Russian Technological Journal. 2025;13(3):54-62 ISSN 2500-316X (Online)

Multiple robots (robotic centers) and systems. Remote sensing and non-destructive testing

POﬁOTH3I/Ip0BaHHBIe KOMILJIEKChI M cucTeMbl. TexHoaoruu AUCTAHIIUOHHOI'0 30H/TUPOBAHUSA
Hepa3pylainero KOHTPOJIs

UDC 681.515
https://doi.org,/10.32362/2500-316X-2025- 13-3-54-62 D)y |
EDN SHAEZM

RESEARCH ARTICLE

Analysis and synthesis of intelligent automatic
control systems with type-1 fuzzy regulator

Yuri A. Bykovtsev @,
Valery M. Lokhin

MIREA — Russian Technological University, Moscow, 119454 Russia
@ Corresponding author, e-mail: bykovcev@mirea.ru

e Submitted: 20.11.2024 » Revised: 13.02.2025 ¢ Accepted: 21.03.2025

Abstract

Objectives. The active development of intelligent automatic control systems, which is associated with increasing
requirements to the quality and accuracy of control systems of modern technical systems, requires the development
of new approaches to their analysis and synthesis. A promising class of intelligent control devices is based on
regulators that use fuzzy-logic inference technology. The purpose of this work is to develop a method for the complex
synthesis of type-1 fuzzy regulator parameters on the basis of the Yakubovich circle criterion.

Methods. The proposed methodology is based on a consideration of fuzzy regulators in terms of the corresponding
nonlinear transformation that support the use of methods derived from the theory of nonlinear automatic control
systems. Analogs of the degrees of stability and oscillation are used as quality indicators. The synthesis of the
parameters of the nonlinear transformation can be reduced to determining sufficient regions of absolute stability of
the system with the shifted and extended Nyquist plot obtained using the Yakubovich circle stability criterion.
Results. In accordance with the theory of fuzzy sets and algorithms of fuzzy logical inference described
by Takagi—-Sugeno, the possibility of one-to-one correspondence of the nonlinear transformation and the parameters
of an appropriately arranged knowledge base of the fuzzy controller is shown. A procedure proposed for synthesizing
the parameters of the type-1 fuzzy regulator is aimed at ensuring complex requirements for the quality of the
control system according to the degree of stability, the degree of oscillation, and steady-state mode accuracy. The
effectiveness of the proposed technique, which guarantees the absolute stability not only of the equilibrium position
but also of the processes, is confirmed by the results of model experiments.

Conclusions. The paper proposes a convenient engineering technique for determining the parameters of an
intelligent controller constructed using fuzzy logic inference technology based on methods informed by automatic
control theory. The convenience of using such indirect quality indicators as the degree of stability, the degree of
oscillation, and accuracy in steady-state mode, is demonstrated. These indicators are explicable for developers of
applied control systems.
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Pe3iome

Lenu. AKTMBHOE pa3BuUTUE MHTENIEKTYalIbHbIX CUCTEM aBTOMATMYECKOro ynpaBieHns, CBA3aHHOE C MOBbILLEHNEM
TpeboBaHMIN K KA4ECTBY U TOYHOCTU CUCTEM YNpPaBlEHNSA COBPEMEHHbIX TEXHUYECKNX CUCTEM, TpebyeT pa3paboTku
HOBbIX MOAXOA0B K UX aHann3y n cuHTedy. OQHUM U3 NEePCNeKTUBHbLIX KNACCOB UHTENNEKTYalIbHbIX YNPaBSOLLINX
YCTPOWMCTB BbICTYNAlOT PEryNsaTOpbl, MOCTPOEHHbIE HA 6a3e TEXHONOMMN HEYEeTKOro IOrm4eckoro Beieoaa. Llensio
HacToswelr paboThl ABnseTca pa3paboTka METOAMKN KOMMIIEKCHOIO CMHTE3a NapaMeTpoB HEYETKOro perynsatopa
| poaa Ha OCHOBE KPYrOBOro Kputepus 9kybosuya.

