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ABSTRACT

The paper presents a general theoretical solution of the induction motor speed-flux direct vector control, which is based on the
second Lyapunov method application. The structure of the direct vector control algorithm involves the use of any asymptotic flux
observer with exponential stability properties. Such approach led to improvement of the vector control system robustness properties.
A constructive procedure for the design of correction terms of the rotor flux observer is proposed. Designed family of the flux ob-
servers guarantees the exponential stability and robustification with respect of parametric disturbances. It is shown that the proposed
solution guarantees: global exponential tracking of the speed-flux reference trajectories together with asymptotic field orientation,
asymptotic exponential estimation of the rotor flux, as well as asymptotic decoupling of torque (speed) and flux control. Comparative
experimental study shows that new controller provides stabilization of the control performances as well as efficiency at nominal level
when the rotor active resistance changes. The proposed direct vector control structures can be used for the development of energy-
efficient high performance induction motor drives for metalworking, packaging equipment, modern electric transport and special
equipment.
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INTRODUCTION variations in classical vector control schemes lead to
performance and efficiency degradation and define
the well-known and the most significant problem of
IM vector control [9].

Vector controlled Induction Motors (IM) are
widely used in industry, transportation and other
fields, where high dynamic performance and
accuracy of speed tracking is required [1, 2], [3, 4], LITERATURE REVIEW
[5, 6]. The concept of field orientation [7], [8] in
vector-controlled drives is a basic principle of IM
control and can be achieved using direct and indirect
methods. The modern theory of induction motor
control has been developed in 1990-th and 2000-th
and was summarized in excellent monograph [9]
(see references overview in [9]). Both indirect and
direct field-oriented controllers have been
implemented in industrial drives demonstrating
performances suitable for a wide spectrum of
applications. Accurate field orientation and high-
performance control of IM is only achieved if all
electrical parameters on induction motor model are
exactly known. Parameters uncertainties or

The field-orientation concept is the model-based
approach; all IM vector control algorithms use five
electrical motor parameters — stator and rotor active
resistances, leakage inductances and magnetizing
inductance [4, 5], [9]. During motor operation the
only leakage inductances can be considered as con-
stant parameters [2, 9]. Stator and especially rotor
resistance can vary significantly due to motor heat-
ing. Magnetizing inductance due to presence of real
magnetizing curve also not constant when motor flux
is changing [10]. The most critical parameter, which
has significant influence on control performances and
efficiency, is rotor resistance. Due to motor heating,
this parameter can vary up to 200 % during motor
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sensitivity to rotor resistance variations is not a new
one and well known starting from the 1980-th [11,
12], [13, 14], [15], quite before the modern theory of
nonlinear feedback control was applied for control
of electric machines.

Different approaches are used to overcome this
problem. The most practically reasonable are robust
vector control schemes, due to their simplicity. In
papers [16], [17] authors present technology of high-
performance indirect field-oriented control, which
provide not only high-performance flux-speed track-
ing, but also high robustness properties confirmed
by results of intensive experimental testing. Howev-
er, despite the simplicity of indirect control schemes,
they have some disadvantages. First of all, there are
no degrees of freedom for robustification terms de-
sign and robustness properties are weak at near zero
speed. The second disadvantage appears when we
consider flux weakening region of operation. In this
case no information about rotor flux due to absence
of measurement or estimation. In contrast to indirect
control scheme, the direct field-oriented controllers
use flux observer, which provides information about
rotor flux vector and define the robustness properties
of the control algorithms [11, 12], [13, 14], [15]. The
large numbers of possible observer’s structures have
been proposed with some degrees of freedom for
correction terms design.

An alternative approach to solve the problem of
IM parameters variations is application of adaptive
controllers [4], [5], [9], [18]. Nevertheless, existing
adaptive controllers are quite complex, can be sensi-
tive to variation of non-adapting parameters, require
high quality inverter and measurement subsystem
and hardly implementable in real industrial drives.

