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Purpose. The main objective of this paper is to analyze domestic and foreign experience regarding the simultaneous
electromagnetic and electromechanical transients in an electromechanical system with an electric motor based on an
asynchronous machine as well as to investigate their influence in the problems of the power loss minimization when
applying different control strategies to reduce the total electricity consumed from the grid. Methodology. A generalized
block diagram was formed to reflect the process of converting the consumed energy from the grid into mechanical pow-
er according to the conservation law for an electromechanical converter operating in the motor mode. Mathematical
modeling of an asynchronous machine was performed in the framework of indirect field-oriented control system con-
sidering the stepped trajectory of load torque, which is possible as a result of mechanical perturbation or when the mo-
tor performs complex speed profiles or counteracts shock loads. Results. A mathematical model of the investigated
system addressing the magnetic flux linkage dynamics equation and mechanical torque equation obtained directly from
the equivalent circuit was developed. The reference value of the field-generating current is an additional degree of free-
dom in the system. Hence, in order to ensure minimum energy consumption with an adequate intensity of transients in
the control object, the implemented model allows for comparative analysis of different approaches to solving this prob-
lem. Originality. For the first time, a comprehensive transient analysis was performed when an asynchronous machine
was operating in a non-stationary load mode and the economic effect of implementing an energy-efficient control law
during the transient process was discussed. Practical value. The approach to minimizing the power loss in the dynamic
mode of operation, which has the same formulation for the optimization problem in static mode and reduces peaks in-
stantaneous power loss in dynamics. The proposed iterative approach to the energy loss account and the comparative
analysis of the effect of the implementation of different optimization methods gives good results even with a simple
mathematical model of the motor.
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CrarTs cripsMOBaHa Ha aHalli3 BITYM3HSIHOTO Ta 3aKOPJOHHOIO JOCBIy CTOCOBHO OJTHOYACHOTO MPOTIKAHHS €JEeKT-
POMarHiTHUX Ta eJEKTPOMEXaHIYHUX MEePEXiJHUX MPOLECIB B €IEKTPOMEXaHIUHIH CHCTEMI 13 eJIEKTPUYHHM JIBUTYHOM
