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ABSTRACT

This paper is concerned with the analysis of losses in induction motors. The most significant have been chose for minimization.
These are in particular the losses in the windings and in the magnetic circuit due to eddy currents and hysteresis. Equations for the
rotor flux linkage and orthogonal components of the stator current in the rotor reference frame dq in the induction motor’s vector
control system based on the condition of minimizing the total losses in copper and motor steel in the steady state. Here, effects of
steel saturation are not taken into account. The limit values of the torque and speed are determined, where the rotor flux linkage con-
trol can improve the energy characteristics of the drive outside the magnetic saturation. It is shown that the main difficulty in imple-
menting energy-optimal control is that the rotor flux linkage operates not only energy parameters, but also speed regulation in the
field-weakening region. A block diagram of the implementation of energy-optimal control with field weakening mode is proposed.
The idea is to switch the control algorithms of the magnetic field of the motor in such a way that in the start-brake modes the rotor
flux linkage changes in the speed reference function, and when operating at a steady speed, in the function of the torque. A compara-
tive analysis for a typical and developed drive systems in field-weakening mode by the simulation is carried out. It is shown that with
the same transients of the torque and speed in a typical system, the efficiency in steady-state decreases with a decrease of torque load
torque, whereas the proposed system it remains unchanged. The change in efficiency in dynamic conditions occurs when the rotor
flux linkage changes. With energy-optimal control, there is a slight increase in the stator current peaks when the torque load changes
abruptly, but at low torque load an additional field-weakening leads to a decrease in the stator voltage, which carry on a decrease in
electricity consumption.
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INTRODUCTION occurs when it operated with a torque load torque
that is from 70 % to 100 % of nominal. At low torque
load, motor efficiency is significantly reduced.

Improving the energy efficiency of the drive
during its operation with low torque load can be
achieved by improving control systems.

The most interesting for research in terms of
energy efficiency is a vector-driven induction motor.
The efficiency 0 is defined as:

At present, more than 60 % of the generated
electricity is being consumed by electric drives, a
significant part of which belongs to induction motors
(IM). The reasons for the wide spread of IM are the
low cost of maintenance, reliability and low cost in
comparison with other motors, as well as extensive
operational experience in various fields of
application. The advantages include the lack of a
collector, which is present in the DC motor.

Currently, the reduction of energy losses in the
electric drive at the design stage has reached its
peak. High-quality design of the electric machine P —3U I coso @)
allows even at the manufacturing stage to perform ¢ £ ’

operatlng In modes close to thg nomlna!.' angle between the voltage vector and the current
It is known that the maximum efficiency of 1M vector: P — the mechanical power on the motor
at the rated speed and at nominal flux of the rotor om P

P
n= F”VlOO% ) (1)

e

shaft; P, —the electric power.

© Tolochko, O., Kaluhin, D., Palis, Stefan, Electric power exceeds mechanical power by
Oshurko, S., 2020 the amount of total losses in the electric drive
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system:

AP, =P, =P =AP,, + AP, + AP, , + AP,
where: AP., — the losses in the stator and rotor
windings, or the losses in copper; AP., — the losses

in the magnetic circuit or iron losses (core losses);
AP, — rectifier and DC link inverter losses; AP,

mech
— mechanic losses, due to the presence of dry and
viscous friction.

The main types of losses in the induction
motors are illustrated in Fig. 1.

The most significant of these types of energy
losses are the losses in the stator and rotor windings,
which usually range from 55 % to 60 % of the total
losses. The energy of these losses is spent on heating
the windings, which occurs when current flows
through the conductors of the stator and rotor:

3
AP, =3(RJIZ+R 1) ==(Ri+R,i),
2 @3)
| =i /2, 1, =i 12,

where: 1,1, —the current values of stator and rotor
currents (rms-value); ig,i, — the amplitude values of
currents (peak-value); R,R, — active resistance of

the stator and rotor windings.

Losses in core are spent on heating the
magnetic circuit. They consist of eddy current losses
and losses because of magnetization reversal of the
core material due to hysteresis:

3
PFe = E(kecws\ufn + kho‘)e\v;) ! (4)

Power Loss in

Stator Power Loss

where: o, - the rotation speed of the rotor flux
vector y,; v, — magnetization flux; k., k, —

eddy current- and hysteresis  coefficients,
respectively.

Losses in core are not caused by torque load
and are produced by 20-25 % of the total losses.
Losses in the converter consist of losses occurring
when switching the power switches of the inverter,
losses in copper of inductors and filters in the DC
link, as well as losses from the presence of higher
harmonics. The efficiency of modern frequency
converters is 95-99 %, i.e. significantly higher than
IM efficiency. It follows that the losses to the
converters are much smaller than the losses in the
IM, and in solving the problems of energy-optimal
control they can be neglected.