MeToabl. B 0OCHOBY npennaraeMorn METOAMKN MOJIOXEHO PACCMOTPEHNE HEYETKOro perynaropa ¢ nosvumm cooT-
BETCTBYIOLLEr0 HEIMHENHOro Npeobpas3oBaHuMs, YTO NO3BONSET UCMOb30BaTh METOAbI TEOPUN HENIMHENHbIX CU-
CTeM aBTOMATUYECKOro yrnpaBneHusi. B kauecTBe nokasartenei kayecTea B paboTe NCNONb3YIOTCS aHaNOorMM rnoHs-
TUIN «CTEeNEeHb YCTOMYMBOCTU» U «CTEMEHb KOnebaTenbHOCTU». CMHTE3 NapaMeTPOB HENIMHENHOro Npeobpa3oBaHns
CBOAMUTCS K ONpeneneHnto AOCTaTOYHbIX 061acTelt abCoNOTHOM YCTOMYMBOCTM CUCTEMbI CO CMELLLEHHOM 1 pacLLn-
PEHHOV aMnANTYAHO-()a30BbIMMU YHACTOTHLIMU XapPaKTePUCTMKAMM, NOJYYEHHbIX C MOMOLLbIO KPYrOBOrO KpUTepus
yCTOM4YMBOCTU FKybOoBUYA.

PesynbTtatbl. B COOTBETCTBUM C TEOpMEn HEYeTKMX MHOXECTB U aifOPUTMOM HEYETKOro JIOrM4eckoro BbiBOAA
Takarn — CyreHo nokasaHa BO3MOXHOCTb B3aMIMHO-OOHO3HAYHOrO COOTBETCTBUS HENMHENHOrO Npeobpal3oBaHns r
rnapamMeTpoB 0asbl 3HAHWIA HEYETKOrO PErynsaTopa Npu COOTBETCTBYIOLLEN OpraHu3aumm nocneaHen. B padote npen-
NIOXeHa NpoLeaypa CnHTe3a NapamMeTpoB HEYETKOro perynatopa | poaa, HaueneHHas Ha obecneyeHne KOMMIEKCHbIX
TPebOoBaHNIN K KAYECTBY CUCTEMbI YIPABIEHWS MO «CTENEHW YCTONYMBOCTU», «CTENMEHN KONebaTenbHOCTN» N TOYHOCTU B
YyCTaHOBUMBLLEMCS pexxunmMe. [peanoxeHHas MeTOAMKA TaKKE rapaHTMpPyeT abCOMOTHYIO YCTOMYMBOCTb HE TOJBbKO MOJI0-
KEHWNS PaBHOBECKS, HO 1 MPOLLECCOB, a ee 9OPEKTUBHOCTb NOATBEPXAEHA Pe3ySibTaTaMy MOAESbHbIX 9KCMNEPUMEHTOB.
BbiBoabl. B paboTe npennoxeHa yaobHasa MHXeHepHas MeToAMKa HAaCTPOMKU MapaMeTpPoOB UHTENNEKTYaNbHOIO
perynsaropa, NoCTPOeHHas No TEXHOJIOMMN HEYETKOro JIOrM4eCKOro BbIBOA4A HA OCHOBE METOLOB Teopun aBToMa-
TUYeCKoro ynpasneHus. NokazaHo yaoOCTBO NPUMEHEHNS TakMX KOCBEHHbIX MOoKasaTener Ka4ecTBa, Kak «CTeneHb
YCTOMYMBOCTU», «CTEMNEHb KONebaTeNbHOCTU» M TOHHOCTb B YCTAHOBUBLLEMCSH PEXUME.
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Mpo3spayHocTb pMHAHCOBOM AEeATENbHOCTU: ABTOPbI HE UMEIOT PUHAHCOBOM 3aMHTEPECOBAHHOCTHN B NPEeACTaB/IEH-

HbIX MaTepuanax nin Metogax.

