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ALGORITHM FOR SYNTHESIS OF A NEURO-FUZZY DISCRETE
REGULATOR IN TASKS OF CONTROL OF A DYNAMIC OBJECT

Siddikov 1L.X., Bakhrieva X.A., Yadgarova D.B., Dauletov A.Yu.

The article presents the results of a study of the properties of an automatic
control system with a proportional-integral-differential-controller and a sequential
adaptive corrective device for the dynamic characteristics of automatic control
systems. To adjust the parameters of the proportional-integral-differential-
controller, a two-layer artificial neural network is proposed, which is distinguished
by the simplicity of implementation on microcontrollers. To give the adaptation
property to the digital proportional-integral-differential-controller, the method of
interactive adaptation based on the Frechet method 1s used. The results of the study
of the properties of an automatic control system with a proportional-integral-
differential-controller and a serial adaptive corrective device for the dynamic
characteristics of automatic control systems are presented. A distinctive feature of
adaptation lies in the fact that during the operation of the system the regulator
parameters do not change and correspond to the setting preceding the start of the
system. In this case, depending on the change in the parameters of the control
object, the transfer coefficient of the corrector or the phase shift created by it
changes. Changes that occur only in cases where the quality of the automatic
control system becomes unsatisfactory due to changes in the properties of the
control object or due to the impact of disturbances on the control object. To give
the desired property to control systems, a non-linearity of the “saturation™ type is
included in the control loop. The use of nonlinear correctors is associated with the
problem of taking into account the dependence of the frequency characteristics on
the amplitude of harmonic oscillations of the input signal, which allows one to
obtain the required amplitude and phase frequency characteristics, which ensures
the stability of the system and improves the quality of the transition process. A
comparative analysis of the results obtained by conducting a simulation experiment
on the environment «k MATLAB». The results of the study, an automatic control
system with linear corrective devices showed that the adaptation of linear
correctors even using modern mathematical apparatus, such as fuzzy logic, is
possible only with limited range and nature of changes in the parameters of the
control object. The results can be implemented on a production system, i.e. to
maintain the given mode of the boiler units in the power system.

Key words: ATS, PID-regulator, PID-law, nonlinear, linear, neuro-fuzzy,
algorithm, hypersurface, procedure, system, dynamic object.
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B craree nmpuBOOATCS  PE3yNbTarhl  MCCIICAOBAHWSI CBOMCTB  CUCTEM
aBTOMAaTHYECKOTO PEryapOBaHUS C NPONOPLUUOHATBHO-UHTETPATIBHO-
TP PEPEHINATBHOM-PETYIISITOPOM U NOCJIE0BATENIbHBIM alan TUBHBIM
KOPPEKTHPYIOIIAM  YCTPOMCTBOM  JMHAMUYECKUX  XAPAKTEPHUCTUK  CHUCTEM
aBTOMAaTUYECKOTO PETYIUPOBAHUSL. Jlst HACTPOKH napaMeTpoB
IPONOPUMOHATBHO-UHTErPATbHO- M PPEPEHIMATBHOIO  PETYIATOPA NPEIIOKEHA
JIBYXCIIOWHAsI WCKYCCTBEHHAs HEHPOHHAs CETh, OTIAYAOIIAACA MPOCTOTON
peaiM3alMi HAa MHKPOKOHTposuiepax. Jlis mpuaaHust CBOMCTBA azanTaluu
1U(POBOMY MPOMOPLHOHATBHO-UHTET PATbHO-TN(PPEPEHIIMATBEHOMY  PETYIIATOPY
UCIOIB30BAH METOJl MHTEPAKTUBHOM afanTaiyy, OCHOBaHHBIN Ha meToae Opere.

[TpuBeneHbl pe3yabTaThl UCCIECAOBAHNAS CBOMCTB CHCTEMBI aBTOMATHYECKOIO
PETYIUPOBAHUS Cc MPOMOPIUOHATEHO-UHTErPATIbHO-TUPPEPEHITNATIBHBIM
PETYASTOPOM U MOCIEN0BATEIBHBIM AJANTUBHBIM KOPPEKTUPYIOLIUM YCTPOMCTBOM
JUHAMHAYECKUX XapaKTEPUCTUK CUCTEM aBTOMATUYECKOTO PEryJIMPOBAHUS.

Knwuegote cnoea: CAP, 11U/ -perynstop, I[IW][-3ak0H, HEJIMHEHHBIMN,
JIMHEWHBIN, HEUPO-HEUYETKUI, AJITOPATM, THIIEPIIOBEPXHOCTD, IPOLEAYPa, CUCTEMA,
JTUHAMUYECKU OOLEKT.