Losses on mechanical transmission, i.e. losses
in the transmission, do not depend on the drive
control strategy and, as shown in, they are
insignificant. To reduce mechanical losses, worm
gears should be avoided. The best solution is to use
couplings.

Mechanical losses from dry friction are spent
on heating bearings, wheels and kinematic gears.
Losses from viscous friction occur during air
circulation in the drive and due to resistance to wind
or liquid from wvehicles and turbo-mechanisms
(pumps, fans, wind generators). Mechanical losses
make up (8-12) % of the total losses in the electric
drive system and cannot be reduced by improving
automatic control systems.

Therefore, they can also not be taken into
account, but focus on reducing losses in copper and
core.

Power losses due to

Frequency (in winding and friction and
. Converter c(}r\e) Power losses in the ventilation losses
Power loss in the ” rotor (in winding ~

electrical line Tl\ and core)
/”\ N
- A || Output powet
_ | 2 =
= ZIS = [ |
Y 5
= Output mechanical
Input power power
Fig. 1. Energy losses in the electric drive
Source: compiled by the authors
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LITERATURE REVIEW

There are different ways to increase the energy
efficiency of electromechanical facilities by means
of an electric drive. An incredible number of
primary sources are devoted to the discussion of this
problem. For an example, you can read the
analytical review [1] and the references therein.

Among the known solutions, there are systems
synthesized from the conditions of minimizing
various types of losses in the motor and converter
[2], 3], [4], as well as systems for maximizing
efficiency [3-5] and power factor [6], [7], [8].
Among them are methods based on loss models [9],
methods using pre-computed lookup tables [10],
online search methods [11], [12-13]. The simplest
and most popular optimal control methods are those
loss model-based controls (LMC).

Loss Model Control is related to the strategies
based on formulas of various types of losses or some
combination of them. Knowing these formulas, it is
possible to synthesize a control law that minimizes
losses. For IM, loss reduction is provided by
controlling the magnitude of the rotor flux or the
ratio of the orthogonal components of the stator
current in a coordinate system oriented along the
rotor flux vector. The controller in accordance with
this algorithm generates a reference for the drive to
work at the point of minimum loss. Such systems
have high speed because the law of optimal control
is formed according to well-known formulas.
Control algorithms are complicated when the effect
of core saturation and temperature change is taken
into account. The main disadvantage of such
methods is their high sensitivity to changes in drive
parameters. Search Control consists in organizing an
iterative online search for the maximum efficiency
point [11-12], [13]. The flux of the stator or rotor is
gradually reduced until the ratio of the measured
output mechanical power to the input electric power
corresponds to the maximum possible value. Search
on-line maximization of efficiency is very attractive
because it is completely insensitive to variations in
drive parameters. However, this method makes high
demands on the accuracy of measuring equipment
over the entire range of changes in speed and torque
load. Its disadvantages also include the complexity
of search iterative algorithms, their influence on the
guality of transients and the high duration of the
search. For these reasons, this method is rarely used
in industrial electric drives.

Hybrid methods also exist that combine the
advantages of two SC and LMC optimization
strategies.

To increase energy efficiency, you can also use
intelligent control methods [14-15], [16] (neural net-

works, fuzzy logic, etc.). The disadvantage of these
methods is that in the synthesis of control
algorithms, many decisions are made intuitively.
Thus, the simplest methods for minimizing losses
are methods based on their mathematical models. A
lot of works has been devoted to their synthesis and
analysis. However, they focus on work with rotation
speed to nominal value speed control systems.
Moreover, sometimes the improvement in energy
performance is accompanied with deterioration in
the quality of transients. Nevertheless, the regulation
of speed above the nominal value due to the
weakening of the field is widely used in electric
drive systems, in which, with increasing speed,
torque load can be reduced. This applies to electric
transport drives, hoisting mechanisms, machine feed
drives, roll drives of crimping rolling mills. For all
the above examples, energy saving is an urgent
issue.

THE PURPOSE OF THE ARTICLE

The aim of this work is to develop a system for
controlling the speed of induction motor with field
weakening as part of a vector field-oriented control
(FOC) system, which would minimize losses in the
motor windings and magnetic circuit in a steady
state without degrading the quality of transients.