ABTOpbLI 329BNSI0T 06 OTCYTCTBUN KOHONNKTA MHTEPECOB.

INTRODUCTION

Intelligent technologies have been increasingly
applied in various fields of activity over the last two
or three decades. One such field is automatic control
systems (ACS) [1], for which a new generation of
controllers based on intelligent technologies (expert
systems, neural-like networks, associative memory
or fuzzy logic) is being developed. These intelligent
controllers not only provide high quality ACS
performance, but are also capable of adaptation to
various uncertainties affecting the system.

Among these intellectual technologies, fuzzy
inference or fuzzy logic is the most widely used for
both objective and subjective reasons [2—4]. In robotics,
fuzzy logic is already commonly applied in the control
systems of autonomous and semi-automatic robots
of various types, in the control systems of complex
technological equipment, as well as at all hierarchical
levels of intelligent control systems (strategic, tactical,
and executive). This is largely due to the possibility of
using a fuzzy inference system (FIS) to construct control
models even for complex objects at the level of logical-
linguistic reasoning.

However, this novel formalism is not entirely
compatible with current automatic control theory (ACT).
In particular, a serious problem has arisen in connection
with the creation of new approaches to solving the
stability and quality evaluation problems pertaining to
a new class of automatic control systems. This problem
has been solved quite actively in the last two decades.
A comprehensive generalization of the work is given in
the monograph by Pegat [5]. The concept proposed at the
beginning of the present century in the RTU MIREA by
Makarov et al. has turned out to be very promising [1].
Summarizing the long-term research experience in the
field of fuzzy ACS taking into account the results of the
studies presented in [1-6], it can be stated that:

1. Fuzzy inference allows the synthesis of logical-
linguistic control models for complex objects.

2. Despite the apparent complexity of the fuzzy
inference formalism, it has been established that the
fuzzy regulators (FR) based on this technology are

essentially nonlinear. This means that they implement

a nonlinear transformation, whose parameters can

change slightly when the fuzzy inference technology

is modified (Mamdani, Sugeno, etc.).

3. The nature of the nonlinear transformation in FR
unambiguously determines the parameters of the
input logical-linguistic variables.

The representation of FR as a nonlinear ACS element
provides a broad perspective for incorporating traditional
approaches to nonlinear systems adopted in ACT
and modified taking the specific nature of nonlinear
transformations in the study of intelligent ACS into account.

SPECIFIC FEATURES OF ACS ANALYSIS
AND SYNTHESIS WITH FR

We consider a fuzzy logic system having an input (E)
and an output (U) linguistic variable with reasoning
domains on X, & R and Y, & R, for which the
corresponding term sets T, and T, are given. Each value
of a linguistic variable from the underlying term set is
givenby thenormal fuzzy sets Af ={(uy(e)e)|ee X}
and AlU ={(uy (),u)|ueXy}. Fuzzy inference
models currently in active use include the Mamdani,
Larsen, Takagi—Sugeno, and Tsukamoto models, which
have their relative advantages and disadvantages [7];
regardless of the model type, the resulting fuzzy
transformation can be represented as a certain nonlinear
mapping f: X, = Y.

Nevertheless, some general principles of FR design
have been formulated by most developers of fuzzy
control systems, namely:

1. The number of fuzzy sets in the underlying term
sets: 5-7.

2. The term set should contain at least one fuzzy set
defined by the membership functions (MF) of
classes L and y to limit the control value. This is
related to the ACS physical characteristics.

3. The symmetry of the MF position with respect to
the central MF to ensure control symmetry when the
system state deviates from equilibrium.

The division of FR into type 1 and type 2 proposed
in [1] depends on the processing method of the input
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variables. This paper considers the ACS using the
most popular type-1 FR based on the Takagi—Sugeno
fuzzy inference model to be the most promising. This
is primarily due to the lightweight defuzzification
procedure representing the weighted mean calculation,
which requires significantly less hardware resources and
controller processor time compared to other methods.
Additionally, the mapping implemented by the fuzzy
model involving a piecewise linear function, which
is dependent on the appropriate arrangement of the
knowledge base, greatly simplifies both the analysis
and synthesis of fuzzy ACS. The latter factor will be
discussed in detail.