Makonana MPONOPIHUOHAT-UHTErPAT-AUBHEPEHIUAT-PETYIATOD Ba
ABTOMATUK OOLIKAPHII TU3UMJIAPUHUHT JTUHAMUK XaAPAKTCPUCTHUKAIAPUHU KETMa-
KET  MOCIAITHPAAWraH JAWHAMHK  AaBTOMATUK  OOIIKAPYB  TH3WUMHHHHT
XyCYCUSTIIApUHM YpraHuil Harwxkajgapu Oepunrad. [IpomopuuoHan-uHTErpai-
g depeHnman-perynsaTop napaMmeTpiIapuHu co3jamt YUYYH
MUKPOKOHTpOJIJIEpJapAa aMajra OWIMPUIIHMHT COLAAIMIH OWlaH axpaimo
TYPaJAWraH MKKH KaBamIM CYHBUH HEHMPOH TapMOK Takiud stunaad. Mocnairys
XyCYCHUSATUHU pakamyii  [PONOPUUOHAT-UHTErpal-au(PepeHIran-peryasTopra
Ocpuil yuyH Opemie ycyiura acociaHraH HHTepQaoa MOCIaulyB YCyiH
Kymnanwiamga.  [IW]l-perynsarop Ba aBTOMAaruk OOWIKAPYB  TH3MMIIAPUHHUHT
JUHAMHAK ~ XAPAaKTEPUCTUKAJIAPUHMA  KETMA-KET  MOCJAIITUPYBYMA  Ty3aTyBUd
MOC/IAaMaJIM  ABTOMATHK OOIIKAPYB TW3WMHHWHT XyCYCHUSATIIADUHHM YpraHuIl
HaTWXKanapu OCPUIITaH.

Taanu ubopanap: ABT, ITU]1-perynstop, [IN]/[-KOHYH, HOUM3UKIIN, YH3UKJIH,
HENPO-HOPABIIAH, AJITOPUTM, TUIEPIO3a, MPOLEAYPa, TU3UM, JUHAMHK OOBEKT.

I. INTRODUCTION

Today, one of the urgent problems of modern control theory is the
development of ways to ensure the required quality of automatic control systems
(ATS) by objects with non-stationary parameters [2].

Currently used in industry proportional-integral-differential (PID) -regulators
are the most common type of regulators. About 90-95% of the regulators currently
in operation use the PID algorithm. The reasons for such a high popularity are the
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simplicity of construction and industrial use, clarity of operation, suitability for
solving most practical problems, and low cost [1].

The use of the PID law in the power industry leads to an increase in the
quality of regulation. As applied to steam temperature ATS, the use of the PID
control law makes it possible to maintain temperature fluctuations more precisely
in the entire steam production range of the boiler, which is a top priority. The use
of the PID algorithm is limited by the complexity of its configuration. This is
explained by the peculiarity of the operation of ATS with PID controllers: high
sensitivity to deviation of the optimum of their settings and the inability to use the
step method to obtain the type of transient process. /s nmosydeHus:

» the greatest gain from the PID law of regulation;

» reduction of labor costs for commissioning of ATS with a PID controller;

+ evaluating the effectiveness of the PID control law at the design stage,
including more complex ATS circuits (three or more temperature ATS circuits,
circuits with a complex differentiator), a comparative analysis of ATS tuning
procedures with a PID controller 1s carried out, based on which the most suitable
for practical use. To determine the capabilities of the PID law, the settings of the
PID controller were calculated taking into account the criteria for the quality of the
transition process adopted in the power system, and the dependences of the settings
of the PID controller were obtained.

To give the desired properties of a managed object, adaptive control methods
are widely used.

II. MAIN PART

Adaptive control is currently implemented in most cases based on the
identification of the control object with the subsequent solution of the problem of
determining the parameters of the PID controller. The main disadvantages of this
approach are the complexity of the identification procedure and the limited ability
to change the dynamic properties of the ATS by changing the parameters of the
PID controller. This work presents the results of a study of the properties of ATS
with a PID controller and a sequential adaptive corrective device for the dynamic
characteristics of automatic control systems. The adaptation method is
characterized by the fact that during the system operation the regulator parameters
do not change and correspond to the setting preceding the system startup. During
the operation of the control system, depending on the change in the parameters of
the control object, the transfer coefficient of the corrector or the phase shift created
by it changes. These changes occur only in cases when the quality of the ATS
becomes unsatisfactory due to changes in the properties of the control object or due
to the impact of disturbances on the control object. This allows you to ensure
system stability and improve the quality of transients. The results of the study of
ATS with linear corrective devices showed that the adaptation of linear correctors
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even using modern mathematical apparatus, such as fuzzy logic, 1s possible only
with limited range and nature of changes in the parameters of the control object.
The use of nonlinear correctors is associated with the problem of taking into
account the dependence of the frequency characteristics on the amplitude of
harmonic oscillations of the input signal. The use of an adaptive pseudo-linear
corrector of dynamic characteristics allows to obtain the required amplitude and
phase frequency characteristics. Typically, these devices have two channels,
amplitude and phase, adjustable independently of each other. In this case, the
frequency characteristics of pseudo-linear corrective devices are independent of the
amplitude of harmonic oscillations of the input signal.

