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CONTROL OPTIMIZATION OF
ELECTROMECHANICAL SYSTEMS BY
FRACTIONAL-INTEGRAL CONTROLLERS

06’exkmom docridicenns 6 po6omi € eeKMPOMEXAHIUNHT CUCTIEMU, XAPAKMEPHOIO 0COOIUGICINIO AKUX € HAAG-
HICMb CYMMEBOL cmenenesol 3aieicHoCmi 6 mamemamuunomy onuci. Yepes ue sunuxaomos npoodiemu npu subopi
CIMPYKMYpU ma napamempie pezyrsamopie. 3oxpema, 6 06uzyii noCmiiHoz0 Cmpymy 3 nocaidoenum 36yoiceHnam,
BEHMUNLHO-PEAKMUCHOMY O8UZYHT MA ELEKMPOMAZHIMHUX 2AT6MAX MOJCEe 8I00YBAMUC HACUYEHNSA MAZHIMNIOT
cucmem 8 CIMAMUYHUX i OUHAMIYHUX PENCUMAX. 3acmocosanuil 6 pobomi anapam 0pob06o-iHmezpanrviozo ic-
Jlenmst 0036056 MAKL HeIHILHT 00 KM ONUCAMU 3 BUCOKOI0 MOUHICTNIO MIHIUHUMU NEPedasarvHUMU OYHKUIAMU
0p0606020 nopsadxy. Tax, npu anpoxcumauii Axkipnozo 1any02a 08UYHA NOCMILN020 CMPYMY 3 NOCAL006HUM 301 -
OACeHMUAM Nepedasanviolo GYHKYieo 0pod06020 NOPAOKY OMPUMANO HAUMEHIULY CePeOHbOKEAOPAMUYHY NOXUOKY.
Kombinauis ssuuaiinozo PID-pezynsmopa ¢ 0po6oso-inmezpanvtumu ckradosumu nopsoky 0,35 ma 1,35 sabes-
newye HauKpauy sKicmy nepexionozo npoyecy — cmpym 00c12ae 3a0an020 3HAUEHHI MAKCUMATLHO WEUOKO 6e3
nepepezymosanns. [o-dpyze, 6enmunoio-peaxmuenuii 08uzyim, 6 MOOei K020 He0OXIOHO 6PAX06YEAMU CMENeNesi
3aneACHOCMI, NPU ONUCE NEPEXIONUX NPOUECIE WBUOKOCTI NPU CMPUOKY HANPY2U ANPOKCUMOBANO ANepiodutom
Pynxuiero nopsoky 0,7. 3 cimeticmea docuidncenux pezyismopie mpaduyiunuil Pl-pezyrsmop 3 dodamrosumu
dpoboso-inmezparviumu ckradosumu nopsoxy 0,7 ma 1,7 3abesneuus acmamusm Konmypy weuoxocmi nopsaoxy
1,7 ma naimenwe nepepezynosanis. Ilo-mpeme, elexmpomazuimui 2anoma 6e0yuuUx KoIic asmomobins, wo 6u-
KOPUCMOBYIOMbCS 0Nl HALAUMYBANNSA 08UZYHA GHYMPIUIHO20 320PAHIA, MAKONC NICASL MECMYBANHA HAUOLIbU
mMouno onucamni nepedasanviolo Gynxyicio 0po6060zo nopaoky. 3a donomozoro PIDIIM-pezynsmopa, wo sabesne-
YUG acmamusm 3amMKnen020 Kkoumypy nopsaoxy 1,63, docsznymo cmabirisayiio weudxocmi obepmaniis 060X KOLIC
6e3 npomupasnux KoIusany i moune gionpayiosanis mpuxymmuoi maxozpamu. Taxum uunom, 3asdaxu anapamy
0p00060-inmezpanviozo wucienis 3abesneuyemopcs 6invul mouna idenmudixayis napamempie 00’exma, mame-
MaAMusHULl ONUC 3600UMbCst 00 Ninitnux nepedasarvhux Qynxyii 0po606020 nNOPAOKy. A 6 3AMKHEHUX CUCTEMAX
ModxcHa 3abesneuumu acmamusm 0po6080zo nopsoky 1,3—1,7 ma domoemucs kpawjoi sKocmi nepexionux npoyecis,
HIJIC NPU BUKOPUCTIANNT KIACUYHUX MEeMOOis.

Kmouosi cnosa: 0po6o6o-inmezpanviie wucaenns, 0pobosi inmezpaivio-oudepenyiing pezyiamopu, 3amMKHyma
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The aim of this research is to study the possibility
of using the apparatus of fractional integral calculus in
electromechanics to optimize transient and steady-state
processes. DC motor with series excitation, switched re-
luctance motor and an induction brake are considered as
objects of research.

1. Introduction

The beginning of the development of fractional calculus is
considered to be 1695, when Leibniz in a letter to Francois
L'Hospital discussed the differentiation of the order 1/2 [1].
More than 300 years have passed since then, mathematicians
have conducted numerous studies in this field. But a new
surge of interest in it is noticeable in recent decades. This
is primarily due to the fact that differential equations with

2. Methods of research

fractional order made it possible to describe some physical
processes with greater accuracy than integer ones [2, 3]. Also,
the computing capabilities of modern single-chip processors
already correspond to the complexity of calculating fractional
integrals and derivatives in real time. Therefore, ways of
applying this mathematical apparatus in technical systems,
in particular in acoustics, electronics, and thermodynamics,
have opened [4, 5]. In controlled systems, PI'D* control-
lers are used that can improve the quality of transients in
comparison with classical integer PID controllers, especially
in nonlinear systems [6, 7].