MAIN PART. DERIVATION OFOPTIMAL
CONTROL LAWS

To describe energy and transient processes in
vector-controlled IM, it is convenient to use a math-
ematical description of the drive in a rotating or-
thogonal coordinate system do, oriented along the
rotor flux vector [17]:

k . .
usd + T_r lIIr + weO—lesq = Isd Rsr (TsrS + 1)’

r

Uy, — @0l iy — 2,0k ¥, =i R, (r,s+1),
L, =, (c,5+1),
igq (9
W, = Oy, + o, = KR, ‘P_r+ pw,
T, =k Wi, ,
T -T, =Jos,

where: s — Laplace operator; T, — electromagnetic
torque; T, — load torque; iy, isq,Usg,Usq — flow-
(d) and torque- (q) orthogonal components of the
stator current and voltage, respectively; v, — rotor
flux amplitude; R,,R,— active stator and rotor re-
sistances; L, L,,L,, — inductors of the stator, rotor
and magnetization; p — the number of pole pairs ;
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t,=L,/R, — rotor electromagnetic constant;
ky=3pk,/2 — torque coefficient; k, =L, /L, — rotor
magnetic coupling coefficient; J — moment of iner-
tia, o, — rotation speed of the coordinate system;

absolute rotor slipping ;
o, o, =z,0 — electric and mechanical rotor angular
speeds;

Dglip :krRrisq Iy,

Rsr:Rs+kr2Rr’ TerGLS/R

sr?

12 (6)

m

L.L

s—r

c=1-

To solve the optimal control problem formulat-
ed above, we express the losses in copper and in
core as the orthogonal components of the signals in
the dqg system.

Then by substitution into equation (3) the ex-
pression

=2 =2 =2 =2 =2 =2

g =g+ il =0 +i7, (7
as a result
3 . . . .
MR, =S [R 4%+ R (4] (@

To reduce the number of variables in (8), we
express the components of the currents can see be-

low the flux of the rotor v, and torqueT,. To do

this, we write the equations connecting the currents
and flux in the steady state:

V/r = Lmisd'
Wi =Lnig+Lig=0,

Wrd = I‘misd + I‘rird :l//r'
where:

(9)

(10)

isd :\Vr/Lm7

i =K, iy =0.

rq risqrir

Then by substitution (10) into equation (8), we
get rid of the equation for calculating copper losses
from rotor currents:

31, ,.2 . 21 37, - .
AP, :E[Rs(lszd +|§q)+kr2Rr|§q ]:E[Rslszd + Rsrlszq] (11)
From the equation of torque (see system (5)), it
follows:
T

B, =—%—. 12
> kT\Vr ()

Given (9) and (12), equation (11) takes the form:

J ¥ (1 Y]
AP =2 R | Lo | 4R, | —e—| |.
ZL Loy Krv, J

Let us carry out similar transformations of the
equation for losses in core (4). First, we find the am-
plitude of the magnetization current and its projec-
tion on the d and g axes:

(13)

=g+, =iy, 1.= (1—kr)|sq,

and then the orthogonal components of the magneti-
zation flux and its amplitude, which appears in equa-
tion (4):

Yimd :Lmimd :Lmisd =V,

. . T
Ymg :Lmlmq =KiLis sq :errck—e ’
TVr (14)
2
2 2 2 2 2)2 Te
Yim=Wmd tWmgq :Wr+kr ch( J )
I(T\Vr
where: L, =L, —L, —the induction of rotor scatter-
ing flux.
After substitution (14) into (4) we have:
f s 1
® o l
APFezz (kecme+kh@e)| K212 T, [t (15)
r =ro k-l—\llr J

Summing up the losses (13) and (15), we obtain
the function to be minimized when solving the prob-
lem of energy-efficient control:

AP = ",
| e k2 2 k 2 k
F‘ 2 2[R5r+ rchs( ec®@e T hcoe)]

T\Vr

(2 ]
J%(RS+L;kecm§+Lfnkhme)+ L
|

We denote

Rx(me):Rs"'L?n (kecm§+khwe) ) (16)
Ry (0) =R +k7 Li (ke g +kp) (17)
Given these notations

3 2 -I—2
APz:—(W—ZrRX((De)+k e

(18)

: zRy(me)}

2
m TVr
To minimize function (18), we differentiate it
with respect to the flux of the rotor and equate the
resulting derivative to zero.
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dAP v T2
ﬁ=3[L—ﬁ:Rx(we)—$Ry(we)J=0 : (19)

The solution of equation (19) regarding the ro-
tor flux gives the following result:

T,L, /Ry(we)
kr VRe(0e)
Then by substitution (20) into equation (18), we
find the minimum loss:

=3 R (00 R, (o)

I(Tm

(20)

Wropt =

(21)

zmin

Using equations (9), (12) and (20), we also de-
termine the optimal expressions for the stator current
components along the d axis and q axis and their

ratio:

