QVOJNOTEHNICKI GLASNIK / MILITARY TECHNICAL COURIER, 2023, Vol. 71, Issue 4

Application of the type-2 fuzzy logic
controller and the fractional order controller
to regulate the DTC speed in an induction
motor

Younes Abdelbadie Mabrouk?, Bachir Mokhtari®,
Tayeb Allaoui¢
@ University Ammar Telidji, Electrotechnics Department,
The laboratory for the study and development of semiconductors and
dielectric materials (LEDMASD),
Laghouat, People's Democratic Republic of Algeria,
e-mail: mab.younes@lagh-univ.dz, corresponding author,
ORCID iD: @https://orcid.org/0009-0007-5220-3685
b University Ammar Telidji, Electrotechnics Department,
The laboratory for the study and development of semiconductor and
dielectric materials (LEDMASD),
Laghouat, People's Democratic Republic of Algeria,
e-mail: ba.mokhtari@lagh-univ.dz,
ORCID iD: ‘@https://orcid.org/0000-0003-4643-8940
¢ University of Tiaret, Department of Electrical Engineering, Energy
Engineering and Computer Engineering Laboratory (L2GEGI),
Tiaret, People's Democratic Republic of Algeria,
e-mail: tayeb.allaoui@univ-tiaret.dz,
ORCID iD: @https://orcid.org/0000-0001-9295-073X

DOI: 10.5937/vojtehg71-45972; https://doi.org/10.5937/vojtehg71-45972

FIELD: mathematics, computer science, electrical machines and control
ARTICLE TYPE: original scientific paper

Abstract:

Introduction/purpose: Among excellent strategies available to control the
torque of asynchronous motors, we distinguish direct torque control. This
technique of control allows direct control of magnetic flux and
electromagnetic torque without the need to decouple them. Also, direct
torque control like each control strategy has some drawbacks, the major
drawbacks of this technique being operation at a variable switching
frequency and flux and electromagnetic ripples due to the use of hysteresis
regulators. It worsens acoustic noise, especially at low speeds, as well as
the control performances.

Methods: To improve the performance of direct torque control especially at
low speeds, the authors propose using fractional order PID in combination
with type-2 fuzzy logic controllers to regulate the speed of an induction
motor controlled by direct torque control.
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Results: The results obtained by the proposed regulators show the
improvements made to the system.

Conclusion: The proposed contribution can exert better control efforts.

Keywords: direct torque control (DTC), fuzzy logic controller (FLC),
fractional order controller (FO), induction motor (IM), FFT analysis.

Introduction

Induction motors (IMs) are widely used in many industrial applications
because of their low cost and simple construction (Berrabah et al, 2017).
In comparison between IMs and direct current motors, IMs have a simple
and rugged structure, higher maintainability, and economy (Belhamdi &
Amar, 2017). On the other hand, these motors are not without
inconvenience: their dynamic behavior is often very complex since their
modeling results in a system of nonlinear equations, strongly coupled and
multivariable. Some of its variables are not measurable, e.g. magnetic flux.
For these reasons, the IM requires an advanced algorithm to control the
torque and flux. From such algorithms, we distinguish direct torque control
(DTC) which was proposed by Mr. Takahashi in 1985 as an alternative to
field-oriented control (Prasad & Durgasukuamar, 2021). Fast dynamic
reaction, a straightforward control strategy, the lack of coordinate
transformations, the absence of position feedback, and current regulators
are all benefits of DTC (Quang & Dittrich, 2015; Trabelsi et al, 2012).
Despite all these advantages, this control has disadvantages such as high
torque and flux ripples due to the use of a hysteresis band, stator current
distortions, and poor performance at low and starting speeds (Trabelsi et
al, 2012). For these reasons, several research studies were developed to
master the performance of this control technique such as the use of
artificial intelligence techniques to replace the hysteresis regulators and
the switching table (Bounar et al, 2015; El Ouanijli et al, 2018), to control
the motor speed (Sai Krishna & Narasimha Reddy, 2019; Lakshmi
Prasanna et al, 2018), a combination between the SVM and DTC was
proposed in (Cherif & Yahia, 2020; Massoum et al, 2021). In (Benbouhenni
et al, 2017), the authors proposed to replace the conventional controller
used to control the speed of the IM by an adaptive fuzzy logic controller.
In (Ben Salem & Derbel, 2017), the authors proposed to control the speed
of the motor by sliding mode control and used Al to improve the DTC
performances.

