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PERFORMANCE EVALUATION OF TYPE-2 FUZZY LOGIC CONTROLLER FOR A

SENSORLESS VECTOR CONTROLLED BRUSHLESS MOTOR

Abstract. Topicality. Despite having some important features over other types of motors, due to their high non-linearity
driving characteristics, controlling brushless motors may require some complex algorithms such as Vector Control (Field
Oriented Control). In plants with high dynamic behavior and uncertainty, the control of these motors becomes even more
sensitive. Under such conditions, vector control which consists conventional PID regulators may be insufficient. The purpose
of the article. This study proposes a brushless motor drive with soft computing based vector control algorithm. The following
results were obtained. A Type-2 Fuzzy Logic Controller (T2FLC) scheme for a sensorless vector-controlled brushless motor
driver is presented. The study also aims to realize a comparison of performances between classical PI controllers and T2FLC,
in the control of brushless motor systems where high dynamic characteristics and uncertainty situations are the two main
problems. Conclusion. In the study, a Permanent Magnet Synchronous Motor (PMSM) is electrically modeled and a
sensorless Field Oriented Control (FOC) scheme is applied to it. For closed loop speed control, both T2FLC and PI controllers
are designed and their performance are compared to each other. All modeling and simulation study is realized in
MATLAB/Simulink environment.

Keywords: field oriented control, vector control, soft computing, type-2 fuzzy logic control, artificial intelligence, PMSM

speed control

1. Introduction

Over the last two decades, brushless motors have
become more and more popular in many industrial field,
due to their numerous advantages such as low torque
ripple, durability, efficiency and small size [1].

Since these motors have no brush commutators, they
need to be electronically commutated. Various driving
techniques to control brushless motors have been studied
over years. Brushless Direct Current motors (BLDC) and
Permanent Magnet Synchronous motors (PMSM) are the
main types of brushless motors. The control process of a
BLDC motors is relatively straightforward, whereas
more complex algorithms may be required to control
PMSMs. The vector control is reputed as one of the most
appropriate method to control PMSM motors efficiently
[2, 3]. Vector Control algorithms can be realized in
different forms such as Direct Torque Control (DTC) and
Field Oriented Control (FOC) [4]. In this study, a
sensorless FOC scheme for a PMSM is proposed.

In FOC algorithm, three phase stator currents are
converted to two phase DC quantities by applying Clarke
and Park Transformations, respectively. The main goal
of the FOC technique is decoupling the stator currents
into the torque generating and flux generating
components by using these transformations [5]. Once
these conversions are completed, the decoupled
quantities are DC signals now, they can be easily
regulated by a linear control technique such as PID
controllers. However, PID controller or its derivatives
(PI, PD etc.) lack the ability to cope with uncertainties.
They also have low dynamic response and affected by
non-linearity [6]. Furthermore, since the parameters are
generally determined by trial and error or a specific
method such as Ziegler - Nichols, these fixed parameters
may not deliver satisfactory responses in highly dynamic
systems. Besides, the Ziegler-Nichols method often
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causes large overshoot and oscillating responses. For all
these reasons, PID controllers are not the wisest choice
for controlling PMSM motors. It may be necessary to
turn to intelligent control methods. As an intelligent
control method, soft computing techniques are able to
overcome non-linearity and promises computational
simplicity. Genetic Algorithms (GA), Fuzzy Logic (FL)
and Artificial Neural Networks (ANN) are the main soft
computing techniques.

Fuzzy Logic enables us to solve issues caused by
nonlinearity and uncertainty in a control application. It
has a similar operation to human reasoning and presents
a natural way to design functional blocks for an
intelligent control system [7]. A complex system which
cannot be easily transformed a mathematical model, can
be expressed as a set of rules based on linguistic elements
by using Fuzzy Logic. A decade after introduced the
Fuzzy Logic controller, L. Zadeh announced the Type-2
FLC (T2FLC) in 1975. T2FLC shows better
performance in managing uncertainties than T1FLCs. It
also has better results in complex systems where robust
or adaptive control is thought as only solution, to
overcome uncertainty and parameter changes [8].