An excerpt of the fuzzy system is shown in Fig. 1,
where two fuzzy sets AZ 1 and AE are defined by the
class + MF triples {a,_,, l 1 ¢y and {a, b, c;},
respectively, on some reasoning 1nterval

We will obtain the expression for the mapping f'in
the range of the input actions [b, ,, b,]. Let the rule base
contain two condition-action rules havmg the following
form:

1. IfEis AZ, then U = u 1>
2. IfEls AE then U u
where u; | _const u —const

In this case, the degree values of the linguistic
variable £ belonging to the fuzzy sets AI-E_ 1 and Af
during fuzzification are defined as follows:

@ =—
Ga=by b —a

i 1 i

M (e)=

According to the Takagi—Sugeno fuzzy inference
procedure and the adopted constraints on MF parameter
values, the output variable is defined as follows:

* *
s L B L A

u;(e) =
K T 1
_( bj—e e—b_, *J [b.—e +e bl_lJ
bo—b_ Vb b ) \b—b_ b b, @
u; —u;_; bul 1 —b_u l*
b —b b —b

Thus, the mapping f is a linear function on the
interval [b,_;; b;], whose definition area is given by the
location of the vertices of adjacent MFs, while its range
is given by the value of the rule base conclusions.

Using the results of the above analysis, the fuzzy ACS
based on the above principles can be represented as
a nonlinear system, whose FR static characteristic is
piecewise linear (Fig. 2). Thus, it is possible to carry out
a comprehensive analysis of the dynamics of the fuzzy
ACS according to the theory of nonlinear systems with
regard to the nonlinear transformation characteristics.

y
Y

e

b;_ b;

Fig. 1. Relationship between the MF parameters
and the type of the nonlinear mapping

Fuzzy regulator Control
object
u(e) —
g e rI: ule u_| x=Ax+Bu, |y
base "ly=CTx
— e
Fuzzy

regulator Control

u object
g e u .| x=Ax+Bu, y

e "l y=€Tx —‘

Fig. 2. Conversion of an intelligent ACS with FR
into a nonlinear ACS. Here, g is the master control;
u is the control action; y is the control object output;
x is the state vector; A is the system matrix;

B is the control matrix; C is the output matrix

So far, several approaches have been developed for
analyzing the stability of systems with FR. Asnoted in [5],
despite the intensive development of new methods, the
second Lyapunov method [8, 9] and the absolute stability
criterion [10, 11] continue to be the most widely used. For
single-input-single-output (SISO) systems, the Popov
criterion and the circular criterion are recommended.
For multiple-input-multiple-output (MIMO) systems,
the most appropriate methods are those based on the
hyperstability criterion due to providing a rigorous
mathematical basis for stability evaluation.

The lack of convenient engineering methods to
evaluate the qualitative parameters of these systems, such
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as speed and overshoot, is evident in a sufficient number
of studies on the stability of fuzzy systems. This approach
to the problem is more constructive due to the stability
problem being automatically solved by achieving the
required level of ACS quality. However, as shown by
the analysis of existing studies, this problem has been
insufficiently studied and remains to be worked out.

In addition to analytical methods for studying
fuzzy ACS, methods based on numerical optimization
algorithms including genetic algorithms [12, 13],
methods related to particle swarm behavior [13, 14],
gradient descent [15, 16], and others, are currently
gaining wide popularity. Although these methods are
powerful and capable of automatically determining
the FR parameters, their use in practical engineering
is exacerbated by a number of factors. Firstly, in order
to use these techniques effectively, the quality function
should be precisely defined, which can be a challenge. In
addition, the algorithms do not provide any guidance for
further adjustment of the FR parameters following their
calculation on the basis of the quality criteria.