As mentioned previously, among the disadvantages of the DTC
command is that it presents poor performance at low and starting speeds,
as well as the noise caused by the torque ripples. For these reasons,
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researchers have always worked to improve the performance of this
control, and they have used several techniques as we cited previously.
Among the best control strategies, we distinguish fuzzy logic controllers
(FLCs) which offer several benefits in various applications due to their
ability to handle imprecise, uncertain, or vague information. Also, FLCs
can model complex, nonlinear systems without requiring precise
mathematical models, and manage uncertainty and imprecision in input
data and system parameters. For these reasons, we propose in this paper
to replace the conventional regulator used to control the speed of the IM
with a developed one, such as type-2 fuzzy logic controller and the
fractional-order PID regulator after that to see the improvements made to
the system. In the second section, we present the model of the IM in the
stationary frame; after that we discuss the basics of DTC control, and then
in section 4, we present the different regulators used in this work. The
simulation results and their discussion make the objective of section 5.
Finally, we conclude the paper with a conclusion.

Model of the IM

The representation of the IM in the stationary reference to the a and
B axes is given by the following equations (Cherif & Yahia, 2020).

For the electrical variables

APas _
at Vas - Rslas

dogs _
~E% = Vgs — Rylps

d or 1
) % = —Rplyr — W Ppr (1)

dog
WT = _RrIBr + Wy Por

\

where the subscripts s and r refer to the stator and the rotor, a and B refer
to the components in the (a, B) frame, the terms V, |, and ¢ are used to
describe voltage, current, and flux, respectively, while Rs and R, refer to
the stator and the rotor resistances and wn is rotor pulsation.

The relationships between currents and flux are given by equation (2)
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L and M represent the motor and the mutual inductance, respectively.

The mechanical component of the motor is explained as follows
(Cherif & Yahia, 2020):

aqQ 1
a 7(Tem —T.) (3)

Tem and T represent respectively the electromagnetic torque and load
one, and J represents the motor inertia.

Direct torque control of an IM

DTC is a technique that directly controls the torque and flux of an IM
by adjusting the inverter voltage and frequency. This allows for precise
control of the motor speed and torque, without the need for complex
feedback control loops. It also enables an IM to have an accurate and
quick electromagnetic torque response.

The appropriate voltage vector is selected by means of a switching
table. The variation in the motor stator flux and torque is directly related to
the selection of switching states.

As a result, the choice is made by keeping the magnitudes of the flux
and torque within two hysteresis bands. These controllers ensure that
these two quantities are controlled separately (Takahashi & Noguchi,
1986; Depenbrock, 1987).

The inputs of hysteresis controllers are flux and torque errors, and the
voltage vector that is appropriate for each commutation period is
determined by the controllers' outputs (Shyu et al, 2010).

Generally, the purpose of this control is to regulate the stator flux and
the electromagnetic torque without having measured the speed, flux, or
torque. Only the measurements of voltages and currents are necessary. A
synoptic schema of the DTC of an IM is shown in Figure 1.
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Figure 1 — Synoptic schema of the DTC of an IM
Puc. 1 — HaznsidHas cxema npsiMo20 peayriuposaHus Kpymsieao MoMeHma 8
aCUHXPOHHOM Ogu2amerie
Cnuka 1 — CuHonmuuyka wema OUPEeKmMHo2 yripasrbaka MOMEHMOM Y UHOYKUUOHOM
momopy

Estimation of flux and electromagnetic torque

In DTC, the electromagnetic torque and stator flux are calculated from
the primary motor inputs, stator voltages, and currents (V; and I;). The
expressions of the flux into the stator can be evaluated as in equation (4).