The main aim of this paper is to present the
modified design of the generalized direct field-
oriented control algorithm [19], which leads to
simplification of the controller structure. The family
of the flux observers for IM electromagnetic
subsystem allows selecting the observer’s feedbacks
to guarantee not only asymptotic stability but
robustness  properties as well. Comparative
experimental study of the dynamic and robustness
properties of the three control schemes: standard and
improved indirect vector controls [16], [17] and
developed direct speed-flux controller have been
performed using concept of rapid prototyping [20]
for both hardware and software parts of
experimental installation.

Induction motor model

The equivalent two-phase model of a symmetric
IM in synchronous (d-q) reference frame, rotating at

an arbitrary angular speed ay, is given by [1]

) . . T
o= H(Wzd'lq _Wquld)_TL_V(D’

: . . 1
lig =—Yhg + Oglyq +aPYoq +PPrOY +g“1d:

: _ _ 1
lig = —Yhg —®ghg +oBWoq —PPr®Y g 5 Y1 1)

Vo =—0Woq + W oq + 0l iy,

Waq =—0Woq —0Wog +alplyg,

éo =0)0,80(0)=O,

T . T
where: ulz(uld,ulq) , |1=(|1d,|1q) are vectors of

T.
stator voltages and currents, \|12=(Wzd’\|/2q) is

vector of rotor flux, o is the rotor angular speed, T,
is load torque, m, =wy—p,o is slip frequency,
p,is the number of pole pairs , ¢,is the angular
position of the synchronous reference frame (d-q)
with respect to the stationary reference frame (a-b).
The constant parameters in (1) associated with

the electrical and mechanical parameters of the IM
are defined as follows:

R, R, L2
a=—2 y=—tial B,o=L|1-—m |,
Y mB 1( LL,

L2 (e}

L 13 L
B:_mi}'l:__ n m,
Lz(j J2 L2

where R,,R, are active stator and rotor
resistances; L,,L, are stator and rotor inductances,
L, is the magnetizing inductance, Jis the total

R . \% . .
moment of |nert|a,v=71;v1>0 is the viscous

friction coefficient.
The transformed variables in (1) are given by
5 (d=0) _ a=Je; 5 (a-D)
x(@b) _ gJeoy (d-a)
singg
coseg |
where X2 defines two-dimensional vectors of
voltages, currents and fluxes.
In direct field orientated control the angular

position g, of synchronous reference frame (d-q) is
provided by the flux observer.

(2)
R
—sing,
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Control problem formulation
Let us define a vector of controlled variables

y- 1%‘”}, )

(‘V%d +\V%q )E |W2|

and reference trajectories o and y* >0 for motor

speed and rotor flux vector magnitude. The speed
and flux tracking errors are defined as

oozm—m*,ﬁ1=|\u2|—\v*- (4)
Assume that:

A.1. The angular speed ® and stator currents
lhg,11q are available for measurement.

A.2. Reference trajectories » and y* >0 are

bounded functions with bounded first and second
time derivatives.

A.3. Load torque T, is unknown but constant.

A.4. The parameters of the IM model are
known and constant.

Under these assumptions it is necessary to de-

. T
sign the vector of control voltages u; = (uyg, Uyq )

in (1), which guarantees that following control ob-
jectives are satisfied:

0.1. Global asymptotic tracking of output vari-
ables, i.e.

limo=0,limy=0. (5)

t—owo t—w

Together with asymptotic field orientation, given by
the condition
lim =0.
t_)OOWZq (6)
0.2. Asymptotic linearization of the speed
control subsystem.
0.3. Asymptotic decoupling of the speed
control and the rotor flux control subsystems.
0O.4. Asymptotic estimation of the rotor flux
vector.

Design of the flux control subsystem

First, we define the family of flux observers for
the electrical subsystem of IM in the following form;

2 2 2 n 1
hg =—Vlg +®glyg + 0‘3|\If2| +g”1d +Vig,

2 2 2 n 1
g = —Yhg —®glyg —Bpn@|\llz|+—u1q +Vig»
© )

‘\172‘ =—0ﬂ|‘l72|+0‘|—mi1d + Vg,

~

. i 1 -
&y =g :pnw+aLm|\;—q|+W—V2q,|w2|>0,
2 2

where iy, iy, estimates of the stator currents 1,4,y

|| estimate of the rotor flux vector magnitude;
correction terms Vg, Viq, Voq,Voq Will be designed

later.