In view of the obvious potential of fuzzy systems
and the relevance of FR implementation in a wide range
of control systems for industrial and special purposes,
the above analysis demonstrates a need to create new
approaches to the study of the dynamics of such systems
based on the traditional methods adopted in ACT.
Based on the proposed concept, in which fuzzy ACS is
considered as a nonlinear system, a suitable platform can
be created for this purpose.

It is convenient to take analogs of known quality
indicators for linear ACS as initial quality indicators,
in particular, the stability degree as an indicator of
transient damping rate and the oscillation degree as an
indicator of oscillation damping. By considering FR
in terms of its static characteristics, it is possible to
adapt known methods for analyzing and synthesizing
nonlinear ACS (in particular the Yakubovich circle
stability criterion). In [17], it is shown that this criterion
can be applied to the shifted amplitude-phase-frequency
response (APFR) of the linear part to determine the
sectional constraints on the nonlinear transformation
that guarantee a certain degree of stability for the fuzzy
ACS, as well as the absolute stability of the equilibrium
position and processes. In this respect, an extension of
this method to include oscillation degree and fuzzy ACS
accuracy requirements seems promising.

ALGORITHM FOR SETTING I TYPE FR
PARAMETERS BASED ON INDIRECT
PERFORMANCE INDICATORS

The fuzzy system model, analogous to describing
nonlinear systems adopted in ACT, can be represented
as follows:

X = Ax + Bu,
u=f(), (3)
y=CTx,

where x € R”, u € R!, f(y) is a scalar function which is
the FR static input-output characteristic and belongs to
the class (K; K,) and thus satisfies the equation [2], as
follows:

K, < g <K,. @)
dy

Here the task consists in synthesizing the appropriate
FR knowledge base for providing the absolute process
stability in fuzzy ACS and the qualitative characteristics
of the transient process such as the degree of stability,
the degree of oscillation, and accuracy.

For further study, it would be convenient to use the

shifted W(jo—n) and extended Vf/( jo—mm) APFR
of the linear part, where W(jo) = CT(jol — A)"!B, n is
the analog of the stability degree and m is the analog
of the oscillation degree. The family of shifted
(M; > ny > 0) and extended (m; > m, > 0) APFRs for
3rd order linear parts are shown in Figs. 3a and 3b,
respectively. The characteristic change in the shifted
APFR of the linear part at n =7, is due to the transition
of one of the poles W(s) to the right complex
half-plane.

Let the fuzzy control system be required to provide
a fast performance not exceeding the decay time of the
exponent € "0, with n,, chosen such that the degree of
irregularity () of the shifted linear part W(jo-n) is
equal to one.

Using the modification of the circle criterion
proposed in [17], the following sufficient condition can
be formulated: A fuzzy system, which is absolutely

stable in class (KlS ;KS‘ ), has a degree of stability not
less than 1 provided that the shifted APFR for the linear

part of W(jo—m) covers the circle with the center on

. . 1
the real axis at point ——

1 1
> [— —S], passing through

+
S
Kl K2

1
points — and s which also belong to the real
2

K?
axis, » times.

The extended AFC should be outside the above
circle to ensure the required degree of oscillation m.
Further, if the required degree of oscillation is provided
in section (KIO ; K? ), then both quality requirements are
met in section {max(Klo ;KP); min(K9 ;Kzs)} , given the
results obtained based on the specified stability. Thus, it
is possible to determine the parameters K, and K,
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Puc. 3. Family of shifted (a) and extended (b) APFRs of the linear part

of the nonlinear transformation and the corresponding
parameters of the FR settings by considering the fuzzy
ACS as nonlinear and applying the Yakubovich circle
criterion.