Qs = [ Pas T Pps 4)

The variables in equation (4) are given as (Cherif & Yahia, 2020)

{Qoas = f (Vas — Rslgs) (5)
Pps = f (Vﬁs - RsIBs)
@qs and @gs are the components of the flux in the (a,B) frame (Cherif &

Yahia, 2020).
The angle 6 between the components of the flux is given in (6).
— $s
0= arctg(p— (6)

as
To determine the electromagnetic torque produced by the IM, the
cross-product of the stator quantities (stator flux and stator currents) can
be employed as follows
3
Tem = Ep((paslﬁs - (p,BsIas) (7)
where p is the number of poles pairs.
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The conventional switching DTC table

The conventional switching DTC table used to select the appropriate
voltage vector proposed by Takahashi (Takahashi & Noguchi, 1986), is
given in the following table.

Table 1 — DTC switching table
Tabnuya 1 — Tabnuya nepeknrodyamenel nNpsMoeo ynpasneHus Kpymsuum MOMEHMoM
Tabena 1 — Tabena npekudaya npu OUPEKMHOM yrpaesrbarby MOMEHMOM cursie

Sector 1 2 3 4 5 6
Flux Torque
Cix=1 | Cuq=1 V2| V3|V4|V5|V6 |VL
Ciq=0 | V7 | VO | V7 |VO|V7]|VO
Cirq=-1|V6 | V1| V2 |V3]|V4|V5
Cix=0 | Crq=1 | V3 | V4| V5]|V6 |Vl | V2
Cwq=0 | VO | V7 | VO | V7 | VO | V7
Ciq=-1 | V5| V6 |V1|V2]|V3]|V4

Cix and Cyq represent the flux and electromagnetic torque errors,
respectively (Mokhtari, 2014).

Fuzzy Logic Controller

Fuzzy Logic Controllers (FLCs) are used in applications where
traditional binary logic controllers may not be suitable or efficient. FLCs
introduce a degree of "fuzziness" or uncertainty into decision making,
which can be advantageous in various scenarios. We need to use FLCs
for many reasons, such as: handling uncertainty, human-like reasoning,
tolerance to noise and adaptive control (Aib et al, 2023).

FLC structure

Four principal components build the FLC controller: (Kamalapur &
Aspalli, 2023)

Fuzzification

The following operations are performed via the fuzzification interface
which

* measures the input variable's values, and

« performs the fuzzification function, which transforms input data
into appropriate linguistic values.
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Knowledge base

A linguistic control rule base plus a database make up a knowledge
base.

» The definitions needed to define linguistic control rules are
provided by the database;

* Using a set of language control rules, the rule base described the
domain experts' control objectives and control strategy.

Decision

An FLC's core is the logic for making decisions. It can use fuzzy
implications and the rules of inference from fuzzy logic to infer fuzzy control
actions and simulate human decision making based on fuzzy concepts.

Defuzzification

The defuzzification interface performs the following functions:
* A scale mapping that converts the distribution of output variable
values into the associated discourse universe, and

* Defuzzification, which involves changing an implied fuzzy control
action into an explicit control action (Aib et al, 2023; Kamalapur & Aspalli,
2023).

Inference and the formulation of rules

Fuzzy systems typically map input fuzzy sets to output fuzzy sets. The
relations between input and output fuzzy sets are known as fuzzy rules.
Any of the following can be used to derive fuzzy rules:

* Master insight and control designing information,

* Control actions were taken by the operator, or

* Gaining knowledge from the training examples.

The fuzzy rules in this study are created by learning from the training
instances. In this instance, the fuzzy control rules' general form is

If x is Al AND y is Bi THEN z =fi (x, y)

Where x, y, and z are the linguistic variables that, respectively,
indicate the control variable and the process state variables. A first-order
Sugeno fuzzy model is the outcome of a fuzzy inference system (FIS)
that takes the form of a first-order Sugeno fuzzy model. Ai and Bi are the
linguistic values of the linguistic variables, fi (x, y) is a function of the
process state variables x, y.
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Engine for fuzzy inference

The feature of the inference engine is to calculate the general price of
the manipulated output variable primarily based on the character
contributions of each rule in the rule of thumb base, i.e., the defuzzification
system. There's no systematic method for choosing defuzzification. In the
first-order Sugeno fuzzy model, each rule has a crisp output and the usual
output is acquired as weighted common as a consequent hence averting
the time-ingesting manner of defuzzification required in a conventional
FLC (Precup et al, 2020).