. T ’Ry(we)
= e 4= 22

Isdopt \/kperm RX((DE) ’ ( )

. B T, R, (o)

Isqopt _\/kperm Ry((x)e) ’ (23)
b _ [Ryl@e) (24)
isq Rx (we)

The system efficiency without taking into ac-
count mechanical losses and losses in the converter
can be calculated by the formula

3 Teco
n_Teoa+ P, (25)

The last expression has a maximum when

P, =P, (21). Then by substitution (21) into (25),
we obtain:
ok L
Mrex = = (26)

ok Ly +3,R, () Ry (@)

It follows from (26) that, in an optimized sys-
tem, the efficiency in the steady state does not de-
pend on the magnitude of the torque. Fig. 2 shows
the graphs of the dependencies of the torque

\‘ymm(T_e) for different speed valuesw,, and Fig. 3

show the graphs v, (®,) for different torque val-

uesT, .

The rotor flux linkage values in the graphs of
Fig. 2 and Fig. 3 are limited from above at the level
of the gearbox in idle mode. From the analysis of the
graphs it follows that in order to minimize losses;
the rotor flux linkage should be reduced with a de-
crease in torque and with an increase in speed. Table
1 shows the parameters of the investigated IM

Fig. 2. Curves of dependency optimal rotor

flux on torque
Source: compiled by the authors

Fig. 3. Curves of dependency optimal rotor flux

on the electric speed of rotor
Source: compiled by the authors
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Table. Data of the motor 4A80B2Y3

Parameter Values Parameter | Values
P, 2,2 kW R, 3,54 Q
U sntin 380 V rms R, 2,28 Q
I, 464 L, 0,008 H
Ten 7,4 Nm Lro 0,013 H
Js 0,0042 kg m? L, 0,407 H
p 1 n 0,83
o, 297 rad/s Kec 0,0005 Q1
Vo 0,97 Wb kp, 0,03H1

Source: compiled by the authors

IMPLEMENTATION OF OPTIMAL
CONTROL LAWS

A typical solution to the implementation of the
laws of energy-optimal control is represented by a
block diagram in Fig. 4, which is based on the use of
equations (22) — (24) taking into account expressions
(16), (17).

In this scheme, “Speed Slew Rate Limiter” is
the speed generator for closed speed loop. Speed
controller generate a reference torque 7.”, and then
stator current references isq” u isq” are formed from
this signal. Given that the square root can be extract-
ed only from positive numbers, as well as the fact
that is; must change the sign when the sign of the
torque changes while the current isq is constantly
positive, equations (22), (23) need to be changed a
little:

* Te* R, (®,)
Isgopt =1 ——— /—y : 27
Isdopt \/kpkrl-m Rx(me) ! ( )
, Te| [R. (o) )
is opt — =t -sign( Te ). (28)
ot \/kperm R, (®,)
k 1

DL [——

In this form, they are used in the system in
Fig. 4.

The disadvantage of this system is the uncon-
trolled change in the gain of the speed control loop
during the formation of the stator current along the q
axis, as well as the motor starting at zero flux, which
together leads to a significant deterioration in the
quality of transients compared to a conventional vec-
tor control system [18].

We eliminated this disadvantage by generating
the rotor flux as a function of torque and speed ac-
cording to the formula (20). Such a work with rota-
tion speed to nominal value speed control system is
shown in Fig. 5 [18].

In the diagram of Fig. 5, the reference flux link-
age of the rotor can be formed both as a function of
torque and speed, and independently of them (at a
speed close to zero), which makes it possible to sep-
arate magnetization-demagnetization modes of the
motor and speed control. In addition, the gain of the
speed controller adapts to the change in flux of the
rotor, which makes it possible to maintain a high
quality of transients throughout the entire range of
changes in speed and torque.

When implementing energy-efficient control in
the field weakening mode the additional problem
arises because the rotor flux in such a system con-
trols not only the energy characteristics.

Therefore, in the start-brake modes, it is neces-
sary to control the flux according to one algorithm,
and when the torque changes at a steady speed, it
should be done in a different way. To implement this
idea, it is proposed to generate the reference rotor
speed w* and reference flux linkage y,* in accord-

ance with the block diagram in Fig. 6.