Note that the general form of the observer (7)
corresponds to the generalized Verghese observer
[14], represented in the (d-q) reference frame with
g In (2) according to the last equation in (7).

Define the observer estimation errors as follows

&g =l — g 18q =g _ilq :
(8)
Wog = Wag —[Wa|; Waq = Waq-
Taking into account these definitions, from

equations (1) and (7) we obtain the equations for the
dynamics of estimation errors

€q = —Yeq + Wpq + 0 g + PPy Yo — Vig
Yoy = —0\oy + (’JZ\I’ZQ —Vag

Waq = —0oq — @ g — Voq

©)

It can be shown that the open-loop observer (7)
With Vig =Vjq =Vpq =Vpq =0 is globally

exponentially asymptotically stable.

Note that the correction signals in (9) can only
be the functions of the measured IM variables.

The next step is to design a control algorithm
for the estimated rotor flux magnitude. Let define
the estimated flux tracking error and excitation
current tracking error as

V=[]~ g =g — g - (10)

According to definition (10), third equation
from (7) and the second equation from (1) we obtain
the following error dynamics:
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\TJ —oy + ol g +al i —* — oy,

'1d =Yl + g 1q TPy + (11)

- * . P
PP W — iy +0‘B|\U2|— hg +gu1d'

For system (11) we design:
- proportional flux controller

1 (12)

iy = (0.\|I*+\il*—kw\|~l),kw >0;

m

- non-linear current controller

ok - A
Yigg — @olyq —aB|\p|+
uld =0 - '
—Kigrhg + Vg

i (13)
kidl >0.

After substituting (12) and (13) into (11), we
can write complete equations for the dynamics IM

flux subsystem
éd €4
€ ey
W24 Aso 1 Ay 2 ) W
g | Ay 3 Ay 4 )| Vg "
£ ) - (14)
¥ y
i i
+Bv2 A, X, + By,
y2 =Cx,.
~ ~ = 7 T
where x, z(ed!eq’WZd Waq: Vs '1d) ,

T = \T
V:(Vld,qu,VZd,VZq) ,yZ:(ed,eq,\Il,lld) ,
Kig =7 +Kig,

v (XB O)pnB
2017 0 _ ,
(04 (1)2
0 0 -o —o
[0 0
A |00 A |00 O 0
20275 o 0375 9 ap op.p |
00

Az 42_—(0c+kw) aLm}.
B 0 —Kig

Design of correction vector vin (14) can be
carried out in the standard way for linear nonstation-
ary control systems. Consider the Lyapunov function
in the form

Vzgx;sz, (15)

where P=P" >0.

The derivative of (15) along trajectories (14)
has the form

\'/_% X3 (A(U) P +PA(t)y |, +xPBY.  (16)
Designing v =T'(t)Cx,, such that

%(A() P+PA(t),, |+ PBT(1)C=Q, @

Q=Q" >0,

we get

V = —x3QX,, (18)

which guarantees the global exponential stability of
the equilibrium pointx, =0.

The structure of the system (14) gives the
freedom in design of the correction vector v in
order to obtain not only stability, but also a
specification for the estimation and control errors
convergence, as well as robustness with respect to
parametric disturbances. This is achieved by
choosing different matrix configurations P in the
expression for the Lyapunov function (15). For

example, when P =diag (%,%,1,1,1, ylj with vector

of correction terms

[k 0 of 0 &
0 ki  —p,oB 0 &

v= a —p,o 0 y108 ~ | (19)
—Pho o 0 Y1pn(’3B ~W
0 0 wg 0 |\hd

where w53=—(%+ocﬁ), we obtain the
T

following solution of the Lyapunov equation

Ty+k) B+ k),
Q=diagl3 (Y+ |)B (Y+ ) 20

a,a,(kw +(x),y1kid (20)
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In this case, the error dynamics is given by the
equation

X, = Ay ()X, (21)
with matrix
Ay = {::1_1 221_2},
1.3 Ao1_a
—(v+ki) @ op
Ap1=| —og  —(v+ki) —pyoB|,
—a PO —a
pyoB  —af 0
A 2=| ap pyop 0 |,
07 0  -y0p
[—ppo  —o  —w,
An 3=| o -po 0 | (22)
0 0 of
[ 0 —ypeB
Axn_a=| O _(Oﬂ + k\y) ~Y1Ws3
| Phof Ws3 —Kig

The structure of the closed loop flux subsystem
(21) allows to extend the flux and current controllers
(12), (13) adding the integral action components x,,

and xd.

