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EnekmpuyHi mawuHu ma anapamu
UDC 621.3.04: 621.316

E.l. Baida, B.V. Klymenkag, S.V. Vyrovets, M.G. Pantelyat, M. Clemens

INVESTIGATIONS OF THE DYNAMICSOF A BISTABLE ELECTROMAGNET WITH
IMPROVED CHARACTERISTICSFOR MEDIUM VOLTAGE VACUUM CIRCUIT
BREAKERS

doi: 10.20998/2074-272X.2020.3.01

Introduction. Currently, for switching medium voltage circuits, vacuum circuit breakers are widely used, which have good arcing
properties and high breaking capacity. One of the problems of creating the drive mechanism of such apparatus is the need to
ensure the absence of contact welding when a through current of a short circuit of a given duration flows through them, which is
achieved due to a certain amount of contact pressure. One of the problems arising in the design of circuit breakersis the need to
fix the mechanism with a mechanical lock, which should hold the mechanism securely. This leads to significant specific
mechanical loads, which in turn reduces the reliability of the circuit breaker. One way to solve these problemsisto create a drive
based on monostable or bistable electromagnetic actuators with highly coercive permanent magnets, which provide reliable
fixation of the position of the contacts. Purpose. I nvestigation of the improved design of a bistable electromagnetic actuator based
on permanent magnets of a medium voltage vacuum circuit breaker. Methods. Theoretical and experimental research and
comparative analysis of existing and developed electromagnetic actuators. Conclusions. A new design of an electromagnetic
bistable actuator with reduced overall dimensions is developed and tested. The electromechanical characteristics of the actuator
correspond to the technical specifications, which is confirmed by both theoretical and experimental studies. The proposed
actuator can be used as a drive mechanism for medium voltage vacuum circuit breakers. References 10, figures 17, tables 3.

Key words: bistable electromagnet, actuator, vacuum circuit breaker, multiphysics model.

B cmamve uccneooean Hogulit GucmadunbHbl INEKMPOMAZHUM € GbICOKOKOIPUUMUGHBIMU NOCHMOAHHBIMU MAZHUMAMU,
Komopbulii npeononazaemcsa UCHONb308AMb 6 Kadyecnge aKmyamopa GaKYYMHbIX GbIKaiouamesneil CPeOHUX HANPA}CeHUI.
IlIpugooumcea meopemuueckoe u IKCNEPUMEHMAIbHOE UCCIE006AHUE YCOBEPUIEHCEO6AHHOI KOHCMPYKUUU I1EKMPOMAHUMA
C Ueavio CPAGHUMENbHOZ0 GHANU3A €20 napamempos ¢ napamempamu umewwieica koucmpykyuu. Teopemuueckoe
uccnedosanue dazupyemca Ha MyabmuQu3uuecKoil mooenu, KOMopas 6KII0Yaem pacuem CHMAmMu4YecKko20 U OUHAMUYECKO20
INEKMPOMAZHUMHBIX NOJIEll 6 HENUHEIIHOU NP06OOAUell HEOOHOPOOHOU Cpede C yuemom ROCHOAHHBIX MAZHUMOG, HEJIUHEIHbIX
YpagueHuil paspaoOHOll Uenu HAKONUMEIbHO20 KOHOCHCAMOpA, HETUHEIHbIX YPAGHEHUIl O08UMlNCeHUA. DKcnepumeHmanbHole
uccne006anus, KOmMopsie nPOGOOUNUCH HA PCATIbHOM GAKYYMHOM 6bIKIIOYamene, NOKA3aiu COOMEEMCmaue napamenpos Ho6o20
OucmadunLHO20 IN1EKMpomaznuma paciemnvim nokazamenam. Hanpaenenue oansneituiux ucciedo6anuii npeocmagsnaiomcs 6
6UOe ONMUMUSAUUU 2eOMemPUU INeKmpomazuuma u cxemul ynpaeinenus. buon. 10, puc. 17, Tabm. 3.

Kniouesvie cnosa: 6MCTaOMIBHBIN 3JIEKTPOMATHHUT, AKTYaTOP, BAKYYMHbBIH BBIK/II0YaTellb, MyJIbTH(GH3HYECKAs MOJeIIb.

Introduction. In recent years, vacuum switching PN
devices having unique arcing properties and high
breaking capacity [1] are widely used in medium voltage
circuits. One of the most important characteristics of such
apparatus is the rated short-time withstand current — the 4000
current that the circuit breaker must withstand for given

5000

time in accordance with the test conditions [2] defined by =

the standard, which is achieved due to a certain value of 2000

contact pressure. Under the electromagnetic actuator we

understand the device that creates the movement of s

contacts when excited by an electric signa of an " e
electromagnetic field in an electromagnet. Here, the 9 R0t T IP0RT T ORET T AL SI00N

Fig. 1. The dependence of the opposing force (P) as afunction

movement of the contacts in one direction is provided by
of the stroke (s) of the armature

the traction force of the electromagnet, and in the other
one by contact and disconnecting springs. Thus, the
electromagnet together with the contact springs forms an
electromagnetic actuator. From experimental data it is
known [1, 3] that to ensure the breaking capacity of the
circuit breaker of 20 kA, contact pressure should be of the
order 2 kN per pole or about 6 kN per three poles,
respectively. Such contact pressures are provided by

There are publications on the design and calculation
of electromagnetic actuators [4-6]. One of the problems
arising in the design of circuit breakers is the need to fix
the mechanism of the circuit breaker in extreme positions.
Actuators of vacuum circuit breakers, as a rule, use
neutral electromagnets or electric motors, the main

Belleville springs, therefore, the mechanical opposing
characteristic has its own peculiarity (Fig. 1), which
consists in ajump in the opposing force at the moment of
contact touch. This leads to a slowdown in the velocity of
movement of the armature of the electromagnet and a
possible «freezing» of the drive mechanism [4] (if the
kinetic energy of the moving parts is not enough to
overcome the area where the electromagnetic forceis less
than the opposing one).

disadvantage of which is the presence of mechanical locks
— mechanical latches that securely hold the mechanism in
the on position. The main requirement for mechanical
latches is the small force required to release the free trip
mechanism when the circuit breaker is switched off,
which is associated with its velocity. This leads to
significant specific mechanical loads on the mechanical
element, which in turn reduces the reliability of the circuit
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breaker. In addition, electromagnetic and spring-motor
actuators are complex and require qualified service.

One way to solve these problems is to create an
actuator based on monostable (Fig. 2,a) or bistable
(Fig. 2,b) polarized electromagnets with highly coercive
permanent magnets, which provide reliable fixation of
contacts in extreme positions, consuming energy only in
transient modes. The advantage of such electromagnetsis
the simplicity of design and reliability.

R " I R E R

T *

Fig. 2. Sketches of monostable (a) and bistable (b) e ectromagnets

The designs of shown in Fig. 2 dectromagnets are
smilar. Each includes a movable armature (1), a
ferromagnetic shunt (2), awinding (3), awinding frame (4),
a core (5), a housing (6), permanent magnets (7) located
along the inner perimeter of the housing, and a base (8). In
the design of a bistable electromagnet, a non-magnetic rod,
which is connected to the movable contacts through the shaft
levers, also connects the upper and lower armatures, which
ensures synchronization of the movement of the armatures
when the electromagnet is triggered (not shown in Fig. 2).
The main differences of these el ectromagnets are as follows:

¢ in a bistable electromagnet, armature fixation in two
extreme positions is provided by permanent magnets, and
in a monostable one — by permanent magnets (on) and a
spring (off);

¢ achange in the position of the armature in a bistable
electromagnet occurs due to a change in the direction of
the current in the winding (polarized electromagnet), in a
monostable one — by applying voltage to the additional
winding.

The design and operation principle of a monostable
electromagnet (Fig. 2,a) are considered in [6, 7]. The
disadvantages of its design include:

e the charge voltage of the capacitor of the control
winding circuit of amonostable eectromagnet is 380-400 V,
which is unsafe for maintenance personnel;

o significant (in relation to the dimensions of the
circuit breaker) dimensions;

e the presence of two windings (on and off);

e a significant amount of permanent magnets, which
increases the cost of the electromagnet.

These shortcomings are the reason for the
development of a new design of a bistable polarized
electromagnet (Fig. 2,b) [8].

Thus, the goal of the paper isto create amathematical
multiphysics model for calculating the dynamic parameters
of a bistable eectromagnet based on highly coercive
permanent magnets with improved characteristics for
medium voltage vacuum circuit breskers. In addition, in the
course of experimenta studies, it is hecessary to verify the
adequacy of the created model.

Problem definition. As mentioned above, a
monostable  electromagnet has severd disadvantages.
Therefore, when designing and studying a bistable polarized
eectromagnet, the following tasks are formul ated:

¢ to reduce the size and mass of the magnetic system;

e to reduce the mass of highly coercive permanent
magnets used, which will reduce the cost of the el ectromagnet;

¢ to reduce the charge voltage of the capacitor to a
practically safe value of 100-110 V, while ensuring reliable
operation of the circuit breaker (when the touch voltage
decreases from 400 V to 100 V, the totd resistance of the
human body along the path «arm—arm» increases by about
2.7 times — from about 1300 Q to about 3500 Q, and the
direct current through the human body decreases by about 11
times — from about 310 mA to about 28 mA (see Fig. 2.2 on
p. 102 in [1]), which makes a contact scenario almost safe);

¢ to ensure high thermal stability of the circuit breaker
due to the holding force of the bistable electromagnet
armature with permanent magnets of at least 6.5 kN.

The design shown in Fig. 2,b [8] is obtained on the
basis of numerous preliminary calculations and studies.
For the final decision on the parameters of the prototype,
comparative calculations of the dynamic characteristics of
a bistable polarized electromagnet with a monostable one
have been carried out. Also, experimental studies of the
new actuator have been carried out when it was installed
in a vacuum circuit breaker. All calculations are carried
out with the same parameters of the opposing force, the
mass of contacts, levers and traction insulators, the
mechanical work of the forces opposing the movement
(the same armature stroke and contact failure) and the
specific characteristics of permanent magnets (coercive
force and residual magnetic flux density).

Themultiphysicsmodd of the actuator givenin[6, 9]
is based on the Maxwell equations and written in terms of the
magnetic vector potential for a nonlinear conducting moving
medium taking into account the field of permanent highly
coercive magnets with boundary conditions — the zero vaue
of the magnetic vector potentid at the remote boundary and
the axial component of the field on the axis of symmetry. The
problem is solved by the Finite Element Method in
axisymmetrical formulation, and for discretization in time
domain the implicit multistep Adams-Moulton method of the
4th order with adaptive sdlection of time step valuesis used.
The PDE system solved to obtain eectromagnetic field
digtribution is supplemented by a separate system of
nonlinear equations of the discharge circuit of the storage
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capacitor and a system of nonlinear equations of motion
[6, 9], the form of which is determined by the eectrical circuit
for connecting the winding to the energy source and the
kinematics of the mechanica system under consideration. In
the caculations, dl moving masses and the opposing force
are reduced to the armature of the eectromagnet. Since the
caculation is carried out in the COM SOL Multiphysics code,
the assumptions made during the calculation are minimal: the
frictional forces in the bearings (axes) and the change in the
resistance of the winding as a result of heating due to their
smallness are not taken into account. The caculation conssts
of two stages detic cadculation and dynamic one. To
caculate the dynamics, the initia data are the results of a
satic calculation.

The nature of the movement is significantly affected
by a change in the reduced mass of the armature (Fig. 3),
which is associated with the closure of contacts at the
moment of impact. Assuming that the impact is inelastic
and «stretched» it in time by 0.4 ms, we can write:
M.q =[d_rnv+m$/jis =[d_rn.\/2+m.ﬂ/j._];, (1)

dt dt dt ds dt

where mis the mass reduced to armature; v is the velocity
of movement; s is the armature displacement; 1 is the
directional unit vector.

Fig. 3. Change in mass (a) and its derivative (b) as functions of
the displacement at the moment of the contacts touch

Table 1 shows the parameters of the windings of the
electromagnets and the supply circuit. The initial voltage
at the capacitor Uy is chosen as the minimum voltage for
the operation of electromagnets.

Tablel
Parameters of electromagnet windings and supply circuit
Parameter Monostable Bistable
Ueo, V 400 105
number of turnsw 700 270
R Q 19 153
C, yF 10000 60000

The results of a comparative calculation of the
dynamic characteristics of actuators. The results of
calculating the movement of the armature of the
electromagnets as a function of time when switched on
are shown in Fig. 4, and the results of calculating the
driving force (it means the difference between the traction
force developed by the electromagnets and the opposing
force) asafunction of time—in Fig. 5.

From the graphs it follows:. the increase in the total
force of a monostable electromagnet occurs more quickly,

which, combined with a dlightly lower mass of the
armature and a smaller time constant determines its higher
velocity. The graphs show a significant decrease in the
driving force at the moment of the contacts touch.

£, mm
18f"

O b BN O I DD

0 0.01 0.02 0.03 0.04 0.05 O.Dﬁ-.’, 5
Fig. 4. Displacement of the armature of monostable (a) and

bistable (b) electromagnets as a function of time

Fig. 5. Comparative characteristics of the driving force F created
by monostable (a) and bistable (b) electromagnets

The influence of changes in the reduced mass during
the movement of the system is illustrated by the velocity
graphs (Fig. 6), which show its jump at the moment of
contact closure. In this case, the kinetic energy of the
remaining moving parts of the actuator (armature, levers,
contact holder) increases which should be enough to
overcome the area in which the driving force is negative.
Otherwise, the system may «freeze».

It is advisable to cary out a further comparative
analysis by the magnetizing force of the windings, which is
shown in Fig. 7. Thewinding currents are presented in Fig. 8.

With amost the same magnetizing force of the
windings (the opposing characteristic is the same), the
currents of electromagnets vary significantly due to
different winding data (windings sizes, wire diameter,
number of turns, etc.).

¥, m/s
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Fig. 6. Velocity of the armature movement of the monostable (a)

and bistable (b) el ectromagnets
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It should be noted that the graphs of currents allow
to evaluate the actuator operating parameters [4].
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Fig. 7. Magnetizing force of the monostable (a) and bistable (b)
electromagnets
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Fig. 8. Currents of windings of the monostable (a) and
bistable (b) electromagnets

The minimum of the current curve approximately
corresponds to the actuator operating time, and the current
fluctuation in the winding circuit means a possible
«freezing» of the drive mechanism, which is
unacceptable, since it causes the circuit breaker contacts
to not switch on completely, leading to an accident. Such
acaseisshown in Fig. 9 (solid lineis the touch line of the
contacts) when the capacitor charge voltage Uy in
calculation isinsufficient for the actuator to operate.

Fig. 9. Current and stroke of the armature during emergency
switching on of the electromagnet:
a—winding current; b — electromagnet armature stroke

From Fig. 9 it follows that before reaching its fina
position, the electromagnet armature, levers, traction
insulators and contacts started the reverse movement and
passed the touch point of the contacts in the opposite
direction. Then the contacts opened, the opposing force
decreased (see Fig. 1), and the contacts again began to move

in the direction of closure, «hanging» &t the point of contact.
This means that when short circuit current is switched on, the
contacts and vacuum chambers can be damaged as aresult of
burning on the contacts of a powerful eectric arc. Closing
the contacts of the circuit breaker with small contact pressure
is a serious accident, significantly reducing the thermal
stability of the circuit bresker both during the flow of rated
and emergency currents.

Since the function of switching an electric circuit by
a circuit breaker assumes both connecting consumers to
energy sources and disconnecting them from these
sources, the next step is to study the process of
disconnecting aload by a circuit breaker. Figure 10 shows
the time dependence of the armature displacement of a
new bistable electromagnet during switching off.

5, mm
18
17+
16/
15;
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0 0.005 0.01 0.015 fosl

Fig. 10. Dependence of the displacement of the armature of the
electromagnet during switching off

An andysis of this dependence shows that the
breaker contacts open in about 7 ms, and the off process
takes place within 16-17 ms which is approximately two
times faster than switching on (Fig. 4,b and Fig. 10).

Of interest is also the form of the total force acting on
the armature of the electromagnet which isshownin Fig. 11.

Fig. 11. Thetotal force acting on the armature of an
electromagnet when switched off as afunction of time

The velocity graph is shown in Fig. 12. As follows
from the graph, at the moment of opening the contacts,
the velocity of the system decreases due to the attachment
to the armature of the mass of contacts, levers and traction
insulators.

Indicative is the graph of the current in the winding
circuit, which, due to the counter-EMF of armature
movement, takes negative values, i.e. recharges the
capacitor (seeFig. 13).
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Fig. 12. The dectromagnet armature velocity during switching off
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Fig. 13. Winding current change during switching off

Thisfollows from the fact that, according to Ohm law

j=detE @
r
where U, is the voltage on the capacitor; E is the counter-
EMF of movement; r is the resistance of the winding and
connecting wires.
But at the same time

W-——-V, 3
dt ds @

where w is the number of turns; @ is the magnetic flux;
sisthe displacement of the armature; v is the vel ocity.

Therefore, if the velocity is high, then the counter-
EMF can be larger in magnitude than the voltage on the
capacitor. In this case, the current will be negative.

It should be noted that due to the opposing springs,
the magnetizing force sufficient to switch off is
approximately 1.5 kA, while to switch on is about 10 kA.
Figure 14 shows the nature of the change in voltage on
the capacitor during switching off.

Fig. 14. Capacitor voltage change during switching off

As follows from Fig. 14, due to the large capacitance,
the voltage during the switching off time of aboutl6 ms
varies dightly (by lessthan 1 V), and the decrease in voltage
during the total switch on duration is about 20 V).

This gives grounds to assert that the standard
operation OFF-ON-OFF will be successfully performed
provided that the energy source (capacitor) is
disconnected from the electromagnet winding in a timely
manner using, for example, the position sensor when the
circuit breaker changesits state.

An experimental study of the developed design of
a bistable electromagnet. For experimental studies, a
prototype bistable electromagnet has been manufactured,
which is ingtaled in the casing of a vacuum circuit
bresker. A capacitor bank is used as the power source of
the electromagnet, and the electric circuit is closed to the
winding of the electromagnet and is not turned off until
the capacitor bank is completely discharged.

Figure 15 shows the oscillogram of the switching on
of the electromagnet at U, = 105 V.

Figure 16 shows the oscillogram of the switching off
of the electromagnet at U, =60 V.

Siglent @ s ) &9

t,n=38 ms

B
G <18Hz
CHI= 180U CHI 7-460mU

CH2= 172V M 5.88ms

M Pos:35.28ms:
Fig. 15. The oscillogram of the switching on of a bistable
actuator, where the horizontal time scale is 5 mg/div; the vertical
current scaleis 10 A/div
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Fig. 16. The oscillogram of the switching off of a bistable
actuator, where the horizontal time scale is 5 mg/div; the vertical
current scaleis 10 A/div

A comparative analysis of the calculated and
experimental temporal characteristics of the bistable
actuator is shown in Table 2, where I, is the first
maximum of the current of the electromagnet winding.

Table2
Comparative analysis of calculated and experimental temporal
characteristics of a bistable actuator

Switching on Switching off
Calculation | Experiment | Calculation | Experiment
| maxs A 39.0 43.0 3.6 4.0
t, ms 38.0 38.0 9.5 16.0

The discrepancy between the experimental and
calculated data (especialy in time during the switching
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off process) can be for various reasons, the most likely of
which are the following:

e uncertainty of the electrical resistivity of the material
of the magnetic circuit;

e parameters of permanent magnets;

o friction forcesin hinges and bearings;

e change in contact failure due to repeated switching
operations, etc.

The uncertainty of the electrical resistivity of the
material of the magnetic circuit is the dominant factor,
which is confirmed by the results of studiesin [10].

During testing, with insufficient capacitor charge
voltage, the eectromagnet did not switch on completely, at
which the armature became «stuck» at the vaue of the
failure. The oscillogram of this process is shown in Fig. 17,
which confirms the data obtained by caculation (see Fig. 9).
Siglent & =

B
G<18Hz

CH1= 1 @@L CHEZ= 172U M 5.86ms

M Posi335.268ms
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Fig. 17. The process of fuzzy switching on of an electromagnet

Comparative mass and dimensional characteristics
of monostable and developed bistable electromagnets are
presented in Table 3.

Table 3
Comparative mass and dimensional characterigtics of dectromagnets
Monostable | Bistable
Diameter, mm 150 140
Height, mm 110 90

Electromagnet mass, kg 115 8.63
Copper mass, kg 0.44 0.73
Permanent magnets mass, kg 0.49 0.33

Conclusions.

1. The created mathematical multiphysics model
allows to determine the basic dynamic parameters of a
bistable electromagnet: switching on and switching off
times, armature velocity, etc.

2. The developed design of a bistable electromagnet,
compared with the known monostable design, has outer
diameter smaller by 6.7 %, lower by 18.2 % height,
which, in this case, is a decisive factor for alimited space
inside the housing of the vacuum circuit breaker. The
mass of the new electromagnet is also decreased by 25 %.

3. The analysis of static traction characteristics with
de-energized windings in the drawn position of the
armature gives the following values. the well-known
monostable electromagnet — 8.5 kN; a new developed
bistable electromagnet — 6.9 kN with the required 6.5 kN.
The force of 8.5 kN is unreasonably high for this type of
circuit breaker. Such a load requires strengthening of the
circuit breaker housing, drive rods and shaft. From this
point of view, the developed histable electromagnet is
more preferable.

4. The ratio of the holding force to the total mass of the
electromagnet in the new design is 800 N/kg, while for a

monostable electromagnet this indicator is 740 N/kg. At
the same time, the mass of the permanent magnets
decreased by 32.6 %.

5. Since the switching off time of the actuators is
mainly determined by the force of the opposing springs,
the difference in switching off time is insignificant. The
switching off time is 16 ms, and the switching on time is
37 ms, which is comparable to the switching on time of
the vacuum circuit breakers manufactured by ABB.
Therefore, the result obtained for the developed bistable
electromagnet is completely acceptable.

6. The results of investigations allow to talk about the
prospects of using the developed design of the
electromagnet as an actuator of medium voltage vacuum
circuit breakers.
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MOJIEJIOBAHHA JUHAMIYHUX PEKUMIB ACMHXPOHHOI'O EJIEKTPOIIPUBOY
IIPU ITIEPIOANYHOMY HABAHTAXEHHI

Po3pooneno mamemamuuni mooeni i anzopummu, 3 6UKOPUCIMAHHAM AKUX CKAAOEHI NPOZPAMU PO3PAXYHKY NEPEXiOHUX npoue-
ci¢ i ycmaneHux pexcumie aCUHXPOHHUX e1eKMPONPUB0oie, AKI NPAyIOI0my 6 pexcumi nepioouuHol aMinu Haganmaxycennusa. B ix
O0CHOBY NOKNIA0EHO MAMEMAMUYHY MOOEIb ACUHXPOHHOZ0 08UZYHA, PO3POOIEHY HA OCHOBI Meopil Kil i 300pajrcysanbHUX 6eKmo-
Di6 eneKmpuuHUX KOOpOUHAam, 8 AKIi 6PAX08YCMbCA HACUYEHHA MAZHIMORPOBOOY | GUMICHEHHA CHIPYMY 6 CHIEPIHCHAX KOPOMKO-
3aMKHen020 pomopa. Buacniook sminnozo nasanmasicenns na any 08UZyHA eIEKMPOMAZHIMHI RPOUECH 5K 6 HEPEXIOHUX, MaK i
ycmanenux pexcumax é 0yov-aKiil cucmemi KOOPOUHAmM ONUCYIOMbCA CUCHMEMOI0 HENIHIMHUX Oudepenyiansnux pieHany. B
pobomi UKOPUCIMAHO CUCmEMY OPMOZOHANbHUX KOOPOUHAMHUX ocell X, Y, AKa obepmaembca 3 006invHo0 wieuoxicmio. /[na
00UUCIeHHA eleKMPOMAZHIMHUX napamempie O0GUZYHA GUKOPUCHIOBYIOMbCA XAPAKMEPUCHMUKY HAMAZHINYBAHHS OCHOGHUM
MAZHIMHUM ROMOKOM, A MAKOMC NOMOKAMU PO3Ccilosanta cmamopa i pomopa. /[na ypaxyeanus 6umicHeHHA CHPYMY 6 CHepaic-
HAX POMOpPA KOPOMKO3AMKHEHA 00MOMKA NOOAEMbCA Y U2NAOL 6AzAmowiapoeoi cmpyKkmypu, ymeopenoi po3oummam cmepiic-
Hi6 no eucomi Ha KinbKa e1emeHmie. YcmaneHuili nepioOudHuil pexcum po3paxoeyemuvcsa MemoooM po3e’ A3Y8aHHsA Kpailoeoi
3a0aui, po3podneHum Ha OCHOBI anpoKcumauii KOOpoOuHam KyOiuHUMU CRAAUHAMU, WO OAE 3MOZYy Ompumamu ix nepioouyni
3anexcHocmi 6 no3auacogii odnacmi i po3paxosyeamu CMaAmMuUYHi XAPaAKmMeEPUCMUKU AK 3a1exdcHocmi 6i0 napamempis yuky
nepioouuHo-3MinHO20 HasanmadiceHHa apo inuwux Koopounam. bion. 9, puc. 4.

Kniouosi croea: acHHXpOHHMIi IBUIYH, NepioAnYHe HABAHTA)KEHHsI, MATEMAaTHYHA MO/JeNb, YCTAJleHWil AUMHAMIYHUI pe-
JKHM, NepexiTHuii mpouec, KpaiioBa 3ajaya, pe30HaHC, CTATUYHI XapaKTEePHUCTHKH, HACHYEHHsS] MArHiTONMpoBoOAYy, BHUTIic-
HEHHA CTPYMY.

Paspadomanvl mamemamuueckue mMooenu u anrzopummsl, ¢ UCHOIb306aAHIEM KOMOPHIX COCMAGICHbL NPOZPAMMBL paciema ne-
PexXoOHbIX NPOYECCO8 U YCMAHOBUEUIUXCA PENHCUMOE ACUHXPOHHBIX INEKMPONPUECOO08, KOMOpble padomaiom 6 pedcume nepuo-
OUYeCcK020 usMeHenusa nazpysku. B ux ocnoey nonosceno mamemamuueckyio mooensb acuHXpoHHO20 06uzamens, papadoman-
HYI0 HA OCHO6e Meopul Yeneil u u300pa)3xcaroujux 6eKmopos INeKmpuieckux Koopounam, ¢ Komopoii yuumsléaemcs Hacvluje-
HUe MAZHUMONPO600a U GbiMeCHeHue MoKa 6 cmepicnax pomopa. Beneocmeue nepemennoil nazpysku na éany oguzamens sne-
KMpPOMazHummuble nPoyecchl KaK 6 nepexoOHsiX, MakK yCIManoGUGUIUXCA PeXNCUMAX 6 110001l cucmeme KOOPOUHAM ONUCHIBAIOMCA
cucmemoit HeuHenvIX ougpepenyuanvublx ypagnuenuii. B pabome ucnonvzyemcsa cucmema opmozonanbuoix oceit X, Y, Komo-
pas epawaemcsa ¢ nPou3B0abHOI CKOPOCmyio. /INa 6biNuUcIeHUA INEKMPOMAZHUMHBIX APAMEMPO8 06U2AMENIA UCRONb3YIOMCA
XApaKmepucmuku HaAMAZHUYUEAHUA OCHOBHBIM MAZHUMHBIM NOMOKOM, @ MAKMce NOMOKAMU PACCEUSANHUA CIAIMOPA U POMO-
pa. /Ina yuema ¢vimecHenun moxka 6 CMepHCHAX POMOPa KOPOMKOZAMKHYMAA 00MOMKA NPEOCMAGNACMCA 6 6U0e MHO20CNO0U-
HOUI cmpyKmypbol, 00pa306anHOll Pazoesienuem CmeplHcHell no 8blcome Ha HECKOIbKO JJ1eMenmoe. Yemanogueuuiica nepuoou-
YeCKUIl PesHcUM Paccuumoléaemcs MemoooM peuenus Kpaeeoii 3a0auu, papadomannvlm Ha 0CHO6E AnNPOKCUMAUUU KOOPOU-
Ham KyouuecKumu CnaaiiHamu, 4mo 0aem 603MOMCHOCHb HOIYUUMb NEPUOOUYECKUE 3A6UCUMOCIU 60 8HE6PEMENHOIL odnacmu
u paccuumams cmamuyecKue XapaKmepucmuky Kak 3a6UcuMOCmu Om RApamempos YUKIA Repuoouiecku usmenaloujeica
Hazpy3ku uau opyzux koopounam. bu6n. 9, puc. 4.