2 2
| Rq +Kee L

=~
A

292 2
Rer + keckr Lo e

sqrt

abs

/o
> — »
- | 16 kL

Speed Speed
Slew Rate Controller
Limiter

sign

1 isd L, |Vr
- —>
;s +1 T,8+1 o,
ig - Closed
Loop
' -k
Y iy 1

Ti5+1

iq - Closed
Loop

Fig. 4. Structural diagram of an energy-efficient control system in constant torque region
Source: compiled by the authors
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o
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7|£< 54—\/_4—%”4—@4— e

Flux 106 —Y sqrt abs .
Limiter —» max|— 7 slip r
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Torque
Limiter 7|£ l T
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—p T ML q> Ky ol L 4n
- |, T;s+1 Js
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Speed 4
Sle_vv R ate Controller Loop
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Fig. 5. Structural diagram of an energy-efficient control system

in constant torque region with pre-magnetization IM
Source: compiled by the authors

Reference-input Structure (RIS)

\I/* t
T ii ropL )
T <n)& o oL Y,
<98l —=r
Logic eq.

=

c

ik abs

*

T Swicth

Vro

_*
(&)

o T 1o |1]|& ]V

Speed Slew Rate Limiter

Fig. 6. The structural diagram for generating of the reference speed and reference flux linkage
Source: compiled by the authors

T,

(T |<v&(o >0,
where £<<1 — the small number, the upper channel
of “Switch” works, i.e. the rotor flux linkage con-
trols the amount of efficiency (y;, =y (T.0)).

The “Switch” block is controlled by the signals
of the reference dynamic torque T, and reference

speed o . The switching condition forms a “Logic
Expression” block. If
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Otherwise, the lower channel of “Switch” works,
and this flux controls the speed

* Vro

V=V, = T (30)
max(‘a ‘,1)

Blocks “Norm1” and “Norm2” move reference dy-
namic torque and reference speed from Sl units T, ,

o top.u. units T, , @ . Block “Divide” forms ref-

erence flux linkage for speed control due to field
weakening, and block “Max” prevents this operation
if the reference speed does not exceed the synchro-
nous motor speed.

The range of operation of the efficiency maxi-
mization algorithm in field-weakening mode for
control system is limited by the maximum possible
value of the flux necessary to work out a given
speed. Therefore, the rotor flow restriction link is
constant v, ., =W ,o=const in the system where IM

work with nominal rotation speed using the control
system which show on the Fig. 5 when system with
field-weakening mode must be replaced by a link
with  “Dynamic  flux  limiter”  block  at
Vimex =Wre=Var .

The block of “Torque Limiter” in the system with
field-weakening mode should also be dynamic be-
cause speed regulation in the field weakening occurs
with constant power:

T = me (31)
max(|o ‘,1)

Taking into account the above features, a vari-
ant of the structural scheme with switching algo-
rithms for controlling the rotor flux with field weak-
ening mode speed control system. The resulting sys-
tem is shown in in Fig. 7.

Let us carry out a simulation of this system and
compare them with the results of modeling a typical
work in field weakening mode system without loss
minimization elements.

Fig. 8, Fig. 9 and Fig. 10 shows the transients in
a typical system (a) and in the developed optimal
control system (b).

All signals on the graphs are presented in rela-

units: o=o/o, , Te =T /T, , W, =v [y,

tive

iy =i figy, Ug=Ug/ug,.

Fig. 8 shows the speed, torque, flux of the rotor
and efficiency, Fig. 9 — the amplitude of the stator
current and its components in the rotor reference
frame dq, and Fig. 10 — the amplitude of the stator
voltage and its components in this reference frame.
Stator currents and voltages in the stationary refer-
ence frame af in the compared systems are shown in

Fig. 11 and Fig. 12, respectively.

iW?O s R
1]y, 1] lgg 1 log L Yy
—» )—-E} > — O ——> Lppl M >
* — t, L T;s+1 T,5+1
Yy |
. - — ig - Closed
* |Referenced * Flux Slew Rate Limiter Flux-Current Loop
D | Input Yro Transformation
Structure | g
— 2,2 2
A kyx 4 Rsr"'keckr chs(*)e
Rs+kec|—r2n(‘)§
\V* t v L
rop
-
Flux 106 _Y sgrt abs
Limiter 7
max Rk .
y
i i l ®
b LT -
- Toy TiS+1
ig - Closed
Spéed g
s “ | Controller Loop

Fig. 7. The structural diagram of an energy-efficient system

for IM with variation of rotor flux
Source: compiled by the authors
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A comparative analysis of the presented graphs
shows that in a typical system the efficiency at low
torque load decreases, and in the energy-optimal one
it remains constant. In this case, the quality of tran-
sients of the torque and motor speed does not deteri-
orate (Fig. 8).

As can be seen from Fig. 8b, in the acceleration
and braking diapason, the change in the rotor flux
occurs as in the standard system, provides a linear
change in speed to a predetermined value and in the
sections of the static torque change, it ensures stabi-
lization of efficiency at low torque load. With in-
creasing torque load, the rotor flux does not exceed
the level corresponding to a given speed.