Ha 0a3i acCMHXPOHHOT MalllMHM Ta JOCJIUKEHHs iX BIUIMBY B 3a/lauax MiHiMi3auii MOTY>KHOCTI BTpatr B 0OMOTKax Mpu
3aCTOCYBaHHI pi3HMX 3aKOHIB KEPYBaHHSI, 110 B CBOIO YEPTy BeJie /10 3HWKEHHSI CyMapHOI CHIO)KHMBAHOT €JIeKTPOCHEPTii 3
Mepexi. Y mporieci TocnipkeHHs Oyna copMoBaHa y3arajbHeHa CTPYKTYpHA CXeMa, sika BijoOpakae mporiec meper-
BOpPEHHSI CIIOKMBAHOI €HEPTii 3 Mepeki B MEXaHIYHY MOTY)KHICTh K Pe3yJIbTaT B3a€MOJii 00€pTOBOTO €IEKTPOMArHiT-
HOT'O TOJISI 3 aKTHBHOIO CKJIAJIOBOIO CTPYMY POTOpA 3TiJHO 3aKOHY 30€peKeHHs JUI eJIEeKTPOMEXaHIqHOTI0 NEPETBOPIO-
Baya, MPAII0I0Y0ro B PeXKUMIi ABUTYHA. MU NPOBENIM MaTeMaTHYHE MOZEIIOBAHHS aCHHXPOHHOT MAIIMHK Y CKJIaJli CHC-
TEMH BEKTOPHOTO KEPYBaHHS 3 OPIEHTALIEIO IO ITIOJII0 POTOpa 3 ypaxyBaHHSAM CTYIiHYaTOl (POPMHU 3MIHM TPAEKTOPIi
MOMEHTY HaBaHTA)KEHHSI, SIKa MOXKJIMBA B pe3yJIbTaTi MEXaHIYHOTO 30ypeHHs], a TAKOK BilNpaltoBaHHI MPOQUIIO MBUA-
KOCTI 3 NMOCTIHHUM MPHUCKOPEHHSIM 200 TanbMyBaHHIM. MU po3poOMIN MaTeMaTHYHY MOJIEIb €JIEKTPOMEXaHIqHOT CHC-
TEMH KepYBaHHS €JIEKTPOABUTYHOM B PaMKaX CHCTEMH BEKTOPHOTO KEPYBaHHS 3 ypaxyBaHHSM PIBHSHHS JAWHAMiK{
MTOTOKO3YCIUICHHS Ta PIBHAHHS KPYTHOTO MOMEHTY JIBUT'YHAa OTpHUMaHi Oe3MOocepeHbO 31 CXeMH 3aMillleHHs. YCTaBKa
CTPYMy HaMarHi4yBaHHS € JIOJJATKOBHUM CTYyIIeHEM CBOOOIM B JaHii cuctemi. ToOTO mis 3abe3nedeHHs] MiHIMaJIbHUX
BHTpAT €HEPreTUYHHX PECYPCiB MPHU JOCTaTHIH IHTEHCHMBHOCTI MPOTIKAHHS MEPEeXiTHUX MPOIECiB B 00 €KTI KepyBaHHST
peastizoBaHa MOJEIb O3BOJISIE IPOBOIUTH MOPIBHAIBHMN aHANI3 Pi3HUX MiAXOMIB A0 BHUpimeHHS Iiei 3amadi. Brepme
OyJ10 MPOBEIEHO KOMIUIEKCHUN aHali3 MePeXiJHUX MPOIIECiB KOJW aCHHXPOHHA MallliHA TIPAIIOE B PEXKHUMI 3 HECTAITIO-
HapHUM HaBaHTAXXECHHSIM Ta €EKOHOMIYHOTO e(eKTy BiJ| BIPOBAKCHHS €HEProeeKTHBHOTO 3aKOHY KepyBaHHS ITijl Yac
nepexijiHoro npouecy. Po3rmsHyTHI miaxia 1o MiHiMi3auii TOTY)KHOCTI BTpaT y JUHAMIYHOMY PEXUMi POOOTH €NeKT-
pOMEXaHIYHO{ CUCTEMH 13 €JIEKTPUYHUM JBUTYHOM Ha 0a3i aCHHXPOHHOI MallMHU 3 KOPOTKO3aMKHEHUM POTOPOM SIKMH
Ma€ O/HaKoBe (OPMYJIIOBAHHS SIK JUIS ONTUMI3alidHOI 3a/1a4i y CTATHYHOMY PEXUMI POOOTH, TaK 1 B AMHAMIYHOMY
3MEHIIY€E MIKOBI 3HAUYCHHSI MUTTEBOI MTOTYXHOCTI BTPAT MPH CTYMiHYATIH 3MiHI HABaHTA)XCHHS Ha BaJly CJIEKTPOJBHIY-
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Ha. 3arporoOHOBAHMUN ITEPATHBHMM IMiX11 IO BpaXyBaHHS €HEPTii BTpaT Ta MOPiBHILHOTO aHaIi3y e(heKTy BiJ BIIPOBa-
JOKSHHS PI3HUX METOIB ONTUMI3aIlii Ia€ XOPOIIli Pe3yJIbTaTH HAaBiTh 3 POCTOI0 MATEMAaTHIHOIO MOJICIUTIO IBUTYHA.
Kuro4uoBi ciioBa: MiHIMi3amis MOTYKHOCTI BTpaT, JUHAMIYHAN peXUM, aCHHXPOHHHUI NBUTYH, HECTaIliOHApHE Ha-