Finally, we consider the problem of ensuring fuzzy
ACS accuracy. Since the stationary control error of the
system is determined by the part of the static characteristic
close to the equilibrium, the choice of the gain factor K}
is determined by the requirement of the desired accuracy
in the whole range of disturbances f. It is shown in [18§]
that for static linear parts, the stationary error in the range
b1+ KK Ip )

Klp

SKp

e =
stnr a’
1+ KK

of disturbances f < is defined as follows:

(6)

where b, is the right boundary of the static characteristic
section with the gain factor Kf', while K, = 1im0 W(jo).
w—>

It follows from (6) that if the maximum disturbance
value fy,; = sup(f) is known and the permissible control
error value e_ is set, the required gain factor K} and the
section boundary b, are defined as follows:

fMKlp - ep
Kp=— b (7)
1p%p
fMKlp (8)
1 - .
1+K1pKfl

Thus, the condition of ensuring the required quality
indicators of transients and steady-state error is met in
the section (max{max{Klo,Kls},Kla};min{K?,Kzs})
that ensures the absolute stability of the fuzzy ACS.

We consider an example of the synthesis of the
I type FR parameters for the problem of stabilizing the
fuzzy ACS equilibrium with a linear part of the 3rd order
with a frequency response W(jw). In accordance with
the methodology discussed above, the necessary
constructions are shown in Fig. 4. From these it follows
that:

o therequired valuenisensuredifthe FR characteristic
is in section (0.6; 2.5);

o the required value m, is provided in section
(0.05; 6.1).

If the steady-state error requirement and (7) are
additionally taken into account, the final desired section
is as shown in Fig. 4b. The transient x(f) in fuzzy
ACS where FR is typed has a synthesized nonlinear
characteristic as shown in Fig. 4c.

Based on the obtained FR nonlinear transformation
and the above recommendations for the structure of the
knowledge base, the appropriate content can be easily
constructed:

e since the synthesized nonlinear transformation has
four points of gain factor variation, the term set 7}
for the linguistic error variable £ will contain five
fuzzy sets T = {4, 4|, A5, A3, A4}

o the MFs specifying fuzzy sets 4, and 4, belong
to classes L and vy respectively (due to the output
constraint);

o the remaining MFs belong to class .

As explained above, the definition area of the
ith piecewise linear section of the regulator static
characteristic depends on the mutual position of the
adjacent MFs. The range depends on the value of the
rule base conclusions from the rule base. Running
through the entire definition area of the nonlinear
characteristic (Fig. 4b) and taking into account its
symmetry with respect to the origin of the coordinates,
the MF parameters (Fig. 5) can be easily determined
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Fig. 4. Yakubovich circular criterion (a), sections of absolute stability
with nonlinear characteristic (b), and transient in ACS (c)

for the input variable, as well as the MF values for the
output variable embedded in the rule base:
e [FEis Ay, THEN u=1.1;
IF E'is A;, THEN u = 0.35;
IF E'is A,, THEN u = 0;
IF E'is A5, THEN u = —0.35;
IF Eis Ay, THEN u = —1.1.

CONCLUSIONS

The present work develops the concept proposed by
Makarov, according to which the fuzzy Zadeh transformation
implemented in the circuit of type-1 FR ACS is in fact
a nonlinear transformation. However, it becomes piecewise
linear when the Sugeno model is used. For such a fuzzy
system that uses methods from the theory of nonlinear
control systems, the problem of dynamics research is solved
in a form suitable for an engineer-developer. A methodology
is proposed, which not only provides a definition of the
ensured stability area, but can also be used to provide the
required quality indices of the control process.

v

[ | [ [ [

-1.0 -0.7 0

Fig. 5. Arrangement of the MF functions

Obviously, the results will also be valid when
Mamdani, Larsen, and Tsukamoto fuzzy inference
models are used in control systems: since the
nonlinear transformations corresponding to these
models are smooth, they can be approximated by
piecewise linear sections. Thus, the solution of the
problem can be reduced to the proposed method.
In this case, the linear approximation section at the
origin (having a small slope) is chosen based on the
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required steady-state error. Meanwhile, the slope  synthesis problems of fuzzy ACS having a type-1
of the steep section is selected based on the quality  regulator.

requirements according to the Yakubovich criterion. Authors’ contribution. Al authors equally
This approach can be used to solve analysis and  contributed to the research work.
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