Type-2 fuzzy logic controller

A type-2 FLC is an extension of the traditional FLC, which allows for
the handling of uncertainties and higher levels of complexity in the system
being controlled. While a traditional FLC uses linguistic variables and fuzzy
rules to make decisions, a type 2-FLC (T2-FLC) goes a step further by
considering the uncertainties associated with the linguistic variables. In a
T2-FLC, each linguistic variable has a fuzzy set associated with it, and
each fuzzy set has a footprint of uncertainty (FOU) associated with it (Aib
et al, 2023). The FOU represents the level of confidence or uncertainty in
the membership values of the fuzzy set. By incorporating this uncertainty
information, a T2-FLC can handle situations where the membership values
are not precise or known with certainty. T2-FLCs are particularly useful in
systems with highly uncertain or imprecise input data. They allow for the
modeling and control of complex systems that exhibit varying degrees of
uncertainty. However, the increased complexity of T2-FLCs also means
that they require more computational resources and are often more
challenging to design and implement compared to traditional FLCs (Saidi
et al, 2020; Henini et al, 2021).

General type-2 fuzzy sets

A kind-1 fuzzy unit A on a time-honored set X can be characterized
by the club function as (8). (Shi, 2020)

A ={x,u(x)|vx € X, u(x) € [0,1]} (8)
a cuts of A can be defined as (9).

Aa = {x,|ux) = a,a €[0,1]} 9
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Ao consists of all of the element’s x within the domain X whose club
degree is extra than or identical to a, the function characteristic of which is
proven as:

1 ,x €A«
HA"‘_{O,xe Aa (10)

The definition of fuzzy units of variety multiplication is shown as (11).

a AX)> «a

vVx € X, aA(x) = a A A(x) = {A(x) Ax) < a

(11)

Then, type-1 fuzzy unit A may be represented through its a cuts as
(12).
A = Uge[o,1] ®Aq (12)

Type-2 fuzzy sets have 2 club capabilities, and a kind-2 fuzzy set A”
an established set X may be characterized by the way of the membership
function as (sixteen), where x € X.

A"={(xu),uy.(x,u)|vx € X,VuJx € [0,1]} (13)

M is the primary club function and pA“(x,u) is the secondary
membership function. Liu extended a cuts of type-1 fuzzy sets to popular
type-2 fuzzy sets and a cuts (a planes) of widespread type-2 fuzzy units
A™ a can be described as

Aa = {(x,u),uA™(x,u)|Vx € X,Vu € Jx € [0,1]} (24)

A well-known kind-2 fuzzy units A™ can be represented because the
union of its associated kind-2 fuzzy sets Aa”

A= Ugelo) FOU (A0) (15)
For a general type-2 fuzzy set, A is the union of the centroids of its
associated type-2 fuzzy sets for the minimum t-norm operation. A™ a, with

a € [0, 1]

CA a(x) =[1A"a,rA" a ] (16)
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{IA" a ,rA” a ] represent each -plane's estimated endpoints using the
KM type reduction procedure. Therefore, D times of the KM technique will
be used if the number of planes is D to produce the defuzzification result

of general type-2 fuzzy sets. (Shi, 2020).
The design of the type-2 FLC system

The structure of T2-FLC shown in Figure 2 is similar to that of type-1,
the only difference between them being the type of sets (Figure 3), and in
type-2 we have to use another step called type-reducer to change the

output of fuzzy into a type-1 fuzzy set.

Rule Deffuzzitier

|
|
: I ypc-‘l
| reduced fuzzy

A

b5
Crisp output

'y €Y

xi{ Fuzzifier Type reducer

| Type-2 input v ype-2output
\ fuzzy sets fuzzy sets

A

\ ——— | Inference

Figure 2 — Structure of a T2FLC
Puc. 2 — Cmpykmypa T2FLC
Cnuka 2 — Cmpykmypa T2FLC

In the type reduction stage, the type 2 interval fuzzy outputs of the
inference engine are converted into the type 1 interval fuzzy in order to do
defuzzification. The type reduction block is the primary distinction between
types 1 and 2 of fuzzy logic systems (Henini et al, 2021).