In both systems, the torque-forming component
has a predominant effect on the amplitude of the sta-
tor current. Its behavior in the energy-efficient sys-
tem has changed significantly: it is characterized by
the presence of peak surges in areas of sharp chang-
es in torque with a weakened field of the IM.

As for the voltage amplitude of the stator, in an
energy-efficient system it decreases significantly in
areas where additional attenuation of the field occurs
with a decrease in torque load.

The advantage of the system is the possibility
of increasing the efficiency during operation of the
electric drive system, not only in the torque constant
region of speed control, as is proposed in most pri-

mary sources, but also in the field weakening, in
which the core losses become significant in relation
to total losses.

The disadvantage of the studied system, as well as
all energy-optimal systems based on loss models, is
their high sensitivity to parameter changes and the
uncertainty of the coefficients k. and k, in formu-

las for core loss. It is known that these coefficients
can be expressed in terms of fictitious resistance.
R, and dummy inductance L,, which should be

included in the T-shaped equivalent IM circuit in
parallel with the magnetization inductance:
1 1

= ky=—.
ecR th

ec

(32)

Taking into account the phenomena of eddy
currents and hysteresis significantly complicates the
mathematical model of IM and the study of control
systems using the method of mathematical
modeling. In addition, the parameter values R, and

L, can only be determined experimentally. There

are techniques for conducting such experiments [19-
20], but the accuracy of the results obtained is not
always satisfactory.
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Fig. 8. Transients in typical (a) and optimal (b) vector control systems
Source: compiled by the authors
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in typical (a) and optimal (b) vector control systems
Source: compiled by the authors
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Source: compiled by the authors

Fig. 12. Transients of stator voltages in a stationary reference frame

in a typical (a) and optimal (b) vector velocity control systems for induction motor
Source: compiled by the authors

CONCLUSIONS (start and brake) modes is used to control speed, and
in static ones — to maximize efficiency.

The study of the proposed system was per-
formed by simulation.

From the results of comparing a typical system
of work in field weakening mode control of induc-
tion motor and optimal  system, it can be seen that
the work in field weakening mode energy-optimal
system of vector speed control provides the maximi-
zation of efficiency by changing the rotor flux, while

The article proposes a strategy for maximizing
efficiency in field weakening mode speed control
system based on mathematical models of losses in
copper and core. It is shown that this method is ef-
fective in small torque load.

A structural implementation has been devel-
oped in which the change in rotor flux in dynamic
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maintaining the high quality of transition of torque
and speed.

To go into the field-weakening mode for the
speed control, the system ignores the optimal flux
and generates the flux necessary for working out the
given speed. After reaching the steady state, the
drive again switches to energy-efficient control.

It is advisable to use the system under study in
drives with field-weakening control of induction
motors that operate for a long time with light load
torque, for example, in electric vehicles and in elec-
tric drives of hoisting-and-transport mechanisms.

For the practical implementation of this control
system, it is desirable to analyze the duration of op-
erating modes with a constant or slowly changing

torque and apply efficiency optimization only when
the energy loss for controlling the magnetic flux of
the machine is less than the loss for maintaining it at
a constant level.

In hoisting installations, it is possible to include
an energy-optimal strategy when moving an empty
or lightly loaded device.

The disadvantage of the system is the need to
identify loss models parameters.

For a conclusion on the effectiveness of the
proposed electric drive system, it is necessary to de-
velop a software implementation of the control sys-
tem on a digital signal processor and conduct its ex-
perimental research.
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AHOTAIIA