In FOC, rotor position angle is continuously needed
to perform Park Transformation and Inverse Park
transformation. This angle can be determined either by
using a position sensor (Hall Effect sensors, incremental
encoders or high resolution resolvers) or position
estimators which uses no sensor [9]. In this study, a
sensorless position detection technic is employed. Since
classification or performance comparison of sensorless
position detection techniques is outside of scope of this
study, only the studied method will be discussed here:
The Sliding Mode Observer based position estimator. It
has some advantages over others, such as having simple
structure and being free from motor parameters [10].
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Studies combining sensorless FOC and T2FLC for a
PMSM driver are scarce. Researchers have generally
turned to the control of BLDC motors, which are
relatively effortless. Ref [8] proposes Interval Type-2
Fuzzy Logic Controller for speed control of a DC Motor.
Ref [11] presents comparative results of TIFLC and
T2FLC speed controllers for BLDC motors. Ref [12]
employs a Sensorless BLDC to control by T2FLC. It
determines the rotor position with Zero Cross Detector.
Ref [13-16], all deals with the performance of Type-1
FLC for PMSM with minor differences. Ref [17] gives
detailed information about sensorless position estimation
techniques for PMSM motors. Similarly, Ref [18]
explains the various sensorless methods and realizes a
performance comparison among them.

The paper is organized as follows. The next section
presents a mathematical model for a PMSM in dg
reference frame. In section 3, sensorless FOC is
discussed. Section 4 deals with Sliding Mode Observer
based position estimator. In Section 5, a Type-2 Fuzzy
Logic Controller (T2FLC) is designed for closed loop
speed control. Last two sections comprise simulation
results and conclusion.

2. Mathematical model of PMSM

The rotor of a PMSM is made of permanent magnets
that are mounted in such a way to produce sinusoidal
back EMF in stator windings [19]. The electrical
equivalent of a 3-phase PMSM can be represented as
Figure 1.
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Fig. 1. Electrical Equivalent of PMSM

As seen in Figure 1, each stator phase of PMSM has
own resistive, inductive and back-EMF components. In
the modelling, it is pre-assumed that stator resistances are
equal to each other (R=R,=Rpy=R;) and mutual
inductances are neglected. There are three types of
PMSM modeling in different reference frame models. In
this study, dg reference frame model is employed due to
its simplicity. In Figure 2, dg electrical model of PMSM
is shown. Note that in dg reference frame, the stator
inductance is divided into two different inductances
called Lq and L. In surface mounted PMSM (SPMSM),
Lg= Ly while in interior PMSM (IPMSM), Lq< Lq[20].
In this study, an IPMSM is modeled which has non-equal
Lg and L, values.

According to Figure 2, the rotating dg frame based
electrical equations can be written as follows

Ud = RS'Id + Ld'pld - Lq.a)e.lq (1)
Vg =Rslqg+ Lgplg+ Ly we.lg + we. Ay, (2)

where w, — electrical speed, A,,, — permanent magnet flux
linkag, p — stands for derivative.

Note that in equations (1) and (2), the effects of

magnetic saturation and magnetic hysteresis are
neglected.
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Fig. 2. PMSM celectrical equivalent in d axis (a) and q axis (b)
respectively

Mechanical Equations of PMSM in dg reference
frame is defined by

3

T, = EP(AmIq + Aaly — A414) (3)
1

Wy = 7.[(718 —T, — Bw,)dt “4)

where T, — electromechanical torque, P — pole number, J
— inertia, B — friction coefficient, w,, — mechanical rotor
speed.

3. The FOC Scheme

In Figure 3, the block diagram of the proposed
sensorless FOC scheme is shown. As depicted in Figure
3, the position angle of the rotor (©) is requisite to
perform Park and Inverse Park Transformations. In
sensorless position detection, the available position is
determined not by sensors but by using some algorithms.
In this study, a Sliding Mode Observer (SMO) model is
performed to estimate the current position angle of the
rotor. There are other sensorless position estimation
methods yield varying performances in the market.
However, SMO is chosen in this study due to its some
advantages over other methods, as mentioned in the
related section of the paper.