Consider a T2FLS having:
n, inputs, X= [X1....Xs] € X10.....0Xn;

one output yeY, and M rules, where the i" rules have the form:

R IF x; is F{'and ...and x, is Fy' THEN y'=C'; i=

1,...,M.

With F1', F2'...Fq' are the linguistic terms used in the past. The interval
Type-2 Gaussian fuzzy sets serves as their model (Fig. 11).
y is the output of the i" rule R'; C' is the consequent parameter.
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Figure 3 — Difference between type-1 and type-2 membership functions
Puc. 3 — PasHuua mexdy chyHKUusMU nipuHadnexHocmu muna 1 u muna 2
Cnuka 3 — Pasnuka usmely ¢pyHkyuja npunadHocmu muna 1 u muna 2

In Fig. 3, the upper membership function tz;(xj) can be used to
represent the footprint of uncertainty (FOU) as a bound interval and the
lower membership function ug;; (xj),where

Uz (xj) = exp [—%(%) 2] = N(my, 0}, %)) (17)
and:
up;j (%) = 0.8 Upry(xj) (18)

m;, and o; are respectively the imply and the usual deviation of Gaussian
primary MF of the kind-2 fuzzy set F' (Shi, 2020).

In this study, we use T2-FLC to control the speed of the IM; for this,
three membership functions (MFs) are established for output and are used
to characterize the range of fuzzy controller inputs (speed error and speed
error variation). The fuzzy inference system bases its inference of gains
on nine rules. MFs for both inputs and output are Negative (Ne), Zero (Z0o),
and Positive (Po). Two trapezoidal mfs for the two fuzzy sets (Po) and (Ne)
and a triangular one for the fuzzy set (Zo) are used in this study.

Fractional order PID

A fractional order PID (Proportional-Integral-Derivative) controller,
often referred to as a FO-PID controller, is an advanced control strategy
that extends the classical PID controller by introducing fractional calculus
principles. In a regular PID controller, the control action is determined
based on the current error, the integral of the error, and the derivative of
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the error (Maiti et al, 2020). The goal is to minimize the difference between
the desired setpoint and the actual process variable by adjusting a control
signal. In a FO-PID controller, the integral and derivative terms are
modified by using fractional calculus operators such as fractional integrals
and derivatives. Instead of the usual integer values for the integral and
derivative terms, fractional orders (non-integer values) are employed,
allowing for a more flexible and adaptable control action (Sharma et al,
2015).
The FO-PID controller can be mathematically represented as follows:
ut) = K _p*e(t) + K_i*DMNm) *e(t) + K_d* D?n) * e(t) (29)
where:
e u(t) is the control output (control signal) at time t,
e ¢(t) is the error at time t, calculated as the difference between the
desired setpoint and the actual process variable,
o K, K, and Ky are the traditional PID gains for the proportional,
integral, and derivative terms, respectively,
o D”(m) represents the fractional integral operator of the order 'm’,
and
o D7(n) represents the fractional derivative operator of the order 'n'.

The use of fractional orders in the integral and derivative terms allows
for more control flexibility and better performance in systems with non-
linear dynamics or time-varying processes. It can effectively deal with
processes that exhibit fractional-order behavior, which cannot be
adequately controlled by traditional integer order PID controllers (Sharma

et al, 2015).
i

A

PD Controller
.PID Controller

p=1
FOPID
Controllers
PI Controller
() ) A
P Controller A=1

Figure 4 — Structure schema of the FO-PI"DH controller
Puc. 4 — Cxema cmpyKkmypb! KoHmposnepa FO-PIAD*
Cnuka 4 — lllema cmpykmype koHmponepa FO-PID*
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FO-PID controllers have been applied in various fields, including
industrial process control, robotics, aerospace, and biomedical
engineering, where precise and adaptable control is required. However, it
is worth noting that the design and tuning of fractional order PID controllers
can be more complex than that of their classical counterparts, as the
choice of fractional orders introduces additional degrees of freedom that
need to be carefully optimized for optimal control performance.