VY crarTi mpoaHai3oBaHi BUIHM BTPAT B aCHHXPOHHOMY JBUTYHIi, B PE3yJbTaTi YOTO MPHUIHATO PIillIeHHS MiHIMi3yBaTH Haii-
OiNIBII CYTTEBI 3 HUX: BTPAaTH B 0OMOTKAX i BTPaTH B MarHiTONPOBO/I BiJl BAXPOBUX CTPYMIB i Bif ricrepe3ucy. BuseieHo piBHAHHS
JUISL PO3paxXyHKy 3HaYeHb MOTOKO3YEIICHHS POTOpa i OPTOTOHAIBHHUX CKIIAJIOBHX CTPYMY CTaTtopa y 00epToBili cHCTeMi KOOpAWHAT
potopa dq B cHCTeMi BEKTOPHOTO KepyBaHHS aCHHXPOHHHMM JIBUTYHOM 3 YMOBH MiHiMi3alii CyMapHUX BTPAT B Miji i CTaJlu JIBUTyHa
B CcTaTUYHOMY pexxuMi. [Ipy BUCHOBKY He BpaxoBaHU epeKT HaCHYEHHs CTaJIi. BH3HaueHO rpaHNyHI 3HAUCHHS €IeKTPOMArHiTHOTO
MOMEHTY 1 IIBHKOCTI, P SIKUX PETYJIIOBaHHS MOTOKO3YCIUICHHS POTOPA 3AaTHE MOJIMIINTH EHEPreTHYHI XapaKTePUCTHKU [PHBO-
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1y, He BXOZI4M B 30HY HACHYEHHS KPUBOI HamarHiuyBaHHs. [Toka3aHo, 1110 OCHOBHOIO CKJIQJIHICTIO IIPHU peasti3aLii eHeproonTuMaib-
HOTO KepYyBaHHS CHCTEMOIO JBO3OHHOTO BEKTOPHOI'O KEePyBaHHS MIBHAKICTIO aCHHXPOHHOTO ABUTYHA € T€, IO HOTOKO3YEIUICHHS
POTOpa KEepye He TiNbKH CHEPreTHYHNUMHU TapaMeTpaMH, ajle 1 peryIoBaHHAM IBUAKOCTI B APYTil 30Hi. 3alPONIOHOBAHO CTPYKTYPHY
cXeMy peajtizamii eHeproonTHMaJbHOTO KepPyBaHHS IMOTOKO3UCIICHHS B CHCTEMI JJBOX-30HHOTO PETYIIOBAHHS IIBHIKOCTI. Inest mo-
JATa€ B IEPEMUMKaHHI allfOPUTMIB KepyBaHHS MarHiTHUM II0JIEM JBUTYHA TAaKMM YHHOM, 100 B MYCKO-TAJIbMiBHUX PEXUMAX MOTOKO-
3UEIUICHHS POTOpa 3MiHIOBAJIOCS B (PyHKIUIT 3aBJaHHS IIBUAKOCTI, a IPH pOoOOTi HA CTAJii HIBUAKOCTI - B QYHKII{ €J1eKTpOMarHiTHO-
ro MOMEHTy. BukoHaHO NMOPIBHSIIBHHI aHANI3 THUIIOBOI i pO3p0O0JIEHOI eHeproe)eKTHBHOI CHCTEM JJBO30HHOTO PETYIIIOBAHHS IIBHI-
KICTIO METOZIOM MaTeMaTHYHOr0 MozetoBaHHs. [TokazaHo, 10 MPY 0JHAKOBUX IIEPEXiJHUX MPOLECAX ENEKTPOMArHITHOTO MOMEHTY
1 mBuaKocTi B THNoBii cucremi KK/l B cranmux pesxuMax IpH 3MEHIIEHHI HaBaHTa)KEHHS IIafa€, a B 3aIlPOIIOHOBAHIN cHCTeMI 3aIIH-
maetbess He3MiHHUM. 3MiHa KK/l B muHaMiuHuX peskumax BiOyBaeThbcs MpH 3MiHI MOTOKO34YEIUICHHS poTopa. [Ipu eHeproontiuma-
JIFHOMY KEpYBaHHI CIIOCTEPIraeThesl Aesike 30UTBIICHHS MIiKiB CTpyMy cTaTtopa IpH pi3Kii 3MiHI HaBaHTa)KeHHsI, ajle IIPU MajuX Ha-
BaHTAKCHHAX J0JAaTKOBE OCIA0JICHHS IMOJIS NMPU3BOMKUTH J0 3MEHIICHHS HAIPYT! CTaToOpa B CTAJIOMY PEXHMI, IO MPU3BOIHUTH 10
3HIDKEHHS CIIOXKUBAHHS €JICKTPOCHEPTil.

Koro4oBi ciioBa: enexTponpuBo; aACHHXPOHHUI ABUTYH; PETyJIIOBAaHHS MIBUIKOCTI; OCIA0JICHHS MOJIS; MOTOKO3YEIUICHHS PO-
TOpa; ONTUMANbHE KepYBaHHI;, MiHiMi3allisl BTPaT; eHeproe()eKTUBHICTD
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AHHOTAIUA