In FOC technique, there are two fundamental features
that make it superior to other control methods, especially
for driving AC fed machines. Firstly, FOC allows to
decouple and regulate the current and flux magnitudes
independently. The second one is, it can make possible to
use linear closed loop control techniques, even at higher
input frequencies [21]. Algorithm of the FOC can be
summarized as follows:

e The 3-phase stator currents i, i, and i. are
measured. i. can be also calculated by using the
Kirchhoff’s Current Law (ia + i + i =0), without a third
measurement.
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Fig. 3. General Block Diagram of the proposed sensorless
FOC

e The Clarke Transformation is applied to the 3-
phase currents (ia, i and ic). Two new orthogonal currents
(1. and ig) in two-axis stationary coordinate system occur
when the transformation ends. Thus, the transformation
outputs the variables i, and ip using the measured
quantities i,, i» and the calculated quantity i.. Now, i, and
ip are time-dependent quadrature current vectors from a
stator perspective.

e The Park Transformation is applied to the
orthogonal current vectors (i and ig) and it provides two
rotating current vectors (Iq and Ig) in a two-axis rotating
coordinate system aligned with the rotor flux. 14 and Iq
become constant while steady-state condition takes
place. This means that these currents become DC
quantities after the transformation is complete.

e Closed loop control is applied to Iq and Iq
currents. The references of Iq and Iy currents regulate
rotor magnetizing flux and torque output, respectively.
The output of the controllers will yield the voltage
vectors of Vq and Vg, as the input voltages for VSI after
applying Inverse Park Transformation.

e The position estimator uses Vq, Vg, I, and, Ig, to
estimates a transformation angle. By this angle, the
location of the next voltage vector is determined.

e By applying Inverse Park Transformation, each
output of the current controllers of V4 and V4 are
transformed back to the two-axis

e stationary coordinate using the estimated angle.
V. and Vp voltage vectors are determined after this
transformation.

e The V, and Vjp voltages are converted to three-
phase values of V,, Vi, and V.. These voltages are used
to specify the next PWM duty cycle, achieving the
required vector.

The equations of Clarke, Park and the Inverse Park
transformations can be written as, respectively:

V. R.iz +p. A,
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4. SMO based Position Estimator

One of the most crucial criterions of the sensorless
FOC algorithm is precise estimation of the rotor angle.
As stated previously, rotor position angle is continuously
needed to perform Park Transformation and Inverse Park
Transformation. This angle can be determined by using
position sensors such as Hall Effect sensors, incremental
encoders or high resolution resolvers. However, using
these sensors can increase the cost dramatically due to
price of the sensors. Furthermore, mounting these sensors
onto motor also enlarges the size of motor, rises labor and
maintenance costs. Consequently, sensorless position
detection techniques come into prominence.
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Fig. 4. Proposed Position Estimator based on Sliding Mode
Observer

Many position detection techniques are available in
the industry and all have varying advantages and
disadvantages itself. Since classification or performance
comparison of sensorless position detection techniques is
outside of scope of this study, only the studied method
will be discussed here. The Sliding Mode Observer
(SMO) based position estimator is studied here because
of its some advantages over others, such as having simple
structure and being free from motor parameters. The
proposed scheme of SMO based position estimator is
shown in Figure 4.

As seen in Figure 4, SMO takes stator currents and
voltages in of} frame as inputs and calculates an estimated
current of a and B axis. Then a bang-bang controller
provides sliding gains, after the result is low pass filtered,
estimated back EMFs can be obtained. Consequently,
taking Inverse tangent of division of back EMF. The
steps of algorithm of SMO position observer is as
follows:

e Read the values iq(n), ig(n), v (n), vg(n) in
af axis.

e Calculate the estimated currents (ig, Isg) by
using the following equation

d . R . A
a.ls=A.1S+B(VS—eS—Z) ®)

e Calculate the current errors by using following
equation

is(n) = i5(n) —is(n) ©
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e Obtain the z gain of the current observer by
using the following equation
z = k.sign(is — i) (10)
e Estimate the BEMF (€, and €;,) by using by the
following equation
28+ 1) = —wp. 8(n) + wo.2 (11)
e Obtain the estimated rotor position (85) by
using the following equation

(12)

B, = tan"1(—=%)
eSB

5. Type-2 Fuzzy Logic Controller

T2FLC is a modified version of TI1FLC. Both
controller structures are almost similar. The main
difference between these controller is the defuzzification
phase. Membership functions are classified as type-1 and
type-2 since the clarification process is done with
membership functions and they differ from each other
structurally. One of the most important features that
distinguishes T2FLC from T1FLC is type reduction [8].