We propose in this part to use T2-FLC, and FO-PID to control the
speed of an IM controlled by DTC. In the following section, we present and
discuss the simulation results of this proposition.

Simulation results and the discussion

We present a discussion which follows the simulation results and the
current spectral analysis of the DTC control applied to an IM, with three
different speed regulators, a load torque applied between t=0.2s and
t=0.4s and the rotation speed reduced from 150 to 50 at t=0.5s.

rotation speed

o ]
150 = —_—
140+ —w_PI 1
w_T2-FLC
—w_FO-T2FLC
£
£
= 155
; 150!
145
0.1 0.15 0.2 0.25
0 1 1 1
0 04 Time (s) 04 05 0.8

Figure 5 — Rotation speed of the IM
Puc. 5 — Ckopocmb 8pauwieHusi aCUHXPOHHO20 0su2amerisi
Cnuka 5 — bpsuHa pomauuje UHOyKyUOHO2 Momopa
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Figure 6 — Magnetic flux

Puc. 6 — MazHumHbIl nomok
Crniuka 6 — MaegHemHu ¢priykc

Electromagnetic torque

—Tem*

— Tem__with-PI
Tem__with-T2FLC

—Tem__with-FO-T2FLC

34 118 o

32
0.25 0.3 0.35

1 1 1

0.2 0.4 0.5 0.8
Time (s)

Figure 7 — Electromagnetic torque
Puc. 7 — OnekmpomagHUMHbIU MOMEHM
Cnuka 7 — EnekmpomagHemHu MomMeHam cure
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Figure 9 — FFT analysis of the stator current obtained with a classical regulator
Puc. 9 — Bl1®-aHanu3 moka cmamopa, roJsly4eHHO20 C MOMOWbIO K1accu4ecko20
peaynsmopa
Cnuka 9 — ®®T aHanu3a cmpyje cmamopa dobujeHa nomohy Krnacu4yHoe peaynamopa
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Figure 10 — FFT analysis of the stator current obtained with a T2FLC regulator
Puc. 10 — BlN®-aHanu3 moka cmamopa, rosy4YeHHbil ¢ nomMouibio peaynsamopa T2FLC
Cnuka 10 — @@T aHanu3a cmpyje cmamopa 0obujeHa nomohy peaynamopa T2FLC
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Figure 11 — FFT analysis of the stator current obtained with a FO-T2FLC regulator
Puc. 11 — Bl1®-aHanu3 moka cmamopa, nosy4eHHbIU ¢ noMowbo peaynsmopa FO-

Cnuka 11 — @®T aHanusa cmpyje cmamopa dobujeHa nomohy peaynamopa FO-T2FLC
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From the results shown in Figures (5 to 9), we can notice that:

With the T2-FLC and FO-T2-FLC regulators, the dynamics of the IM
is faster than with the classical one (Fig. 5), and the rotational speed
reaches its reference without any exceeding; also, we can notice that the
effect of the load torque with the T2-FLC and FO-T2-FLC is inconsiderable.

The magnetic flux and the electromagnetic torque (Figs. 6 and 7)
follow their references with a good dynamics and fewer ripples when using
T2-FLC and FO-T2-FLC regulators.

From the spectral analysis of the stator current (Figs. 9, 10, and 11),
we can conclude that with the FO-T2-FLC we obtained the best quality of
the current (as shown in the peaks in Fig. 8) with a reduced THD value.