The complete equations of the rotor flux vector
control algorithm are defined by (12), (13), (7), (19)
in the following form:

— flux controller

(oc\y*+\i/*—k\v\:y—xw) ,
m (23)

X\V = k\ui\:V;

iy = !
1d alL

— d-axis current controller

Yigg — 0glyg — B[ ¥p|+ig —
Ug =0 - 1 - ;
—Kigrhg —(Yl alp, + 0‘[3)\!/ -xd

X4 = Kl
d i ‘1d (24)
oy + -
- ~(a+k, )i +ag -

1 =
CT «,

—prwey + (och + yloLB)Tld

— flux observer

A

2 2 2 A 1 ~
g =—Yhg + glyg +0CB|\V2|+EU1d +kieq +apy,
g = —Viq — glig — BPo[Y, |+

1 =
+Eu1q + kleq —Bprov,

(25)

|\T/2| =~ [\ra| + ol pyigg — 0t€g — P +V10Biyg.,

g

— +
|‘V2|

éo =Wy = pn(l)+(1|_m

1 =
+ = (oeq +pyoeg ~1iBPR©Rg ),
||

where k,; >0,k >0are the coefficients of the

integral components of the flux and current
controllers [19]. Note that flux and current
controllers are extended with components of the
integral action according to analysis [19].

Flux controller for robust indirect field

orientation

According to [16], the complete equations of
the rotor flux vector control algorithm for indirect
field orientation can be obtained as:

— flux controller

. il 7\, v
€y =0 =(o+och—i+—*Boa|1d,

A >0,
v oy (26)
g = (ouu +\y );
m
— flux subsystem current controller
Ugg ZG[_kid hg +Yiyg —@glyg —aPy + ild]’
(27)

= (o).

where A is the flux subsystem tuning parameter.
From comparison of flux controller’s equations
(23)-(25) for direct control scheme and (26)-(27) for
indirect one can conclude, that indirect flux control
algorithm is much simpler. The only one flux

subsystem correction term L*Boﬂld is used in
\j
equation (26).

Speed control subsystem

Since the both flux control algorithms for the
IM guarantee global asymptotic exponential
stability, the result obtained in [16] for the case of
indirect vector control of IM can be directly used to
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control the angular speed also in direct flux
orientation scheme.
Speed controller’s equations according to [16]
are defined as
— non-linear speed controller

x

1 ~ A L x *
g :_*(—kw(o+TL +0 +VO ),

oy (28)
T, =k, ;®;
— non-linear g-axis current controller
Xq __kiiilqv (29)
T3 _ 1 _km(_km®+ H\V Ilq ) + _ \i]* 3
g =—= R . . —hg
HY A M + 6 +vo

where: T, estimate of T, /J=const, kq =i, —iq.
(KoKei) >0, (Kigr, Ky ) >0 are the coefficients of

the proportional and integral components of the
speed controller and the modified current controller.

Under control algorithm (28), (29) the speed
subsystem error dynamics are identical to those
defined in [16], when changing the variable {4 on

the (§+ 54 ) - A variable 4 in the case of indirect

vector control [16], and the variable (xT;ﬂI;Zd) in

the direct vector control, decay exponentially to zero
regardless of the IM electromechanical subsystem.

Therefore, using the result of [16] we establish that
the asymptotic speed reference trajectory tracking is
achieved, that islim®=0, and the control

t—>w
objectives specified by conditions O.2 and O.3 are
also achieved.
Block-diagram of direct field-oriented flux-
speed vector control algorithm is shown in Fig.1.