Membership function of a Type-1 FLC can be defined
as follows:

B = (x,,uB(x)) |vx e X (13)
where pg (x) — the membership level of variable x related
to B set which is between 0 and 1.

This expression lacks the ability to define the
uncertainty, since each variable x has a membership level
between 0 and 1. Using Type-2 FLC becomes
compulsory, if the membership level of a variable is not
known or cannot be determined. Membership functions
can be in different forms such as triangular, trapezoidal,
Gaussian and sigmoid. In Figure 5, triangular
membership functions for T1FLC and T2FLC are shown.

A 1L

X

0 ]
(a) (b)
Fig. 5. Triangular Membership functions a) TIFLC b) T2FLC

As seen in Figure 5, T2FLC has upper membership
function (UMF) and lower membership function (LMF).
The area between these two MFs is called the footprint of
uncertainty (FOU). T2FLC is more robust than TIFLC
since it can operate under a wider range of operating
conditions than T1FLC. Also, T2FLC can cope with
noise and load changes in a plant [11].

B is the type-2 fuzzy set can be defined as following
equations.

B{(x,u, (us(x,u)) | Vx € x,vu € J* c [0,1]} (14)

B=J0y foo, mew)/(xw)], € [01]  (15)
where X — the domain of the input variable, x — the value
of the input variable, u — the primary grade of a type-2
fuzzy set, Jx — the primary membership of a type-2 fuzzy
set ug(x,u) — the secondary membership function [8].

B=[_y fe, VWG], S[01]  (16)
where J, € [0,1] and [f indicates the union over all
acceptable x and u.

After defuzzification, the combination of all
secondary sets can be defined as follows:

B= x€X [fue]x fx(u)/u] /x/  Jx<[0,1] (17)

After defuzzification in type-1, not a uniform
geometric shape occurs for membership functions, while
in type-2, a limited region with a uniform geometrical
shape named FOU is occurred to express the membership
functions in a better way. FOU can be described as
follows.

FOU(B) = UxexJx (18)

Figure 6 shows the general block diagram of

T2FLC. One of main difference between TIFLC and
T2FLC is the Type-Reducer block.

1
1
] -
[ Rules : Crisp
] 1 Output
inputs A X
1 b Type -Reducer : >
—_
1
A [
1 Type
v 1 1yp
1 Fuzzy ;:;2; I Reduced
, input > Inference - :Sct
| sets $
I
1

Fig. 6. T2FLC block diagram

Type reduction is the process of converting type-2
fuzzy sets to an equivalent type-1 fuzzy set. The Type-
Reducer’s accuracy is depended on the number of points
taken into account in the input area of fuzzy sets. The
more points are employed, the better results are obtained,
however computational effort increases [12]. The
proposed T2FLC has two inputs and one output. Inputs
are the error and the change in the error, respectively. The
error can be defined as the difference between the
reference speed and the actual speed, which can be
expressed as follows.

e(k) = [ore(k) — 0(k)].Gerr (19)
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The change in the error can be calculated by using
derivative and it can be expressed as follows.

de(k) = [e(k) — e(k-1)].Gderr
where G, Gierrand G, — the scaling factors.

(20)

The rule table is composed of 25 rules with 5 x 5
membership functions as shown in Figure 7.

e NL|NS| Z | PS | PL
de
NL|NL|NL |NL|NS| Z
NS|NL|NS|NS| Z | PS
Z |[NL|NS| Z | PS|PL
PS|NS| Z | PS| PS |PB
PL| Z | PS |PL |PL | PL

Fig. 7. Rule base of the proposed type-2 fuzzy logic controller

The FLC initially converts the crisp error and “change
in error” variables into fuzzy variables and then are
mapped into linguistic labels. Membership functions are
associated with each label as shown in Figure 7 which
consists of two inputs and one output. Inputs and output
are triangular membership functions as shown in Figure
8 and Figure 9.

The error, “change in error” and output variables as
labelled as NL, NS, Z, PS, PL which stands for negative
large, negative small, zero, positive small and positive
large, respectively. Membership functions for e and de
inputs, and output are shown in Figure 8 and Figure 9
respectively.