BaHTAXXCHH:.

PROBLEM STATEMENT. A great part of electrici-
ty both in industrial facilities and buildings is consumed
by motors, mainly by induction motors due to their high
performance, high reliability, robustness, and low cost
in a variety of applications from a few watts for small
servomotors up to several hundreds of kilowatts.

Solutions to the problem of efficiency increase in the
electromechanical system of an induction motor drive
using different methods have been reported previously by
many authors [1-5]. The proposed methods mainly use
approaches of cascaded control and the synthesis of regu-
lators based on classical optimization strategies. Howev-
er, given the wide range of applications and heavy use,
the operation in the part-loaded mode and solutions to its
drawbacks were not completely analyzed. Consequently,
the question of power loss minimization in dynamics has
gained importance in cases when a motor drive is operat-
ed with nonstationary load.

Thus, the research towards minimization of the elec-
tric power consumption is always relevant, and the
introduction of minor improvements brings tangible
global economic effect.

EXPERIMENTAL PART AND RESULTS
OBTAINED. Induction motor is the most common type
of electric machine in the industry. They are renowned
for their reliability, relatively simple design, as well as
low cost.

One can be represented as an electromechanical en-
ergy converter with a complex system of a magnetically
coupled stator and rotor windings. Their mutual position
changes continuously when the rotor rotates. When
connected to the AC network during the operation of
such a complex circuit, transients constantly occur in its
circuits.

A transient (or dynamic) process in induction motors
is a process that occurs during the transition from one
steady-state mode of operation of the motor to another,
such as starting, reverse, braking, load torque step up or
step down. Transient processes in the motor are de-
scribed by a system of differential equations [6], which
are nonlinear in nature. These equations are obtained
directly from the mathematical representation of the
control object, and their solution for finding the depend-
encies is usually made using specialized software appli-
cations. The parameters of this model are the active and
inductive resistance of the equivalent circuit, which may
also vary during transients.

In this regard, electromagnetic and mechanical tran-
sient processes can be distinguished. Electromagnetic
processes are caused by the electromagnetic inertia of
the windings, which manifests itself when currents or
voltages change in the electrical circuits of the motor.
The mechanical processes appear due to the presence of
the moment of inertia of the rotor and the reduced mo-
ment of inertia of the end effector. The simultaneous
occurrence of electromagnetic and mechanical transient
processes is called electromechanical transient process.
The conditions of the occurrence of electromechanical

transients in an induction motor, and above all its
changing magnetic field, have a significant impact on
the duration of these processes. Consequently, the accu-
racy of working out reference signals to a large extent
depends on transients. Therefore, an investigation of the
transients of an induction motor is of great practical
importance. The results of the analysis provide opportu-
nities to develop control systems more rationally in or-
der to ensure the required technological process, as well
as evaluate the productivity and quality of operation of
production mechanisms. The investigation of these pro-
cesses with varying voltage and frequency of the net-
work is important in the study of electromechanical
systems when it is necessary to obtain the optimal na-
ture of the transient process.

The thermal state of the motor changes simultane-
ously with transients. With rapid processes, a change in
thermal state in most cases does not affect other pro-
cesses significantly. Therefore, the temperature change
in the study of transient processes in the vast majority of
cases can be disregarded. However, if it is essential to
take into account the influence of thermal processes,
then the values of the active resistance of the windings
can be changed in accordance with the temperature var-
iation.

Transient currents in the stator and rotor windings
vary in complex time dependences. In this regard, the
electromagnetic torque is determined by these depend-
encies as a complex function of time, which strongly
depends on the type of transient process and on the ini-
tial level of the magnetic field of the motor. The motor
torgue in the transient mode can be several times higher
than the torque in the static mode due to the fact that the
transient currents of the stator and rotor can significant-
ly exceed the values for the steady-state mode of opera-
tion. The magnetic fields generated by the transient
components of the currents can either strengthen or
weaken the main field, causing a corresponding amplifi-
cation or weakening of the transient electromagnetic
torque.

Changes in currents can also be caused by changes
in the rotor speed. In this case, if the increase in speed is
large, then due to the influence of the inductances of the
windings of the machine, the rate of change in currents
drops behind the rate of change in speed. Moreover, the
greater the time constants of the windings and the less
the moment of inertia of the rotating masses, the more
this fact is noticed. In addition, when the synchronous
speed is reached, the currents in the rotor winding will
not yet be equal to zero. Consequently, the electromag-
netic torque is not equal to zero, which means that the
motor accelerates to a speed exceeding the synchronous
one. With the speed increase above the level corre-
sponding to the synchronous one, the currents in the
rotor winding are reduced. The torque developed by the
motor also decreases, and then becomes negative, re-
sulting in the rotation speed decrease. Thus, at the end
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of the transient process, the speed and torque of the mo-
tor perform damping oscillations.