Kniouesvie cnosa. acCHHXpPOHHBIN JABUTaTe b, MEPHOINYECKAs] HATPY3Ka, MaTeMaTH4YeCKass MoJe/b, yCTAHOBHBIIMIACA JHHA-
MHYeCKHil pe:KMM, MepexoJHbIi Mmpolece, cTaTHYeCKHe XapaKTePHCTHKH, Pe30HAHC, HAchILeHHe MAarHUTONPOBO/A, BbITeC-
HeHHe TOKA.

Beryn. B cyuacHnx ymoBax po3BUTKY HayKH i TeX-
HIKH TipobieMa po3poOJIeHHS ACHHXPOHHUX EIEKTPO-
MPUBOJIB MOTPeOye HOBHUX MIAXOIIB JIO IX MPaKTUYIHOT
peaizamii, sSKi MOXHA 3peaji3yBaTH JIAIIC HAa OCHOBI
PO3pO0IIeHHsT aJeKBaTHUX MaTeMaTHYHHMX MOJEJel cuc-
TEeM eJeKTPOIPUBO/IB, SKi alaNTOBaHI 0 YMOB IX €KcC-
miyaTanii. IX BUKOpHMCTaHHS Ja€ 3MOTY He TilbKH Mpa-
BUJIBHO BHOpaTH HEOOXiTHMH AaCHHXPOHHUN ABHUTYH
(AH), ame i po3poOHMTH CHCTEMY KepyBaHHS, 3a SKOI
JBHUTYH, INPaIlOI04M B JaHUX yMOBax, 3a0e3nedyBaB Ou
MaKCHMaJIbHO MOXJIMBY €(EeKTHBHICTh CHCTEMH E€JIEKT-
POTIPHBO.TY B LIJIOMY .

CyuacHi 3aBOJICbKI METOJJMKH JTAIOTh 3MOTY CIIPOEK-
tTyBatu AJl, sIKMii 3 BUCOKOIO BIPOTIJHICTIO OYy/e BiAMOBI-
JlaTH TEXHIYHUM YMOBaMm poOOTH B yCTaJIeHOMY HOMiHa-
JBHOMY PEXHMi 3 HE3MiHHMM HaBaHTaXeHHAM. Taxi po3-
paxyHKH 3a3BHYail BUKOHYIOTh 3 BUKOPHUCTAHHSM KJIacH-
YHUX 3aCTymHHUX cxeM [1, 2], omHak i po3paxyHKy ITH-
HaAMIYHUX PEKUMIB KJIACHYHI 3aCTYITHI CXeMHU He TpHaaT-

Hi, a pi3Hi iX aganrauii MOTPeOYIOTh NEPEBIPKH IS KOXK-
HOT'O KOHKPETHOTO BUMAJIKY.

B mpaxtuni excrutyatanii AJl BUKOPHUCTOBYIOTH HE
TUIBKK JUIS NIPUBOJY MeEXaHi3MiB, SKi IpaLIOOTh 3 He-
3MIHHUM MEXaHIYHMM MOMEHTOM HaBaHTA)XCHHS, aie W
JUISl TIPUBOJIIB 3 TIEPIOANYHUM MOBTOPHO-KOPOTKOYACHUM
HaBaHTaxeHHsM [3, 4]. TpuBaiicTh UUKITY TEPIOJUIHOTO
MMOBTOPHO-3MIHHOTO HABAaHTAXXEHHS | CKJIAJIAETHCS 3 JBOX
YaCTHH: TPUBAJIOCTI Hii iMITyITbCY HaBaHTAKEHHS 1 May3u
30Kkpema, 11 TOBTOPHO-KOPOTKOYACHOTO PEXHUMY pobo-
i (S3) TpuBamicTh Iil iMIyNIbCY HABAHTAKEHHS, BHUpa-
JKaIOTh y BIJICOTKAX O TPUBAJIOCTI MOBHOTO IuKiy. Cra-
HIAPTHUMHU BBRXKAIOTHCS TPUBAIOCTI BMHUKaHHA TB = 15;
25; 40; 60 %, (mampukian, S3 —25 %; S3 — 40 %), npu-
4OMY TPHUBAIICTh LMKy BCTAaHOBIIOETHCS piBHOWO 10
xBwinH [5)]. [Ipomucnosicte Bunyckae A/l s po6otu B
pi3HMX, BU3HAYCHUX CTAHIAPTOM pexumax tury S3. Bu-
Oip TOTYXHOCTI eNeKTPOABUTYHa [UISI TOBTOPHO-

© B.C. Mausip, O.€. I'amouia, B.C. Mapnait
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KOPOTKOYACHOTO pexxuMy pobotu S3 Moxe OyTH BHKOHA-
HHUH JUIS €KBIBAJICHTHOI MOTYXXHOCTI Y MOMEHTY JUIS 3a-
JaHoro rpadika HaBaHTAKEHHS. 3HAIOUM TOTYXHICTH AJ]
3a KaraJorom JUisi JBHUIYHIB, NPH3HAYEHHUX I PpoOOTH B
KOHKPETHOMY pexnMi S3, MOXXHA BHOpaTH IIBUTYH, SKUI
HEeoOXiZHO NepeBIpUTH Ha BIAIIOBIIHICTH ITyCKOBOI'O MO-
MEHTY, IePEeBaHTAXYBAIBHOI 3ATHOCTI Ta HarpiBaHHs [4].

B NOBTOPHO-KOPOTKOYACHOMY PEKHMi MOXYTb IIpa-
LIOBATH SK CTAHJAPTHI ABUTYHH, IO MPU3HAYEHI Ui
TPUBAJIOTO PEXUMY, TaK i ABUT'YHH, CIIEIiaJbHO MPHU3HA-
YeHi /U1 HOBTOPHO-KOPOTKOYACHOTO PEXUMY. 3PEIITOIO,
4acTO 3HAYCHHs TPUBAJIOCTI BMUKaHHS AJ] He BiAMOBI-
JIal0Th CTaHIapTHUM. BuHHKae moTpeba y BceOiuHOMY
JIOCITI/KeHHI poOOTH JBUTYHA B yMOBAx 3aJlaHOTO pobo-
YUM MEXaHI3MOM MEePioANYHOr0 MOMEHTY HaBaHTaXKCHHS,
10 MOXKHA 3JIMCHUTH 3a JONOMOIOI MaTeMaTH4HOIro
MOZETIOBaHHS.

MeTo10 podoTH € po3poOICHHS MATEMATUIHUX MO-
Jerell Ui aHadi3y JUHAMIYHHX PEXUMIB aCHHXPOHHUX
JBUTYHIB, SIKi IIPALIIOIOTH B YMOBaX MEPiOANYHO-3MIHHOTO
HaBaHTAKCHHS.

MartemMaTH4Ha MOAEJb /IS PO3PAaXyHKY mepexii-
HUX mpoueciB. /s aHanmizy poOOTH €JIeKTpPONPHBOIIB,
SKi TPAIIOIOTh B AWHAMIYHHUX pEeXAMaxX MaTeMaTHIHI
Monen AJl, moOymoBaHi Ha OCHOBI 3aCTYIHHX cXeM a0o
niHiitHuX qudepennianbaux piBHsHb (IP) MOXYyTh BHKO-
PHUCTOBYBAaTHCh JIMIIE AT HAOMIKEHHX DO3PaxyHKIB.
OCKINTbKY €71€KTPOMAarHiTHUH MOMEHT. BU3HAYa€ThCS I10-
TOKO3YEIUICHHSIMH 1 CTpyMaMH KOHTYpPIB JIBUTYHA, TO
HETOYHICTh X BH3HAYEHHS NPU3BOAWUTH A0 HETOYHOCTI
poO3paxyHKy MexaHiuHoi xapakrepuctuku [1, 2]. 3okpe-
Ma, Ha 3HAYEHHs IHAYKTHBHHUX OINOPiB OOMOTOK CYTTEBO
BIUIMBA€ HACHYEHHS MAarHiTONPOBOAY, 3MiHa aKTHUBHHUX
OTIOpiB OOMOTKH POTOpa BHACIIIOK BHTICHEHHS CTPYMY.
BpaxyBaHHs 1X B JAMHAMIYHHUX PEKHMAxX 3a IOMNOMOLOI0
BiANOBiMHKX KoediieHTiB [2] He rapaHTye TOCTOBIPHOCTI
pe3yNbTaTiB PO3PAaXyHKY, OCOONHBO IS TIIHOOKOTAa3HIX
JIBUTYHIB.

00’ extoM pociimkeHHs € AJl 3 KOPOTKO3aMKHEHOIO
00OMOTKOIO pOTOpA, SIKHI KUBUTHCS BiJ TPU(A3HOI Mepe-
K1 3 CHMETPUYHOIO CUCTEMOIO Hampyr. [lyist aHamizy enek-
TPOMarHiTHUX npoueciB B A/l BUKOPHCTOBY€EThCS Mare-
MaTH4YHa MOJEJb, CTBOPEHA 3 BUKOPUCTAHHIM OPTOTOHA-
JTHHUX KOOPOWHATHUX OCEH, sKa M€ 3MOTY 3IIHCHUTH
PO3MIIsiA IPOLECIB HIISIXOM KOMIT FOTEPHOTO MO/IENIOBaH-
HS 3 ypaxyBaHHA K HACHYEHHS, TaK 1 BUTICHEHHS CTPyMY
B CTEP)KHSIX KOPOTKO3aMKHEHOI OOMOTKH POTOpa 3 MiHi-
MaJIbHUM 00csAroM oOumcieHb. J{1si BpaxyBaHHS HacH-
YEeHHS BHKOPHCTOBYIOTHCSI XapaKTEPUCTUKH HaMarHidy-
BaHHS OCHOBHHUM MAarHiTHHM HOTOKOM 1 TOTOKaM# PO3Ci-
IOBaHHsI, a JUIsl BpPaXyBaHHS BUTICHEHHS CTPyMy CTEPXKHIi
PO3IIIAIOTECS 0 BHCOTI Ha N miapiB (2 < n < 5), BHacIi-
JIOK 9OTO Ha POTOPi OTpEMYEMO N 0OMOTOK, STKi OXOTUICHI
PI3HMMH MarHiTHUMH NOTOKaMH po3citoBaHHS. B ocHOBY
QJITOPUTMIB PO3pPaxyHKy IIOKJIAIEHO MaTeMaTH4Hy MO-
nems A/l B ocsix X, Y, po3poOieHy Ha OCHOBI Teopil 30-
OpaxyBaJbHHX BEKTOPIB [7], IO Ja€ 3MOry pO3IIsiIaTd
nporiecu B AJl Ha OCHOBI Teopii KiJl.

Junramika pyxy poropa AJl, mo mpaifroe B pexumi
NepioJMYHO-3MIHHOTO HaBAaHTA)XEHHS, OIUCYETHCSI CHUC-

temoro JIP enekrpomMexaHidHOI PiBHOBArd, sika B CHCTEMI
OPTOTOHANBHHUX OCEHM X, Y 3 ypaxyBaHHSIM pPO3IiJICHHS
KOXKHOTO CTEPIKHSI 10 BHCOTI HA N elIeMEHTAPHUX, a Ta-
KOX 3a YMOBH CIIPSMYBaHHs 300pa)XyBaJbHOTO BEKTOpPA
HAIPYTH JKABJICHHS Y3IOBXK OCi X, II0 3a3BMYail TPaKTH-
KY€ETBCSI, MATHME BUTJISI]T

dy . .
TSX:_WOV/W_RS%X"‘Um’
dyy -
a Vs Relgy;

d .
% = (WO _a’)'l/ly — Ryl
dyq :
Ty=—(a’o—w)'//1x - Ry ;

; (D)

d .
% = (C"O _w)'//ny — Rnling;
dy .

dtny =_(w0_a’)'/’nx_ Rainy ;

d J\2

Jle iHaeKcaMu SX, SY MO3HAYEeHO HAJIeKHICTh TTOTOKO3YeT-
neHb (), ctpyMiB (i) Ta akTuBHEX omopiB (I) 40 BixmoBi-
JMHUX KOHTYpiB crtaropa; a 1x,..,nx, 1y,...Nny — poropa;
Um, @p — aMIUTiTYJHE 3HAYCHHS Ta KyTOBa 9acToTa (Pa3Hoi
HAaIPyTH KUBJICHHS OOMOTKH CTaTOpa; (» — KyTOBA LIBU-
KicTh 00epTaHHA pPOTOpa; J — MOMEHT iHEpIil pyXOoMHuX
YACTHH €JIEKTPOIIPUBOLY, puBeAcHU 10 Bany A/l; pPo —
KIJIBKICTB Tap TOJIIOCIB.

Jlyiss MoietoBaHHs TIOBMHHA OyTH BiJjoMa HaBaHTa-
JKyBaJlbHA [iarpamMa MeXaHi3My. 3BakKaroud Ha Te, IO
4acoBa 3aJICKHICTh MOMEHTY HAaBaHTa)KCHHS € Nepioand-
HOI0, HEOOX1JHO TPEICTABUTH ii y BUIVISAL 3aKOHY 3MiHH,
SKMA  BIANOBiJa€  TOBHOMY IMKIY y  BHIJISII
Mc(t) = M(t + T), me T —mepion.

AJITOPUTM PO3PAXyHKY XapaKTepHCTHK. SIKio
AJ] TIpaIfoe B OHOMY i3 CTaHIAPTHUX PEXUMIB (TIOBHHIA
kT 10 XB.), TO 3a TakHif Yac MepexiqHuit Mpolec mpak-
TUYHO 3aKIHYYETHCS, 1 IS IOBHOTO aHaJi3y poOOTH JIBU-
T'yHa JOCTaTHBO PO3paxyBaTH MEPEeXiIHHI MPOLEC BIIPO-
IoBX mepiony. lle MokHa 3miHCHUTH, IHTETPYIOUH CHC-
temy JIP (1) uncnoBum metomom [6].

Ho cuctemu JIP (1) BxomaTh 2 + 2N piBHSHB CIICKT-
pudHOi pIBHOBarW i OJHE PIBHAHHS AWHAMIKH pPOTOpA.
OTxe mig 4ac po3paxyHKy INEpexiJHOTo Hpolecy Heoo-
XiJIHO Ha KOXKHOMY KpOKOBi (miZIKpOKOBi) obepratu Mart-
PUIIIO TOTO X MOPAAKY. 3 METOI0 CKOpOYeHHS 00csAry 00-
YHCIICHb BUKOHAEMO penykuito cuctemu [P (1), Buxoms-
YH 3 HACTYIIHUX MIPKYBaHb.

[ToToko3ueruieHHs: KOXHOTO0 KOHTYpY A/l 3rimHo 3
NPUHHATAMYA JOIYIIEHHSIMH CKIIAIAETHCS 3 CYMH

Vi=Vg t¥e
po00YOro NOTOKO3YEIIEHHS /5, AKE HEIHIMHO 3aJIEKHUTh
BiJl CTPYMIB YCiX KOHTYpIiB, 1 HOTOKO3UYEIUIEHHS PO3Cif0-

BaHHs V,j, IKE Ma€ JIiHiiHy 3aJ1eXHICTh BiINOBIIHO Tijib-
KM BiI cTpyMiB craTopa abo Timeku portopa. Kpim Toro,

0 552 i ML)
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MIOTOKO3YEIUICHHS], 3yMOBJIEHI OCHOBHUM POOOYHM IIOTO-
KOM, 1 TOTOKO3YEIDICHHS MUIIIEBOTO PO3CIIOBAaHHS IS
BCIX KOHTYpPiB pOTOpa, pO3TAIIOBAHUX IO OCI X, PiBHI MiX
coboro. Te X came CTOCYETBCS 1 aHAIOTIYHUX KOHTYPIB,
po3tamoBaHux 1o oci Y. CkazaHe ae 3MOTY PO3IUTHTH
PIBHSIHHS eNeKTpU4HOI piBHOBark cuctemu [P (1) Ha aBi
YaCTHHH, BUAUIMBIIN B Hill JiHIHHY yacTuHy. s nboro
HEOoOXiTHO 3aMIiHHUTH 5-€ piBHAHHA pi3HHUIEI 5-To i 3-T0,
6-¢ piBHsAHHA — pi3HHLEIO 6-T0 1 4-r0 i T.1. [lepma 3 HUX
Mae 4eTBEPTUH MOPII0K

— =Wy~ Ry +Um;

=—0o¥

dygy
dt

i Ztly ~(@o - @)1 — Riny
i € HeniHilHOIO, a Apyra 2(n—1) mopsiaKy — JiHiitHa
d (V/lx —v 2x)
dt
d (le 14 2y)
dt

= (@o - @)1y — Riiny;

= (o - w)(l//ly - l//zy)— Mg + Moy ;

~(0 - @fwax —wax)- ity +Tainy

d (‘// 1x —¥nx )
dt
d (‘/’ 1y ~¥ny )
dt
3anuIemMo i ABi CHCTEMH Y BUTIISI

|:AEI.1 ALZ:|X drl/dt _ é.l. ) (2)
A1 Ay

= (0’0 - a’)(’//ly _‘//ny)_ Mt + Ming

(a’O a’)(‘//lx ‘//nx) Mity + Mniny -

diy /dt] | B,

Busnauaemo moxinHy 3 piBastHHS (2)
di; _ 1/~ A
A= (- Ao | (8- Aol ).

B SKOMY Biﬂ HACHYCHHS 3aJIe)KaTh JIMIIE eJIEMEHTH Mart-
putb Agp Ta Agp. e mae 3Mory onuH pa3 OOYHCIIHTH eie-
MEHTH MaTpullb A2‘21 i Ay 1 BUKOPHCTOBYBATH iX IS
BH3HAYCHHS Ha KO)KHOMY KPOKOBI iHTETpyBaHHS ITOXiTHOT
diyy. dI|
= A3 By - P |
dt
OTXe, AOCTaTHRO OAWH pa3 OOEPHYTH MAaTPHIIO
2(n—1) nopsinky, a Ha KOXHOMY KPOKOBi iHTerpyBaHHs
obeprati Marpuiio 4-ro nopsiaky. Busemeni dopmynu
JAl0Th 3MOTY YHCEIBHHM METOZOM 3BeCTH 10 (opmu
Kouri cucremy (2) [P enekTpu4HOI piBHOBarM KOHTYPIiB
Al
[ToToKO34enIeHHs KOHTYpiB BH3HAuYalOThCsA Ha OC-
HOBI BHKOPHCTaHHS KPMBHX HaMarHi4yBaHHS OCHOBHHM
MAarHiTHUM TIOTOKOM |, Ta TOTOKAMH PO3CifOBaHHs 00-
MOTOK /s CTaTOPA Ta W, POTOpPA

V=0 ulin) Vos =Woslis), Wor =0 ir),

= lisctin? + iy +ing P s

[2 2. [2 .2
s=yixtig ; r =irx Firy -

CTpyMH KOHTYpIB pOTOpa BHM3HAYalOThCS SIK Cyma
CTPYMIB N €JIEMEHTIB CTEPKHSI.

n n
x:Zirjx; y:Ziij'
j=1 j=1

MartemaTHYHa MOAEJIb JUISI PO3PaxXyHKy ycrase-
HOTO0 IMHAMIYHOIO0 PEeKUMY. 3 METOI0 CKOPOUCHHS BH-
KJIaJICHHS] aTOPUTMY PO3PaXYHKY YCTAJIEHOTO JAMHAMIY-
HOTO pexxumy 3anmiiemo cuctemy JIP (1) y Burisiai Bek-
TOPHOTO PIBHSHHS BUTIISLY

- ~\—1
daX (oY) .- - - 7
—=|=1 Zly,x,q,f], 3
dt (8)”(} (y ) @
e ﬂ— ny — MaTpulLy, B Ak L % — IIOBHA
¢ |0 1 PHI, Y TG

Marpuus qudepeHiiatbHuX iHAyKTHBHOCTEH AJl B KOOp-
JUHATHUX ocsax X, Y [7];

Vs Un 0 s
Ve 0 0 sy
Yi1ix 0 0 i1X
0 - 0 i
y: T//ly ; G: . X f = X )_z: :1y
¥nx 0 0 inx
Yny 0 0 iny
|© | | 0| _Mc(t)_ | @ |

B ycraneHOMy pexuMi CHCTEMH EIEKTPOIPHBOILY
npu TepiogwyHiii 3MiHI MOMEHTY HAaBaHTAXXCHHS
M(t) = M(t + T) HOTOKO34YeIJIeHHs, CTPYMH, IIBHIKICTH
obepTaHHS POTOPa, ENEKTPOMATHITHHH MOMEHT TOIIO
3MIHIOIOTHCS 3a MEPIOAMYHIMH 3aKOHAMHU. 3amada po3pa-
XYHKY TEPIOJUYHOTO PEXKUMY IMOJIATAE Y BU3HAYCHHI LIUX
3anexxHocteid. Po3B’si3koM cuctemu piBHsHB (3) € mepi-
OIMUHI 3aEKHOCTI KOMIOHEHT BekTopa X(t)=X(t+T).

Po3paxyHok ix MeToqoM ycTaneHHS HeeeKTHBHUH 3 Oa-
raThbOX MipKyBaHb. 30KpeMa, HepallioHAIEHO BUTPAYA€Th-
sl MAIIMHHKH Yac, a SIKIIO MPOLEeC YCTaHOBIIOETHCS HAM-
TO MOBUIBHO, TO KOJMBAHHS B MOMEHT 4acy t maio Biapi-
3HSFOTBCA BiJl TAKUX I MOMEHTY vacy t + T, Tomy BH-
HHKae mpobiieMa BH3HAYCHHS] MOMEHTY 3aKiHYCHHS mepe-
XiHOTO Ipouecy. I, HapewTi, MeTol ycTaieHHs MpPaKTH-
YHO HETPHUIATHUH JJIsl ONTHUMI3AI[ITHUX PO3paxXyHKIB.
Haii6inpm eeKTMBHUM MiIXOIOM 10 PO3paxyHKY
YCTaJICHOTO TEPIOJNYHOr0 PEXHUMY € PO3IJIsiL 3ajaui sK
KpaioBoi [7], 10 mae 3MOry OTpUMAaTH TepioanyHi 3aie-
JKHOCTI KOOpOWHAT B T03a4acoBiif oOmacTi, TOOTO HE
BIAIOYKCh 10 PO3paxyHKy nepeximHoro npouecy. s
IIOTO CHCTeMY KOHTHHYansHuX JIP (1) HeoOximHO 3BeCTH
IO TUCKPETHHX, SIKi € TOYKOBUM BiTOOpaKCHHAM 3aJIekK-
HOCTEH KOOpJIMHAT Ha Iepio/ii IOBTOPIOBAHOCTI MPOIIECY.
B nirepatypi Bimomo OaraTo meTtoiiB aireOpuzanii, siki
MAaIOTh SIK TIO3UTHUBHI, TaK i HETATHBHI CTOPOHHU: Pi3HUIIE-
Bi, KOJIOKALlil, y TOMY YHCII i TPUrOHOMETPHYHOI, Ande-
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PEHI[iaIbHUX MEPETBOPEHD TOMIO. Po3pobienuii B [8]
METOJ], 3aCHOBAaHMH Ha CIDIAWH-aIPOKCHMAIISIX KOOPIH-
HaT, Aae 3Mory ¢opMaiizyBaTd mporec ainredpusamii i,
KpIM TOTO, € YUCEJIbHO CTiKUM. BiH iae 3Mory orpumaru
HEeNepepBHi 3AJIC)KHOCTI KOOPJUHAT HA MEpioi Ha OCHOBI
OTPUMAHHUX B PE3YJIbTAaTi PO3PAXYHKY iX JUCKPETHHX
3HaYeHb y BY3JIax CITKHM Ha mepioii. 3ayBa)KMMO, 11O CiT-
Ky BY3JIiB MOXHa OpaTu piBHOMipHOK. B orpumaHniit
LUISIXOM anpoKcuManii 3MIHHMX CHCTEMi alreOpHYHUX
PIBHSIHb HEBIJJOMHUMH € 3HAYCHHS KOOPAMHAT B M By3Jax
nepioxy. B pe3ynbrati 3 ypaxyBaHHIM HEepiOJUYHUX Kpa-

HOBUX yMOB \?(t) = \?(t +T), )Z(t) =X (t +T) orpumaemo
cucteMy MX(2n+3) HenmiHIHHUX anreOpUYHHX PiBHSIHB,
SIKy MO>KHA TIOJIaTH y BUIJISA/I BEKTOPHOTO PiBHAHHSA
V(%)= 112V, X), (@)
B sikomy H — kBagparsa mMatpuist po3mipy m(3+2n) mepexo-
Jly BiJl HETlepepBHOI 3MiHM KOOP/MHAT JI0 iX BY3JIOBHX 3HA-
Y€Hb, SJIEMEHTH SIKOI BU3HAYAIOTHCS JIUIIE KPOKOM citku [8];
Y= Vm) Z=(ZZm), X =%, %m) —

BEKTOpH, CKJIaJIcHi 31 3HAa4eHb BEKTOpiB Y, X, Z B M

By3JIax Mepiofy.

BusHauuBIy 3 piBusHHs (4) Bektop X , MOXKHA I10-
OyayBaTH TMEPiOANYHI 3aJeKHOCTI BCIX KOOPIMHAT, Y TO-
My YHCII # ENeKTPOMAarHiTHOrO MOMEHTY, IMOTY)KHOCTI
TOLIO.

besnocepenHe 3acTocyBaHHS iTEpaIliiHOTO METOIY
JI0 pO3B’A3yBaHHs cUCTEeMHU (4) MPAKTHYHO HEMOXKIIUBE 3
NpUYMHKA po30DKHOCTI iTepaniiiHoro npouecy. Haniitnum
METOJIOM PO3B’sI3yBaHHA 3aladi € METOJ NPOJOBKEHHS
mo mapamerpy [9]. OxHak B cucTeMi HENiHIHHHX anred-
PUYHHX PIBHSHB € JBi 30yproroui Aii: MpUKiIajeHa Harpy-

ra — BekTop U = (Ul,...,ﬁm) 1 BEKTOp BY3JIOBHX 3Ha4€Hb

MOMEHTY HABaHTa)>KCHHS — F= (]?1 Fm) HapomyBatu

X OIIHOYAaCHO HEMOJXKJIMBO, TOMY 3ajiada po3B’ A3YEThCS y
JiBa €TalH, CyTh SIKMX MOJArae B IMOYEProBOMY iX Hapo-
IIyBaHHI NPOMOpPILiiiHO neskoMmy mapamerpy. CrmodaTky
HapOLIyeMO NPHKJIAJeHy HaNpyry, a HOoTiM, IpuiMaodn
i He3MIHHOIO, HApOLIYEMO BY3JIOBI 3HAYEHHSI MPHKJIAJIe-
HOTO MOMeHTY. Lle mae 3MOry BH3HAYHMTH 4acOBi 3aJexk-
HOCTiI KOOPJAWHAT B YCTAJICHOMY MEPiOAUIHOMY PEKUMIi
pobotn A/l mpu 3amaHOMy 3aKOHI 3MIiHM NPHKJIaJEHOTO
MOMEHTY.