FIS Varlables

ML NS Zz PSS BL
9
LB
(1]

-1 -0.5 (1] 0.5 1

Fig. 8. Input Membership functions of error and change in
error

FIS Variables

ML NS Z P3 AL

(1}

-2 -1.5 -1 -0.5 (1] 0.5 1 1.5 zZ

Fig. 9. Outpi.lt Méﬂib_er_ship functions

Sugeno method is used as defuzzifier because of
some advantages over Mamdani method such as being
computationally  efficient, working well with
optimization, linear and adaptive techniques [22]. All
calculations conducted by Matlab/Simulink T2FLC
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Toolbox which uses Takagi Sugeno -Kang (TSK) fuzzy
inference system (FIS) [23].

6. Simulation Results

All modeling and simulations are conducted under
MATLAB/Simulink environment. Modeled PMSM is
assumed to have electrical parameters shown at table 1.

Table 1 — Probability of task unloading

Item Quantity
Stator Resistance (R) 3.8Q
Inductance (L) 2mH
Inductance (Lqg) 2.5mH
Rotor Flux Constant (y) 0.1546V/rad/s
Moment of Inertia (J) 0.00176kgm?2
Friction Vicious Gain (B) 0.0004Nm/rad/s
Number of Pole Pairs 4
Motor Power (W) 3kW

Simulations are carried out in three different case.
Case 1,2 and 3 present the comparative results PI
controller versus T2FLC for constant speed, variable
speed and a step load applied the PMSM, respectively.
Figure 10 shows the result for case 1 in where reference
speed is set to a constant value of 1000RPM. It is aimed
to see the performance of both controllers in terms of the
transient response and steady state error.

000 | Dl
NN

800

600

—

0 | |=——REF
——T2FLC

200

0

0 001 0.02 003 0.04 005 0058 007 008 009 0.1
Fig. 10. Performance comparison of T2FLC over PI controller
at the constant speed

As seen in Figure 10, T2FLC has less overshoot than
PI controller (%3 and %10 respectively) and it reaches
steady state more quickly. The settling time of T2FLC is
40ms while PI controller’s is almost 60ms. Eventually,
both controllers have no steady state error.

Figure 11 presents the result for case 2 in where the
reference speed increases 400RPM to 1000RPM, then
reduces to 600RPM. This case is intended to demonstrate
the reference tracking performance of both controllers.

As Figure 11 shows, the reference speed is no longer
constant. The motor rotates at an initial constant speed of
400RPM for 20ms, then continues at 1000RPM for the
next 40ms, finally the speed drops to 600RPM. In this
situation, both controllers track the reference speed
without almost no steady state error. In terms of
overshoot, the proposed T2FLC outperforms with a 2%
overshoot, compared to PI controller which has a %7
overshoot. Similarly, while the reference speed drops,
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T2FLC has way better performance than PI, in terms of

overshoot and settling time.
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Fig. 11. Performance Comparison of T2FLC over PI
controller at changing speed

In case 3, which is the last scenario, a load is applied
to the PMSM in order to obtain disturbance rejection
performance of the controllers. While PMSM rotates
with a speed of 1000RPM, and as soon as it reaches
steady state, a torque is applied at 55ms as shown in
Figure 12.

As seen in Figure 12, the speed of the PMSM drops
to 850 RPM in the PI controller, whereas it drops to 900
RPM in the T2FLC. In addition, T2FLC responds slightly
faster than PI in following the reference speed. Thus, it
can be concluded that the PI controller is more affected

1000 /\X—“\L—v—i
600 I J—-
———REF
a0 | |——T2FLC

200

0

0 001 002 003 004 005 006 007 008 009 01

Fig. 12. Performance Comparison of T2FLC over PI
controller when a load is applied to the motor

7. Conclusion

Position, speed and torque control of brushless
motors, especially PMSMs, requires complex algorithms
compared to other motor types. In this study, a
comparison of traditional PI controller and Type-2F
fuzzy logic controller, which is one of the soft computing
control methods, is conducted for the speed performance
of a sensorless vector controlled PMSM. According to
the simulation results, the proposed T2FLC
outperformed the PI controller in terms of the settling
time, rise time, overshoot and steady state error. It is
concluded from the simulation results that T2ZFLC shows
a better dynamic performance and it can overcome the

by disturbances than T2FLC.