B crarhe mpoaHanu3upoBaHbl BUABI OTEph B ACHHXPOHHOM JIBUTaTelle, B pe3yjbTaTe Yero NPHHATO pellieHue MUHUMHU3UPO-
BaTh HamOoJee CyIEeCTBEHHbIE U3 HUX: IOTEPU B OOMOTKAX M MOTEPU B MAarHUTONPOBOJE OT BUXPEBBIX TOKOB M OT THCTEpE3HCa.
BriBeneHbl ypaBHEHUs U1 pacdera 3HaYEHUH NMOTOKOCLENIEHUs] poTOpa U OPTOrOHAJIBHBIX COCTABIIAIOLIMX TOKAa CTaTopa BO Bpa-
MIAIOIIENCsT CHCTeMe KOOPAWHAT poTopa dq B cHCTeMe BEKTOPHOTO YIPABIECHHSI aCHHXPOHHBIM J[BUTATENIeM M3 YCIOBHS MHHUMM3a-
MM CYMMapHBIX HOTEePb B MEJM M CTaJM JBUTATeNs B yCTaHOBUBHIIEMcs pexxuMe. [Ipy BbiBosie He yuTeH 3 (EKT HACBILCHUS CTa-
. OnpezeneHsl rpaHUYHbIe 3HAYEHHUsI 3JIEKTPOMArHUTHOIO MOMEHTA M CKOPOCTH, NP KOTOPBIX PEryJUpOBaHUE TOTOKOCLETIICHUS
pOTOpa CIIOCOOHO YNyUIINTh SHEPTETUUECKNE XapAKTEPHCTHKU NPHUBOJA, HE BXOJS B 30HY HACBHIIMICHNS KPUBOW HaMAarHUYMBAHMS.
[Toxa3aHo, 4TO OCHOBHOW CJIOXKHOCTBIO NPH PEaTU3alld 3HEPITONTUMATIBHOIO YIPABJIEHHsS CHCTEMOH JBYX30HHOTO BEKTOPHOIO
YIpaBIIeHUsA CKOPOCTbIO aCMHXPOHHOIO IBUTaTeNs ABJSAETCS TO, YTO MOTOKOCLEIUIEHHE POTOpPa YIPABISET HE TOJIBKO dHEpreTude-
CKUMM NIapaMeTpaMu, HO U PeryJHMpOBaHHEM CKOPOCTH BO BTOpPOil 30He. [IpeayoxkeHa CTpyKkTypHas cxeMa peaau3alil SHeproonTH-
MaJIbHOTO YIpAaBJICHHUsI INOTOKOCLEIUICHHEM B CHCTEME IBYX30HHOTO PETYIMPOBaHUA CKOPOCTU. Mhes COCTOUT B MEpEeKIIOUYEHUH
AJITOPUTMOB YNpPAaBJI€HHs MAarHUTHBIM II0JIEM JIBUTaTellsl TAKUM 00pa3oM, 4TOObI B IYCKO-TOPMO3HBIX PEXHMMAax MOTOKOCIEIUICHHE
pOTOpa M3MEHSUIOCH B (DYHKIIMH 33/IaHUs HA CKOPOCTh, a IIPU paboTe Ha YCTAaHOBMBIIEHCS CKOPOCTH — B (PYHKI[MHU JIEKTPOMArHUTHO-
TO MOMEHTA. BEIMONHEH CpaBHUTENBHBIN aHAIN3 THUIIOBOH M pa3paboTaHHOH 3HEpro3((eKTUBHONH CHCTEM JIBYX30HHOTO PETyIHpPO-
BaHUsS CKOPOCTU METOJOM MAaTeMaTH4eCKOro mojenupoBaHusi. Iloka3aHo, 4To MpU OAMHAKOBBIX MEPEXOAHBIX NPOLECCAX IEKTPO-
MarHUTHOTO MOMEHTa M CKOpocTH B THNOBOH cucreme KIIJ] B ycTaHOBUBIIMXCS peXHUMaX IIPU YMEHBLUICHUH HArpy3Kd IaJacT, a B
NpeAoKEeHHOH cucteMe ocraercs Hen3MeHHbIM. M3menenue KII/| B quHaMHUYECKUX peKUMax MPOMCXOAUT NMPU U3MEHEHHH IOTO-
KOCIEIUIeHnsT poTopa. [Ipy sHeproonTHMansHOM YIPaBIeHHN HAaOJI0IaeTCs HEKOTOPOe yBEJIMUCHHE IMKOB TOKA CTAaTopa TpH CKad-
K000Opa3HOM U3MEHEHHHU HArpy3KH, HO IPU MaJIbIX HAarpy3Kax Jo00aBOYHOE OCIabieHne OIS IPUBOJUT K YMEHBIICHUIO HANPSHKCHHS
CTaToOpa B yCTAHOBHUBIIEMCS PEKHME, YTO TIPHBOJIHT K CHIKEHHIO ITOTPEOIEHHS 3IeKTPOIHEPTHH.
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