AJITOPUTM PO3PaxyHKY YCTAJICHOTO PEXUMY € OCHO-
BOIO IS PO3paxyHKy CTaTHYHHUX XapaKTEPUCTHK, SKi
MOYKHA OTPUMATH SIK TOCIIJOBHICTh YCTaJICHUX PEXKHUMIB,
PO3paxoBaHMX MPHU CYKYITHOCTI 3HAYCHb KOOPAMHATH, SIKY
MPUIAHATO 32 HEe3aJIeKHY 3MIHHY, KOO0 MOXe OyTH OyIb-
sIKa BEJIMYWHA: MOMEHT iHEpIii, IMUTHHHICTh IMITYJIbCIB
MOMEHTY HAaBaHTa)KEHHS; CITIBBIJHOILIEHHS MK TpUBaJIiC-
TIO IMITYJIbCY 1 N1AY3010, YaCTOTA IMITYJIbCIiB, MAKCUMAIIbHE
1 MiHIManbHEe 3HA4YE€HHS MOMEHTY, TPUBAIICTH Hepiomy
touo. Kpim Toro, npu nuKiIiyHOMY HaBaHTa)XKEHHI MOXK-
JIUBAN MEXaHIYHWUH PE30HAHC, KW MOXXHA BHSIBUTH Ma-
TEeMAaTHYHUM MOJICITIOBAHHSIM.

3agaua po3paxyHKy CTaTUYHHX XapaKTEPHCTHK MO-
xKe OyTH po3B’s3aHa IuQepeHIiaTbHUM METOJOM, CYTh
SKOTO TOoNsTae B AW(EpeHIiIoBaHHI anreOpuIHOTO
piBHstHES (4) 10 He3aJeXHIN 3MiHHIN, HAPUKIAL &, 5K
napamerpy. B pesynbrati audepeHLitoBaHHS OTPUMY€EMO
HeniHiliHy cuctemy JIP Burmsigy

Ad—X _z . (5)
de Oe

CrarnuHy OaraTOBUMIpHY XapaKTEPUCTHKY 5K 3alie-
JKHOCTI TEepiOIMYHUX KPHBUX Bl HE3aJEXKHOI 3MIHHOI &
OTPHMAaeMO B pe3yibrari iHTerpyBanus cuctemu (5) mo
napametpy & [loyaTkoBi yMOBM HEOOXIIHO MPHUHAHSTH Ti,
II0 OTPUMaHI B pe3yJbTaTi BUKOHAHHS IEPIIOTO EeTaIry
PO3paxyHKy TpH 3a/IaHii Hampy3i xuBJeHHS. Ha KoxHOMY
KPOKOBI IHTErpyBaHHs Pe3yJIbTAT MOXKHA YTOYHHTH METO-
oM Hetorona. Ilin yac iHTerpyBaHHs, a TakoX iTepaltii-
HOTO YTOYHEHHS HEOOXiMHO BU3HAYATH IU(epeHIliabHi
IHIlyKTHBHOCTI KOHTYPIB SIK HEJiHiiHI QyHKIIT cTpyMiB.

PesyabTaTH pocaigxkens. Hipkdye HaBeneHo mNpu-
KJIaAu pe3ylbTaTiB PO3pPaXxyHKY, BUKOHAHUX 3 BHUKOPHC-
TaHHSIM BHKJIAJCHHUX BHIIE aJrOPUTMIB. Ha mpuknaai AJl
3 KOPOTKO3aMKHEHUM poTopoM 4AP1604Y 3
(P=15xBt,U=220B,1 =299 A, po = 2).

Ha puc. 1 HaBeneHO YacoBi 3aJIE)KHOCTI BiTHOCHUX
3HAYEHb €IEKTPOMArHITHOTO MOMeHTY (puc. 1,a) i mirouo-
ro 3HadeHHs ctpymy (puc. 1,0) B mepeximHomy mporeci
mig gac mycky AJl, 3 UKIIIYHIM HaBaHTaKEHHSIM, B KO-
My MOMEHT HAaBAHTAXXCHHS 3MIHIOETBCSI 3 IEPIOIOM
T = 0,16 ¢ B Mexax BiJi XOJIOCTOTO X0y /10 HOMiHAJIbHO-
ro 3Ha4eHHs1, MOMeHT iHepiii J = 0,5 kr-m 2, a IIJINHHICTD
cranoBuTh 60 %, a Ha puC. 2 — Ti cami 3aJIeKHOCTI, aje

TIpH MEHIIOMy MOMeHTOBI imepii J = 0,1 kr-m 2,

[l Vs M
44——* 6.5
3.0 4715
My

1.719 3

0.56 1.25
— &6 M, 1,8 —05 1,8

o 04 (I 12 14 0 0.4 0z 12 16
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Ha puc. 3, 4 HaBeneHO NpUKIAA PO3pPaXxOBaHUX BU-
KIAQJICHUM y CTaTTi METOJOM pO3B’sI3yBaHHSI KpaiioBoi
3a/adi MepiogUIHUX KPUBHUX CTPYMY, €EKTPOMArHITHOTO
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MOMEHTY Ta MOMEHTY HaBaHTaXXCHHS, SIKI BIIINOBINAIOTH
300pakeHUM Ha pHUC. 2 aHAIOTIYHUM 3aJ€KHOCTSIM B
YCTaJICHOMY PEXKHMI.
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Puc. 3. TlepioguuHi 3anexHOCTI (II0OKa3aHO [(Ba TIEPio/IH) BITHOCHHX 3HAYCHb MOMEHTY HaBaHTakeHHsS (M. ), eleKTpoMarHiTHoOro
(M) i ctpymy (I7), pospaxoBasi mpu 3HaueHHI MOMeHTY iHeprii J = 0,1 Kr-M 2 METOZIOM po3B’ I3yBaHHS KpaioBoi 3axadi
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Puc. 4. 3anexHiCTh €IEKTPOMAarHiTHOTO MOMEHTY JIBUTYHA:
BiJl BITHOCHOTO 3HAUYEHHS TPUBAJIOCTI MEpioay 3MiHU HaBaHTa-
xennst (B Touri Ti/Te = 0,16 mae miciie MexaHiuHHI pe30HAHC)

BucHoskmn.

1. Po3pobsieHi MeTou po3paxyHKy 1 BiIHOBIAHI anro-
PUTMH JIAIOTh 3MOT'Y 3a JOIOMOTOK MaTeMaTH4yHOr0 MO-
JICTIIOBaHHS 31MCHIOBATH aHalli3 poOOTH aCHHXPOHHHUX
JBUTYHIB 3 KOPOTKO3aMKHEHHUM POTOPOM 3 ypaxyBaHHIM
HACHYCHHS Ta BUTICHEHHS CTPYMIB Yy CTEPXKHSAX POTOpa
[PH Pi3HUX 3aKOHAX 3MiHH EPIOJUYHOTO HABAHTAXKEHHSI.

2. AIrOpuTM PO3paxyHKY YCTAIEHHX MEpiOIUYHUX
PSKUMIB TpU LUKIIYHOMY HaBaHTAKEHHI Ja€ 3MOTY
OTpUMATH TeEePioJNYHI 3aJIEKHOCTI KOOPAWHAT B I03aya-
COBI 001aCTi, YUM 320€3MEUYETHCS BUCOKA IIBUAKOIIS .

3. Po3po0Oieni maTteMaTH4Hi MOZETl MOXKYTh OyTH BH-
KOpHUCTaHI sl IPOEKTYBAHHS 1 aHaNi3y poOOTH eneKTpo-
MIPUBO/IB 3 MEPiOANIHIM HaBaHTAKEHHSM.
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M odelling of dynamic modes of an induction electric drive at
periodic load.

Goal. Development of methods and mathematical models, based
on them, for the calculation of transients and steady-state modes
of induction electric drives operating in periodic load mode.
Methodology. The developed algorithms are based on a mathe-
matical model of an induction motor, which takes into account
the saturation of the magnetic core and the displacement of
current in the rotor bars. The processes are described by a sys-
tem of nonlinear differential equations in the orthogonal axes x,
y, which enables the results to be obtained with the smallest
amount of calculations. The magnetization characteristics by the
main magnetic flux and the |eakage fluxes are used to calculate
the electromagnetic parameters of the motor. To account for the
current displacement in the rotor bars, the short-circuited wind-
ing is considered as a multilayer structure formed by dividing
the bars in height by several elements. Results. Due to the vari-
able load on the motor shaft, electromagnetic processes in both
transient and steady state modes of the electric drive in any
coordinate system are described by a system of nonlinear differ-
ential equations. The result of the calculation of the transients is
obtained as a result of their integration time dependencies of
coordinates (currents, electromagnetic torque, etc.) at a given
law of change of the moment of loading. The proposed method
of calculating steady-state mode is based on algebraization of
differential equations on the mesh of nodes of the process cyclic-
ity period and allows to obtain periodic dependencies in the
time domain. Originality. The problem of calculating a steady-
state periodic mode is solved as a boundary problem for a sys-
tem of first-order differential equations with periodic boundary
conditions, which allows to obtain instantaneous dependences
during the period of currents, electromagnetic torque, capacities
and other coordinates. Practical significance. Using the devel-
oped algorithm, it is possible to calculate the static characteris-
tics of periodic processes as dependencies on different parame-
ters of the cycle of periodic load or other coordinates, which is
the basis for the choice of the motor for overload, power, heat-
ing, etc.,, as well as to detect the possibility of resonance.
References 9, figures 4.

Key words: induction motor, periodic load, mathematical
model, steady-state dynamic mode, transient, static charac-
teristics, saturation of the magnetic core, displacement of
current.
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B.l. Kuznetsov, T.B. Nikitina, 1.VV. Bovdui

THE EFFECTIVENESS OF ACTIVE SHIELDING OF MAGNETIC FIELD WITH
CIRCULAR SPACE-TIME CHARACTERISTIC AND WITH DIFFERENT SHIELDING
COILS SPATIAL POSITIONS

Aim. The synthesis, computer modeling and field experimental research of two degree of freedom robust two circuit system of active
shielding of magnetic field with circular space-time characteristic, generated by overhead power lines with «triangle» type of phase
conductors arrangements and with different shielding coils spatial positions for reducing the magnetic flux density to the sanitary
standards level and to reducing the sensitivity of the system to plant parameters uncertainty. Methodology. The synthesisis based on
the multi-criteria game decision, in which the payoff vector is calculated on the basis of the Maxwell equations quasi-stationary
approximation solutions. The game decision is based on the stochastic particles multisvarm optimization algorithms. The initial
parameters for the synthesis by system of active shielding are the location of the overhead power lines with respect to the shielding
space, geometry and number of shielding coils, operating currents, aswell asthe size of the shielding space and magnetic flux density
normative value, which should be achieved as a result of shielding. The objective of the synthesis is to determine their number,
configuration, spatial arrangement and shielding coils currents, the control systems parameters as well as the resulting of the
magnetic flux density value at the shielding space. Results. Computer simulation and field experimental research results of two
degree of freedom robust two circuit system of active shielding of magnetic field, generated by overhead power lines with «triangle»
type of phase conductors arrangements and with different shielding coils spatial positions are given. The possibility of initial
magnetic flux density level reducing and system sensitivity to the plant parameters uncertainty reducing is shown. Originality. For
the first time the synthesis, theoretical and experimental research of two degree of freedom robust two -circuit t system of active
shielding of magnetic field generated by single-circuit overhead power line with phase conductor’ striangular arrangements and with
different shielding coils spatial positions carried out. Practical value. Practical recommendations from the point of view of the
practical implementation on reasonable choice of the spatial arrangement of two shielding coils of robust two -circuit system of active
shielding of the magnetic field with circular space-time characteristic generated by single-circuit overhead power line with phase
conductor’striangular arrangements are given. References 32, figures 20.

Key words. overhead power lines with «triangle» type of phase conductors arrangements, magnetic field, system of active
shielding, computer simulation, field experimental resear ch.

Llens. Cunmes, KomnvlomepHoe MoOenupoganue u Hnoaegble IKCHEPUMEHMATIbHBIE UCCTE008AHUA KOMOUHUPOBAHHOIL
Ppobacmuoil  06YXKOHMYPHOU CUCHEMbl AKIMUGHO20 IKPAHUPOGAHUA MAZHUMHO20 RONA C KpPYy2060il RPOCMPAHCHIGEHHO-
6PEMEHHOI XAPAKMEPUCMUKOU, 2eHepUpPyemo20 O0OHOKOHMYPHOU 6030YWIHOI JIHHUEIl INeKMmPonepeoaiu ¢ mpeyzonbHbIM
noogecom npo60006, U C PAa3IUYHLIM NPOCHIPAHCHIECHHBIM PACHONONCCHUEM IKPAHUPYIOUWUX OOMOMOK ONA CHUNCEHUS.
UHOYKUUU MAZHUMHO20 NONAA 00 YPOGHA CAHUMAPHLIX HOPM U ONA CHUMNCEHUA UYECIMEUMENbHOCIMU CUCHEMbl K
HeonpedeneHHOCmMuU napamempog odvekma ynpaeienusn. Memooonozus. Cunmes 0CHOGAH HA PEWIEHUU MHOZOKPUMEPUATILHONL
CMOXACMUYECKOl Upbl, 6 KOMOPOU 6EKMOPHDLIL GbIUZPLIUL GBIUUCIACMCA HA OCHOGAHUU peuwieHull ypaenenuii Maxceenna 6
Keazucmayuonapuom npudnuxcenuu. Peutenue uzpol Haxooumca Ha 0CHOGe AN2OPUNMOE CHIOXACIMUYECKOU MYTbMUALEHIMHOIL
onmumuzayuu mynsmupoem uacmuy. Hcxoonvimu napamempamu Ona CUHMEIA CUCHMEMbl AKMUGHO20 IKPAHUPOBAHUS
AGNAIOMCA PACNOJIONCEHUE BbICOKOGONLMHOU TUHUIL INIEKMPOneEPeoai no OMHOUIEHUIO K IKPAHUPYEMOMY NPOCHPAHCIEY, ee
2eomempuiecKue pasmepvl, KOJIUYECHEO NPO60006 u padouue moKu JUHUU INIEKmponepeoaiu, pasmepvl IKPAHUPYEMOZO0
npoCmMpancmea u HOpMAMUEHoOE 3HAYEHUE UHOYKUUU MAZHUMHO20 O, KOMOPOe 00JI)CHO Oblmb 00CMUZHYMO 6 pe3yiibmame
IKPAHUPOBAHUA. 3a0aueil cunmesa AGNAEMCA onpedesieHue Koauuecmea, KoHpuzypayuu, npocmpanHcmeeHH020 pacnoiolcenus
U 3HAYEHU MOKOG 6 IKPAHUPYIOWUX 0OMOMKAX, RAPAMEMPbL CUCHIEMbL YRPACICHUA, A MAKIHCe Pe3YTbMUpPYIOU|e20 3HA4eHUA
UHOYKUUU MAZHUNMHO20 NOAA 68 IKpanupyemom npocmpancmee. Pezynomameor. Ilpusooamca pe3ynsmamosl KOMNbIOMEPHO20
MOOenuposanun u NoneevlX IKCHEPUMEHMAILHBIX UCCAE006aHULI KOMOUHUPOSAHHOU POOACMHON 08YXKOHMYPHOU CUCHEMbL
AKMUBHO20 IKPAHUPOGAHUA MAZHUMHO20 NONA, 2€HEPUPYEMO20 G030YWIHOU JUHUEl INeKmponepeoaiu ¢ MmMpeyzonbHbIM
noogecom npoeoooe, u ¢ PpazluUYHBLIM NPOCHMPAHCIMEEHHBIM PACHON0MNCEHUEM IKpanupylowux oomomok. Ilokazana
603MONCHOCHG CHUMNCEHUA YPOGHA UHOYKUUU UCXOOHO20 MAZHUMHO20 NONA GHYMPU IKPAHUPYEMO20 NPOCHMPAHCMEA U
CHUMCEHUA YYECMEUMENbHOCMU CUCMEMbl K HEONPeOeneHHocmAM napamempos o0vekma ynpaeénenus. OpuzunanbHOCHb.
Bnepevie npogedenvt cunmes, meopemuueckue u IKCHEPUMEHMATIbHBIE UCCIE006AHUA KOMOUHUPOBAHHOU POOACMHOTL
0GYXKOHMYPHOU CUCHEMbl AKMUBHO20 IKPAHUPOBAHUA MAZHUMHOZ0 N0, 26EHEPUPYEMO20 00HOKOHMYPHOU 6030YUIHON TUHUELL
IneKmponepeoauu ¢ MpPey20abHLIM  N006ecomM npoeodos. Ilpakmuueckaa uennocms. Ilpusodamcea npaxmuueckue
PeKomeHOayuu no 060CHOBAHHOMY 6bIOOPY C MOYUKU 3PEHUA NPAKMUYECKOU Peanu3ayuu npoCmpancmeenHoz0 pacnonodicenus
06YX IKPAHUPYIOWUX O0OMOMOK OGYXKOHMYPHOU PpOOACMHOI cucmembl AKMUGHO20 IKPAHUPOGAHUA MAZHUMHOZ0 NONA C
Kpy20601l  npOCMPAHCMEEHHO-6PEMEHHOI  XAPAKMEPUCMUKOU, C03046AemM020  O0OHOKOHMYPHOU  6030YWIHOU  JUHUEl
INeKmponepeoauu ¢ mpeyz0abHblM n008ecom npoeodos. budn. 32, puc. 20.

Kniouesvie crosa: BO3AyIIHAS JUHUS JIeKTpPoIepeAad, MoJBec MPOBOAOB THNA <TPEYroJbHHK», MATHUTHOE IOJie, CHCTeMa
AKTHBHOI0 SKPAHMPOBAHMS, KOMIbIOTEPHOE MO/IeJTHPOBAaHNe, N0JIeBble IKCIIePUMEHTAILHbIE HCCIe0BAHN.

Introduction. World Health Organization experts
have identified the carcinogenic properties of the power
frequency (PF) magnetic field (MF). Therefore, in the
world over the past 15 years, sanitary standards are
constantly tightening at the maximum permissible level of
MF induction of 50-60 Hz and intensive research is being

conducted on the development of methods for MF
normalization. Overhead power lines (OPL) are one of the
most dangerous for people sources of PF MF[1, 2].
Active contour shielding of PF MF generated by
OPL [3, 4] is the most acceptable and economically
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feasible for ensuring the sanitary norms of Ukraine in the
PF MF. The methods of synthesis of systems of active
shielding (SAS) for MF, generate by OPL, developed
in[5-8].

Single-circuit SAS with single SC is most widely
used in world practice [3]. Such SAS can effectively
shielded by MF with a small polarization. The space-time
characteristics (STC) of such MF is a very elongated
ellipse whose €ellipse coefficient (ratio of the smaller axis
to the larger axis) is seeks to zero. Single SC of single-
circuit OPL generates MF, whose STC is a straight line.
With such a single- circuit SAS with single SC, the major
axis of the STS ellipse of the initial MF is compensated,
s0 that the STS of the total MP with SAS is on is
significantly smaller than the STS of the initial MF,
which determines the high shielding factor of such single-
circuit SAS. Single-circuit OPL with horizontal and
vertical bus arrangement, double-circuit OPL such as
«barrel», «tree» and «inverted tree», and groups of OPL
generates a MF with aweak polarization.

However, the single-circuit OPL with phase
conductor’'s triangular arrangements generated most
polarized MF. The STC of such MF is practically acircle.
Therefore, for effective shielding of such MF it is
necessary to have two SC at least [5]. Note that the vast
majority of single-circuit OPL in Ukraine has just such
phase conductors triangular arrangements.

The goal of this work is the synthesis, computer
modeling and field experimental research of two degree
of freedom robust two circuit system with different both
shielding coils spatial positions for active shielding of
magnetic field with circular space-time characteristic,
generated by overhead power lines with «triangle» type of
phase conductors arrangements for reducing the magnetic
flux density to the sanitary standards level and to reducing
the sendtivity of the system to plant parameters
uncertainty.

Problem statement. The initidl data for the
synthesis of the SAS are the parameters of the
transmission lines (working currents, geometry and
number of wires, location of the transmission lines
relative to the protected space) and the dimensions of the
shielding space and magnetic flux density sanitary
standards level, which should be achieved as a result of
shielding [12-22]. In the process of synthesis, it is
necessary to determine the parameters of the shielding
coils (SC) (their number, configuration, and spatial
arrangement), currents and the resulting magnetic flux
density level. To shielding factor improvement two
degree of freedom SAS are used in which simultaneously
used feed back regulator for closed loop control and feed
forward regulator for open loop control [22-26].

Two degree of freedom robust SAS synthesizing
problem reduced [27, 28] to the determination of such SC
spatial arrangement and geometric sizes, as well as
parameters of the regulator vector and uncertainty
parameters vector, which the maximum value of the
magnetic flux density in the shielding space points
assumes a minimum value for the SC spatial arrangement
and geometric sizes parameters vector but the maximum
value for the uncertainty parameters vector [28]. The two
degree of freedom robust SAS includes open loop and

closed loop control. The synthesis of such two degree of
freedom robust SAS is based on the multi-criteria game
decision [29-31], in which the payoff vector calculated on
the basis of the Maxwell equations quasi-stationary
approximation solutions [1, 2]. The game decision based
on the stochastic particles multiswarm optimization
algorithms [32].

Computer simulation results. Consider the results
of the two degree of freedom robust two circuit SAS
synthesis of MF with circular space-time characteristic
generated by 110 kV OPL with triangular conductors
arrangement in a single-story building located at a
distance of 10 m from OPL. In Fig. 1 are shown location
of OPL and shielding space (SS) in which MF must
mitigated to the sanitary norms level. In Figure 1 also are
shown location of both SC. SC upper parts are
coordinates (3.0416, 3.4965) and (7.1943, 3.6818). SC
lower parts are coordinates (6.3707, 0.6637) and (2.8478,
2.4522).

At 250 A OPL current, its necessary 86.2448 and
86.2768 amperes of turns (AT) in SC. Phase current shifts
are 0.8074 rad and 1.2043 rad.
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-4y, m

X, m

Fig. 1. Thelocation of 110 kV overhead power line with phase
conductors triangular arrangements, both shielding coils and
shielding space

In Figure 2 are shown comparison of magnetic flux
density between working SAS with and without SAS. The
initial magnetic flux density level in shielding space is
0.75 uT. When the SAS is on, the magnetic flux density
level in shielding space is reduced to 0.12 uT. Therefore,
the shielding factor is 6.25.
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Fig. 2. Comparison of magnetic flux density between with and
without system of active shielding
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In Figure 3 are shown the MF STC, generated by
OPL (1); both SC (2) and total MF with SAS is on (3).
The STC of initial MF generated by OPL with phase
conductors triangular arrangements close to the circle.
STC of MF generated by both SC is also close to the
circle of the STC of initial MF, which ensures high
shielding factor.
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Fig. 3. Comparison of space-time characteristics of magnetic

flux density between with and without system of active
shielding and both shielding coils

However, STC of MF generated separately by only
single first SC or only single second SC are straight lines.
Naturally, the STC of the resulting MF generated by OPL
and only single SC is an ellipse, which will be shielded by
another SC. In Figure 4 are shown the STC of the initial
MF generated by OPL, shielding MF generated by only
single first SC and the resulting MF when only single first
SCis used.

As can seen from Fig. 4, the STC of the resulting
MF is a strongly elongated ellipse, the semi-major axis of
which is almost two times larger than the STC of the
initial MF, and therefore, due to only single first SC work,
initial MF is almost twice re compensated.
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Fig. 4. Comparison between space-time characteristics of
magnetic flux density without and with system of active
shielding with only single first shielding coil and only single
first shielding coil

However, then after second SC switching resulting
MF STC becomes significantly less than the STC of

initial MF, which ensures high shielding factor. Note that
the STC of the resulting MF, left after the operation of
only single first SC, practically paralel with the STC
generated by the MF using only single second SC.

In Figure 5 are shown the STC of the initid MF
generated by OPL, shielding MF generated by only single
second SC and the resulting MF when only single second
SCis used.
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Fig. 5. Comparison between space-time characteristics of
magnetic flux density without and with system of active
shielding with only single second shielding coil and only single
second shielding coil

As can seen from Fig. 4 and Fig. 5, STC of MF
generated separately by only single first SC, or only
single second SC are straight lines. However, STC of the
resulting MF, which left after the operation of only single
first (or second) SC, practically parallel with the MF STC
of MF, generated by using only single second (or first)
SC. It isthe STC arrangement that provides ensures high
shielding factor, when both SC work simultaneously.

Notice, that the initial magnetic flux density level
ranges from 0.75 pT to 0.35 uT in al shielding space, as
can be seen from Fig. 2. When SAS is on, the magnetic
flux density level does not exceed 0.12 uT in al shielding
space, as can be seen from Fig. 2.

However, when SASis on and with only single first
SC is used, the magnetic flux density level ranges from
15 uT to 0.3 uT in al shielding space. Consequently,
when SAS is on and with only single first SC is used
initial magnetic flux density level more than double due
to overcompensation.

However, when SAS is on and with only single
second SC is used, the magnetic flux density level ranges
from 2 uT to 0.4 uT in al shielding space. Consequently,
when SAS is on and with only single second SC is used
initial magnetic flux density level also more than 2.5 due
to recompensation. However, when SAS is on and with
both first SC and second SC is used, the magnetic flux
density level does not exceed 0.12 uT in al shielding
space. Consequently, when SAS is on and with both first
SC and second SC is used shielding factor is 6.25.

Notice aso, that initial magnetic flux density level
overcompensation effect with only single first SC also
follows from comparison between MF STC without and
with SAS with only single first SC. Similarly initial
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magnetic flux density level overcompensation effect with
only single second SC aso follows from comparison
between MF STC without and with SAS with only single
second SC.

Magnetic flux density level sanitary norms of
Ukraine are 0.5 puT. When the SAS is on, the magnetic
flux density level in shielding space is reduced to 0.12 uT
at 250 A OPL current. Consider the results of the SAS
synthesis at 700 A OPL current. In Fig. 6 are shown
location of OPL and shielding space in which MF must
mitigated to the sanitary norms level and location of both
SC. SC upper parts are coordinates (2, 4) and (6, 3.1031).
The SC lower parts are coordinates (6.6897, 1.5394) and
(2, 0).

,,,,, e .
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Fig. 6. Thelocation of 110 kV overhead power line with phase
conductors triangular arrangements, both shielding coils and
shielding space

At 750 A OPL current, its necessary 158.9729 and
—178.5417 AT in SC. Phase Current Shifts are 0.6934 rad
and 1.5959 rad. In Figure 7 are shown comparison of
magnetic flux density between with and without SAS.
The initial magnetic flux density level in shielding space
is2.25 uT. When the SASis on, the magnetic flux density
level in shielding space is reduced to 0.55 uT. Therefore,
the shielding factor is 4.1.
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Fig. 7. Comparison of magnetic flux density between with and
without system of active shielding

In Figure 8 are shown the MF STC, generated by
OPL (1); both SC (2) and total MF with SASison (3).