Ju—

10.

11.

12.

13.

uncertainty. Also, PI controller is not capable to deliver
satisfactory response in non-linear systems.
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OHIHKA MPOAYKTUBHOCTI KOHTPOJIEPA THUITY 2 3 HEUITKOIO JIOI'IKOIO JJI51 BE3JJATUUKOBOI'O
BEKTOPHO-KEPOBAHOI'O BE3IIITKOBOI'O IBUT'YHA

@. Baip, ®. Amies

AHoTanisi. AKTyaJabHicTh TeMu. He3Baxkaroun Ha aesKi BaXKIIMBI 0COOJIMBOCTI MOPIBHSHO 3 IHIIMMH THIIAMHU JIBUTYHIB,
4yepe3 IX BHCOKY HENIHIMHICTh XapaKTepHCTHK KepyBaHHs, KepyBaHHS OE3IIITKOBUMH JBUTYHAMHM MOJXKE BHMAaraTé JEsKUX
CKJIQIHUX JITOPUTMIB, TAKHX SIK BEKTOPHE KepyBaHHS (KepyBaHHsI, Opi€HTOBaHE Ha Iojie). B ycTaHOBKAxX 3 BUCOKOIO TUHAMIYHOIO
MMOBEIIHKOIO Ta HEBU3HAYEHICTIO KEPYBaHHS MU IBUTYHAMH CTa€ IIe OUITBII YyTIHBUM. 3a TAaKHX YMOB BEKTOPHE KEPYBaHHS,
o cKIafaeThes 3 Tpaauniianx [11J]-perymsaTopis, Moxxe OyTr HenocTaTHiM. MeTa cTaTTi. Y I[bOMY JOCTIPKCHHI IIPOMIOHYETHCS
MpHBi OE3MIITKOBOTO JBUTYHA 3 aJTOPUTMOM BEKTOPHOTO KEPYBaHHS Ha OCHOBI M'AKHX 0OdYMCIeHb. Byin oTpumaHi HacTymHi
pesyabTaTu. [IpencraBiena cxema HediTKoro JorigHoro koutpoiuepa (T2FLC) tumy 2 ms npaiiBepa O€3IIITKOBOTO ABUTYHA 3
BEKTOPHUM KepyBaHHsAM Oe3 gaTuuka. JloCiiPKeHHS TaKoK Ma€ Ha MeTi MOPIBHATH XapaKTepUCTHKH KiacnuHux [1I-koHTposepis
ta T2FLC B kepyBaHHi cucTeMamMu O€3IIITKOBHX JBUI'YHIB, I¢ BUCOKI JTUHAMIYHI XapaKTEPUCTUKH Ta CUTYyallii HeBU3HAYEHOCTI €
JIBOMa OCHOBHHMMH mpoOrnemMamu. BUCHOBKH. Y JOCTI/PKeHHI €JIeKTPUYHO 3MOJENbOBAaHO CHHXPOHHHUII JBUTYH 3 MOCTIHHUMHM
marnitamu (PMSM) Ta 3acTocOBaHO 710 HHOTO cxeMy 0e34yTIHBOro KepyBaHHs, opieHToBaHoro Ha nose (FOC). lns kepyBaHHs
MIBU/IKICTIO B 3aMKHYTOMY KOHTYpi po3po6ieHo sik T2FLC, tax i [Tl-konTpOnepn, i iX XapakTepHCTHKH ITOPIBHIOIOTHCS MiXk CO00I0.
Yce MoaenoBaHHS Ta CHMYJIIIHE JOCTIIKEHHS peaizoBaHo B cepenopuii MATLAB/Simulink.

Kiao4doBi cioBa: mojaboBo-opieHTOBaHE KepyBaHHs, BEKTOPHE KepyBaHHs, M'sKi OOUYHMCIICHHS, KEPYBaHHs 3 HEUiTKOIO
JIOTIKOIO 2-TO THILY, IITYYHUH IHTENEeKT, KepyBaHHs MBUIKicTIO 3 PMSM.
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