The study of each of the listed objects was carried out
according to the generally accepted methodology. Based on
the testing of objects by supplying standard signals, iden-
tification of model parameters was carried out with the
subsequent synthesis of optimal controllers and verification
of closed systems. However, at the identification stage, in
addition to the generally accepted ones, models are con-
sidered that include fractional differential equations. This
choice is due to the fact that the apparatus of fractional
integral numbering is based on power functions, and in
the considered electromechanical objects the magnetization
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curve is also close to the power function. It is precisely
this which suggests that controllers with integral and dif-
ferential components of non-integer order can provide the
best dynamic and static indicators of systems.

3. Research results and discussion

Transients significantly differ from solutions of dif-
ferential equations of the first or second order in DC
motor with series excitation at a current in the armature
circuit above the rated value [8].

The smallest standard error is provided when using
the following mathematical model:

K
a;s" +apst +1

(1

co

where for the studied motor with a power of 450 W re-
ceived K=0.193 — gain coefficient; u=0.35 — indicator of
the fractional differential equation; a;=0.0062, ap=0.127 —
parameters equivalent to the time constants in degrees 1+
and W, respectively.

Accordingly, to ensure optimum tuning with a given
integer or fractional orders of astatism, D*IYI-, PI'I-, PIDI'I*
controllers are required.

In the course of experimental studies, the best quality
of the transient process was obtained with the PIDI'*
controller (Fig. 1, a). In this case, the current reaches the
reference as quickly as possible and without overshoot.

It turned out that such settings are effective even
with reference signals half the maximum, as well as with
stepwise change of reference (Fig. 1, b, ¢). It can be seen
that the quality indicators of the system remain unchanged
and correspond to the desired settings.

Another electric machine, in the description of which
it is necessary to take into account power dependencies,
is a switched reluctance motor. To identify a closed speed
loop, a fractionally aperiodic transfer function of the fol-
lowing form was also chosen [9]:

K
apst +1°

(2)

col —

The approximation results are illustrated in Fig. 2. As
can be seen, at different applied voltages, the nature of
the transition process changes, but the use of the frac-
tional transfer function (2) provides the smallest deviation.
And this also allows for the synthesis of controllers to
abandon the complex motor model described by a system
of nonlinear differential equations.

Accordingly, the adjustment of the closed loop is
greatly simplified — the modular optimum provides the
11" controller, and the fractional order of astaticism 1.7 is
achieved using the PIII* controller.

Fig. 3 shows the simulation results of transients in
the speed control loop of a switched reluctance motor.
In Fig. 3, a, the graphs of transients during the jump
of the reference are shown, in Fig. 3, b — with a step
change in the reference signal. In all cases, a system with
a fractional order of astaticism has the best dynamic
characteristics.

A similar approach was used for the synthesis of the
electromagnetic retarders control system of the driv-
ing wheels of a car on a stand for tuning and measur-

ing the power (torque) of an internal combustion en-
gine (ICE) [10].

According to the experimental data obtained, the con-
trol object is approximated with an error of about 1% by
the following transfer functions:

K

Vo o a1 N
K

Wieos (3) = v
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Fig. 1. Current transients in the DC motor with series excitation:
a — with a reference signal of 3.2 A; b — with a reference signal of 1.6 A;
¢ — with step change of the reference signal
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Fig. 2. Graphs of speed transients in an open system
at various voltages
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Fig. 3. Graphs of transient processes of the speed of a switched reluctance
motor: & — in a closed system with reference jumps; b — with a step
change in the reference signal

Using the transfer function (3), the coefficients for
the PID controller were found, and according to (4), two
types of fractional-integral controllers were synthesized:
D'MI, which provides tuning to the modular optimum,
and PIDI'I*, which allows obtaining the fractional astati-
cism order 1.63.

When conducting experimental studies, transient graphs
were obtained with stabilization of the speed of the semi-
axles of the car (Fig. 4, a). The PID controller provided

the best performance (2.55 s), but with the greatest over-
shoot 6{=27.6 %. With the DYM™I controller, the over-
shoot was 8,=16.3 %, and the duration of the transient
process was 4.42 s. The smallest overshoot was obtained
with the PIDI'I* controller — 83=3.3 % for a dura-
tion of 3.8 s.

An important step in checking the results of engine
settings is to measure the power and maximum torque
when forming a triangular tachogram.

The results of such a test with the fastest (PID)
and most accurate (PIDI'I*) controllers are shown in
Fig. 4, b.
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Fig. 4. Transient graphs of the average speed of the semi-axles of the car:
a — during stabilization of speed; b — during measuring power

Both controllers provide stabilization of speed in the
entire range of power measurement, but less overshoot
and oscillation at the beginning of acceleration (the initial
sections of transient processes with various controllers are
compared in the upper left in Fig. 4, b). This allowed
to make the final decision on choosing a control system
block diagram in favor of the PIDI'I* controller.

4. Conclusions

Thus, the use of the fractional integral calculus for
three types of nonlinear electromechanical objects, in the
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description of which there are power functions, allowed
us to obtain the following:

1. A more accurate identification of the parameters at
which the smallest discrepancy between the calculated and
experimental data is achieved when testing open systems.

2. A simplified mathematical description due to the
use of fractional-order linear transfer functions in models.

3. The best dynamic and static indicators, especially
when using fractional-integral controllers, providing a frac-
tional (1.5-1.7) order of closed loop astaticism.
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