The STC of initial MF generated by OPL with phase
conductors triangular arrangements close to the circle.
STC of MF generated by both SC is also close to the

circle of the STC of initial MF, which ensures high
shielding factor.
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Fig. 8. Comparison of space-time characteristics of magnetic

flux density between with and without system of active
shielding and both shielding coils

The STC of the resulting MF generated by OPL and
only single SC is an dllipse, which will be shielded by
another SC. In Figure 9 are shown the STC of the initial
MF generated by OPL, shielding MF generated by only
single first SC and the resulting MF when only single first
SC is used. The STC of the resulting MF is a strongly
elongated dlipse, the semi-major axis of which is amost
two times larger than the STC of the initiad MF, and
therefore, due to only single first SC work, initidd MF is
almost twice re compensated. However, then after second
SC switching resulting MF STC becomes significantly
less than the STC of initiadl MF, which ensures high
shielding factor. Note that the STC of the resulting MF,
left after the operation of only single first SC, practically
paralel with the STC generated by the MF using only
single second SC.
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Fig. 9. Comparison between space-time characteristics of
magnetic flux density without and with system of active
shielding with only single first shielding coil and only single
first shielding coil

In Figure 10 are shown the STC of the initial MF
generated by OPL, shielding MF generated by only single
second SC and the resulting MF when only single second
SC is used.
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Fig. 10. Comparison between space-time characteristics of
magnetic flux density without and with system of active
shielding with only single second shielding coil and only single
second shielding coil

The initial magnetic flux density level ranges from
2.25uT to 1 uT in all shielding space, as can be seen from
Fig. 7. However, when SAS is on and with only single
first SC is used, the magnetic flux density level ranges
from 2 pT to 0.8 uT in al shielding space. When SAS is
on and with only single second SC is used, the magnetic
flux density level ranges from 3.5 uT to 1.2 uT in al
shielding space. Consequently, when SAS is on and with
only single second SC is used initial magnetic flux
density level also more than 1.5 due to recompensation.
However, when SAS is on and with both first SC and
second SC is used, the magnetic flux density level does
not exceed 0.55 uT in al shielding space. Consequently,
when SAS is on and with both first SC and second SC is
used shielding factor is4.1.

At 750 A OPL current when the SAS is on the
magnetic flux density level in shielding space is reduced
to 0.55 uT, which exceeds the magnetic flux density level
sanitary norms of Ukraine is 0.5 uT. So consider the
results of the SAS synthesis at 625 A OPL current. In Fig.
11 are shown location of OPL and shielding space in
which MF must mitigated to the sanitary norms level and
location of both SC. SC upper parts are coordinates
(8.544, 2.6895) and (3.069, 2.8128). SC lower parts are
coordinates (4.8693, 0.1461) and (8.4686, 0.2538). At
750 A OPL current, its necessary 77.5265 and —73.1804
AT in SC. Phase current shifts are 1.1091 rad and 0.8583
rad.

In Figure 12 are shown comparison of magnetic flux
density between with and without SAS. The initial
magnetic flux density level in shielding space is 1.9 uT.
When the SAS is on, the magnetic flux density level in
shielding space is reduced to 0.4 uT. Therefore, the
shielding factor is4.75.

In Figure 13 are shown the MF STC, generated by
OPL (1); both SC (2) and total MF with SASison (3).

The STC of initial MF generated by OPL with phase
conductors triangular arrangements close to the circle.
STC of MF generated by both SC is also close to the
circle of the STC of initial MF, which ensures high
shielding factor.
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Fig. 11. Thelocation of 110 kV overhead power line with phase
conductors triangular arrangements, both shielding coils and
shielding space
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Fig. 12. Comparison of magnetic flux density between with and
without system of active shielding
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BT
Fig. 13. Comparison of space-time characteristics of magnetic

flux density between with and without system of active
shielding and both shielding coils

The STC of the resulting MF generated by OPL and
only single SC is an dllipse, which will be shielded by
another SC. In Figure 14 are shown the STC of the initial
MF generated by OPL, shielding MF generated by only
single first SC and the resulting MF when only single first
SCisused.

As can seen from Fig. 14, the STC of the resulting
MF is a strongly elongated €llipse, the semi-major axis of
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which is almost two times larger than the STC of the
initial MF, and therefore, due to only single first SC work,
initial MF is almost twice re compensated. However, then
after second SC switching resulting MF STC becomes
significantly less than the STC of initiadl MF, which
ensures high shielding factor. Note that the STC of the
resulting MF, left after the operation of only single first
SC, practically parallel with the STC generated by the MF
using only single second SC.
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Fig. 14. Comparison between space-time characteristics of
magnetic flux density without and with system of active
shielding with only single first shielding coil and only single
first shielding coil

In Figurel5 are shown the STC of the initiadl MF
generated by OPL, shielding MF generated by only single
second SC and the resulting MF when only single second
SCis used.

B,,uT
Fig. 15. Comparison between space-time characteristics of
magnetic flux density without and with system of active
shielding with only single second shielding coil and only single
second shielding coil

At 625 A OPL current the initial magnetic flux
density level ranges from 2 pT to 0.9 uT in al shielding
space, as can be seen from Fig. 2. However, when SASis
on and with only single first SC is used, the magnetic flux
density level ranges from 4 pT to 0.7 uT in al shielding
space. Consequently, when SAS is on and with only
single first SC is used initial magnetic flux density level
more than double due to overcompensation.

However, when SAS is on and with only single
second SC is used, the magnetic flux density level ranges
from 5 uT to 1 uT in al shielding space. Consequently,
when SAS is on and with only single second SC is used
initial magnetic flux density level also more than double
due to recompensation. However, when SAS is on and
with both first SC and second SC is used, the magnetic
flux density level does not exceed 0.4 uT in al shielding
space. Consequently, when SAS is on and with both first
SC and second SC is used shielding factor is 4.75.

The initid magnetic flux density level
overcompensation effect with only single first SC also
follows from comparison between MF STC without and
with SAS with only single first SC, which Fig. 14 shows.
Similarly initial  magnetic flux density level
overcompensation effect with only single second SC also
follows from comparison between MF STC without and
with SAS with only single second SC, which in Fig. 15
are shown.

To redlize the SAS according to the first option of
SC spatia arrangement which is shown in Fig. 1, even at
a of 250 A OPL current , its necessary 86.2448 and
86.2768 AT in SC. Wherein SC upper parts are
coordinates (3.0416, 3.4965) and (7.1943, 3.6818). SC
lower parts are coordinates (6.3707, 0.6637) and (2.8478,
2.4522). To reduce the number of amperes in the SC, we
bring the SC to the shielding space. Consider the results
of the SAS synthesis at 250 A OPL current. In Fig. 16 are
shown location of OPL and shielding space in which MF
must mitigated to the sanitary norms level and location of
both SC. The SC upper parts are coordinates (6.0278,
29014) and (7.9925, 3.1824). SC lower parts are

y, m

X, m

Fig.16. The location of 110 kV overhead power line with phase
conductors triangular arrangements, both shielding coils and
shielding space

In this SAS at 250 A OPL current, its necessary
28.7127 and —25.6121 AT in SC. Phase current shifts are
1.0056 rad and 1.6681 rad. In Figure 17 are shown
comparison of magnetic flux density between with and
without SAS. The initial magnetic flux density level in
shielding space is 0.75 uT. When the SAS is on, the
magnetic flux density level in shielding space is reduced
t0 0.26 uT. Therefore, the shielding factor is 2.88.
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Fig. 17. Comparison of magnetic flux density between
measurements and simulations with and without system of
active shielding

In Figure 18 are shown the STC of MF, generated by
OPL (1); both SC (2) and total MF with SASison (3).
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Fig. 18. Comparison of space-time characteristics of magnetic
flux density between with and without system of active
shielding and both shielding coils

The STC of initial MF generated by OPL with phase
conductors triangular arrangements close to the circle.
STC of MF generated by both SC is also close to the
circle of the STC of initial MF, which ensures high
shielding factor.

The STC of the resulting MF generated by OPL and
only single SC is an dlipse, which will be shielded by
another SC. In Figure 19 are shown the STC of the initial
MF generated by OPL, shielding MF generated by only
single first SC and the resulting MF when only single first
SCis used.

As can seen from Fig. 19, the STC of the resulting
MF is a strongly elongated ellipse, the semi-major axis of
which is amost 1.5 times larger than the STC of the
initial MF, and therefore, due to only single first SC work,
initial MF is almost twice re compensated. However, then
after second SC switching resulting MF STC becomes
significantly less than the STC of initial MF, which
ensures high shielding factor. Note that the STC of the
resulting MF, left after the operation of only single first
SC, practically parallel with the STC generated by the MF
using only single second SC.
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Fig. 19. Comparison between space-time characteristics of
magnetic flux density without and with system of active
shielding with only single first shielding coil and only single
first shielding coil

In Figure 20 are shown the STC of the initial MF
generated by OPL, shielding MF generated by only single
second SC and the resulting MF when only single second
SC is used.
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Fig. 20. Comparison between space-time characteristics of
magnetic flux density without and with system of active
shielding with only single second shielding coil and only single
second shielding coil

At 250 A OPL current the initiad magnetic flux
density level ranges from 0.75 pT to 0.33 uT in dl
shielding space, as can be seen from Fig. 17. However,
when SASis on and with only single first SC is used, the
magnetic flux density level ranges from 1.5 puT to 0.3 uT
in al shielding space. Consequently, when SASison and
with only single first SC is used initial magnetic flux
density level more than double due to overcompensation.
When SAS is on and with only single second SC is used,
the magnetic flux density level ranges from 1.5 uT to
0.35 uT in al shielding space. Consequently, when SAS
is on and with only single second SC is used initia
magnetic flux density level also more than double due to
recompensation. However, when SAS is on and with both
first SC and second SC is used, the magnetic flux density
level does not exceed 0.26 uT in al shielding space.
Consequently, when SAS is on and with both first SC and
second SC is used shielding factor is 2.88.

I SSN 2074-272X. Enekmpomexnika i Enexmpomexanixa. 2020. Ne3 21



Note that with the first variant of the location of the
SC shown in Fig. 1 and Fig. 2, magnetic flux density
value of theinitial MP decreases from 0.75 uT to 0.12 uT
and, therefore, the shielding factor is 6.25. However, in
this case, it is necessary to use 86.2448 AT and 86.2768
AT inaSC. Such alarge value of the amperesturnsin SC
are due to the fact that in this variant the both SC are
located closer to the transmission line, but with the variant
of the location of the SC shown in Fig. 16 and Fig. 17, at
the same 250 A OPL current, the initial magnetic flux
density level are reduced from 0.75 pT to 0.26 uT and,
therefore, the screening factor is 2.88. However, in this
case, it isnecessary to use 28.7127 AT and 25.6121 AT in
a SC. Such a small value of the amperes turns in SC is
because in this variant the both SC are located far
from OPL.

Experimental research. Consider the field
experimental research of the SAS model. SC upper parts
of SC located at heights of 2.9 m and 3.2 m from the
ground, and the SC lower parts located at heights of 1 m
and 0.1 m from the ground. Both SC contains 20 winds
and are powered by 1.4 A and 1.25 A current from
amplifier type TDA7294. In Figure 17 are shown
comparison of magnetic flux density between
measurements (cross) and simulations (solid) with and
without SAS. The experimental SAS shielding factor is
also more than 2 units. A magnetic flux density difference
between measurements and simulations in the shielding
zone does not exceed 20 %.

Conclusions.

1. For the first time the synthesis, computer
modeling and field experimental research of the
effectiveness of system of active shielding of magnetic
field with circular space-time characteristic, generated by
overhead power lines with triangular conductor's
arrangement, and with different shielding coils spatial
positions are given.

2. The synthesis of two degree of freedom robust
two-circuit system of active shielding is based on multi-
criteria stochastic game decision, which is calculated by
multiswarm stochastic multi-agent optimization from
Pareto-optimal  solutions. Multi-criteria game vector
payoff is calculated based on the Maxwell equations
solution. The spatial arrangement and currents in two
shielding coils, the regulator parameters and resulting
magnetic flux density value in the shielding space are
determined by the system synthesis.

3. It was found, that depending on the shielding coils
spatia positions, the shielding factor level varies in the
range from 6.25 to 2.88. The closer the shielding coils are
located to overhead power lines, the shielding factor level
higher. However, the closer the shielding coils are located
to overhead power lines, it is necessary the amperes of
turns greater in shielding coils by shield the initia
magnetic field in the shielding space. Naturally, with the
same shielding coils arrangement when the overhead
power line current changes, the shielding coils current
changes in proportion to the line current.

4. It is shown, that when only single first shielding
coil or only single second shielding coil is working
separately, the initidd magnetic flux density level may
increases 2-3 times due to overcompensation by initial

magnetic field. Moreover, the space-time characteristic of
magnetic field, generated separately by only single first
shielding coil or only single second shielding coils are
straight lines. However the space-time characteristic of
the resulting magnetic field, which left after the work of
only single first (or second) shielding coil, practically
paralel with the space-time characteristic of magnetic
field generated by using only single second (or first)
shielding coil. It is the spacetime -characteristic
arrangement that provides ensures high shielding factor,
when both shielding coils work simultaneously.

5. Based on field experimental research of two degree
of freedom robust two-circuits system of active shielding of
megnetic field with circular space-time characteristic,
generated by overhead power lines with «triangle» type of
phase conductor's arrangements, and with different
shidding coils spatial positions are shown that
experimental and calculated magnetic flux density valuesin
the shielding space spread does not exceed 20 %.
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AKTUBHOE 35 KPAHUPOBAHUE BHEITHEI'O MATTHUTHOI'O ITOJIA
TPAHC®OPMATOPHBIX ITIOACTAHIIUU, BCTPOEHHBIX B )KHJIBIE TOMA

Iloxaszano, wo ocnosnolo 3adauero cunmesy cucmem akmuehnozo ekpanysanns (CAE) ¢ onmumizauyis napamempie i noxanizauii
ix komnencayiiinux oomomox (KO) npu 3abe3neuenni eucokoi epexmuenocmi ekpanysanns maznimnozo noas (MII) mpancgo-
pmamopnoi niocmanyii (TIT). Ii piwenns ¢uxonano na ocnogi 3anpononosanoi mpueumipnoi Komn'iomepnoi mooeni 3 guKopu-
CMAHHAM AN20PUMMIE ORMUMIZAUIT MYTbMUPOEM YACMUHOK 3 MHoxcunu [lapemo- onmumanvuux piuiens i ypaxysannam oina-
PHUX GIOHOCUH nepesazu, wio 003601UN0 OOTPYHMYEAMU MOHCTUGICHb IMEHUIEHHA 00 PieHA canimapuux nopm inoykuyii MII
srcumnosux npumingennsx, pozmawosanux nopyy 3 TIT 6/0,4 kB nomyacnicmio 0o 2x400 kBA, 3a donomozo1o nainpocmiuiux
CAE. Cunmesosana CAE mace 06i nnocki KO niowero 0o 10 m? npu kinvkocmi amnep-eumkie ne dinvuwe 30, w0 ecmanoenio-
1omucs nooausy cmeni (cmin) npumivienns TII, i npu enepzocnoscusanni ne oinvuwe 0,1 kBm peanizye epexmuenicmo expamny-
eéanna CAE ne menue 6 00unuyp, wio 0036015€ 3MeHWUmMuU iHOYKYit0 MAZHIMHOZ0 ROAA 8 PO3ZMAULOSAHOMY 38EPXY AD0 300Ky 6i0
TI1 srcumnosomy npumingenni nnowero 0o 40 m? 0o piens 0,5 mxTa. Bi6n. 16, Tabu. 2, puc. 8.

Knrouosi cnosa: micbka TpancgopmMaTopHa miacTaHIis, JKUTI0BE NPUMIIIEHHSI, AKTUBHE eKPAHYBAHHSI MATHITHOTO MOJIA.

ITokazano, ymo ocHo6Ho 3a0aueil cunmesa cucmem akmuenozo Ikpanuposanus (CAJ) aenaemca onmumuzayus napamempos
U IOKanu3auuu ux Komnencayuonnvix oomomox (KO) npu obecneuenuu 6vicokoii Ighpekmuenocmu IKpanupoeanus Mazuum-
Ho2o nons (MII) mpancpopmamopnoii noocmanyuu (TII). Ee pewenue 8bIn0IHEHO HA OCHOBE RPEOIONHCEHHOU MPEXMEPHOU
KOMNbIOMEPHOIE MOOenu ¢ UCHOIb306AHUEM AN2OPUIMMOE ONMUMUZAUUU MYIbMUpOeM uacmuy u3z muoxcecmea Ilapemo-
ONMUMANBHBIX PEUEHUIl ¢ YYemom OUHAPHBIX OMHOWEHUII NPeONnOYMeHUs, YMO RO360J1UN0 0DOCHOGAMb GO3MONCHOCHIL
YMeHbuweHus 00 yposHs canumaphvlx nopm undykuyuu MIT ¢ scunvix nomewenusx, pacnonoxycennvix paoom ¢ TI 6/0,4 kB
mouwgnocmuio 00 2x400 kBA, ¢ nomowpro npocmeiimux CA3. Cunmesuposannan CA3 umeem dse ycmanagnusaemvie s01u3u
nomonka (cmen) nomewenun TIT nnockue KO niowadsio 0o 10 m° npu Konuuecmee amnep-eumios ne oonee 30, u npu ynepzo-
nompeonenuu ne o6onee 0,1 kBm peanusyem sgppexmusnocme rxkpanuposanus CAI ne menee 6 edunuy, umo noseonsem
YMEHbIMUMb UHOYKUUIO MAZHUMHOZ0 MO 8 PACHOSIONCEHHOM céepXy aubo cooky om TII xcunom nomewjeHuu niowaovio 0o
40 M? 00 yposua 0,5 mxTn. bu6. 16, Tab. 2, puc. 8.

Kniouesvie cnosa: ropoackasi TpancopMaTopHas MOACTAHIUS, KUJI0e NMOMellleHHe, AKTUBHOE JKPAHUPOBAHHE MATHUTHOIO
MoJIsl.

Beenenne. I[IpoOneme 3ammThl KHIOHW CpPENbl OT
Bo3meicTBUsE MarauTHOTO Toyst (MIT) 06BEKTOB BIIEKTPO-
SHEPreTUKU YAEJsIeTCsl OONbIIOe BHUMAHHE BO BCEM MU-
pe, Tak kak MII mpomsiitennoit vacrorer (50-60 ')
OTIACHO JUIS 3/I0POBBS JIIOJCH Ja)ke MpH ero ciiabom, HO
mutenbHOM BosaencTeun [1, 2]. OCHOBHBIMH HCTOYHH-
kamu MII B xuioit cpene, sSBISIOTCA PACHOIOKEHHBIE B
JKWIBIX 30HaX BO3AYLIHBIC U Ka6eﬂbHI)Ie JIMHUU 3JICKTPO-
nepenaun (JIEIT), a Takxke ropojickue TpanchopmaTop-
uble noactanuuu (TTI) [3].

l'oponckue TII pacnonaratoTcsi B OTHOENBHBIX 3/a-
HUSIX WJIM BCTpauBaroTcs B xwuible goma [3]. Haubonee
octpo npobaema ymensinenus: BHemHero MIT TII crout
B XKWIBIX MoMax co BcrpoeHHbiMu TIT [2-4], korma pac-
crostaust Mexay TII v *KUIBIMUA IOMEICHUSIMHA yMEHbIIIa-
€TCs JI0 HECKOJIBKMX MeTpoB. Takue noma (puc. 1) mocra-
TOYHO MIMPOKO PACIPOCTPaHEHbl B YKpawWHE U JIPYTHX
CTpaHax.

Puc. 1. Tunosoii xwuioif goM B r. XapbkoBe co BcrpoeHHo# TI1

Kpome Toro, Bctpoennsie TII Hawamu MUpPOKO
WCIOJIb30BATECS B MUPE B COBPEMEHHBIX CBEPXBBICOT-
HBIX JKHJIBIX AOMax Uil WHAWBHUIYaJbHOTO BBICOKO-
BOJIBTHOTO 3JIEKTPOCHA0XKEHUSI CEKIMH M3 HECKOJIBKHX
JIECSITKOB 3TaKel C LEIbI0 YMEHBUICHHUS IOTEPh 3JIEK-
TposHepruu [5, 6].

[poBeneHHbIC aBTOpaMH Kccle0Banust [3] moKa3bl-
BaroT, uTo BHeuHee MII tunossix BectpoeHHsbix TII Molu-
HocThio 400 (800) kBA MOXeT MpeBbINIATh YPOBEHD Ca-
HHUTapHBIX HOPM B cocetHUX ¢ TTI KMIIBIX OMEIIeHUsIX B
3-10 pa3, uro TpeOyeT MPUHATHS MEp 10 YMEHBIICHHIO X
MII. IIpu 3TOM OCHOBHBIM HCTOYHHUKOM BHemiHero MII
TII siBnsiroTcst X TokonpoBoAsl, a MII paccesinust TpaHe-
tdopmatopoB TII Ha paccTosHUAX Oonee 2 M oT TII mox-
HO mipeHe6peys [3].

Haubonee axryanpHa mpobiema ymeHbimeHuss MII
TII B momax crapoil moctpoiiku co BcTpoeHHbIMH TII
(puc. 1), KOrga MpakTHYECKOE MCIOJb30BAHUE METOIOB
yMmeHbuieHuss MII 3a cueT COBEPILIEHCTBOBAHUS KOHCT-
pykimu TII [3] 3arpyaunero. B Hacrosiiee Bpems: Hanbo-
Jiee pacrpocTpaHEHHBIM Ha TPAKTHKE METOIOM YMEHb-
menust MII B Gimsnexamux ¢ TIT nomenienusix sBisiercs
MAacCHBHOE dKPaHUPOBAHHUE CTECH (IIOTOJKOB) MOMELICHHI
TII 35meKTpOMarHUTHBIME (MAarHUTOCTATHYECKUMH) JKpa-
Hamu [7]. OmHAKO 3TOT METO SKPAHUPOBAHUS JUIA HH3-
kovactotHOro MII TIT oTnm4aeTcst BBICOKOH METaJI0eM-
KOCTBIO U CTOMMOCTBIO TIPY HEBBICOKOH 3(PPEKTUBHOCTH.

ITosTOMy NEpCHEKTUBHBIM METONOM YMEHBIICHHS
MII TII siBasieTcst aKTUBHOE SKpaHUpOBaHKE (KOMIIEHCA-
tust) MIT [3, 8-14]. TIpu 3T0M MHUpOBasi TCHACHIUS pa3-
BUTHS CHUCTEM aKTHBHOTO odkpanupoBanusi (CAD)
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HalpapJICHa Ha ONTHMU3AIMI0 UX KOHCTPYKLHUH IO SHEp-
ronoTpeOIeHNIO U CTOUMOCTH MIPH YCIIOBHH 00eCIICUeHUs
HEeo0X0ANMOM S PEKTUBHOCTH SKPAHUPOBAHHUS.

OpnHako B YKpauHE Pa3BUTHIO METOJOB U CPEACTB
aktuBHOro 3kpanuposanust MII TII He yaensercs nomxk-
HOTO BHMMaHus. Tak, 0 HAacCTOSIIET0 BpeMEeHU He 000c-
HOBaHa BO3MOKHOCTb W HE OIPEJEIICHBI IyTH CO3JaHUs
Hepoporux OromKkeTHBIX CAD ¢ 3¢ (GeKTHBHOCTBIO, JOC-
tatouHoil mns ymeHbmenns MII TII B Gnusnexammx
KHJIBIX TIOMELICHHUSIX 10 YPOBHSI CAHUTAPHBIX HOPM.

Heabio padoThbl ABISETCA aHAIM3 BO3MOXHOCTH
YMEHBIICHNS HHAYKIMA MarHUTHOTO TIOJISL B JKWJIBIX I10-
MEICHUAX, PACHONOXKEHHBIX PAIOM C TOPOJICKHUMHU
TpaHcopMaTOPHBIMUA MOACTAHLUSIMHU, 10 YPOBHSI CaHU-
TapHBIX HOPM C TIOMOILBIO TIPOCTEUIINX CUCTEM aKTHBHO-
IO 3KPaHUPOBAHMUSL.

[ox mpocreitmeit CAD noapa3syMmeBaeM CUCTEMY C
MHUHHUMAJIBHBIM KOJIMYECTBOM IIIOCKMX KOMIIEHCAILIMOH-
HbIX 00MOTOK (KO), pasmeniaeMbix BOIU3HM MOBEPXHOCTH
creH (IOJIOB) MOMETIIEHHH, HMEIOIIYI0 OTPAaHHYEHHYIO Ha
YPOBHE COTEH BaTT MOIIHOCTH ITOTPEOICHHUS.

Metoa akTMBHOIO 3KpaHupoBaHusi. Meton ak-
TUBHOTO 3KpaHupoBaHusi noreHuuanibHoro MII TII B
o0reme cocenHero ¢ TII Kumoro moMemeHus peanns3yeT-
cst 3a cuet popmupoBanus CAD (puc. 2) KOMIEHCUPYIO-
niero MII Takoii IpOCTPaHCTBEHHO-BPEMEHHOM CTPYKTY-
pbl, cynepno3unus Kotoporo ¢ ucxogusiM MII TII
yMEHbIIAET JEUCTBYolIee 3HaueHue uHaykuuu MII Bo
BCEM 3allWIIaeMOM O00BEME KHWIOr0 IOMEIIEHHs, OT-
CTOSIILIETO OT CTEH W NoJa Ha pacctosiaue 6onee 0,5 M, 1o
ypoBHs caHutapHbix HopMm (0,5 mMkTn) mis HaceneHus
[1, 2]. TIpu aToM xommeHcHpyiomee MII, reHepupyemoe
KO, taxxe nomkHO OBITH IMOTEHIIHAIBHBEIM B 00BbEME KH-
JIOTO MOMEIEHNUS, YTO HaJlaraeT OnpesieeHHbIe TpeboBa-
HUS K KOHQUTypaIyy 1 KoopanHaTtaM pacronoxxerns KO
IIPY UX CUHTE3E.

CAD (puc. 2) COCTOUT U3 CIEAYIONMX OCHOBHBIX
3IIEMEHTOB. KOMITeHCAMOHHBIX 00MoTOK (KO); perymu-
pyemoro wucrounuka mutanus (MII) BeImOMHSIOMIETO
(YHKIMIO YCHJIMTEINSI MOIIHOCTH, CHCTEMBI YIpaBIICHUS
(CVY); maruukoB (/) Toxa nu6o MII. B obmem ciydae
CAD moxer umers paznuuHoe konndectso KO, I u pea-
JU30BBIBATHCSA B 3aMKHYTOH, JTMOO Pa3OMKHYTOH CTpyK-
type [11, 12].

Kumoe

MNOMCIICHUC
~—

CAD

Puc. 2. AktuBHoe 3xkpanupoBanue BuernHero MIT TIT

s onpenenenust mapamerpoB CAD (puc. 2) HeoO-
XOJUMO BBIMIOJIHUTE €€ CUHTEe3. VICXOIHBIMU JaHHBIMU

mas cuHTesa  CAD  ABIAIOTCS.  TPOCTPAHCTBEHHO-
BpeMeHHasi xapakTtepucTtuka ucxojnnoro MII ropoxackoit
TII B 3ammiiaeMoM oobeMe (KUIOM MOMEINICHUH); B3a-
MMHOE TPOCTPAHCTBEHHOE PACIOJIOKEHHE aKTUBHBIX
snemeHToB TII u Kujoro nomeueHus; reoMeTpus U Ko-
JUYECTBO TpeXx(a3HbIX TOKompoBojoB TII; HopMaTHBHOE
3Ha4YeHUE YPOBHS MHAYKIMH MII, KOTOpHIiA 1OMKeH OBITh
JIOCTUTHYT B pe3yJbTare dKpaHupoBaHus. [Ipu 3toM 3¢-
texrom skpanmpoBanus MII TII creHamMu UM MeXdITaX-
HBIMHU TIEPEKPBITUSMH JKUIIBIX IOMOB IpeHEeOperaeM BBU-
ny ero manoctu [15, 16].

Peanuzanuio aktuBHOro skpanupoBanuss MIT TII
OCYIIECTBIIIEM Ha OCHOBE TpeTokeHHoro B [14] meto-
na cunteza CAD, co3naHHOro Ais sKpaHupoBaHus MIIT
BbICOKOBOJBTHBIX JIDII ¢ 1menpio ero ymeHbIIEHUS 110
0e301MacHOr0 Uil HACCJICHUS YPOBHS B OJH3ICKAIIUX
KWIBIX goMaxX. OCOOCHHOCTBIO 3TOTO METOMAA SBISCTCS
pelIeHre 3aJlaud dKPaHUPOBaHUs B JIBYMEPHOH mOCTa-
HOBKE, YTO SBJISETCS IOIMYCTHMBIM JUTSI TPOTSKCHHBIX
JIDI, wMeromux NPAaKTHYECKH HYJIEBYIO KOMITOHEHTY
naayknun MII, Hanpasiennyto Baons JIDII, uro mo3Bo-
JISET CYIMIECTBEHHO YIIPOCTUTH PEIIeHUE 3aadl CHHTE3a
takoit CAD [13, 14].