The damping rate of electromagnetic transients de-
pends on the parameters of the windings, whereas the
mechanical transients depend on the moment of inertia
of the rotating masses and the magnitude of the load
torque. Meanwhile, two typical situations are consid-
ered. In the first case, electromagnetic transients damp
much faster compared to the rate of change in the rotor
speed. Therefore, the influence of electromagnetic tran-
sients can be neglected, and mechanical transients can
be considered based on the equation of motion of the
rotor. In the second case, the damping time constants of
electromagnetic and mechanical transients are compara-
ble. In this situation, it is highly recommended to con-
sider both electromagnetic and mechanical transients,
since omitting of electromagnetic transients often leads
to an incorrect assessment of the torques acting in the
electric drive system, and, consequently, to significant
errors, in particular, in energy-efficient control prob-
lems.

To analyze the transients in an induction motor in a
more deep and accurate manner, it is necessary to take
into consideration not only the change in the energy of
magnetic fields but also the change in the kinetic energy
of the flywheel masses of the drive, i.e. it is recom-
mended to analyze electromechanical transients instead.

Optimization of energy consumption of electric
drive systems is a perspective area of research in the
field of electrical engineering as part of a common ap-
proach to energy saving and efficient use of resources.

The rules of electromechanics formulated in the
work of professor I. P. Kopylov as the three laws of
electromechanics provide a summary of the physical
principles that underlie the methods of designing and
studying energy converters from the viewpoint of per-
forming useful work in the process of electromechanical
energy conversion. From the first rule, it follows that
electromechanical energy conversion is always carried
out with losses (efficiency is always less than 100%).

WO TL

Here the losses are explained due to the presence of
active resistance in the windings. The second rule states
that all electrical machines are reversible. It also follows
from here that the inductance of the machine must be
taken into consideration. These two rules are necessary
but not sufficient conditions for electromechanical ener-
gy conversion. Finally, the third law of
electromechanics states that transformation is carried
out by fields that are motionless relative to each other.
The electrodynamic processes of an electromechanical
converter are determined by vector interactions of mu-
tually moving vectors of flux linkages and currents with
modules and phases varying as a function of time.
Except for losses in the stator windings and steel, the
power taken by the motor is converted into the power of
a rotating magnetic field (into electromagnetic power).
Since an induction motor operates both as a motor and
as a transformer, the electromagnetic power is divided
two channels. One part of the electromagnetic power is
converted into mechanical power generated on the shaft
of an induction motor. This power arises as a result of
the interaction of a rotating electromagnetic field with
the active component of the rotor current. The remain-
ing part of the electromagnetic power is transformed in
the form of electric power into the rotor winding (as into
the secondary winding of the transformer).

From the conservation law for an electromechanical
energy converter operating in a motor mode, the next
expression could be written down

Wg =Wg +Wg + Wy +We, (1)

where W — energy supplied by mains; Wg — magnetic
energy stored in a magnetic field; W,,, — mechanical
energy on the motor shaft; W, — the energy of other
losses; W — energy to compensate for electrical losses.

Summarizing the information on energy conversion,
a structural diagram in Figure 1 can be given.

AT

We <¥>WF
—

J b
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L

Figure 1 — Generalized structure sheme of energy flow in induction motors

The given scheme shows the stages of energy from
network W to a mechanical W,,, . Two operators are

introduced into the scheme:

A — reflects the conversion of magnetic field energy
into electromagnetic torque;

B - takes into account the connection of the elec-
tromagnetic torque with active losses.

In addition, the scheme involves the reduced mo-
ment of inertia Jy and the rotational speed of the motor

shaft @ .

Analysis and minimization of energy losses in dif-
ferent operation modes of an electric drive are important
both from the point of view of the economic indicators
of the control system and assessment of the thermal
state of the engine when selecting or checking one ac-
cording to the heating conditions [7]. The following
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types of losses are determinant for an induction motor
[8-9]:

—losses in copper of the stator winding and rotor
winding due to the first harmonics of the winding cur-
rents;

—losses in stator steel due to hysteresis and eddy
currents;

— mechanical losses;

— additional losses proportional to the square of the

fundamental harmonic of the stator current.
One of the most common criteria for optimizing the
steady-state operation of an induction motor fed by fre-
quency converter is the criterion for the minimum stator
current, which corresponds to the lowest power loss at
the active resistances of the stator windings and semi-
conductor converter.

The basic principle of vector control is separate in-
dependent regulation of the field-generating current of
the motor and torque-generating current, which is pro-
portional to the mechanical torque on the shaft. Thus,
the torque-generating current is always set at a mini-
mum level as much as required to ensure sufficient me-
chanical torque to maintain a given rotation speed of the
motor shaft as well as system dynamics. As a result,
vector control has high energy efficiency.