Experimental study

A. Experimental set-up

The experiments are carried out using the Rapid
Prototyping Station (RPS).

As shown in Fig. 2, the RPS includes: (1)
Induction motor with a current controlled loading
DC machine; (2) 20 A and 380 V three-phase PWM
controlled inverter, operated at 10 kHz switching
frequency; (3) Digital Signal Processor (DSP)
TMS320F28335 controller which performs data
acquisition, implements control algorithms with
programmable tracing of selected variables; (4)
Personal computer for processing, programming,
interactive oscilloscope, data acquisition, etc. A
1000 pulse/revolution optical encoder measures the
motor speed; the sampling time is set at 200 psec.
The motor parameters are the following: motor type
4A080B2, rated power 0.75 kW, rated current 1.7
A, cos¢p=0.86, rated speed 300 rad/s,

R,=110hm, R,=5510hm, L,=L,=0.95H,
L,, =0.91H, J=0.003kg-m?.

Flux
o controller
v -y k }/ g d-axis current Uid Ula
—— — ky —>
\il* < al controller (24) Ui ero Uip
A A >
Wl f
Observer (7) £0
(,.0* A A A A
i1d i1a
v itq | @ %0 [ i
<—
« ~ i
® —® K 1a " g-axis current
_ © controller (29)
K, =T, Speed
. controller
p
)
Fig. 1. Block diagram of the direct vector control algorithm
Source: compiled by the authors
222 Digital control of technical and ISSN 2617-4316 (Print)

social systems

ISSN 2663-7723 (Online)


http://aait.ccs.od.ua/index.php/journal/theme2
http://aait.ccs.od.ua/index.php/journal/theme2

Peresada S., Kovbasa S., Statsenko O., Serhiienko O. / Applied Aspects of Information Technology

2022; Vol.5 No.3: 217-227

?

[ [+

~380V
7

R
C_1 + | Voltage
T sensor

?

e
IM
DCM 5 2°
cs2 XN 2
) -- g 208
cs1 el 7
| o | O Slo
\ (@]
\ o
Encoder

B

Load cntrol

isl isZ
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TMS320F28335 based DSP-controller
(32 hit, floating point)

Fig. 2. Experimental setup

Source: compiled by the authors

During all tests tuning parameters for the con-
trollers are set t0: kigy =Kig =700, ki =k, /4,

k, =150, k. =k%/2, A=01, 7y, =0.001,
k,; =500. Note that tuning parameters for current

and speed controllers are the same for all control
algorism under the test.

B. Operating sequences

The operating sequences, reported in Fig.3, are
the following:

— the machine is excited during the initial time
interval 0+0.25s using a flux reference trajectory

starting at " (0)=0.02Wb and reaching the motor

rated value of 0.9 Wb;

— the unloaded motor is required to track the
speed reference trajectory, starting at t = 0.6s from
zero initial value and reaching the speed of 50 rad/s;

—at time t = 1.2 s speed reference reversal is
applied,;

— motor braking to zero speed started from t =
1.8s;

— during time intervals 0.8-1 s and 1.45-1.65
constant rated torque is applied;

Note that during time interval 1.45-1.65 IM op-
erates in regenerative mode. Tracking of the adopted
speed reference trajectory requires a dynamic torque
that is equal to the rated value of the IM. Flux and
speed reference trajectories are presented in Fig.3
using solid lines; dashed line represents the load
torque profile.

In order to study the robustness properties of the
different types of commonly used control approaches
we test three control schemes: indirect robust
controller [16] (Robust Indirect Field Oriented
Control — RIFOC) (26),(27), clasical non-robust
version of RIFOC — (IFOC) and proposed direct field
oriented control (DFOC). From intensive
experimental investigation we conclude, that when

motor papameters are known, all three control schems
provide the same speed-flux control performances, as
reported in Fig. 4. From speed tracking error
transient in Fig. 4 it follows that asymptotic speed
reference trajectory tracking is achieved (speed errors
is at zero level when speed reference is changed).
Dynamic speed error appears only when constant load
torque is applied or removed.