Bonee cnoxnasa no cpaBHenuto ¢ JIEIT koHCTpyKImst
tokonpoBonoB TII, uMeronmx KoHeUHyt0 HHY [3], co3-
naetr HeoOxoxumoctb MojenupoBanus MIT TII B Tpex-
MepHOﬁ IMOCTAHOBKE, YTO CYHICCTBCHHO YCJIOXKHACT CHUH-
te3 CAD TII. Eme oxHO#M 0COOCHHOCTHIO PELICHHUS 3a/1a-
g cuaTe3a CAD TII sBisercs HEOOXOIUMOCTh pacIio-
noxxenus: ux KO BHe xuibix noMenienuii. C y4eToM 3TUX
ocobennocreil cuntes CAD MII TII ocymiectisiem Ha
OCHOBE Pa3pabOTaHHOTO W TIPENCTABICHHOTO HIDKE MO-
TUGUIIPOBAHHOTO METO/IA.

Momndpunuposannbiii Metox cunresa CAD TII.
Maremarudueckast Mojienb ucxonHoro BHemHero MIT TII
B 30HE DKPAHUPOBAHUS (KAJIOM TTOMEIICHHH), YAATCHHOM
ot TII Gonee uem Ha 2 metpa [3], He comepxarieM dep-
POMArHuTHbBIX JSJIEMCHTOB W HCTOYHHMKOB MArHuTHOIO
110JI51, MOXKET 6I)ITb npeacTraBjicHa Kak:

5= 3 ool ol Rai )|

k=1 a=1 n-1 AR B 6
r_ﬁ(t)lom =1 (t) San*

rre N — KonM4ecTBO MUKPOKOHTYPOB B ITPSIMOJIMHEHHOM
KOHType TokonpoBoaa TIT; K — Koard4ecTBO MpsAMOITHHEH-

HBIX KOHTYPOB; §,n — BEKTOp IUIOIIAJN MHKPOKOHTYDA,

Mj — eXMHHUYHBIH BeKTOp, HOpManbHbIl K §; R, — pa-

JMYC BEKTOP OT F€OMETPUYECKOIO LIEHTPa MUKPOKOHTYPa
B Touky HaOmomenuss P ; [(f) — MraHoBeHHOE 3HaUeHHE

TOKa MHUKPOKOHTYpa; ¢ — HoMep (a3sl Tokonposoaa TI1
(e = 1...,3); o — MarHuTHAs MOCTOsIHHAsA. B cooTBercT-
Bun ¢ (1), MII TII siBasieTcsi MOTCHUMAIBHBIM H CIAJACT
IIPU YAAIEHUH OT HCTOYHHKA.

BBenem BekTOp MCKOMBIX mapameTpoB R, xomrmo-
HEHTaMHU KOTOPOTO SBISIOTCS HCKOMBIE T€OMETPUIECKHE
apameTpsl, KOOPAMHATHI MPOCTPAHCTBEHHOTO pAaCIO-
noxeranss KO CAD u uckombie mapamerpel KO CAD.
Torna MHAYKOHS pPE3yNbTUPYIOMETO MOTEHIHAIHLHOTO
MII, renepupyemoro Tokonposogamu TII u CAD ompe-
JiensieTcs Kak
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BRRY-BsRY+E,RRY, @
rae éy(R, R ,t) — MIHOBEHHBIC 3HaueHHs HHAYKuuu MII,

rerepupyemoro KO CAD B toukax .

ITo amanoruu ¢ [14], onpeneneHure BEKTOpa HCKO-
MBIX IapaMeTpoB R CBelleM K pEIleHHIO 3a1a4d MHOIO-
KPUTEPHAILHON ONTUMHU3ALMH BEKTOPHOTO KPUTEPHS

B(R)=[B(R.P).B(R,P,).-BRP,)[ ., (3
KOMIIOHEHTaMU KOTOPOI'O E(R,R) ABJIAIOTCS 3HAYECHUs

HHIYKIMHU pe3yabpTupyromero MII B Toukax P;.

Pemenune 310l 3am1au MHOIOKpUTEPHAIBHOM ONTH-
mu3anun (3) OyZeM OCYLIECTBISITH OPH KOMIBIOTEPHOM
MOJEIUPOBAHWN HA OCHOBE AJITOPHTMOB ONTHMH3ALHU
MYJIBTHPOEM  4acTHI M3  MHOXecTBa  [lapero-
ONTUMAJIBHBIX PEIIEHUH C yueToM OMHAPHBIX OTHOLICHHI
npennoutenus [13, 14]. MogenupoBaHHe OCYIIECTBIISIEM
B iporpaMmHoM nakere MATLAB.

AHanu3 3¢(PeKTUBHOCTH AKTHBHOIO 3KPAHUPO-
panusa MII TII. DddexruBrocts (hakTop) sKpaHHpOBA-
uust MIT CAD B Touke P; B coorBercTBuM ¢ [11] Mmoxer
OBITh OIPE/IC/ICHa COOTHOILICHUEM

‘és('ﬂ 1 @

Epi =m—5—m,

rmue éS(P, ) , éy(P') — IeMCTBYIOIUE 3HAUEHUS UCXOJHOU

u co3maBaemoil CAD wHaykmmii MII B Touke Pj;
Opi — OTHOCHTEIIbHAS TIOTPEITHOCTH dKpanupoBaHus CAD.

Tak, mpH YNOMSHYTOM BBIII€ NPEBBIIICHUN CAHU-
tapHbIx HOpM B 3-10 pa3, HeoOxoaumas 3¢ (GeKTHBHOCTh
skpanupoBanus coctaBuT 3 (10) exuHuil, a AOmMycTUMAsS
OTHOCUTECJIbHAA TMOTPEIIHOCTh KOMIICHCAIIMKM WHIAYKIUH
MII nomkHa 6eiTh He Menbire 0,33 (0,1) cooTBeTCTBEH-
HO. [Ipu 3TOM 3HAYEHHUE Opj MOXKET OBITh ONPEICICHO KaK

2 2
Spi =+ S6im + Shir ©)

re Opim — OTHOCHUTENBHAsI METOAWYECKas IOTPEITHOCTH
CAD, ompenenseMas HECOOTBETCTBHEM IPOCTPAHCTBEH-
HOH CTpyKTypbl ucxoaHoro MII u koMmmeHcHpyoLero
MII, renepupyemoro KO; Opi; — OTHOCUTENIbHAS TIOTPEI-
HOCTh perymupoBanus CAD.

Awnanu3 cootHomenus (5) Moka3piBaeT, 4TO OCHOB-
HOM cocraBmsitoneil nmorpemHoctu CAD sBisieTcsT METO-
JIMYecKasl MOTPEIHOCTh Opim, OTpeJeisieMas napaMerpa-
M KO u orpannuennas 3nadenuem 0,1 npu apdexTus-
HOCTH dKpanupoBanus He Oonee 10 equaum. B 3TOM Ciny-
Yyae OTHOCHTENIbHAsI TOTPEUIHOCTh Opjy PETYJIMPOBAHUS
CAD npu UCIIONb30BaHUN COBPEMEHHBIX CHCTEM aBTOMa-
THYECKOT'0 PEryJIUpPOBaHHS MOXKET OBITh JIETKO YMEHbIIIe-
Ha 1o 3HaveHuit 0,01-0,03, mpu koTOpeIX OHa He OynmeT
OKa3bIBaTh CYIIECTBEHHOTO BIMSHHUS Ha CYMMAapHYIO II0-
TPEeIIHOCTE dKpaHupoBaHus dpj CAD. DT0 mo3BoyseT Ha
maHHOM dTare cBectn cuHTe3 CAD K cuHTedy ee KO.
[Hostomy anroputm ympasieHuss CAD B JaHHOU CTaThe
HE paccMaTpUBAETCA U ABISAETCA NMPEIMETOM OTICIBHBIX
HCCIIEI0BAHUM.

OcymiectBuM pemrenue 3agaun cuare3a KO CAD u
ananuza s¢dexruBHocty skpanuposanus MIT TII nus
TUIIOBOM TOPOACKOH NByXTpaHc(opMaTopHOil MmojcraH-

mun (2x400 xBA, 6/0,4 kB), BCTpOEHHOM B KUIION TOM
Ha nepBoM 3taxe. Pazmepsl nomemenus TII cooTBerct-
BYIOT pa3MepaM COCEIHMX XHIJIBIX nomeuieHuil. Cxema
pacmonoxxenus: TokorpoBoo TII mokasana Ha puc. 3, a
ux reometpus npuseneHa B [3]. [NoxkmoueHne Tpexdas-
HBIX TOKOIPOBOJIOB TII BEIOIHEHO ¢ MPSIMBIM ITOPSIKOM
yepenoBaHus §as.

KomnsrotepHoe Monenuposanue BHemHero MIT TII
npoBomiIock B coorsercTBuM ¢ (1) — (3). IIpu aTOM pac-
CMaTpPHUBAJIOCH IBa BapHAHTAa PACTIONOKEHUS JKIIOTO II0-
Mmemtenust otHocutensHo TII (puc. 1): Bapmant A — mo-
MeleHue pacnosioxkeHo Haj TII, Bapuant b — nmomere-
HEe pacmonokeno psgom ¢ TII Ha omHOM sTaxe (cOOKY
ot TII).

JxpanupoBanne MII B mnomemenun nHag TII
(Bapuant A). Bemmonanum cuntes KO CAD, obecrneun-
BaIOIIMX HEOOXOANMYIO 3((PEKTUBHOCTD SKPaHHUPOBAHHMS
MII B nomeriennu, pacnoioxenaom Hax TII (puc. 3).

Kuoe
4 5 IIOMEIIEHUE

y.M

6
X,M 8-2
Puc. 3. Pacnonoxenus nomeruenus Haja TII (Bapuant A)

JUis TapaHTHPOBAaHHOTO YMEHBIICHHUS WHIYKIHH
noteHuuanbHoro MII 10 ypoBHSI CaHUTAapHBIX HOPM BO
BCEM KIJIOM ITOMEIICHHUH, JOCTATOYHO 00ECIIEYNUTh COOT-
BeTcTBYyIoUlee ymeHblleHue MII Ha KOHTpPOJIBHOM ILIOC-
koctu D1, orcrosimeit ot mosia momentenus (puc. 3) Ha
paccrosinue 0,5 M, rae MII Hopmupyeres [1, 2].

Pacuernoe 3Hauenue nHaykuuu ucxognoro MII TII
npyu HOMHHaJIbHOW MouiHoctu TII mpencraBieHo Ha
puc. 4. Ilpu 3TOM MaKCHMalbHOE 3HAYEHHE HCXOIHOM
naaykia MIT cocraBnser 3 MxTo, uyTo B 6 pa3 mpeBHI-
IIaeT ypoBEHb caHuTapHsIXx HopM 0,5 Mx T [2].

Ha ocHoBe mopnenupoBanus BbIOJIHEH cuHTE3 KO
CAD (puc. 5), u onpeneneHbl HX MapaMeTpbl B COOTBET-
ctBun ¢ 1abn. 1. KO pacronoxxensl B nomerieHun TII,
nmapasieNIbHO ero MOToJKY, Ha paccTosiHuu 0,55 M oT He-
0, ¥ MMO3BOJISIIOT Pean30BaTh HEOOXOAUMYIO 3dexTHB-
HOCTb 3KpaHUPOBaHHUA, yMeHbIIUB ucxogHoe MII TII
(puc. 4) 10 ypOBHSI CAHUTAPHBIX HOPM.
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Puc. 4. Pactipenenenne ucxoanoit nHAykuun MII B sxunom
nomereHny Hag TI1, Bapuant A:
(a) — B momerenuy; (6) — Ha KOHTPOJIBbHO# MI0CcKOCTH D1

Tabnuua 1
TapameTpbl KoMIieHCaOHHBIX 00MOTOK CAD (BapuaHT A)

AMnep-BHUTKH,

Ne KO womrocts KO Koopaunatst KO

1 [IW1=245A,
S=36 BA,
h=135m.

x11=-1,23 M, y11=-0,51 m,
711 =-1,35m, x12=-0,94 M,
y12= 290m, z12=-1,35m,
x13=124m, yl3=255m,
713=-1,35m, x14=0,99 M,
y14=-040m, Z14=-1,35m.

2 |IW2=256A,
S=36BA,
h=135m.

x21=4,41m, y21=-022m,
221=-1,35mM, X22=4,40 ™,
y22=298m, 222=-1,35wm,
x23=6,40m, y23=2,30Mm,
223=-1,35M, X24=6,40 ™,
y24 =-0,48 m, 24 =-1,35m.

Kak moka3sniBaroT peE3YIAbTaTbl  MOJACIUPOBAHUA
(puc. 5), mpu ucnone3oBaHuM cUHTE3UpoBaHHOH CAD
yposeHb nHaykuun MII kak Ha miockoctn D1, tak u BO
BCEM JKHMJIOM ITIOMEIIEHNH yYMEHbIIaeTcs 10 0e3011acHOro
sradenns 0,5 mxTin. Ilpu stom cunTesnpoBannas CAD
UMeeT MHUHHMalbHOE KoimdecTBO KO, pasMmelleHHBIX B
momemnieanu TII u obecnieunBaeT HEOOXOAUMYIO A dek-
THBHOCTh JKpaHUpOBaHUS (He MeHee 6 eIUHMI) IpU
sHepronorpedieHnn He 6osee 0,1 kBT.
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Puc. 5. Pacnipenenenne pesysTupyrommet naayknyy MIT B xumom
nomenteruu Hax TII npu ucnons3oBanuu CAD, BapuaHT A:
(a) — B nomenienny; (6) — Ha KOHTPOJILHOM TIOCKOCTH D1

Jxpanuposanne MII B nomelnieHHH, pacrnojo-
skeHHoM psigom ¢ TII (Bapuant B). Beimoanum cunTes
KO CAD, obecneunBaronux Heobxomumyr 3¢dextus-
HOCTb 3KpaHupoBaHusi MII B momenieHuu, pacronoxkeH-
HoM psizom ¢ TIT Ha omHOM 3Taxe (puc. 6).

Crena
TIT
Kuoe / 05 M
TIOMEIICHHE
P.
I \
DZ\
XM 2 . 8 \5 :1 2 0 2
y.M

Puc. 6. Pacnonoxenue nomeruenus c6oky ot TII (Bapuant b)

Ha puc. 7 mpencraBieHO pacyeTHOE 3HAUCHHE WH-
nyknun ucxoaHoro MIT TII, kotopoe gocturaer 1,2 Mx T,
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Puc. 7. Pactipenenenne ncxoanoit nHAykuuu MII B sxumom

MOMEIIEHNH, pacoiokeHHoM cOoky ot TII, Bapuant b,

Ha iockoctu D2, orcrosieii Ha 0,5 M 0T CTEHBI HOMEIECHUS

Ha ocHoBe mopenupoBanus BblnojiHeH cuHTe3 KO
CAD (puc. 8), pacnonoxeHnsix Ha paccrosuun 0,35 m ot
IJIOCKOCTHU cTeHbI omelueHus TI1, no3Bossiomux peanu-
30BaTh HEOOXOAMMYO 3()(HEKTUBHOCTH IKPAHHUPOBAHUSA U
YMEHBIIUTE WHAYKIMIO ucxomuoro MIT TII (puc. 7) mo
ypoBHst canutapubix HopM (0,5 MxTn) mpu mcrmons3oBa-
nuu KO ¢ napamerpamu B COOTBETCTBUH C TalII. 2.

Tabnuua 2
IMapameTpbl KOMIIeHCaMOHHBIX 06MOTOK CAD (BapuaHT B)

Ne KO ﬁg/{;ﬁzgfﬁg Koopaunatsr KO

1 |IW1=945A, x11=-1,42m, y11=3,0mMm,
S=10BA, 7211=250mM, Xx12=-2,0Mm,
h=115wm. y12=30mM, Z12=3,70Mm,

x13=20 M, yl3=30m,

713=3,70 M, Xx14=20m,

yl4=30 M, Z14=128wm.

2 (IW2=944A, x21=347m, y21=3,0m,
S=10BA, 21=111wm, x22=3,74mM,
h=115wm. y22=30mM, 222=3,70Mm,

x23=7,40m, y23=3,0m,
223=3,70 M, x24=6,56 M,
y24=30m, 224=240wMm.

Cxema pacnonoxenuss KO CAD mokazaHa Ha
puc. 8,a, a pacueTHOe pacupenelieHHe pPe3yJIbTHPYIOIEH
uanykiu MIT B sxwiom nomermennn cooky ot TIT mpu
ucnosip3oBanud CAD (BapuaHT b) Ha KOHTPOJIBHOM TLIOC-
koctu D2 cTensl momerieHus npeacTaBieHo Ha puc. 8,0.

Kak moka3pIBalOT pe3ysbTaThl MOJECIHUPOBAHUSA
(puc. 8), mpu wucnoNB30BaHWK cUHTE3UpoBaHHOH CAD
ypoBerb mHAyKIMH MII B o0beMe KHIOTO TOMEIICHUS
yMeHbInaercs 1o Oe3omacHoro 3HadeHus 0,5 MxTn. IIpu
sTOM cuHTe3upoBaHHast CAD Taxke UMeeT MUHIMAaIbHOE
konuaectBo KO, pazMenieHHbIX BOJHM3U IIOCKOCTH CTe-
ubl nomemenust TI1, u obecneunBaeT HEOOXOAUMYIO -
(bexkTUBHOCTD dKpaHupoBaHus (He meHee 2,4 eIUHHIIB)
npu 3HepronoTpedacHnu e 6omnee 0,03 kBT.
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Puc. 8. Pactipenenenue pesynbrupyronieit nHAyKua MIT
B )XmJIoM romenieHnu c6oky ot TII npu ucnons3oBannu CAD,
BapuasT b: (a) —nonoxenue KO u TIT; (6) — MII Ha KOHTPOJIB-
HOM mockoct D2

Takum 00pa3oM, MPOBEACHHBIN BEIIIE aHAIN3 TIOA-
TBEPXK/JIaeT BO3MOXKHOCTh yMeHbleHus] naaykimun MIT B
JKHITBIX [TOMCIICHHSX iomanbio 40 M2, pacIiomOKEHHBIX
pstamom ¢ ropoxackumu TIT 2x400 kBA, 6/0,4 B, mo ypos-
HSl CAaHUTApHBIX HOPM C momolupto mpocreiimux CAD c
JABYMs IJIOCKMMH KOMIICHCAIMOHHBIMU O6MOTKaMI/I, pas-
MmenraeMbiMi BOMTH3H mona (ctensr) momentexuit TI1. [pu
atoM sHepromnorpedbnenne CAD cocraBiser He Ooiee
0,1 kB, miomans KO - e 6onee 10 M2 IIPU KOJIMYECTBE
ammep-sutkoB KO He Oonee 30. DddextrBHOCTL ((ak-
TOp) OKPaHUPOBAHWS, pealu3yeMas CHHTE3MPOBAHHOM
CAD TII (puc. 2) nocturaer Gonee 6 eIUHMIL, YTO HMEET
IKCIEPUMEHTANIbHOE TOATBEPXKICHUE B J1a0OPaTOPHBIX
YCIIOBUSIX.

Ha cnenyromux srtamax co3manuss CAD MII TII
IUIAHUPYETCsl pa3pabdoTKa €€ CTPYKTYPHBIX DJIEMEHTOB
(puc. 2) u mpoBeseHHEe IKCIEPUMEHTAIBHBIX HCCIIEI0BA-
HUH mosiHOMAacIITaOHbIX Mojeneil CAD B KHIBIX JOMax
co BcrpoeHHbMH TTI.

BeiBOABI.

1. BnepBeie 000CHOBaHA BO3MOXKHOCTh PEIICHHUS 3a/1a-
Y YMEHBILIEHHUS 10 YPOBHS CAHUTAPHBIX HOPM HHIYKIHU
MarHUTHOTO TOJS B KWIOM TOMEUICHHH, PAaCHOI0XKEH-
HOM PSIIOM C TOPOJCKOU TpaHC(HOPMATOPHON MOICTAHITH-
el MmomHOCThIO 10 2X400 kBA, ¢ HOMOIIBIO IPOCTEHININX
CHUCTEM aKTHBHOTO JKpaHupoBaHHUs. OOOCHOBaHHE BBI-
MOJHEHO MPU KOMITBIOTEPHOM MOJICITHUPOBAHUH C HCIIOJb-
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30BaHHEM AJITOPUTMOB ONTHUMH3AINN MYJIBTHPOEM dac-
TUIl U3 MHOXecTBa [lapeTo-onTUManbHBIX pElIEHUN C
y4eToM OMHApHBIX OTHOLIEHUH MPEANOYTEeHNUS.

2. BbINONTHEH CUHTE3 MPOCTEHIINX CHCTEM aKTUBHOTO
9KpaHUPOBAaHMSI MAarHUTHOTO IIOJISi TpaHC(OPMATOPHBIX
MOJCTAHIMI C JBYMS IUIOCKUMH KOMIIEHCAllMOHHBIMU
00MOTKaMH, pa3MeIlaeMbIMU BOJIM3H MOTOJIKA (CTEH) IO-
memernss TII ¥ MO3BOJSIONMX YMEHBIIUTH 10 YPOBHS
CaHWTapHBIX HOPM WHAYKIIMIO MAarHUTHOTO TOJS B pac-
MTOJIO’KEHHOM PSZIOM JKHJIOM TOMEIICHHH IDIOMIAIbI0 10
40 M2, TIpy 5TOM SHEpromnoTpeIeHHe CHCTEMBI aKTHBHO-
ro sKkpaHupoBaHus cocrasisier He Oosee 0,1 kBT, mio-
11a]1b KOMIICHCALIHOHHBIX 06MOTOK — He Goiee 10 M? ipu
KonuecTBe ammep-eutkoB He Oosee 30, a 3ddexTus-
HOCTh ((pakTOp) FKpaHUPOBAHUS JOCTHTAaeT Oonee 6 enu-
HUL, YTO HUMECT DKCIICPUMECHTAJIBHOC IMOATBEPIKICHUE B
71a00paTOPHBIX YCIOBUSX.

3. [IpakTnyeckoe MCMOIB30BaHUE CHUHTE3UPOBAHHBIX
CHCTEM aKTUBHOTO SKPAaHMPOBAHMS, NPU YCIOBHH II0JIO-
JKUTEIBHBIX PE3YNbTAaTOB IKCIIEPHMEHTAIBHBIX HCCIIENO-
BaHMI WX TMIOJIHOMACIITAOHBIX (U3WYECKUX MOJEIeH,
MO3BONUT 3(P(PEKTUBHO PEIINTh aKTYaIbHYIO U COIHAIB-
HO 3HAYMMYIO 33/1ady 3alIUTHI 3J0POBbS HACEICHHS KH-
JIBIX TOMOB CO BCTPOEHHBIMH TPAaHC(HOPMATOPHBIMHU TIO-
CTaHLHUSAMH OT HETaTHBHOTO ACUCTBHUS MArHUTHOTO IIOJIS
HpOM]:-ILHJ'leHHOﬂ YacCTOTHI.
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Active shielding of external magnetic field of built-in
transformer substations.

This paper deals with the mitigation of low-frequency mag-
netic field of build-in transformer substations down to the
reference level 0.5 4T in nearby living spaces. To meet the
reference level, we substantiate the actuality of the usage of
active shielding methods having higher efficiency, comparably
to metal consuming passive shielding. We show that the opti-
mization of parameters and localization of compensation coils
is the main goal of the synthesis of the active shielding system.
The solution of synthesis problem is based on the developed
3D numerical model by using particles multiswarm optimiza-
tion algorithms from Pareto-optimal solutions set taking into
account binary preference relations. This allows justifying the
usage of simple active shielding system for magnetic field
mitigation down to the reference level in living spaces, located
near build-in transformer substations (2x400 kVA, 6/0.4 kV).
The synthesized active shielding system has two plane com-
pensation coils installed near the ceiling (wall) of the substa-
tion room. The area of each cail is less than 10 n? and the
number of ampere-turnsis less than 30. We show that the effi-
ciency of the active shielding system is 6 when it electric pow-
er consumption is less than 100 W. This allows mitigating the
magnetic field down to 0.5 »T in 40 n?? living space located on
top or side from the substation. The application of synthesized
active shielding system (subject to the positive results of ex-
perimental studies of their full-scale physical models) allows
solving the actual and socially significant problem of the
health protection of tenants of residential buildings with build-
in transformer substations from the negative effects of power
freguency magnetic field. References 16, tables 2, figures 8.
Key words: urban transformer substation, living space, active
shielding of the magnetic field.
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H.A. Xionenko

PACYET U TIPOEKTUPOBAHUE POBACTHOTI'O PEI'YJISATOPA CKOPOCTH
CUCTEMbBI YACTOTHOI'O YIIPABJIEHUA ACUHXPOHHOI'O 3JIEKTPOIIPUBO/IA

Mema. Memoro pob6omu € po3paxynoK i RPOeKmy8anHa podACMHO20 PeyNAmopa WeUOKOCmi cucmemu Yacmomnozo ynpaeiin-
HA ACUHXPOHHO020 e1eKMPONPUBOOY 3 NAPAMEMPULHOIO HEGUHAUEHICINI0 MA HAAGHICINIO NEPEKOO0 6 KAHAi 360POMHO20 36'A3-
Ky. Memooonozia. Po3paxynok i npoexmyeannsn pezynamopa nposoouscsa ¢ womupu emanu. Ha nepuwiomy emani oyoyeanacs
NiHeapu308ana MamemMamuyna mooeis 00' EKma ynpasiinHA 3 RApaMempuyHol0 HeGU3IHAYEHICMIO | pO3Paxoeyeanaca ¢ naKemi
Robust Control Toolbox nepedasanvna ¢ynxyin Hoo-cybonmumanvhozo pezyrsmopa 3a memooom miwanoi yymaueocmi. Ha
opyzomy emani docnioxcysanaca cmiiikicmes pooacmuoi cucmemu i mounicms cmaoinizayii weuOKocmi acCUHXPOHHOT Mawiunu
npu UnaoKkosux eapiayiax HesusHaueHUx napamempie 06' ekma i pezynamopa 6 3aoanux mexcax. Ha mpemyomy emani éusuas-
cs ¢ nakemi Simulink enue nepewkoo, wo eunuKaomov 6 Kanai 360pOMHO20 36 A3KY, HA wWeuOKicmy erekmpoosuzyna. Ha
3aKAIOYHOMY emani 6UKOHYBAN0CA PO38UHeHHA nepedasanvhoi ynxyii Ho-cybonmumanvhozo pecyramopa 6 1aHur0206y opio
3a anzopummom Eexnioa. Ln 0pié euxopucmogysanacsa ons nodyoosu erekmpuunoi cxemu pezynamopa. Pesynemamu. Ilpoese-
0eHO KOoMN'lomepHe MOOeN06anHs nepedasanvhoi gryukyii Ho-cybonmumanvnozo pezynamopa, cucmemu pooacmuoi cmaoini-
3auii wWeuoKocmi YacmomHo-pezyib06an020 e1eKmponpugoody npu 6UNAOKOSUX 6apiayiax HegU3HAYEeHUX napamempie 00' ekma i
Peynamopa é 3a0aHUX MexHcax, 4 MmaKoyic npu HaAA6HOCMI NePeuKoo Pi3HOT iIHMEeHCUBHOCH 6 KAHALI 360POMH020 36' A3KY. Bubip
eapiiioeanux napamempie 30iiicniosaeca 3a memooom Moume-Kapno. Ilooyoosano kpuei nepexionux npouecie wiuokocmi acu-
HXPOHHOI MAWUHU 3 RAPAMEMPUYHOIO HEGUHAYEHICHIO | RPU PO3MAXAX nepeuwtKkoo, a maxoic oiazpama Booe ons pozimknymoi
cucmemu. 3a pO3KUOOM OMPUMAHUX KDUGUX REPEXIOHUX RPOYECié BUHAYANACA MOYHICMb cmadini3ayii weuoKocmi mawmunu, a
no oiazpami booe — 3anacu cmiitkocmi 3a amniimyooio i ¢pazoro pobacmnoi cucmemu. Bonu 3naxooamoca 6 mexncax 0onyckie
npu nOPIGHANO GENUKUX GIOXUIEHHAX 8aADillo6aHUX napamempis i posmaxax nepeuwikoo. Ha 6a3i npoeedenux 0ocnioncens po3po-
oneno enexkmpuuny cxemy Hoo-cybonmumanvnozo pobacmmuozo pecynamopa. Hosusna. Po3poonena mamemamuuna mooeny ma
3anpononosana memoouKka po3paxyHky i npoexkmyeannus Hoo-cybonmumanvnozo podacmmnozo pecynamopa wiuOKocmi cucmemu
4aACMOmHO20 YNRPAGIIHHA ACUHXPOHHOZ0 €1eKMPONPUEooy npu 6UNAOKOGUX 6apiayiax HeeusHayeHux napamempie 00'ckma i
pezynamopa € 3a0anux mexcax i HaA6HOCmI nepeutkoo 6 Kanaui 360pOmHo20 36’ A3Ky, AKa 3abezneuye cmiliKicmy cucmemu 3
3anacamu 3a amniaimyoor i azor, ujo 0ONYCKamMvca, ma 6UCOKy mouHicmos cmadinizayii weUOKOCMIi MAWUHU 8 MeXHcax 00-
HYCKié HegU3HAYEeHUX napamempie cucmemu i nepewkod. Ilpakmuune 3nauenns. Ompumana cmpykmypa peyisamopa 3 aHano-
206UX e1eMeHmie 0AE MOMHCAUBICIb NPOGOOUMU MOOEPHIZAYII0 CUCHEM YACIMOMHO20 YRNPAGTIIHHA e1eKMPONPUEOOis, W0 3HAX0-
0amuca 6 ekcnayamayii, 3 minimansnumu ginancosumu eumpamamu. bion. 11, puc. 7.