The reference value of the field-generating current is
an additional degree of freedom in the control system. It
is known that the power losses of the motor in the
steady-state mode of operation are a concave function of
the field-generating current [9].

A large number of different power loss models and
strategies for the optimal choice of the field-generating
current and rotor flux linkage settings are proposed [10],
[11], [12]. However, when induction motor is operated
in part-loaded mode or used in a servo drive applica-
tions, in addition to steady-state modes, transient pro-
cesses should also be considered when the motor per-
forms complex speed profiles [13] or counteracts shock
loads [13-14]. In such cases, methods for minimization
of energy consumption in the steady-state provide opti-
mal conditions neither in the dynamic characteristics of
the drive nor in energy costs.

The optimization and search approach for optimal
control provides a preliminary assessment of the dy-
namics of the control object. Yet, it is generally worth-
while to assemble a criterion arising from the mathemat-
ical description of the system dynamics and the initial
conditions as follows

T
3 =V (X(T))+ [ L(x(t).u(t)dt - min,  (2)
0
where 0, T — initial and final time points of the transi-
ent process; L — functional containing minimization
criterion, the integral cost; V — final cost; t — a point of
time.

In classical science, this type of criterion description
uses Hamiltonian. One represents the total energy of the
system and completely describes its dynamics. The
Hamiltonian approach is most clearly expressed in the
Pontryagin’s maximum principle formulated by the
Russian mathematician Lev Pontryagin. This criterion
reflects the minimum energy requirements for the quali-
ty of control processes providing the demanded curves

of transients. The maximum principle is used in optimal
control problems to find the best possible control for
taking a dynamical system from one state to another,
taking into account the constraints for the state or input
controls. The basic idea is that for any optimal control it
is necessary to solve the so-called Hamiltonian system,
which is a two-point boundary value problem, plus a
maximum/minimum condition of the Hamiltonian. The-
se conditions become sufficient under certain convexity
conditions on the objective and constraint functions.

The construction of the Hamiltonian H is defined
forall t<[0,T] by

H(x(t)u(t).4().0)= 2" (O)F (x(t) u(t)+ L) u))., 3)

where AT is the transpose of time-varying Lagrange
multiplier vector A .

The optimal state trajectory x*, optimal control
u*, and corresponding vector of costates of the system
A* must minimize the H so that

HOc (O u* (0. 4% (0 < HO ) u(t).A* (0))- @)

Whether the extremum value is a maximum or min-
imum depends on the problem as well as the sign con-
vention used for Hamiltonian calculation. The standard
case leads to a maximum. Thus, it is called the maxi-
mum principle.

Therefore, the purpose of this approach is to ensure
technological processes with minimum consumption of
energy and material resources meanwhile providing
sufficient intensity of the processes in the control object.
Accordingly, the general functional J can be specified
for the following particular quality criteria:

— minimization of energy consumption;

— minimization of energy consumption with high
control accuracy;

— minimization of transient process time.

In addition to the cases listed above, it is possible to
compose various other criteria of a combined type,
which will be further used when considering specific
problems of the synthesis of energy-saving control laws.

One of the vital questions of the problem is the im-
plementation of energy-efficient modes in automatic
control systems of electric drives. Nowadays, due to the
simplicity of the unified synthesis procedure and the
methodology for setting up regulators, automatic control
systems for electric drives with a cascaded control struc-
ture are widely used. There is the possibility of the most
complete implementation of energy-efficient control
modes within systems of this type while maintaining the
quality of the static and dynamic characteristics of elec-
tric drives. Hence up to this point, the control laws had
to be analyzed taking into consideration the perspective
of the possibility of their further integration in automatic
control systems of electric drives with a cascaded con-
trol structure.

Due to the longer prediction horizon, the strategy
based on Hamiltonian approach is relatively complex in
understanding and calculations compared to classical
controllers. The prediction horizon must be in reasona-

Bicuuk KpHY imeni Muxaitna Octporpazacekoro. Bumyck 5/2019 (118)

145


https://en.wikipedia.org/wiki/Dynamical_system
https://en.wikipedia.org/wiki/Boundary_value_problem
https://en.wikipedia.org/wiki/Hamiltonian_(control_theory)

EJIEKTPOEHEPTETUKA, EJIEKTPOTEXHIKA TA EJIEKTPOMEXAHIKA

ble range. However, the argument of high computation-
al burden has already lost much of its relevance owing
to the development of faster computing technologies.
Hence, more complicated control strategies in this do-
main can be expected to be realized in near future.