Conclusion

This paper deals with a DTC scheme applied to an IM. Initially, the
motor system was studied and modeled, and all the corresponding
equations were given. Then, based on the hysteresis controller, the
conventional DTC design was presented and then explained. As this
traditional technique has numerous problems, such as torque and flux
ripples, and especially poor motor speed performances, we proposed
using a type-2 fuzzy logic controller (FLCT2) and the fractional order
controller (FOC) to regulate the rotation speed of this motor, and show its
influence on the behaviour of the motor. The simulation results showed
that the use of the t2-FLC and the FO-PID made it possible to bring several
improvements to the performance of DTC such as the speed of the
dynamic response, the improvement of the quality of the current by
reducing its THD value and the minimization of torque ripples. We propose
to carry out an experimental study of this strategy in future work.
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[MprMMeHeHue KoHTponnepa HeYeTKoOW NOrMKM TUNa 2 1 KOHTponnepa
ApOobHOro nopsiaka Npu perynmpoBaHuUmn CKOPOCTU NPSIMOro
yrnpaBneHns KpyTALWmMM MOMEHTOM B aCMHXPOHHOM ABuratene

HOHec Abdenbbadu Mabpyk?, koppecnoHaeHT, bawup MoxTapu?,

Tatie6 Annayu®

2 YHusepcuteT AMMapa Tenuoku, hakynbTeT 3MeKTPOTEXHUKN,
JTabopaTopusa no n3yveHuto 1 paspaboTke NONynpPOBOSHUKOBBIX U
AvanekTpuyeckmux matepunanos (LEDMASD),
r. Jlaryat, Amxupckasa HapogHas [Jemokpatudeckas Pecnybnuka

6 YuusepcuteT TuapeT, pakynbTeT 3MeKTPOTEXHUKN U SHEPreTUKM
1 nabopaTopust MHXEHEPHOIO Y BbIYMCIIUTENBHOMO MaLLMHOCTPOEHWS
(L2GEGI), r. Tnapet, Amxupckas HapogHas JemokpaTtunyeckas Pecnybnuka

PYBPUKA TPHTW: 27.47.19 ViccnepgosaHue onepauun,
28.17.00 Teopus mogenupoBaHus,
45.29.00 OnekTpuyeckne MalmHbl
BWO CTATbW: opurmHansHasa Hay4Has ctaTbs

Pesrome:

BeedeHue/uenb: Cpedu omiuyHbIX cmpameaul 8 yrnpasneHuu
KpymsiuumM MOMEHMOM aCUHXPOHHbIX Oeuzameneli 8bi0esnsiemcsi
npsiMoe  peaynuposaHue Kpymsiujeeo MomeHma. 3Omom memood
yrpaesieHus1 1103680s1siem HarnpsiMyro yrnpaensime MagHUMHbIM TOMOKOM
U asIeKmpoMazHUmMHbIM ~ MoMeHmomMm 6e3 Heobxodumocmu  ux
pasbeduHeHusi. OOHaKo npsIMOe  peaynupoeaHUe  Kpymsuje20
MoMeHma, kak u mwobasi Opyzass cmpameaus ynpasseHusi, umeem
Hekomopble Hedocmamku. OCHO8HbIMU HedocmamkaMu 3moeo
memoda sAensromcs  paboma  npu  NepeMeHHbIX  4Yacmomax
MEPEeKIIoYeHUs, a makxe  a/lekKmpoMasHUmHble  KonebaHusi
ecriedcmeue UCMoMb308aHUs 2UCMEPEe3UCHbIX peayrsimopos. 3mo
npusodUM K y8esluyeHUK aKycmuyeckoao Wyma, 0COBEeHHO Ha MarsibiX
CKOpocmsiX, a makxe yXyOWeHU Xapakmepucmuk pyresoeo
yrpaesieHUus.

Memodel: B uensax ynyqweHuss npouzeodumersibHoCmu npsmMoz20
peaynuposaHusi Kpymsiujeao MOMeHma, OCOOeHHO Ha HU3KUX
ckopocmsix, npednazaemcs ucronb3oeams PID dpobHoz20 ropsidOka &
codemaHuu C KOHmposiepamMu HevYemkol Jio2uku muna 2 O0ns
peaynupogaHusi 4Yacmombl 6paujeHuUsi acuHXpOHHO20 desuzameris,
yrnpasnsieMoao rpsiMbIM peaynuposaHueM Kpymsuweao MoMeHma.

Pesynbmamb/: Peaynbmamb/, roJsiy4eHHble 11pu  Ucriofib3ogsaHuu
npeanaeaeMb/x PecSyrnamopos, rnokasbigarom 3aMemydoe yrnyduweHue 8
cucmeme.