Kniouogi crosa: eneKTponpHBOA aCHHXPOHHMIA, YACTOTHE YNPABJIiHHSI, POOACTHHI PeryJsiTop, eJJeKTPHIHA CXeMa.

Lens. Ilenvio pabomut Aenaemcea pacuem u nPOEKMUPosanue podacmnozo pezynamopa cKOpocmu 4acmomno-pezyiupyemozo
ACUHXPOHHO20 INIEKMPONPUGOOA C NAPAMEMPUUECKOI HeOnpedeNeHHOCbI0 U HAUYUueM nomex 6 Kanane o0pammoii ceasu.
Memodonozun. Pacuem u npoexmuposanue pezyiamopa nposoouncsa é uemsipe smana. Ha nepeom smane cmpounace nuneapu-
306aHHAA MamMeMamMu4eckas Mooenb 00veKma ynpagnenus ¢ napamempuieckoii HeonpeoeieHHoOCmbio U Paccuumsléanacs 6
naxeme Robust Control Toolbox nepedamounasa ¢ynkyus H,-cybonmumanviozo pezyiamopa no Memooy cMeuwantol wyecm-
eumenvhocmu. Ha emopom smane uccnedosanace ycmoiuugocms pooacmmuoii cCucmemsl U mMoYHOCHb CHAOUIUIAUUU CKOPO-
CMu ACUHXPOHHOU MAWIUHbL NPU CTIYYAUHBLIX 6APUAUUAX HEONPEOCTCHHbIX NAPAMEMPOs 00beKma u pezyiamopa 6 3a0aHHbIX
zpanuyax. Ha mpemvem smane uzyuanocv ¢ nakeme Simulink eiusnue nomex, 6o3nuxarouux ¢ Kanaie o6pamuoii césa3u, Ha
cKopocmb Inekmpoosuzamena. Ha 3akniouumenvnom smane GvlnONHANOCL paziodceHue nepedamounoii @ynkyuu Hoo-
cybonmumanvHozo pezynamopa 6 uennyio opoos no anzopummy Eexnuoa. Ima opoow ucnonvioeanace ona nocmpoenus nex-
mpuueckou cxemwt pecynamopa. Pesynomamor. Ilposedeno komnviomepnoe mooenuposanue nepedamounou gynxkuyuu H., -
CYOONMUMANBLHOZ0 PEYNAmMopa, CUCIEMbl POOACIMHOI CMABUNUIAUUL CKOPOCIU YACIOMHO-PEZYIUPYEMO20 IJIEKIMPONPUEOOa
RpU CYUATUNBIX 6APUAUUAX HEONPEOENICHHBIX NAPAMEMPOE 00bEKMA U PeyNAMOopPa 6 3a0aHHbIX ZPAHUUAX, A MAKMCEe NPU HAU-
YUU nomMex pasiudHoOl UHMEHCUGHOCMU 6 Kanane oopamuou ceasu. Beibop eapvupyemvix napamempos ocywiecmenancsa no
memody Moume-Kapno. Ilocmpoenst kpugvle nepexoonsvix npoyeccog cKOpOCHMu ACUHXPOHHOU MAWIUHBL C RADAMEMPUYECKOIL
HeonpeoeneHHOCmbIo U NPU PaAzmaxax nomex, a makxyce ouazpamma booe ona pazomknymoii cucmemut. Ilo pazépocy nonyuen-
HbIX KPUBBIX NEPEXOOHBIX NPOUECCO8 ONPEOeNANaACs MOYHOCHL CMAOUIUIAUUU CKOPOCMU Mauiunbl, a no ouazpamme booe —
3anacel ycmouuugocmu no amnaumyoe u gaze pooacmuoii cucmemol. Onu HAxX00AMcA 6 npedenax OONYCcKoe npu CPAGHUMENb-
HO 6ONbULUX OMKTIOHEHUAX BAPLUPYEMBIX nApamempos u pasmaxax nomex. Ha b6aze npogedennvix uccnedosanuii pazpabomana
anekmpuueckan cxema H.-cybonmumanvnozo pobacmnozo pezyramopa. Hoeuszna. Pazpabomana mamemamuyeckas mooens u
npeonoscena memoouxka pacuema u npoexmuposanus H.-cybonmumansnozo poéacmmnozo pezynamopa cKopocmu cCucmemsl
YACMOMHKO20 YRPAsIeHUA ACUHXPOHHO20 INEKMPONPUBOOA RPU CAYUAIIHBIX 8APUAUUAX HEONPedeIeHHBIX NAPAMEMPO8 00beKma
U pezynamopa 6 3a0aHHbIX ZPARUYAX U HATIUYUU ROMeX 8 Kanaie 00pamHoil cesa3u, 06ecneuusauias yCmouuugoCcny CUucmemol
€ 0ONYCKAeMvbIMu 3anacamu no amnaumyoe u gaze u blCOKYI0 MOYHOCHb CIAOUIUIAUUN CKOPOCIU MAWUHbL 8 npedenax 0o-
HnycKoé HeonpedeneHHbIX napamempoe cucmemsl u nomex. Ilpakmuueckoe 3nauenue. Ionyuennaa cmpykmypa pecynamopa u3
AHATI0206bIX I]IEMEHNI06 OAEMm 803MONHCHOCIL NPOGOOUNL MOOEPHUAUUIO CUCHIEM YACHOMHO020 YRPAGICHUA INEKMPONPUBOO0E,
HAXO0AWUXCA 6 IKCHIIyamayuu, ¢ MUHUMAbHOIMU (hunancosvimu 3ampamamu. butn. 11, puc. 7.

Kniouesvie cnosa: 371eKTPONPHBOJ ACHHXPOHHBIN, YaCTOTHOE YNPaBJeHHe, POOACTHBIN PeryJsTop, dIeKTPHIecKas cxema.

BBegenune. B yacTOTHO-perynMpyeMblX aCHHXpOH-  TPOABUIATENsl € 3aJaHHOM TOYHOCTbIO. M3BECTHO He-
HBIX JJICKTPOIPHUBOAAX, (PYHKINOHUPYIOUIMX B YCIOBHSAX  CKOJNBKO MeTonoB [1-5], koTopsie Hamie Bcero MCmob30-
HEONPE/IENEHHOCTH, CYIIECTBEHHOE 3HAUCHHE MMEET 3a-  BAJINCh B PA3IMYHOE BPEMs OTEUECTBEHHBIMH U 3apyOexk-
Jada poOacTHOH CTaOMIM3aLMK YaCTOTHI BPALIECHHUS SJIEK- © H.51. XiomeHKo
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HBIMH YUYEHBIMH JJIsl PElIeHHs 3TOH 3ana4u. VI3 HuX Hau-
Oonpliee MpUMEHEHNE HaXOAUT METOJ CHHTE3a CTAOWIIH-
supytomero H,-cybontiuMansHOro pobacTHOro peryJis-
Topa. B paborax [6-9] Ha 6Ga3e sTOro mMerona paspabora-
Hbl METOAOJIOTUA HAYYHOI'O HCCJICAOBAaHUA, MCTOJUKA
pacyera M dJIeKTpHUecKasl cxema cTaduinzupyromero He.-
peryyisitopa CHUCTEMBI YIPAaBICHUS MOTOKOCICILICHUEM
poTopa MpH CIIyY4alHBIX BapHalUsAX HEONPEICICHHBIX
rapamMeTpoB B 3aJ[aHHBIX IPAHHUIAX U MOMEXax B KaHaie
00paTHOM CBSI3H.

B Hacrosimeit paboTe 3Ta METOHOIOTHS TIPIMEHSET-
Csl JUUIsL TIOCTPOCHUSI MaTeMaTHYECKOW MOJIENH, a TaKKe
METOJMKU pacueTa M MPOCKTHPOBAHMS IJIEKTPUUECKON
cxembl H,-cybontumanbHOro pobacTHOroO peryisitopa
CKOPOCTH CUCTEMbI YaCTOTHOI'O YIPABJICHUA aCUHXPOH-
HOT'O 3JIEKTPOINPHUBOJIA.

Heasio padoThl sBISCTCS pacdyeT M MPOCKTHPOBA-
HHUE POOACTHOTO PETYNSATOPAa CKOPOCTH CHCTEMBI YacTOT-
HOTO YTIPaBIICHHUS aCHHXPOHHOTO 3JICKTPOIPHUBOJA C Ia-
paMeTpUYECcKOil HEONPEEICHHOCTBIO H HATMYHUEM TTOMEX
B KaHaJe 00paTHOH CBS3U.

MeToas! u pe3yabTaThl HecaeaoBanuii. Ha puc. 1
MpeCTaBlieHa CTPYKTYpHasl CXeMa JINHeapu30BaHHOTO B
npezenax pabodyero y4acTka MeXaHMYeCKOW XapaKTepu-
CTUKHA OOBEKTa YMNpaBJIeHHS B IPOCTPAHCTBE CHTHAJIOB
«Bxoa-Beixom» [10, 11]. OHa COmEpKHUT MepeaaToOUHbIe
¢GyHKIMKM TpeoOpa3oBaTeiss YacTOThl ¢ KOI(P(HHIMEHTOM
nepenau K. 1 MOCTOSHHON BpEeMEHHU Tf. B aCHHXPOHHO-
O JBUTATENII C KOPOTKO3aMKHYTBHIM DPOTOpPOM. AcCHH-
XPOHHBIA JIBUTATEINh NPEACTABICH AllCPUOIUYECKUM 3Be-
HOM IIEpBOTO MOPSKA C MOJYJIEM JKECTKOCTH f§ U dJIeK-
TPOMArHUTHOW MOCTOSIHHOM BPEMEHH Te U MHTETPUPYIO-
MM 3BEHOM C MOMEHTOM HHEpIMU J, YYUTHIBAIOLINM
MIPUBE/ICHHBIH K OCH POTOPa MOMEHT WHEPLHUH HMCIOJHH-
TEBHOTO MeXaHu3Ma. MOMEHT Harpy3ku (CTaTHIeCKuil
MOMEHT COTPOTHBIICHHS) Oy/leM CUUTATh MOCTOSHHBIM W
MIPUJIOKEHHBIM K POTOPY Ha YCTAHOBUBILEMCS DPEXHUME.
IToatomy ero mpupaienuem Mg B pabodeii ToUke CTaTu-
YEeCKOW MEXaHWYECKOW XapaKTePHCTHKH HpeHeOperaem.
[puparenre MeKTPOMarHUTHOTO MOMEHTa M JIBHTATENS
B JTOW XK€ TOYKE MPHUHUMACTCS PABHBIM 3TOMY MOMCHTY
[10, 17].

MTS
U | K | W B | M 1| W

TP Tp+i Jp

Puc. 1. CtpykTypHas cxeMa aCHHXPOHHOT'O JJICKTPOIIPUBOIA
[epefinem OT cTPyKTypHO#H cXxeMbl 00BEKTa K ypaB-
HEHHSIM COCTOSIHUSI B HOPMaJIbHOM OomepaTopHoii hopme:
1
w=—M;
P J
1
oM =M + 2 (g - ), )
Te Te
1 Kte
Paog =——awg+—=U,
Tre Trc
rae

)

p — oneparop Jlamnaca; U — yrpassisiroriee BO3ACHCTBHE;
@, Wy — COOTBETCTBEHHO YTJIOBAas CKOPOCTh pOTOpa MU
BPALIAIOIIErocss MArHUTHOTO TI0JISi OTHOCUTENBHO CTaTo-
pa; M, Mg — COOTBETCTBEHHO 3JIEKTPOMArHUTHBIN U KpH-
TUYECKMH MOMEHT JBHUTATeNs, Sy — KPUTHUECKOE CKOJIb-
JKEHHE; Z, — YHCJIO ap MOJIOCOB; N — UHAEKC HOMHUHAIIb-
HBIX BEJINYMH.
Baenem Oe3pasmepHbIC BENUUHNHbBI
X =2 xzzﬂ; xg =20 u="_. ©)
@n My @on Up

Iepeiinem B ypaBHenusx (1) k 6e3pasMepHBIM Tie-
pemernbiM (3). Toraa mony4yum ¢ ydetom (2) cremyrorie
YpaBHEHUSI COCTOSIHHS 00BHEKTA:

PX = My X2,
n
@on 1 Wn .
PXp = 2ZgM | 2 Xg — = Xp——1-X |: 4
PRIM, T BT My,
pX3=—iX3+&u.

Trc TicKten
Bocnons3oBaBminch ypaBHeHusmu (4), mocTpoum
CTPYKTYPHYIO CXeMy 0OBEKTa B TIPOCTPAHCTBE COCTOSTHHI

(puc. 2).
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Puc. 2. CtpykrypHast cxemMa 00beKTa yIpaBIeHUsI
B IIPOCTPAHCTBE COCTOSIHUI

B 310l cxeMme 3a HeolpeneneHHbIE TapaMeTphl, Hau-
Oosiee YyBCTBHUTENBHBIE K U3MEHEHHSM MOJEIN O0bEeKTa,
npumeM ko3¢ ouument nepenaun Ki. mpeoOpaszoBaress
YaCTOTHI, KPUTHYECKUIT MOMEHT M, MOayIb KECTKOCTH
£ 1 MOMEHT UHepLuH J aCHHXPOHHOT'O JIBUTaTeIs.

[penmnonoxum, 49TO HEONpEACNICHHbIC ITapaMeTphl
cucteMsl K¢e, M, f 1 J I3MEHSIOTCS] B HHTEpBANIaX:

Kfe= Kicn @+ Pk, 3k, ):
Mer =Mern(d+ pMchMcr);
B = Bn(1+ pgdp);

J =31+ p;dy),

rae Pg.. . Pm. » Pp P3 — K03DGUIMEHTEI, yUUTHIBAO-
fc cr

®)

M€ OTKJIOHEHUS! OTHOCHTENBHBIX 3HAYCHHUI Heompe/e-
JICHHBIX MMapaMeTpOB 8Kfc ,8pMCr , O 11 0.

32 |SSN 2074-272X. Enexkmpomexnika i Enexmpomexanika. 2020. Ne3



3aMeHnM Kaxaplii u3 mapamerpoB (5), mpezicras-
JICHHBIX Ha pHC. 2, CTPYKTYpHO#H cxemoil. B pesynbrate
HOJIyYUM CTPYKTYPHYIO CXeMy OOBEKTa C IapameTpuye-
CKO HEOIPEeIeICHHOCThIO, IPUBEACHHYIO Ha puC. 3.

Puc. 3. CtpykrypHas cxema 00beKTa yIpaBiIeHHs
C HEOIpe/Ie/ICHHBIMU NTapaMeTpaMu

IepeiineM OT CTPYKTYPHOH CXEMBbI, H300paKCHHOM
Ha puc. 3, K MATPUYHBIM YPaBHEHUSM COCTOSIHUS B KaHO-
HUYECKOH (opme:

px = AX+ Biw+ Bou;
z=C X+ Dyqw+ Dyou; (6)
y= C2X+ D21W+ D22U,

rue
0 Mp 0
Jnan
A 22pa’nMcrn B 22pMcr n 22pa’OnMcrn
Mp Pn My
0 0 1
i Te |
0O O 0 -p;
Bi=| 0 0 2zM¢npp 0o |;
PKee g 0 0
L Tre ]

0 0 0
2zyopMer 2z,Mern 2ZpapnMern
Mp Bn Mn
C.I.: 0 i O ’
Pn
0 My 0
L Inan i
T 1
Bz{o 0 —};sz[l 0 0l;
ch
00 0 0
0 0 2zM 0
- pternfh .DL=[L 0 0 0;
D=y ¢ m 0 ;D = Ik
00 0  —p

D,1=[0 0 0 0]; Dyp=[0];

X = (X1, Xo, X3)” — (ha30BBIii BEKTOP; Y — OTHOMEPHBIi BEK-
TOP BBIXOZQ, O KOTOPOMY 3aMBIKAaeTCsi OOpaTHas CBsI3b;
2= (21, 2, Zs, )", W= (W1, Wy, W5 W,)" — COOTBETCTBEHHO
BXOJIHOM U BBIXOJHOW BEKTOPBI HEOIPEICIIEHHOCTH, CBS-
3aHHBIE MEXAYy COOOK MAaTPHUYHBIM  BBIPOKCHHEM
w(p) = A(p)-Z(p), B KOTOPOM MaTpHLIa HEOIPEACTCHHOCTH
A(p) uMeeT quaroHaJ bHBII BUII.

[NonyueHHas cuctema ypaBHeHuil (6) mo3Boisier co-
BMECTHO C BECOBBIMH (DYHKIMSIMH, TIPSIJIOKCHHBIMH B Pa-
6ore [4] 1y KOHTPOIIS KauecTBa pOGACTHON CHCTEMBI, pac-
cuntath B makere Robust Control Toolbox o meroxy cme-
[IAHHOW YyBCTBUTENIFHOCTH IepeAaTouHyro (GyHKImio H..-
CyOONITIMANTBHOTO PETYIATOpA Ul HOMUHAIBHOTO OOBEKTA.
JUi1  aCHHXpOHHOTO  JJIEKTPOIpPHBOAA C  [IBUraTeeM
MDXMA 100-32 momsocTsto 3 kBT, mapamerpamu 7, = 2;
M, = 20,2 HM; Mg n = 485 Hm; J, = 0,013 krm?, oy, =
= 148,178 pan/C; wo, = 157,08 pan/c; S, = 1,908 H-m/(pan/c)
U mpeoOpa3oBaTesieM YacToThl ¢ KO3(DPULIHEHTOM Tepeaayun
Kic = 1,06 pan/(B-c) u nocrosuoii Bpemern Ty = 107 ¢
paccunTanHas nepenarounas GyHkums H.-perymsrtopa oka-
3aJ1aCh PAaBHOM:

bip? +byp+by @

a1p3+a2p2+a3p+a4’
rae a; = 1; a, = 1,524-10% as = 1,261-10% a, = 4,729-10%;
by = 3,53:10%, b, = 7,385-10°% bs = 5,681-10°

IMpucoeanuum mporpaMMHO K 00bekTy (4) mpu mo-
momu komaux MATLAB pobGactasiii perymsrop (7) u
e/IMHUYHYI0 OOpaTHYIO CBSi3b, OXBATHIBAIOIIYIO CHUCTEMY
«H,-perynsarop-o0pexT». Mccaenyem ¢ MOMOIIBIO METO-
na Monre-Kapio [4] ToYHOCTH cTaOHIM3alUK YIIIOBOM
CKOPOCTU MalIUHbl U YCTOMYUBOCTb IIOJyYEHHOM CHCTE-
MBI IIpU CJ'Iy'-Ialele BapualuAax HEOIPCACICHHBIX I1apa-
MeTpoB 00bekTa Ky, My B muanazone +15 %, § B nuana-
3o0He £30 %, J B quanazone +25 % u k03¢ HUIIEHTOB &y,
&y, 83, &4, by, by, bg perynstopa (7) B quanazone £15 %.

Ha puc. 4 mpencraBneHo 20 creHepHpOBaHHBIX
KPHUBBIX TEPEXOJHBIX MPOIECCOB YIIOBOW CKOPOCTH
poTopa AaCHHXPOHHOTO JBUTATENs MpPU CAUHUYHOM
CKa4K000pa3HOM M3MEHEHHH CHTHajla Ha BXOJIE CHUCTe-
MBI U CIIy9aiilHOM BbIOOpE 1m0 Metony Monre-Kapio ne-
OTIpENIEeICHHBIX T1apaMeTpoB OOBEKTa M peryistopa 3
3aJaHHBIX AHUAIa3OHOB.

K(p) =
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Kak u ciemoBamo OXHmaTh, TPEICTaBICHHBIC Ha
puc. 4 KpUBbIE HE BBIXOJAT 3a TpaHulibl 3 % TpyOKH.

01 02 03 04 05 06 07 tc

0
Puc. 4. IlepexoHbIC MPOLIECCH YTIIOBOU CKOPOCTH pOoTOpa

Jyist uccnenoBaHusi yCTOMYMBOCTH CHCTEMBI TIpHMe-
HUM METOJ JIOrapu(MHUYECKHX YaCTOTHBIX XapaKTepH-
CTHK CO CJIy4aiHBIM BBIOOpOM 10 MeTony Monre-Kapio
HEOIIPEACICHHBIX NapaMeTPOB OOBEKTa M PEryJsropa B
3aJaHHBIX JAUAaIa30Hax.

Ha puc. 5 mobpaxena nuarpamma boze ¢ 20 crenepu-
POBAaHHBIMH KPUBBIMH aMIUTHTYIHBIX L(w) 1 ¢ 20 kpuBbIMU
(azoBbIX @(w) YACTOTHBIX XapPaKTEPUCTUK IPU TEX K€ Ia-
paMeTpax, YTO HCIOJIb30BATINCH UL pacyeTa KPUBBIX, IIOKa-
3aHHBIX Ha pHC.4.

W3 npencraBineHHBIX HA 9TOM AMarpaMMe aMIUIUTY-
HbIX L(w) 1 hazoBbix ¢(w) XapakTepuCTUK BUIHO, YTO CHC-
TeMa yCTOWYMBA, TaK KaK aMIUTMTYIHAs XapaKTEePHCTHKA
TriepecekaeT och adcIyce paHble, yeM (a3oBasi XapakTepu-
CTHKA, OKOHYATENIBHO CIIajasi, EPEeXOaUT 3a 3HaYEHHE YyIia
—180°. IIpm 3TOM pacueTHOE 3HAYCHHE 3araca YCTOHYMBO-
cTH 1o amroTy e cocraBisier 23,12 nb, a mo ¢aze — 31,75°
IUIS. HOMAHAJIGHBIX 3HAYEHUH MMapamMeTpoB oOBEKTA U pery-
nATOpa HpH pasdpocax CIIy4alHBIX KPUBBIX, HE IIPEBBI-
watormx 4 b st ammmtyaHbIX 1 15° s $ha3oBbIx yac-
TOTHBIX XapaKTEPHUCTHK.

Li{), nB
50

=50

fﬂ(cg), paj

=50

-130

_2'}‘0 E 0 v nn Lol Lol IR IRt oo
102 107 10° 10t 10? 100 @y’

Puc. 5. lnarpamma Bojie pa3oMKHYTOH CHCTEMBI

[MepeiineM K IOCTPOCHUIO 3IEKTPUYECKOM CXEMBI
H.,-cybonTuMansHOro poOacTHOTO PeryasTopa.

PasnmoxuM rmepenatounyo GyHknuio (7) B HEMHYO
apo6s o anropurMmy EBknmna:

1
28,33 0+ 1 (8
107 1
232+ a1 ” i
108 P 1
o,252+7_ 578 1
108 r

roe r =118,1.

DiekTpUYecKas cXxema PeryJsitopa, COOTBETCTBYIO-
mas apodu (8), mokazana Ha puc. 6. Ilpu ee co3manuu
HCITOJTb30BAINCH M3BECTHBIE METOIBI W TMPABHIJIA BBIMTOJ-
HCHUS DJICKTPUICCKUX CXEM.

Puc. 6. DnexTpuyeckas cxema pobdacTHOTO peryJssiropa

Cxema, n300paxeHHas Ha pHC. 6, BHIIIOJHEHA B BUJIC
YETHIPEXTIOIIOCHUKA U COCTOUT M3 MOCIEI0BATEIBHO CO-
€/IMHEHHBIX MEPBOr0 MACCHBHOI'O YETHIPEXIOJIIOCHUKA C
mapajielbHO MOAKIIIOYeHHBIM KoHIeHcatopoMm Cl, BTO-
POro MacCHBHOIO YETHIPEXMOIIOCHUKA C TOCIEI0BATENb-
HO TOAKIIOYEHHBIM pesuctopoM R1 m mapammensHO co-
e/IMHeHHBIM KoHZeHcaropoM C2, TpeThbero axkTHBHOTO
YETBIPEXIIOJIOCHUKA C TIOCIIEI0BATENBHO TOAKIIOUYEHHBIM
HerarpoHoM otpuuarensHoro conporusienus NR, co-
cTosIMM U3 omnepaiuonHoro ycummutens DAL u compo-
tuBieHnit R2, R3, R4, 4eTBepTOr0 aKTUBHOTO YETHIpEX-
MOJIIOCHUKA C MapauIeIbHO MOJKIIOYCHHBIM HETATPOHOM
orpunarenbroir eMkoct NC, cocTosmmM w3 omneparu-
onHoro ycuwutens DA2, xorgercatopa C3 1 pe3ucTopoB
R5, R6, msaToro macCHMBHOTO YETHIPEXIOJIOCHHKA C TIa-
paJIeNnbHO TOJKIIOUEHHBIM pe3uctopoMm R7, u omeparu-
onnoro ycunuteist DA3 ¢ pesucropamu R8 u R9, coenu-
HEHHOT'O C BBIXOJIOM IISITOTO YEThIPEXMOIFOCHHUKA.

[TapameTpbl €€ KOHIECHCAaTOPOB M PE3UCTOPOB
C1=284nd; R1 =232 k0Om; C2 = 34 mx®; R2 = 252 Owm;
C3 =318 mx®; R7 = 118 kOm; R8 = 1 Mom; R9 = 1 kOm
U COOTBETCTBYIOT CTaHAAPTHHIM 3HAUYCHUSM OKPYTJICH-
HBIX KO3¢duuueHtos, apodu (8) mpu yMHOXEHUH ee
YHCIUTEIs] W 3HAMEHATENs Ha HEKOTOPOEe IMOCTOSHHOE
gucio, a R3 = R4 u RS = R6 BeiOuparoTcs u3 KOHCTPYK-
THUBHBIX COOOpaKEeHUH.