Speed reference, rad/s, and

0 load torque profile, Nm*10 Flux reference, Wb

40 058

20
0.6
0
0.4
-20

-40 0.2

-60 0
0 0.5 1 1.5 2 0 0.5 1 1.5 2

t, s t, s
Fig. 3. Speed-flux reference trajectories and load

torque profile
Source: compiled by the authors

d-axis current, A

. Speed tracking error, rad/s

15

5 1 fertetigrngon T o]
-4 0.5
0 0.5 1 1.5 2 0 0.5 1 1.5 2
t,s t, s
g-axis current, A Active power, W
4 300
200
2
100
0
0
-2 -100
0 0.5 1 1.5 2 0 0.5 1 1.5 2
t,s t, s

Fig. 4. Transients of speed, current and

active power
Source: compiled by the authors
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C. Experimental results

Additional transients for DFOC is reported in
Fig.5, they confirm that observer (25) toogether with
the flux controller (23) provide asymptotic current-
flux estimation and estimated flux vector modulus
tracking.

Estimation error eq, A Estimated flux, Wb

0.5

0 bt fopontbon 0.5
-0.5
-1 0
0 0.5 1 1.5 2 0 0.5 1 15 2
ts t,s
Estimation error ed, A Estim. flux tracking error, Wb
1
0.5 0.5
0 »—-A-«]—L—-AA—AWM{WM»-* 0
-0.5 -0.5
-1 -1
0 0.5 1 1.5 2 0 0.5 1 15 2
ts t, s

Fig. 5. Transients of estimated values
Source: compiled by the authors

The next set of experiments are caried out in
order to investigate robustness properties of control
algorithms, when parameter & used in the control
algorithm is different from the actual one.

During these tests modified operation sequence
was used: after excitation motor track speed reference
trajectory from zero speed to value 50 rad/s, as
reported in Fig. 3 and speed remain constant;
at t = 0.8 s the rated contant load torque is applied,
which remains constant up to the end of the test.

Speed error dynamic behaviour, stedy state
values of g-axis current and active power level
where analysed. Transients of considered variables
in case of known parameters are the same for all
controllers as depicted in Fig.6 he transients for all
three control schemes, when estimated parameter

According to previous investigations [9], this
variation is the most critical for control stability and
performances. From Fig.7a it follows, that non-
robust version of indirect vector control
demonstrates significant control performance and
efficiency degradation. In comparison with Fig.6,
one can see significant increasing of torque
producing current and consumed active power at
steady state. Active power level is increased from
200 W to 320 W while mechanical power in all
cases remains at the same level of 125 W. RIFOC
control scheme provides better dynamic control
performances which are similar no undisturbed one.
Active power level increased to 240 W, which
shows a better efficiency of RIFOC. Proposed
DFOC scheme has same good dynamic performance
as RIFOC, but level of active power remains equal
to 200 W and corresponds to undisturbed case.

By this experimental investigation we proof,
that developed DFOC control algorithm provides
better control performances and energy efficiency
under rotor resistance variations condition. The main
reason for such results is robustness properties of the
full order closed loop observer.

CONCLUSIONS

A novel configuration of the unified direct
vector speed-flux controller for induction motors is
presented. The proposed solution allows using any
asymptotic observer of the rotor flux vector with
exponential stability properties. A Lyapunov based
constructive procedure for the design of corrective
feedbacks of the observer and the structure of the
flux controller is given, which provides the
properties of global exponential asymptotic stability
of the rotor flux vector control subsystem. Resulting
structure of the flux subsystem allows designing the
family of flux observers in order to achieve
robustness to parametric perturbations of the IM
model.

a=1.7ain controller, are shown in Fig.7.
Speed tracking error, rad/s 3 g-axis current, A Active power, W

300
2 2 | " 200
0 A oA 1 100
2 0 0
4 -1 -100
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Fig. 6. Transients of speed tracking error, g-axis current and active power without rotor

resistance variation
Source: compiled by the authors
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Fig. 7. Transients of speed tracking error, g-axis current and active power with rotor resistance
variation (a - IFOC, b - RIFOC, c - DFOC)

