction of overshoot from 13.3 % to 2.64 %,
rise of speed of the closed ACS and cut of regulation time from
1.485t00.53s.

Theobtainedresultsconfirmsuperiority of thefractional-
order PI*D* controller over the classical integer-order
regulator.
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