Kak moka3pIBarOT pacueTsl, BBIMOIHEHHbBIE 110 METO-
JKe [7], Ipy TaKuX 3HAYEHHMAX EMKOCTENW W CONPOTHUBIIE-
HHUM 3HaYeHHsT KOD(PQHUIMEHTOB @y, Ay, Az, a4, Dy, by, b3
perymsitopa (7) He BBIXOIAT 3a TPAHHUIIBI 33IaHHOTO BBIIIIE
nuanaszona 15 %.

B cucreme pobacTHOrO ynpaBiieHHST MOTYT BO3HH-
KaTb IOMEXH, BbI3BAHHLIC, HAIIpUMEpP, LIyMaMHu OaT4du-
KOB, KOHTAKTAMH Pa3beMOB, 3JIEKTPOMATHUTHBIMU OIS
MU, HaBOJKAMH C YaCTOTOW MUTAIOMICH CETH U APYTHMH
npuanHaMu. POOACTHBIA PerymisTop, Kak AIEMEHT 3TOH
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CHUCTEMBI, CIOCOOCH, KaK HW3BECTHO, (MIBTPOBATH OSTH
noMexu. [103ToMy OBUIM BBIIOJHEHBI pacdyeThl Mepexom-
HBIX MPOLECCOB YIJIOBOW CKOPOCTH 3JICKTPOIBHIATEIIs
OpH Pa3INYHBIX 3HAYCHUSIX MHTCHCHBHOCTH TIOMEX B Ka-
Hajie 00paTHOW CBA3M CHCTEMbI YACTOTHOTO YIPABICHHUS C
POOACTHBIM PEryJsTOpOM. PacueTsl IPOBOAMIUCE B MaKe-
te Simulink. Cratnyeckas Harpys3ka Ha IBHraTelb BEIH-
ypHOM 0,75-M,, npukiaspiBanack K poTopy MAallMHBI Ha
YCTaHOBUBLIEMCS PEKHME.

PesynpTaThl pacyeToB KPHBBIX HEPEXOIHBIX MPO-
LECCOB YIJIOBOW CKOPOCTH POTOpPa, OT(QHIBTPOBAHHBIX
CHCTEMOI1 poOaCTHOrO yIpaBIeHUs, AT JBYX PA3IUYHBIX
3HAYCHUH CIeHEPUPOBAHHBIX Pa3MaxoB IOMEX NPH eIu-
HUYHOM CKayKOOOpa3HOM HM3MEHEHHH 3aJaloIlero BO3-
JeHCTBYS IPUBEICHBI Ha pHC. 7.

6
Puc.7. TlepexoqHbIe MPOLIECCHI YIIIOBOM CKOPOCTH @/wy, IPH
OT(UIBTPOBAHHBIX POOACTHOM CHCTEMOI MOMeXaxX U Harpy3Ke
Ha potop 0,75M, B momeHnT Bpemenu 0,5 c:
a —pasmax nomex 10 %; 6 — 30 %

AHanu3 5THX KpPUBBIX IIOKA3bIBaeT, YTO YPOBEHb
GuIbTpauu MoMex poOacTHOH CHUCTEMOH B 3HAYUTEIb-
HOM CTereHH 3aBHCUT OT MHTEHCHBHOCTH Pa3MaxoB IO-
MeX M Ha YCTaHOBUBILIEMCSl PEKUME HAXOIUTCS B AMara-
30HE poIyckoB +2,5 %, KpoMe JIOKanbHOK 00aacTH Npu-
JoXxeHust Harpy3ku M s B MomeHT Bpemenu 0,5 c.

BoiBoabl.

1. Pa3paboTaHbl MaTeMaTHdecKass MOJIEIb U METOIHMKA
pacueTa W INPOCKTHPOBAHHA JIICKTPUYECKOH CXEMBI
H.,-cybonTuMansHOro pobacTHOTO peryisaropa CKOPOCTH
CHCTEMBI YaCTOTHOTO YIIPABJICHUS aCHHXPOHHOTO 3JIEK-
TPOIPUBOJA IPH CIYYailHBIX BapHaUUSAX HEONpeneieH-

HBIX IIapaMeTPOB OOBEKTa M PEryJsiTopa B 3aIaHHBIX
TPaHUIAX U HATMYHUY ITIOMEX B KaHaje 00paTHOH CBA3M.

2. PesynbTarsl MOJEIMPOBaHUS MEPEXOAHBIX IpOLEC-
COB YTJIOBOI CKOPOCTH pOTOpa 10 pa3paboTaHHON METo-
JIMKE TIOATBEPKIAI0T BBICOKYIO TOYHOCTh CTAOMIM3AIMN
IIpU CIIy4alHBIX BapHaLUsAX HEONPEICIICHHBIX NapaMmer-
POB B 3aJaHHBIX TPAaHHLAX M MAalyl UyBCTBHTEIBHOCTbH
K IIOMeXaM B KaHayle 00paTHOH CBsI3H.

CIIMCOK JIMTEPATYPBI
1. Banamguu /I.B., Koran M.M. CuHTe3 3aKOHOB yNpaBlICHHUS
Ha OCHOBE JIMHCHHBIX MAaTPUYHBIX HEpPaBeHCTB. — M.. du3mat-
jmr, 2007. — 280 c.
2. Meroapl KJIacCHYECKOW U COBPEMEHHON TEOPHUH aBTOMATH-
YECKOTo YIpaBieHUs: Y4eOHHK B mATH ToMmax. Tom 3. CuHTe3
pEryJsiTOpOB CHCTEM aBToMaThuueckoro ympasienus / Ilox pen.
K.A. Ilynkosa u W.JI. Erynosa. — M.: MI'TY um. H.O. bayma-
Ha, 2004. — 616 c.
3. Huxkuruna T.B. ITapero-ontumansHoe pelieHHEe MHOTOKpPH-
TepUATBHOHN 3aJadd CHHTE3a POOACTHBIX PEryJISITOPOB MHOTO-
MAaCCOBBIX JJIEKTPOMEXaHWUECKHX CHCTEM Ha OCHOBE MHOTOpOE-
BOM CTOXacTUYECKOW MYJIBTUT€HHOW ONTUMH3aLMU. Enexmpo-
mexnixa i enexkmpomexanika, 2017, Ne 2, C. 34-38. doi:
10.20998/2074-272X.2017.2.05.
4. Richard Y., Chiang R., Michael G., Safonov M. MATLAB:
Robust Control Toolbox. User’'s Guide. Version 2, 1998. — 230
p. — Pexum mocryna: http://www.mathworks.com.
5. Rigatos G., Siano P., Wira P., Profumo F. Nonlinear H-
infinity Feedback Control for Asynchronous Motors of Electric
Trains. Intelligent Industrial Systems, 2015, val. 1, no. 2, pp. 85-
98. doi:10.1007/s40903-015-0020-y.
6. Xmomenko H.A., Xmomenxko M.H. CrpykTypHBIii cuHTE3
CTaOMIN3UPYIOIIET0 POOACTHOTO PETryJIATOpa IIOTOKOCLEIIICHHS
portopa. Enexmpomexuika i enekmpomexanixa, 2017, Ne 1, C.
21-25. doi: 10.20998/2074-272X.2017.1.04.
7. Xionenko M.H., PoxkoB C.A., Xnonenko H.f. Ycroitun-
BOCTb ¥ TOYHOCTH POOACTHOW CHCTEMBI CTAOMIIM3aLMH OTOKOC-
HETUIeHNST POTOpPa aCHHXPOHHOTO JIEKTPOIIPUBOAA MPH CIIydaii-
HBIX BapHalUsiX HEONpPEICICHHBIX IapaMeTpOB B 3aJaHHBIX
rpaHuuax, Enexkmpomextixa i enexmpomexanixa, 2018, Ne 4, C.
35-39. doi: 10.20998/2074-272X.2018.4.06.
8. Xumomenko H.{., Poxko C.A., Xnoneako M.H. ®unprpa-
IS TIOMeX POOACTHBIM PEryJIsITOpOM B CHCTEME YIIPaBICHHS
MOTOKOCIIEIUIEHHEM poTopa. Hayxosuii sicnux Xepconcvkoi
Oepoicagnoi mopcwroi akademii, 2019, Ne 1 (20), C. 122-131.
doi: 10.33815/2313-4763.2019.1.20.122-131.
9. Xnomenko M.S., Poxkos C.O., Xmonenko .M. Ilatent
Vkpainu Ha kopucHy Mozens Ne 137157. Cuctema BEKTOPHOTO
KepyBaHHs IIBHJKICTIO aCHHXPOHHOTO €JICKTPO/BUTYHA. 3asiBIl.
18.03.2019; omy6. 10.10.2019. brout. Ne 19.
10. Kimroue B.U. Teopus snexrponpusoga. — M.: DHeproaToM-
m3nar, 2001. — 704 c.
11. VcombueB A.A. YacToTHOE yIpaBlIeHHE aCHHXPOHHBIMH JIBU-
ratensmu; yaeoHoe nocobue. CI16: CIT6I'Y UTMO, 2006. — %4 c.

REFERENCES

1. Balandyn D.V., Kogan, M.M. Sntez zakonov upravienija na
osnove linginyh matrichnyh neravenstv [Synthesis of control
rules based on linear matrix inequalities]. Moscow, Fizmatlit
Publ., 2007. 280 p. (Rus).

2. Pupkov K.A., Egupov |.D. Metody Kklassicheskoi i sovre-
mennoi teorii avtomati-cheskogo upravieniia: Uchebnik v 5
tomakh. Tom 3: Sintez reguliatorov sistem avtomaticheskogo
upravieniia [Methods of the classical and modern theory of
automatic control: A textbook in 5 vols. Vol. 3: Synthesis of
regulators of automatic control systems]. Moscow, Bauman
Moscow State Technical University Publ., 2004. 616 p. (Rus).

I SSN 2074-272X. Enekmpomexnika i Enexmpomexanika

. 2020. Ne3 35



3. Nikitina T.B. Pareto optimal solution of multiobjective syn-
thesis of robust controllers of multimass electromechanica sys-
tems based on multiswarm stochastic multiagent optimization.
Electrical engineering & electromechanics, 2017, no. 2, pp. 34-
38. doi: 10.20998/2074-272X.2017.2.05.

4. Richard Y., Chiang R., Michael G., Safonov M.
MATLAB: Robust Control Toolbox. User’s Guide. Version 2,
1998. 230 p. Available at: http://www.mathworks.com (Ac-
cessed 14 May 2018).

5. Rigatos G., Siano P., Wira P., Profumo F. Nonlinear H-
infinity Feedback Control for Asynchronous Motors of Electric
Trains. Intelligent Industrial Systems, 2015, val. 1, no. 2, pp. 85-
98. doi:10.1007/s40903-015-0020-y.

6. Khlopenko N.J.,, Khlopenko I.N. Structural synthesis of a
stabilizing robust controller of the rotor flux linkage. Electrical
engineering & electromechanics, 2017, no. 1, pp. 21-25. (Rus).
doi: 10.20998/2074-272X.2017.1.04.

7. Khlopenko I.N., Rozhkov S.A., Khlopenko N.J. Stability
and accuracy of the robust system for stabilizing the rotor
flux-linkage of an asynchronous electric drive at random varia-
tions of the uncertain parameters within the specified bounda-
ries. Electrical engineering & electromechanics, 2018, no.4,
pp. 35-39. doi: 10.20998/2074-272X.2018.4.06.

8. Khlopenko N., Rozhkov S., Khlopenko . Filtration Of Un-
desired Signals By The Robust Controller In The Rotor Flux-
Linkage Control System. Scientific Bulletin Kherson Sate Mari-
time Academy, 2019, val. 1, no. 20, pp. 122-131. (Rus). doi:
10.33815/2313-4763.2019.1.20.122-131.

9. Khlopenko N.Y., Rozhkov S.O., Khlopenko I.M. Sstema
vektornogo keruvannya shvidkistyu asinhronnogo elektrod-
viguna [Asynchronous motor vector speed control system]. Pat-
ent UA, no. 137157, 2019. (Ukr).

10. Kliuchev V.l. Teoriia elektroprivoda [Theory of the electric
drive]. Moscow, Energoatomizdat Publ., 2001. 704 p. (Rus).

11. Usol'tsev A.A. Chastotnoe upravienie asinkhronnymi dviga-
teliami: uchebnoe posobie [Frequency Control of Asynchronous
Motors: A Tutorial]. St. Petersburg, SPbGU ITMO Publ., 2006.
94 p. (Rus).

IHocmynuna (received) 26.03.2020

Xnonenxo Huxonaii Axosenesuu, 0.m.H., npog.,
XepcoHCKasi rocyJapCTBEHHAst MOPCKAask aKaIeMHs,
73009, XepcoH, mp. Ymakosa, 20,

e-mail: khlopenko.n@gmail.com

N.J. Khlopenko
Kherson State Marine Academy,
20, Ushakov Ave., Kherson, 73009, Ukraine.

Calculation and design of a robust speed controller

of a frequency-controlled induction electric drive.

Purpose. The aim of the work is the calculation and design of a
robust speed controller of a frequency-controlled induction elec-
tric drive with parametric uncertainty and the presence of inter-
ferences in the feedback channel. Methodology. The calculation
and design of the controller was carried out in four stages. At the
first stage, a linearized mathematical model of the control object
with parametric uncertainty was constructed and the transfer
function of the Hoo-suboptimal controller was calculated in the
Robust Control Toolbox using the mixed sensitivity method. At the
second stage, the stability of the robust system and the accuracy of
stabilization of the induction machine speed with random varia-
tions of the object's and controller's uncertain parameters within
the specified boundaries were explored. At the third stage, the
influence of interferences arising in the feedback channel on the
speed of the electric motor was explored in the Smulink package.
At thefinal stage, the transfer function of the Hoo-suboptimal con-
troller was decomposed into a continued fraction using the
Euclidean algorithm. This fraction was used to build the electric
scheme of the controller. Results. Computer modelling of the
transfer function of Heo-suboptimal controller, the robust stabili-
zation system for the speed of the frequency-controlled electric
drive with random variations of the uncertain parameters of the
object and the controller at specified boundaries, as well as with
the presence of varying intensity interferences in the feedback
channel, was carried out. The choice of variable parameters was
carried out according to the Monte-Carlo method. The curves of
transient processes of the induction machine speed with paramet-
ric uncertainty and at different ranges of interference are con-
structed, as well as a Bode diagram for an open system. By the
scatter of the obtained curves of the transient processes, the accu-
racy of speed dtabilization of the machine was determined, and
according to the Bode diagram, stability reservesin the amplitude
and the phase of the robust system were determined. They are
within tolerances with comparatively large deviations of the var-
ied parameters and the range of interferences. Based on the inves-
tigations, an electrical circuit of the Hoo-suboptimal robust con-
troller was developed. Originality. The mathematical model has
been developed and the methodology for calculating and design-
ing of Hoo-suboptimal robust speed controller of the frequency-
controlled system of an induction eectric drive with random
variations of the uncertain parameters of the object and the con-
troller at determined boundaries and the presence of interferences
in the feedback channel, ensuring the stability of the system with
allowable reserves of the amplitude and the phase and high accu-
racy of speed stahilization of the machine within the tolerances of
uncertain system parameters and interferences was proposed.
Practical value. The obtained structure of the controller from
analog elements makes it possible to carry out modernization of
the electric drives frequency-controlled systems in operation with
minimal financial costs. References 11, figures 7.

Key words: induction electric drive, frequency control,
robust controller, electric circuit.
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Cunoea esleKmpoHika
VIIK 621.314

doi: 10.20998/2074-272X.2020.3.06

10.0. Onukienko, B.B. ITinincekwit, I1.B. [Tomosuy, B.C. JIaze6nwuii, O.1. Cmonencrka, B.C. bapan

MOAEJIOBAHHA PEXKUMIB POBOTH TA EJIEKTPOMATI'HITHUX 3ABA /I
IHEPETBOPIOBAYA HA GaN TPAH3UCTOPAX

Y pooomi oocniosceno ennue yuacmomu nepemeopeHHa HA eheKMUGHICMb POOOMU HANIEMOCM 06020 nepemeoprosaua na GaN
mpansucmopax. Hasedeno pesynomamu Komn' 10mepHozo M00enl06anna mMaxKozo nepemeoplosaua 3 ypaxyeanHam empam Ha
piznux ywacmomax. Ilokazano, w0 3anpononogana Komn' iomepna Mooens 00360J1A€ GUIHAYUMU PiGeHb CINPYMY CROMCUBAHHA, A,
omyce, i KK/ naniemocmosozo nepemeopiosaua na GaN mpanzucmopax. Mooenrosanus 3 napamempamu, 63amumu 3i cxemu
610 6UPOOHUKA NPU3BOOUMD 00 3A8UWIEHUX OUIHOK CROMCUBAHHA cmpymy 0o 2,3 pasu. 3mina napamempie RC-kin, wo gpopmy-
10Mb IHMEPBANL KMEPMEO20 UACY>» MPAHIUCIOPIE IMEHULYE NOXUOKY GU3HAYEHHA CIPYMY CROMCUBAHHA 00 MeHw aK 5 %. 36inb-
ULEHHA MPUGATIOCIN] KMEPMEO20 HACY>» CYMIMECO He GNIUGAE HA MOYHICIND MOOCNI08AHHA HECUMEMPUUHUX eJIeKMPOMAZHIMHUX
3a6a0 i npuzeooums 00 3minu ix piensa ¢ mexcax 3 0b. Y pezynomami 00cnioddscennn 6CMano61eHO, W0 KOMN' I0MEPHA MOOeTb
Ma€e 00CMamHui0 MouHicmos ONA OUIHOYHUX PO3PAXYHKIE, a posenanymi nepemeoprosaui na GaN mpanzucmopax naiikpauwie
eukopucmogysamu 3 yacmomamu nepemeopennsn oauzvko 500 xl'y. Taki nepemeopiosaui moscyms 3Haiimu 3acmocysanis 6
Oxicepenax ycusieHHa 60pmoesoi anapamypu i agmomooinsrux niocuntoeauax kaacy D. bion. 10, tabx. 3, puc. 5.

Kniouosi cnosa: GaN-TpaH3ucTOpH, KOMIT I0TepHe MO/IEJTIOBAHHS, eJIEKTPOMATHITHI 3aBajy, eHeproe)eKTHBHICTD.

B pabome uccnedosano enuanue 4acmomol nepeKIOUeHUs Ha IPGHeKmusHoCmsb padomel ROJIYMOCHOB020 RPEOdpa3osamens Ha
GaN mpansucmopax. Ilpusedenst pe3yiomamsl KOMRbIOMEPHOZ0 MOOETUPOBAHUS MAKO20 NPEOOPA306AMEN C YHEMOM NOmePs
Ha pa3nvix wacmomax. Ilokazano, umo npeonoxiceHHAs KOMRLIOMEPHAA MOOeb NO360J1Aem Onpedeaunsy ypoeeHs moka no-
mpebnenus, a, cieoosamenvuo, u KIIJI nonymocmoeozo npeoopasosamens na GaN mpansucmopax. Mooenuposanue ¢ napa-
Mempamu, 63AMbBIMU U3 CXEMbl O NPOU3EOOUmes, Odem 3aebluieHHoe nompeobnenue moka oo 2,3 paz. Hamenenue napamem-
poé RC-yeneii, 3a0arouux unmepean <mepmeozo epemeHu» MPAH3UCHIOPOE8 YMEHbUIAem NOZPEUIHOCHb ONpedeleHUA MOKA
nompebnenusn 0o menee 5 %. Ilpu ymom, ysenuuenue npooocumenbHOCHU <MePMEO20 6PeMeHU» He GlUAe 8 3HAUUMEIbHO
cmenenu Ha MOYHOCHb MOOENUPOGANUA HECUMMEMPUUHBIX INEKMPOMAZHUMHBIX ROMEX, USMEHAA UX YPoeeHb é npedenax 3 0b.
B pe3ynemame uccnedosanus ycmanoeiaeno, Ymo KOMRbIOMEPHAs MoOenb umeen 00CHMAmMoOUHyI0 MOYHOCHY 011 OUEHOUHBIX
pacuemos, a paccmompenst npeoépazosamenu na GaN mpanszucmopax ayuuie UcCnoIb306ams HA YACHMOMAX NeEPEKNIOUeHUs
okono 500 kl'y. Takue npeobpazoeamenu mMo2ym HaiiMu RPUMEHEHUE 8 UCIMOYHUKAX RUMAHUA 0711 OOPMOGOIl annapamypul u
aemomodunsuwix ycunumennx knacca D. bu6in. 10, Taba. 3, puc. 5.

Kniouesvie cnosa: GaN-TpaH3uCTOPBI, KOMIILIOTEPHOE MO/IEJTUPOBAHNE, YJIEKTPOMATHUTHBIE IIOMEXH, IHePro3(peKTUBHOCTD.

Beryn. B octaHHI poKd 3HAYHOTO MOIIMPEHHS Haly-
JIM TPAH3UCTOPH Ha OCHOBI HiTpumy ramito (GaN) i kap6imy
kpemairo (SIC). Taki TpaH3UCTOPH MAKOTh HEBEJHKI BTPaTH
Ha YTIPaBJIiHHA i IEPEMHUKAHH, MU 9ac MePEeMUKAHHA 1
xopory Tteronepenady. Lli BaactuBocti HagaroTh GaN-
TpaH3UCTOpPaM HH3KY IIepeBar MOPIBHSIHO 3 KPEMHIEBHUMHU
(S) MOSFET i IGBT-tpansucTopamMn i pPO3IIHUPIOIOTH
chepy ix 3actocyBanusi. Hartemep GaN-tpaH3suctopu €
NEPCIIEKTUBHIMH 3aMiHHUKAMH MOTYXKHUX S TPaH3HCTO-
piB. Ix BuKOpHCTaHHSA 3a0e3neuye BMKOHAHHS CYYaCHHX
BUMOT LIOJ0 3MEHLICHHS €HEPrOCIOXKUBAHHA 1 rabapuTiB
eNeKTpoHHOT amaparypu. Ajse GaN-TpaH3UCTOpH MaroTh
MOKH IO TIOPIBHSHO BHCOKY BAapTICTh. 3aBASKHA CBOIM
nepesaram tparsuctopu GaN i SIC mmpoko BHKOPHCTO-
BYIOTH B PaJiOJIOKallii, TeIeKOMYHIKaIifHOMY 00JIaTHaHH1
1 € IepCIEKTHBHUMU TS 0araTb0X 3aCTOCYBaHb, ¢ BUMO-
ru moa0 Bucokoro KKJI i manux rabaputiB 3HaXOISTHCS
Ha mepmomy Micui. Hampukmanm, Uis BHUKOPHCTaHHS B
ayzio mizicuintoBayax kinacy D ta enekrpornpuBoi.

Tak y poGori [1] HaBeAeHO Pe3yJbTATH MOPIBHSIb-
HOTO aHamizy edekruBHOCTI 3actocyBanns GaN i SIC
TPAH3UCTOPIB JUIS BUCOKOIIBUIKICHOIO EIEKTPOIPHBOJA.
[TinBULICHHS YacTOTH MEPETBOPEHHS, 3aBISKA BUKOPHUC-
tanHi0O GaN TpaH3MCTOpIB, NPHU3BENO JO 3MEHIICHHS
BTpaT POTOpa B MPUBOJI 3 MOCTIHHUMH MarHiTamu i mif-
BHIICHHIO HOTO €()eKTUBHOCTI Ta MUTOMOI HOTY>KHOCTI B
imomy. B po6ori [2] 3pobieHo nopiBHAHHS eheKTHBHOC-
TI TpHOX TpaH3uCTOpHUX Bunpsmistyis: |IGBT, MOSFET i
GaN FET. Yepes Te, mo pobo4y 4acToTy 00paHO HH3b-

kot (50 T'm), GaN meperBoproBaY He MOKa3aB OimbIIy
e(eKTUBHICTh, HIK iHIII, ane 3a0e3MeunB MEHIINHA Koe-
¢imient rapmonik. 3actocyBanus SiC TpaH3HMCTOpiB 3a-
micte IGBT B moTyHHUX mepeTBoproBadax (mo 12 xBr)
He Hamae nepeBaru mono KKJI, ame mo3Bossie BUKOpHC-
TOBYBATH iX 32 BEJIMKUX pobounx Temmeparyp [3].

VY po6oti [4] HaBeneHO pe3yNbTaTH MOPIBHSIHHS He-
cumerpuunnx (Common Mode) enekTpoMarHiTHUX 3aBaj
(EM3), renepoBannx Si i GaN tpansucropamu. s no-
CIIIJDKEHHSI aBTOpU 00payii oOWBa TUIH TPAH3HCTOPIB,
XapaKTEPUCTUKAMHM SKUX ITOJIOHI 1 Majo BiAPI3HAIOTHCS.
Sk HAcNMiOK, B pe3yibTaTi iX MOCTIKCHHS HE OyIo BH-
SIBIICHO CYTT€BOI BIIMIHHOCTI IIONO PiBHIB 3aBaj B per-
JAMEHTOBAHOMY CTaHZAPTOM Jialla30HI YacTOT Bif
150 &I'r mo 30 MI'11. BimminHOCTI Maiay Miclie TIJIBKHA Ha
yacrorax nonaza 30 MI'w.

BB HOMiHamMy poO3B’sA3yBaJIBHOTO KOHICHCATOpa
Ha piBeHb EM3, cTBOpIOBaHMX HAIiBMOCTOBHUM IIE€PETBO-
proBauem Ha GaN TpaH3UCTOpax JMOCIIIKEHO B POOOTI
[5]. OuineHo BIUIMB JOAATKOBOT EMHOCTI SIK HA CUMETPH-
YHY, TaK 1 HECUMETPUUHY CKJIaJIOBI 3aBaJl i3 3aCTOCYBaH-
HSIM KOMIT IOTEpHOI Mojesi. MoJIeNioBaH s IINPOKO BH-
KOPHUCTOBYIOTH 151 aHanizy EM3 Tomy, 1110 3Ha4HO I10JIe-
TIIy€ TPpOLEC JOCHIPKEHHS 1 po3po0JIEHHS IepeTBOPIOBa-
4iB, 3a0e3medye MpocToTy MOOYJOBH MO Ta MOMKIIH-
BICTh OIepaTWBHO ii 3MiHIOBaTH. KpiM TOro mo3BOJISE
3¢KOHOMHTH KOIITH Ha IPOLIEC PO3POOICHHS.

OpHak OOTPYHTYBaHHIO BHOOpPY YacTOTH IMEPETBO-
penns nepersoproBadie Ha GaN TpaH3uCTOpax B JiTepa-
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Typl NPHIIEHO HEIOCTaTHBO yBard. TOMY IOLIIBHO
CTBOPHUTH KOMII' IOTEPHY MOZENb IepeTBOpIoBaya, A0CIHi-
JITH 32 SIKUX HapaMeTpiB MO)KHa 3a0e3NeyrTn HahOiib-
wiid KK/] Ta Hackijgbku pe3yiabTaTH MOJENIOBAaHHS 30ira-
IOTHCA 3 EKCIICPUMEHTAJIbBHUMU JTaHUMMU.

MeTto10 po6oTH € aHani3 epeKTHBHOCTI poOOTH Ta
€JIEKTPOMArHiTHUX 3aBa]] HalliBMOCTOBOT'O IIEPETBOPIOBA-
ya Ha GaN TpaH3uCTOpax Ha Pi3HUX YacTOTax KOMyTamii
3 BUKOPUCTAHHAM HOT0 KOMIT FOTEpHOI MOZeTi Ta popmy-
BaHHS peKOMEHIAIIN 11010 HOTO 3aCTOCYBaHHS.