Bb1800bI: Pesynbmambi 0aHHO20 uccriedo8aHusi Mo2ym eHecmu eknad 8
YryyweHue yrpasreHusl.
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Knrouesbie criosa: npsiMoe peaynuposaHue kpymsuie2o momeHma (DTC),
KoHmpornep Hevyemkoul noeuku (FLC), koHmpornnep 0pobHoz20 ropsidka
(FO), acuHxpoHHbiIl 0guezamens (IM), aHanus Bl1®.

MpumeHa dasm nornykor KOHTponepa Tuna 2 u KoHTponepa
dpakumnoHor peda 3a perynucarwbe 6p3vHe OUPEKTHOT ynpaBibakba
MOMEHTOM CWMe Y MHOYKLUMOHOM MOTOpPY

JoHc A6denbadu Mabpyk?, ayTop 3a npenucky,
Bawup Moktapw?, Taju6 Anayn®

@ YuuepanteT Ammap Tenugju, Oacek 3a eneKTpoTeXHUKY,
JlTabopaTopwuja 3a npoyyaBar€e 1 pa3Boj NOMyNnpPoOBOAHMKA U
AvenekTpnyHux matepwjana (IEOQMACL),

Naryat, HapogHa Oemokpatcka Peny6nuvka Amkup

6 YuusepanteT y TuapeTy, OOcek 3a eneKTPOTEXHUKY U eHEPreTuKy
n JlabGopaTopuja 3a NHXeHEePCTBO N pavyyHapCKo MHXewepcTBo (L2GEGI),
TwapeT, HapogHa [lemokpatcka Penybnvka Amxump,

OBJIACT: maTematumka, padyHapcke Hayke, enekTpoTexHuka
KATEITOPWUJA (TWUIM) YITAHKA: opuruHanHu Hay4Hu pag

Caxemak:

Yeod/uurb: Mehy odnu4yHUM cmpameaujama 3a yrpasrbarbe MOMEHITOM
curie KoO acCuUHXpOHUX Momopa u308aja ce OUPEeKMHO yrpaerbarbe
momeHmom curnie. Osa mexHuka omozyhasa OUPEKMHO yrpasrbaH-e
MazHemHUM OIIyKCOM U erleKmpoMagHemHUM MoMeHmom curne 6e3
nompebe Oa ce pesdeajajy. Takofje, QUPEKMHO yrpasrbake MOMEHIMOM,
Kao u ceaka cmpameauja yrpaesbarba, umMa ceoje Hedocmamke 00 Kojux
Cy Hajeehu pad Ha rMPoMeHsbUBUM rpekudaykum ¢hpeKkeseHyujama, Kao u
efniekmpomazHemHa manacHocm ycried Kopuwhema peeayrnamopa
xucmepese. To dosodu G0 nozopwarba akycmudke byke, Hapo4yumo npu
Mmarnum 6p3uHama, Kao u 00 rnozopuiarba nepghopMaHcuU yrpasrbaksa.

Memode: [a 6u ce nobosbwarne rnepghopmaHce OUPeKmHoz yrpasrbarba
MOMEHMOM, Hapo4umo npu Manum 6p3uHama, npednaxe ce Kopuwhere
I/ koHmponepa ¢hpakyuoHoz peda y KombuHayuju ca hasu 5io2uyKuM
KOHmMposnepoMm Tvna 2, Kako bu ce peeynucana 6p3uHa UHOYKUUOHO2
Momopa KOHmMposucaHoe rmymem QUPEeKMHo2 yrpasrbaksa MOMEHMOM.

Pesynmamu: Wcnumueara Koja cy epuweHa roMoRy rpedrnoxeHux
peaynamopa rnokasyjy 0a je dowio Ao nobosbluarba y cucmemy.
Sakrbyyak: [llpednoxeHa pewera Mmogy Oa 0d0ogedy 0o borbee
ynpaesbarba.

KrbyuyHe peyu: QupeKkmHo ynpasibart-e MOMEHMOM curie, ghasu /102UYKU
KOHmMposiep, KoHmposiep ¢pakyuoHoe peda, UHOYKYUOHU MOmop,
OOT.
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