To conduct a comprehensive study of the energy ef-
fect of introducing a new control law into the existing
automatic control system when the electric drive per-
forms a given technological task, we recommend using
the structural diagram in Figure 2.

P W
Method 1 — J. —
To c 3AWM12
PMZ WMZ
Method 2 J.

Figure 2 — Process of comparing power losses minimization techniques

For the methods used, power losses and energy losses,
determined from their integration W,,; according to

method 1 and Wy, for method 2 respectively during

the transient process. Figure 2 shows a comparison for
AWy12 =Wy1 —Wy» . Depending on the chosen opti-

mization technique the motor data is used in optimiza-
tion and a mathematical model describing an induction
motor with a rated power selected for research [15]. A
detailed analysis of the obtained AW,,,, trajectory in

such cases will show the advantages and disadvantages
of introducing one or another energy-saving law within
the existing automated electric drive control system.

With regards to the area of applications, a stepped
trajectory of the load torque is possible not only as a
result of mechanical disturbance but also occurs when
working out the speed reference with constant accelera-
tion and deceleration. Thus, the proposed solution co-
vers a fairly substantial part of the possible applications
of an induction motor.

CONCLUSIONS. An iterative loss-minimizing flux
control method based on Hamiltonian approach to opti-
mize the rotor flux linkage reference for the vector-
controlled induction motor drive has been discussed in
this paper. Previous research has shown that the pro-
posed approach to the energy efficiency optimization
problem for motor torque steps leads to a reduction of
power losses during transients compared to convention-
al methods. In addition, a simple approach to compre-
hensive analysis of the energy effect of introducing a
new loss-minimizing algorithm into the existing auto-
matic control system has been proposed. The main idea
is to implement optimization techniques within single
control system with further study of obtained transients.
The resulting trajectory obtained from Figure 2 shows
the cons and pros of introduction one or another optimi-
zation technique both in static and dynamic modes of
operation. This solution is simple to implement and can
be easily integrated in mathematical models for simula-
tion purposes.
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CraTpsl HampaBiieHa Ha aHAJIM3 OTEUYECTBEHHOTO M 3apyOE)KHOTO OIBbITa OTHOCHTEILHO BOMPOCOB OJJHOBPEMEHHOTO
MIPOTEKAHUS AJIEKTPOMArHUTHBIX U 3JIEKTPOMEXaHUUECKUX MEPEXOAHBIX IMPOLIECCOB B AIEKTPOMEXaHNYECKOH cucteme ¢