Source: compiled by the authors

This theoretical results lead to decoupling
properties of the electromechanical (torque and
speed) and electromagnetic (flux) subsystems and
allow to use the unified structure of the speed
controller. In fact, the modified (more simple)
structure of the speed controller without an explicit
feedback linearization is used in the paper. Results

of the intensive experimental comparative study of
the proposed speed-flux controller and standard
indirect field-oriented control, together with his
robustified version, demonstrate the significantly
improved robustness with respect of rotor resistance
variation in terms of dynamic performance and
energy efficiency.
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AHOTAIIA

VY crarTi pencTaBiIeHo 3arallbHOTEOPETHYHE PIIICHHS IIPOOIEMH IIPSMOTO BEKTOPHOTO KepPyBaHHS IIBUAKICTIO Ta MMOTOKO3Ue-
IUICHHSAM aCHHXPOHHOTO JIBUI'YHa, sIKe 0a3yeThCs Ha 3aCTOCYBaHHi Apyroro Merony JlsnyHoBa. CTpyKTypa alIropuTMy MpsiMoro Bek-
TOPHOTO KepyBaHHS Tependadac BUKOPUCTAHHS OY/Ab-SIKOT0 aCHMITOTUYHOTO CHOCTEepirada IOTOKY 3 BIACTHBOCTSIMU EKCIIOHEHITia-
JBHOT cTilikocTi. Takuil miaXia JO3BOJNMB MiBUIIUTH BIACTUBOCTI pOOACTHOCTI CHCTEMH BEKTOPHOT'O KEPYBaHHS. 3alporOHOBaHO
KOHCTPYKTHBHY MPOLIEAYPY CHHTE3y KOPUTYIOUMX 3B’S3KiB CIIOCTEepiraya noToko34ersieHHs poropa. Po3pobiene cimeiicTBO crocTe-
piradiB MoToKy rapanTye eKCIIOHEHIIaJdbHY CTIHKICTh MPOLECIB OLIHIOBAaHHA Ta POOACTHICTH 10 MapaMeTpuyHuX 30ypeHs. [lokaszaHo,
IO 3aIpONIOHOBAHE PIllIeHHs TapaHTye: Tio0ajbHe €KCIIOHEHIaJbHEe BiIIPAIIOBaHHS 33JaHUX TPAEKTOPIH MOTOKO3YEIUICHHS Ta
MIBUKOCTI Pa3oM 3 aCHMIITOTHYHOIO OPIEHTAIli€I0 3a IOJIeM, aCHMITOTHYHY EKCIIOHEHIIaJIbHy OIIIHKY IIOTOKY pPOTOpa, a TaKOX
ACHMIITOTHYHY PO3B 3Ky KEPYBaHHS MOMEHTOM (IIBUIAKICTIO) Ta TOTOKOM. [OpiBHSIBHI €KCTIEPUMEHTANIBHI JOCIIIKEHHS TTOKa3y-
I0Th, 110 pO3pOOJICHHUH aNrOPUTM KepyBaHHS 3a0e3neuye cTabini3amilo MOKa3HUKIB SKOCTI KEpyBaHHS, a TAKOXK KOEQilli€eHTY KOpHC-
HOI J1ii Ha HOMIHAJBHOMY PIiBHI IPH 3MiHI aKTHBHOTO OIOPY POTOpA. 3alpONOHOBAHI CTPYKTYPHU IPSIMOTO BEKTOPHOTO KepyBaHHS
MOXYTb OyTH BUKOPHCTaHI I PO3POOKH eHeproeeKTUBHUX BHCOKOAKICHUX aCHHXPOHHHX €JIEKTPOIPUBOIIB Al METaI000pOOKH,
MaKyBaJbHOTO O0JIQJIHAHHS, CyYaCHOTO ENIEKTPOTPAHCIIOPTY Ta CIIEIiabHOT TEXHIKH.

KurouoBi ciioBa: acHHXpOHHHIT IBUTYH; poOacTHe BEKTOPHE KePYBaHHSI; CIIOCTEpirad OTOKO3UYEIUICHHS; IpOorpaMHa peasiza-
LIS AITOPUTMIB KEpyBaHHS
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