If the control object is essentially non-linear, then it is difficult to achieve a
good quality of management. The use of nonlinear regulators (for example, fuzzy
or neural regulators [3, 4]) allows, in principle, to achieve higher quality indicators
of the transition process. However, the simplicity and clarity of the structure of
PID controllers stimulates research related to the improvement of their design ([5—
8] and others). So in [5] it is proposed to supplement the PID controller with a
neural network controller trained using the back propagation error algorithm. The
signals of both controllers add up, which allows to obtain a nonlinear control law.
In [6], an RBF network is used, which serves to change the coefficients of the PID
controller. Tuning is done using a genetic algorithm (GA). In [7], an artificial
neural network approximates a PID controller, and a differential evolution
algorithm is used for training. In [8], a neural supervisor based on NS of direct
propagation controls the coefficients of the PID controller. In this paper, we study a
simple modification of a digital PID controller based on an equivalent
representation based on a neural network (NS) with the subsequent introduction of
nonlinearities that improve the quality of transients.

In this case, the PID controller can be represented as a simple NS, containing
only one neuron with three inputs and a linear activation function (Fig. 1). The
control law is a hyperplane in 4-dimensional space. It can be assumed that the
improvement of control quality 1s ensured by replacing the hyperplane

(rta)y =" (jxa

some hypersurface, for the description of which one can go from the structure of
Fig. 1 to a more complex structure containing nonlinearities.

To solve this problem, we consider the discrete representation of the PID
controller, replacing the derivative and the integral by the relations of finite
differences:
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u(n)=kxe(n)ki At e(k)+ Kg(e(n) —e(n—1) )

P k=0
where n is the point in time. Restricting ourselves to two terms in the formula for
the integral, we have:

u(n): kx e(n)+ si(e(n)+ e(n —1) )+ sd (e(n)—e(n —1) )
where si = kiAt,sd = kdl At, At - time sampling step.
To implement a discrete PID controller, we can consider a two-layer NS, in
which only the activation function of the 2nd layer is linear, and the activation

functions of the 1st layer are generally non-linear (Fig. 2, where A is the delay by
one clock cycle).

input layer output (first) layer

Fig.1. Discrete PID controller structure
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Fig. 2. One beat delay

Thus, in the structure of a nonlinear PID controller (neuro-PID), only the
parameters of the activation functions of neurons of the 1st layer are unknown.

It is proposed to configure a nonlinear digital PID controller in two stages:

1. Synthesis of a linear digital PID controller, during which a weight matrix of
the 2nd layer W. is formed.

2. Optimization of the parameters of the nonlinear activation functions of
neurons of the 1st layer, forming a nonlinear control law that satisfies the specified
quality indicators.

Consider the problem of controlling a nonlinear dynamic object containing
sequentially included linear and nonlinear parts. Static nonlinearity of the
“saturation” type is considered. The linear part is described by the transfer function

At the first step, the coefficients of the linear PID controller are optimized
(Fig. 1). The transition process (reaction to a single jump) after optimization is
described by curve a in Fig. 3.
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Fig. 3. Transient process (reaction to a single jump) after optimization

The linear control law here leads to significant overshoot and large static er-
ror. At the second step, the parameters of the activation function of neuron 2 are
optimized (Fig. 2), which corresponds to the differential component of the PID

Fig. 4. The differential component of the PID controller

The transition process corresponds to curve b in Fig. 3. The transition process
acquired an aperiodic character, but the static error did not decrease, and the rise
time increased slightly.

At the third step, the parameters of the activation function of neuron 3 are
optimized (Fig. 2), which corresponds to the integral component of the PID
controller. The final form of the activation function is shown in Fig. 4 (right). The
transition process corresponds to curve c in Fig. 3. The transition process has again
become oscillatory, but the overshoot is insignificant, the rise time has been
significantly reduced, and the static error has become insignificant. Note that the
activation function of neuron 1 (Fig. 2) in the considered example remained linear,
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1.€. the base gain here remains constant. For other dynamic objects, this situation
may change during the optimization process.

ITI. CONCLUSION

The considered approach to the design of a nonlinear PID controller (or
neuro-PID) 1s simple and based on the representation of a two-layer NS controller,
in which three neurons of the 1st layer can have nonlinear activation functions, and
the neuron of the 2nd layer has a linear activation function.

The design process includes two stages:

- Optimization of the linear PID controller coefficients, which form the
weights of the 2nd layer of the NS.

- Transition to a discrete representation, and optimization of parameters of
nonlinear activation functions of neurons of the 1st layer in order to improve the
quality of transients.

Optimization can be performed in just three parameters, but the objective
function 1s multi-model, which requires the use of global optimization methods,
such as a genetic algorithm.

The given simulation example showed that replacing a PID controller with a
neuro-PID controller can provide a significant improvement in the quality of
control, which is unattainable with a linear control law.

Thus, the proposed approach can be useful in modernizing control systems for
a wide class of dynamic objects where linear PID controllers are used.
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