JMEeKTPUYECKUM JIBUTaTeIeM Ha 0a3e aCHHXPOHHOW MAIIMHBI M MCCIEJOBAHUS MX BIUSHUS B 337a4aX MUHHUMM3ALUU
MOIITHOCTH TOTeph B 0OMOTKaX NMPH IMPUMEHEHUH PA3INYHBIX 3aKOHOB YIPABJIEHUS, YTO B CBOIO O4Yepeab BeJeT K CHH-
KEHHUIO CyMMapHO# NMoTpebsieMolt 3J1eKTpOIHEPTHH 13 ceTH. B mporecce ncenenosanus Oblta copMupoBana 0000-
IIEHHAasl CTPYKTypHAasi CXeMa, OTpakarollas Ipolecc NpeoOpa3oBaHMs MOTPEOIIEMON SHEPTUHM M3 CETH B MEXaHHYe-
CKYyI0 MOIIHOCTb KaK Pe3yJIbTaT B3aHMMOJICHCTBHS BPAIIAIOIIEroCs 3JICKTPOMAarHUTHOTO T0JISI ¢ aKTUBHOW COCTaBIISIO-
el TOKa poTopa COTJIACHO 3aKOHY COXpaHEHHS Ul HIIEKTPOMEXaHWYECKOro IpeoOpas3oBarelis, paboTalomero B pe-
XKHUMe ABHTaTeNs. MBI IPOBEM MaTeMaTHYeCKOe MOJEINPOBaHNE AaCHHXPOHHOW MAIIMHBI B COCTaBE CUCTEMBI BEKTOP-
HOTO YIpaBJICHUS C OPHEHTAIMEH 110 MO0 POTOpa C Y4ETOM CTYNEeH4aTol (opMbI M3MEHEHHUS TPAeKTOPUH MOMEHTA
Harpy3KH, KOTopasi BO3MOXKHA B PE3yJIbTaTe MEXaHHYECKOTO BO3MYIIEHHS, a TakkKe OTpaboTKe MPOQHIIsi CKOPOCTH C
MTOCTOSIHHBIM YCKOPEHHEM WJIM TOPMOXXEHHEM. MBI pa3paboTaay MaTeMaTHYECKyI0 MOJENb 3JIEKTPOMEXaHUIECKOH
CHCTEMBI YIPaBJICHHUS 3JIEKTPOIBUTaTeNIeM B paMKaxX CHCTEMbI BEKTOPHOTO YIPABJICHHUS C yYETOM ypaBHEHUS TUHAMU-
KM NOTOKOCLICIUICHHUS] ¥ YPaBHEHUS KPYTSIIEro MOMEHTA JIBUTATENS TOJyYCHHbIE HEITOCPEICTBEHHO M3 CXEMBI 3aMe-
IIeHUs. YCcTaBKa TOKa HAMarHWYMBAHUSA SBJISIETCS JOMOJIHUTEIBHON CTENeHbI0 CBOOOIBI B TaHHOH cucteme. [l obec-
MeYeHUs] MUHUMAJIBHBIX 3aTPaT YHEPreTHUECKUX PECYPCOB MPH JOCTATOYHONH HMHTEHCHUBHOCTH IMPOTEKAHUS TP eXOTHBIX
MIPOLIECCOB B OOBEKTE YIPABIICHUS pEeaM30BaHa MOJIENb TO3BOJISICT IPOBOJIUTH CPABHUTEIBHBINA aHAIM3 Pa3IMYHBIX
MOJIXOJIOB K PEIICHHIO ONTHMHU3alMOHHON 3a1aun. BriepBble ObLI MpOBENEH KOMIUICKCHBIM aHAJIN3 MEPEXOHBIX IPO-
LIECCOB, KOT/1a aCHHXPOHHAsI MaIlIMHA Pa0bOTaeT B PEXKUME C HECTALOHAPHBIM HArpy3Koi M 3KOHOMU4ecKoro addexra
OT BHeJIpeHHs SHepro3((eKTUBHOTO 3aKOHA YIPABJICHHS IIPH MEPEXOJHOM Ipoliecce. PaccMoTpeH Moaxoa K MUHUM U-
32l MOLIHOCTH MOTEPh B AMHAMUYECKOM PEXHUME pabOoThI HJIEKTPOMEXaHNYECKON CHCTEMBI C JICKTPHYECKHUM JIBUT -
TeneM Ha 0a3e aCHHXPOHHOW MAIIMHBI ¢ KOPOTKO3aMKHYTBIM POTOPOM HMEET OJMHAKOBOE (POPMYIHPOBKH KakK I
ONTHUMU3AIMOHHON 337a4ll B CTATUYECKOM PEXHMMe padoThl, TaKk W B AWHAMHYECKOM YMEHBIIAET MUKOBBIC 3HAUYCHUS
MTHOBEHHOI MOITHOCTH MOTEPh HPHU CTYIIEHYATOM M3MEHEHHH HATrpPy3KH Ha Baly dJeKTponaBurartens. [IpeninokeHHbIN
WUTEPATHBHBIA MOAXOJ K yUETy SHEPIHH MOTEPh U CPABHUTEIFHOTO aHaiIM3a 3PQeKTa OT BHEAPEHHS Pa3IHIHBIX METO-
JIOB ONTHMU3AINH Ja€T XOPOIIHNE PEe3yIbTaTHl JaXe C IIPOCTOH MaTeMaTHYECKONW MOJICTBIO IBUTATEIIA.

KiroueBble c10Ba: MUHHMH3AILUS MOIIHOCTH NOTEPh, AHHAMHYCCKUN PEKUM, aCHHXPOHHBIA JBHTATENb, HECTa-
LMOHApHAs Harpys3Ka.
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