Jns nocsrueHHs mocTtaBieHoi MeTu Tpeba Oyno Bu-
PIIINTH TaKi 3aBAAHHS:

e ominuTH e(QEeKTUBHICTL meperBoproBaya Ha GaN
TPaH3UCTOPax 3aJEKHO BiJl YACTOTH NEPETBOPEHHS;

® OI[IHUTU AJCKBATHICTh KOMIT IOTEPHOI MOJIEII Tepe-
TBOproBaya it obumcienHs KKJI mig vac poboru Ha
PI3HHX YaCTOTAX;

® OI[IHUTU aJCKBAaTHICTh KOMIT FOTEPHOI MOMEMI s
po3paxynky EM3 meperBoproBada, BUMIipsSHUX Ha BHXOII
€KBiBaJICHTa MEPEXKi;

® 3a pe3ylbTaTaMd AOCHIIPKEHb CPOPMYIIOBATH pe-
KOMEHIAIl pO3pOOHMKAM IMOI0 IOLIIBHOCTI BHKOPHC-

Yac BMUKaHHS 1 Yac BUMHKaHHS TpaH3HCTOPA
EPC2022 Bka3aHO Opi€HTOBHO, BOHM BUMIpSHI IiJ 4ac
EKCIIEPHMEHTY.

Kowmrr' rorepHe MozenioBaHHS HaIiBMOCTOBOTO Iie-
perBoptoBaya Ha GaN TpaH3ucTOpax paHime Bxe OyIo
3pobiteHe i3 3actocyBanusM miatu EPC9062 [6]. B pobo-
Ti TAaKOXX HaBEICHO pe3yibTaTh MojemoBaHHI EM3 mpu
poOOTi Ha aKTWBHE HAaBaHTa)KEHHS. Y 3alpOIOHOBaHii
HIDKYE MOJIEJl BpaxOBaHO BIJIMIHHOCTI KOHCTPYKIIT ILIaT,
BHKOPUCTAHMX KOMITOHEHTIB 1 3pOOJICHO MOJICIIOBaHHS
pobotn Ha akThBHe HaBaHTaxeHHs 3 LC-¢inbrpom.
Kowmr' rorepny mognens miatn EPCO035, 3'ennany 3 mke-
PEIIOM JKUBJICHHS Yepe3 €KBIBAJICHT MEPEXkKi, HABEJICHO Ha
puc. 1. Jloriuni enementiB UL 1 U2 BukopucTaHo Ha miari
EPC9035 sik Oydepu i ans iHBepTyBaHHs BXiJIHOT'O CHT-
Hairy. RC xomo, mo ckmagaerscs 3 R2, C2 i mioga D1
(opmye 3aTtpumky BMuKaHHS TpaHzucrtopa Q1, RC kono
R7, C4 i giog D2 — popmye 3aTpuMKy BMHUKAaHHS TPaH3U-
cropa Q2. Mikpocxema U3 € nmpaiiBepoM TpaH3UCTOPiB
QliQ2.

Tabmuusa 1

OCHOBHI €JIeKTPHYHI 1 YaCOBI XapaKTEPUCTHKHU IUIATH
st po3pobku EPC9035

tanast GaN TpaH3MCTOPIB IJIsI Pi3HUX 3aBIaHb. [Mapamerpu 3uayeHHs
Onuc komn' 0TepHoi Moaei. Jlist focmiokens 06-  |Buxiana Hanpyra, B 80
paHo mnary pospo6kn EPC9035 Bin xommanii Efficient —|[Buximmmii ctpym, A S 3255
Power Conversion. Ls miara € MOyJieM HAliBMOCTOBOTO “lac mapocTauHA | Ciajty BUXIAHOI HANPYIH, HC .
. Omnip TpaH3HUCTOPIB Y BIIKpUTOMY cTaHi, MOM 4
IEpeTBOPIOBAYA,  PEAli30BAHOTO  HAa  TPAH3UCTOPAX e . .
. . o 1HIMaJIbHa IIMPHUHA BXITHOTO IMITYJIBCY 50
EPC2022 eGaN®, i mictuTh npaiiBep KepyBaHHA LWUMH |5 «gucokoMy» CTani, e
TpaH3ucTopaMu. Y Tabin. 1 HaBeJeHO OCHOBHI MApaMeTPH  |MiniMalbHA MHPUHA BXiAHOTO iMITyJIbCY
. 100
miatu EPC9035. B «HM3bKOMY> CTaHi, HC
u1 R1
D1 AN
1|‘ V1 c1 L1 3mQ
NC7SZ08_5V | sMMsD301T1G - —sv 50pH
R4
R2 1mQ 0.1pF ama | Q1
u2 ey LM5113SD/NOPB ks E e
- U3 —AMA a7
NC7SZ00_5V ——1g0pF| —> =[] e Lo
I £ Iut HoH| 2 e,
= * = 2 . T c3
1Q ] | [ LOL Q2 ==1pF
SMMSD301T1G " epan ﬁ})_
W/ EPC2032 | rg
V2 R7 i R8 %
0V 4.5V VY Laan—— L3 3860 (L4
1.28us 2us 1000 ca L 1mQ cooH 310nH
==100pF T R10
VAV
= L cs 2mQ -
L5 =58F s Rn
fate eyl M]\ - s s
J_va e - 150nH  3mq J_cs J_cs c10 c11
— R12 1pF 1uF 14F  =—=1pF
90Q
R13 R14  0.1pF R15 R16 R17 R18
0.740 g%\f 10mQ 210mQ 210mQ 210mQ
C12 R19 C13
L7 ——=0.1pF AN ” L8 L9 L10 L11
3pH 164Q o q1uF _ 0.2nH 30.2nH 30.2nH  30.2nH
L12 L13 R20 —l_—
s nl fa'n aal W\'
800pH 150nH 310

Puc. 1. KoM’ roTepHa MoJielb HalliBMOCTOBOTO [IEPETBOPIOBAYA 3 KBIBAJICHTOM MEPEXi Ta IPKEPEJIOM XKUBIICHHS
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KoMnoHeHTH, 111 MOJETIOBAHHS IIPOLECY IIOLIH-
pennss EM3 i BTpar Ha apykoBaniii mati (mpocemi L1,
L3, pesucropu R1, R10), wotupu po3B’ si3yBajbHi KOH-
nercaropu C8 — C11 mogaHo Ha cxemi 3 Mapa3sUTHUMH
mapamerpamu: apoceni L8 — L11 (iHayKTHBHICTH BHBO-
aiB) i pesuctopu R15-R18 (BHyTpilHiit omip). [TapazuTHi
napaMeTpH IPOTIB JKUBJICHHS MOAaHo apocesivu L6, L13
i pesuctopamu R11, R20. HaBaHTaxXeHHSIM TEpETBOPIO-
Baya € npocens L2, HaBaHTaKyBanbHHI pesuctop R9 i
koHneHcarop ¢impTpa C3 3 iHAYKTHBHICTIO BUBOIIB L4.
ExBiBasieHT Mepeki momaHo Kouzaencatopamu C6, C7,
C12, C13, mpocemssmu L5, L12 i pesucropamu R12, R19.
BXigHuii omip CEeNEKTUBHOIO MIiKPOBOJBTMETpPA MOIAHO
pesuctopom R14. Pesucropom R13 BpaxoBaHo BHYyTpi-
ITHIA Omip IpKepesa KUBJICHHS Ta OMip APOTiB KUBICHHS.
Konnencaropom C5 BpaxoBaHO HapasuTHY €MHICTb MiX
BUXOJIOM IIEPETBOPIOBAYA 1 «3EMIICIO».

OuinoBaHHsA eHeproegeKTUBHOCTI HAMIBMOCTO-
BOro nmepersopioBaya Ha GaN Tpansucropax. Ha puc. 2
HaBeJIeHO ociiorpamu Buxianol Hanpyru GaN TpaH3uc-
topis EPC2022 minm yac Bmukanus (puc. 2,a) i mim gac
BUMHUKaHH (puc. 2,b).

Puc. 2. ®opmu GpoHTIB iMIyIbCY BUXITHOT HAIIPYTH
HaIniBMOCTOBOTO neperBoproBaya EPC9035,
a — QPOHT IMITyJIbCY, 6 — AL IMITYJIbCY

Brpati mOTY>XHOCTI HaImiBMOCTOBOTO HEPETBOPIO-
Baya BHM3HA4YCHO s KoxkHOro 3 GaN TpaH3ucTOpiB
okpemo [7]. 3aranbHi BTpatu Pg; Tpansucropa Q1 ckia-
JIaI0ThCs 3 BTPAT y BikpUTOMY cTaHi Peong o1, BTpaT Ha
nepe3apsa BUXiIHOT €MHOCTI Poss, BTpaT mim dac BMH-
KaHHA Pon overlaps BTPAT Tif 4ac BUMHKAHHA Pt overlaps
BTpaT Ha mepe3apsan BXinHoi emHocTi Pg o1 3araibHi
BTpaTu Pg, Tpansucropa Q2 cknamaroThes 3 BTpAT y Bif-
KpUTOMY CTaHi Peond g2, BIpaT Ha Iepes3aps) BHUXITHOL
€MHOCTI B PEBEPCUBHOMY PeXUMi Poss s, BTpaT Ha BOY-
JIOBAaHOMY JIiOJIl 0 MOMEHTY, IOKH BIJIKPUETHCS TPaH3U-
crop Py 1 BTpar Ha nepesapsan BXiqHoi emHocTi Pg g
Brparu tpamsucropiB Q1 i Q2 moxxHa oOumcIUTH 3a
bopmymnamu [8]:

PQl = Pcond_Ql + Poss + I:)on_overlap + Poff_overlep + I:)G_Ql;
Po2 = Peond_q2 + Poss sd + P + Ps_qo-

Jns Ttpansucropa QL1 BTpatd miJ 4yaC BUMHUKAHHS
Peft overlap 1 BTpaTu Ha nepesapsj BXinHoi eMHoCTI Pg o
HE3HA4YHI 1 HUMH MOXHa 3HeXTyBaru. J[JIsi TpaH3ucTopa
Q2 Mo’KHA 3HEXTYBAaTH BTpaTaMH Ha Iepe3apsili BUXiqHOT
€MHOCTI B PEBEPCUBHOMY pexXMMi Pogs &, 1 BTpaTaMu Ha
nepesapan BXifmHOi eMHOCTi Pg gp. Pemta BuAiB BTpar
MOJKHA BH3HAYUTH 33 ()OPMYIIaAMHU:

2
|2
2 ripple .
Feond Q1 =| 10Ut + fg “(D—tgt1- faw) - Roson) _qu
VBus
Foss = fsw -Vaus: jCOSS(Vds)'dVds;
0
1
l:)on_overlap = fSN 'E'VBUS' IL,turn_on '(tcr +1yf );
2 Ir2i le
Feond_q2 =| 10uT + 1'05 -(1-D —tgro - faw) Rosion)_02;

Foss s = ll L turn_off *VsD1° tepe)+ (1 L,turn_on  VsD2 *tsp2 ) fowi

| Meus—Vour) D.
e e Lour

| - Iripple_
L,turn_on = 'OUT — 2

| — Iri pple
L,turn_off =louT + 5

ne Vpus — BXijHa Hampyra, |oyt — BuXimuuit ctpym, Vourt
— BHUXijHa Hampyra, fgy — gacrora nepemukanus, Loyt —
IHAYKTUBHICTE apocens, D — xoedimieHT 3amoBHEHHS,
Roson) o1 — omip Tpansucropa Q1 y BigkpuTOMYy cTaHi,
Ros(on) g2 — omip Tpansucropa Q2 y BiAKpHTOMY CTaHi,
Coss(Vus) — 3aII€XKHICTE BUXIIHOI EMHOCTI BiXl OMIOPY CTiK-
BUTIK, t,, — 4ac HapoCTaHHs CTPYMY CTOKY TPaH3HCTOPA,
tyy — dac cmaay Hampyrd CTIK-BUTIK TPaH3UCTOPA,
g1 — «MEpTBHIA yac» mepel] BMHKaHHIM TpaHzucTopa Ql,
t4rr — «MepTBHI Yac» mepen BMHUKaHHSIM TpaH3ucropa Q2,
tsp1 1 tspp — Yac MpoOTiKaHHS CTPyMy 4epe3 3BOPOTHHI
JOM 70 MOMEHTY BIAKPUTTS BiIIOBIHO TPaH3UCTOPIB
Q11 Q2, Vgp; 1 Vsp, — Hampyra CTIK-BUTIK TPaH3UCTOPIB
Q1 i Q2 B pexuMi NPOTiKaHHSA 3BOPOTHOTO CTPYMY, lripple
— MaKCHMalbHE 3HAa4eHHs CTpyMmy JApocens, | wm_on,
[ turn off — 3HAUCHHS CTPYMy JpOCENS B MOMEHTH BKIIIO-
YEeHHS Ta BUKJIFOUYEHHS BiIIIOBIIHO.

Hagite HaOmmKeHNH pO3paxyHOK BTPAT Y HAITiBMOC-
TOBOMY T€PETBOPIOBAYl 32 HaBeleHUMH BHIle (opmylia-
MH JIOCHTh TpPYAOMICTKa mpoueaypa. s crpoineHHs
OIIIHIOBAaHHS €()EKTUBHOCTI MEPETBOPEHHS MOYKHA CKOPH-
CTaTHCs KOMIT FOTEPHOIO MOJIEJIIIO, HAaBeJIeHOIO0 Ha puc. 1.
Jnist po3paxyHKy AOCTaTHBO 3a/laTH YacTOTY IEpeTBO-
PEHHsI, HANpYTy >KUBJICHHS, BUXiHY HANpyry i oOIip Ha-
BaHTa)XeHHA. SIKIIo BijoMuii mepiof, HECKIAIHO BU3HA-
YUTH TPHUBANICTH IMITYJIECIB KEPYBaHHS, ITICIISi BU3HAYEH-
Hs Koe(imieHTa 3arroBHEHHS 32 (POPMYIIOr0

D - Yout
VBUS

VY tabn. 2 HaBeneno 3nHauenns KKJ[ GaN monysst 3
LC-dinpTpoM i HaBaHTaxeHHsM 8,6 OM 3 BHXITHOIO
Hanpyrow 7,5 B, Hanpyroro sxusieHHs 12 B ms pisHUX
4acTOT TMEPETBOPCHHSA. E(EKTUBHICTH POOOTH MEpeTBO-
proBava nmociimkero Ha yactortax Bix 50 k[ mo 5 Ml 3
BUKOPUCTAHHSM 3aIIPOIIOHOBAHOI KOMII' FOTEPHOI MOJIENI 3
HOMIHAJIaMH €JIEMEHTIB 3T1IHO 31 CXEMOIO, HABEIEHOIO B
Development Board EPC9031/32/33/34/35 Quick Start
Guide. Takox I TOpiBHSHHS B Tabja. 2 HaBeleHi 3Ha-
geras KK/I, mo po3paxoBaHi 3a pe3yiabTaTaMH BHMipIO-
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BaHHS HANPYTH Ha BUXOJ JUKEpela KUBJICHHS Ta CTPYMY
crioxxuBanHs mwiatu EPC9035.

Tabmurst 2
3anexnicte KK/ nepeTBoproBaya Bii 4acTOTH IEPETBOPEHHS
3 HOMIHAJIaMH €JIEMEHTIB 3TiJHO CXEMHU

Yacrora, MI'y | 0,05 | 0,5 1 2 3 5
U, B 11,74 | 11,73 11,71 | 11,67 | 11,62 | 11,52
Iom A 059 | 06 | 063|068 | 075 | 09

Nealc 094 | 093 | 0,8 | 0,82 | 0,75 | 0,63
Up moa» B 11.77| 11,64 | 11,44 | 11,0 | 10,8 | 10,48
Iriz A 058 | 0,75 | 1,0 1,6 19 | 233
TTmodel 09 | 0,75 | 0,57 | 0,37 | 0,32 | 0,27

VY Tabn. 2 BUKOPHCTAHO Taki ckopodeHHs: U, — Ha-
mpyra JpKepena KUBIEeHHS, I, y — BUMIPSHUNA NOCTIHHHIA
CTPYM CIIO’)KMBAHHS BiJ JDKEpeNa )KHUBJICHHS, 7cyc — KK/,
po3paxoBaHuil 3 BUKopucTaHHAM Uy Ta Lo m, Up mod Ta Iri3
— BIJIMOBITHO 3MOJIENILOBaHI HaIpyra JyKepesa KUBICHHS
Ta CTPyM uepe3 HOro BHYTPIWIHIN oOmip, 7mege — KK/,
OTpPHMaHE 32 TOTIOMOTOI0 MOJETIOBAHHS.

Sk BuIUIMBaE 3 Tabi. 2 BUMIPSHHUI Ta 3MOJENILOBA-
o KKJI neperBoproBaya IOCHTH TOYHO 30iraroTbest
Tinbku Ha yacToTi 50 k['11. 3 pocTOM YacTOTH BiIMIHHICTB
MDK HUMH 30UIBLIYETHCS. 3 PE3YJIbTAaTiB MOJEIIOBAHHS
BUIUITMBAE, 1[0 CTPYM CIIOKMBAHHS MICTUTH HAacKpi3HUH
CTpyM TpaH3UCTOpiB, skuil gocsrae 80 A y MOMeHTH
nepemukanss. Gopmy Ta aMIUTITYLy CTPYMy TpaH3HCTOpa
Q1 ta mampyru Ha 3aTBOpax TpaH3ucTopiB QL ta Q2
HaBeICHO Ha puc. 3.

e S [
g40f | I I
=20 | I A
%’ o;l‘%%# Z \A,]‘. —J';\’L

Puc. 3. 3MozenboBaHi HANPYTru KepyBaHHsI i CTPYM CTOKIB
TPaH3UCTOPIB MEPETBOPIOBaYA

SIk BUIHO 3 puc.3 BUKUAM HACKPI3HOTO CTPyMY He-
pe3 TPaH3UCTOPU MAIOTh MicClle, KOJIM OJHH 3 HHX IIe He
3aKpHBCs, a HIIIH Bxke BiaKkpuBcs. Lleit cTpym 3anexuTh
BiJl TPUBAJIOCTI «MEPTBOT'O Yacy» M iHTepBaJaMH, KON
tpansuctopu Q1 Ta Q2 BimKpwTi, Ta YACOBUMH 3aTPUM-
kamu, ski 3amaHi B SPICE-monenmi gpaiieepa LM5113.
«MepTBHii Hac», B cBOIO uepry, 3amaHo RC-mankoro 3
enementiB R8, C1 ms tpansucropa Q1, ta RC-nankoro 3
enementiB R7, C4 mna tpamsuctopa Q2. Takum 4mHOM,
SPICE-monens apaiiBepa LM5113 3 Bkazanumu BHPOO-
HHKOM HOMiHaJaM{ KOMITOHEHTIB TPAIfO€ HEKOPEKTHO Ha
yacrorax Buine 50 k['1. 3MEHIIUTH aMIUTITYay HacKpi3-

HOTO CTPyMy uepe3 TPaH3HCTOPU MOXKHA, SKIIO T0/I0B-
KHUTH TPUBATICTh «KMEPTBOTO Yacy» 3aMIHOIO MapameTpiB
RC-nanok R8C1 ta R7C4. Pesucropu BuOpaHoO HOMiHa-
gom 100 OM, a HOMiHaIM KOHJIEHCATOPIB 30LTBIICHO
BaBivi 10 200 nd. V tabi. 3 HaBeACHO pe3yabTaTH MOJIE-
JIOBAaHHS 31 3MIHCHOIO TPHUBAIICTIO «MEPTBOTO Yacy».
Taxox as mopiBHSHHS HaBeaeHo 3HaueHHs KK/I, po3pa-
XOBaHe 3a pe3yJIbTaTaMH eKCIIEPUMEHTY.

Tabmuus 3
3anexnicts KK/l neperBoproBaya Biji 4aCTOTH HEPETBOPEHHS
31 3MiHEHMMH HOMiHaJIaMHM €JIeMEHTIB MoJeIi

Yacrora, MI'y | 0,05 | 0,5 1 2 3 5
Up mod: B 11,79 | 11,77 | 11,74 | 11,7 | 11,64 | 11,54
Iz A 056 | 059 | 0,61 |0,67| 0,76 | 0,89
TTmodel 098 | 094 091 /083 0,74 | 0,64
Tealc 094 | 093 | 089 |0,82| 0,75 | 0,63

Sk Buano 3 Tabn. 3, KKJI HamiBMOCTOBOTO MEPETBO-
proBaua Ha GaN TpaH3ucTopax, OTpUMaHUH y mporeci
MOJICITIOBAHHS 7Jmode MICTS 3MiHM TapameTpiB RC-naHoK,
Maibke 36iraerbesa 3 KK/, oTpuManuM excriepuMeHTalb-
HO 7Jcac- 1lepeTBoproBau Ha Tpanzuctopax EPC2022 mae
Haiioinpmii KK/I Ha wacrori 50 kI'11 i 3MeHIIyeThCS Ha
0,03-0,04 na uacrori 500 k['1. Takum uymHOM pOGOUY
YacTOTY PEKOMEHAOBAaHO BUOMpATH MOONH3Y IHOTO 3Ha-
YeHHsI, TOMYy IO 31 3POCTaHHIM YacTOTH e(EeKTHBHICTh
pOOOTH MOIYJISi 3HUXKYETHCS, a 31 3MEHIIICHHSIM YaCcTOTH
BTPAYaETHCS MepeBara y HIBUIAKOII.

OuinwBannst EM3 mnepersoproBaya Ha GaN-
TPaH3HCTOPAX 32 JOMOMOI0I0 3aIIPONOHOBAHOI MO/IETi.
BaxnMBHUM IMOKa3HUKOM TEPETBOPIOBAYA € PIBEHb CTBO-
proBaaux EM3. ¥V po6Goti [8] BUKOHAaHO moCITimKEHHS
piBas EM3 migBUIIyBambHOTO TEPETBOPIOBAada 3 YacToO-
toro meperBopenHs 100 k['w, B sikomy mo4yeproBo Oyiu
Bukopucrani Si IGBT IRG4ABC30U, kackamumii GaN
NCT8G206N ta SiIC SCT2120AF TpaH3ucTopu y KOpmy-
ci TO-220. B pesynbrarti pisHunsg B piBHsax EM3 B miana-
30H1 yacToT A0 30 MI'1| ckiana He 6inbiie 3 1b, 3a BUHS-
TKOM OJIHi€i 4acTOTH 3 mpoBajoM Ha AUX, me pi3HUIA
cknana 10 nb. Takum guHOM, Ha piBeHs EM3 y 3amanomy
Jiama3oHi 4acTOT OUTBIIOI MIpOIO BIUIMBAE YacTOTA Iie-
PETBOpCHHSI, MapaMeTpy MACHBHUX EJIEMEHTIB Ta KOHC-
TPYKIIsI IIepEeTBOPIOBava, a 3HAYHO MEHIIOK MIpOI0 THII
TPaH3HUCTOPIB.

[TapameTpu IpykoBaHOI IUIaTH T4 KOHCTPYKTHUB BU-
3HAYa0Th PIBEHh HECHMETPUYHOI CKJIA0BOI 3aBal depe3
MapasuTHY €MHICTb. BOHa yTBOPIOETBCSA MK JIpOTaMH
JKMBJIEHHS 1 HABAHTaKEHHS, JOPIKKaMHU JPYKOBAHOI Tlj1a-
TH 1 «3emuieto». HaiOunpImii BIUIMB HAa HECUMETPUYHI
3aBaJId Ma€ Mapa3sWTHA EMHICTh M BHUXiITHHUMH KOJaMHU
MEPETBOPIOBAYA 1 «3EMIICIO».

[Mapa3uTHa €EMHICTh IJIATH TIEPETBOPIOBAYa BUMIpSI-
Ha METOJIOM, OIHCaHuM B [9] 3a JOIOMOT0I0 J0JATKOBOIO
KOH/ICHCATOpa, SKWH TIIKIIOYEHO MK BHXOZOM Iepe-
TBOpIOBaya i «3emiiero». Pisens EM3 BuMipstHMiA 3 Hona-
TKOBHM KOHIEHCATOpOM 1 0e3 Hboro. IloTiM 00YHcIeHO
napasuTHY EMHICTB, sika ckiaiae 1,8 — 2 nd.
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Hwxue HaBeseHO pe3yibTaTH OLIHIOBAHHS BIUIUBY
rapameTpiB MOZeNi Ha piBeHb 3MojenboBaHMx EM3 y
NOpIBHSHHI 3 BUMipsHuMU. Ha puc. 4 HaBeneHO piBHI
3aBajJ JUId CXEMH, 10 HaBeaeHa Ha puc. 1. Ha puc. 4,a
nokazano EM3 3 «MepTBHM 4acoM>» 3TiHO JOKYMEHTaIlii,
a Ha puc. 4,0 — 3 MOJOBKEHNUM «MEPTBUM Yacom» (KOH-
nencaropu C2, C4 matots emuicts 200 nd). Mogento-
BaHHS 3pOOJICHO 3 JOJATKOBHM KOHACHCATOPOM, JUIS
TOro, MO0 30UTHIINTH HECHMETPUYHY CKIIAJOBY 3aBa.
Konmencarop C5 na cxemi mae Hominan 58 nd (emHicTh
mwiatu EPC9035 muroc eMHICTh HOJAaTKOBOIO KOHEHCA-
topa 56 nd).
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Puc. 4. Pisui EM3 3 nogaTkoBoro emuictio 56 nd,
3’ €IHaHOI 3 BUXOJIOM [IEPETBOPIOBAYIB

Sk BUIHO 3 puc. 4 BIAMIHHICTh TPHBAJOCTI <MEpPT-
BOT'O 4acy» HE Ma€ TaKOro CYTTEBOTO BIUIMBY Ha PIBEHb
3momensoBannx EM3, sk ma KKJI. Haii6inbima BigMiH-
HICTh MK pe3ylIbTaTaMU MOJICITIOBAHHS 1 EKCIICPUMCHTY
CIIOCTepIiraeThest Ha yacToTax Omm3pko 30 MI .

Onuc BUNPOOOBYBaHOTO MOYJIsl i BUNIPOOYBAJIb-
Horo crenay. Ilmata EPCO9035 3moHTOBaHa Ha iHIIHIA
IaTi, sika MICTUTh €JIEMEHTH, HeoOXimHi s 3ade3me-
YEeHHSI MPABHIBHOTO TIOPSAKY BMHKAHHS 1 BHUMHKaHHS
JKMBJICHHS 1 MiJBE/ICHHS] CUTHAY KepYBaHHS BiJIIOBIIHO
1o Iactpykuii mono podotu 3 maroro EPC9035. Bapro
BIJIMITHTH, 1[0 MiHIMQJIbHA TPUBATICTh BUXITHUX IMITYJIb-
ciB, siKy 3a0e3neuye apaiisep LM5113, cknanae 40 ue. Le
JI03BOJIIIIO TIOOYayBaTH Ha ocHOBI tat EPC9035 rene-
paTop KOpOTKHX iMIyibciB 3 Hampyroto 1o 90 B i crpy-

Mmom 10 20 A [10].
V ckmani BunmpoGyBamsHOTO cTeHAy (puc. 5) BHKO-
pUCTaHO  CeJEeKTHBHUN  MikpoBomeTMeTp SMV11,

V-moxi6umii exsiBasenT Mepeski NNB101 (Line Imped-
ance Stabilization Network — LISN), ammepmerp i TpaHc-
(dopmaTopHuit 610k xuBieHHs 12 B 3 niniliHEM cTaOimi-
3aTOPOM Hanpyru. 30ipka METaJOILTIBKOBUX PE3UCTOPIB
3arajgpHUM oropoM 8 OM 3’ eaHaHa 31 BUXOAOM IEPETBO-
proBava qpoTaMu MiHIMAIBHOT TOBKUHH.

Puc. 5. Cxema cTeHIy Al BUMIPIOBaHHS CTPYMY CIIOKUBAHHS
Ta EM3

BucHoBkm.

1. B pe3ynbTati MpoBeNeHOTO JOCIIIKEHHS 3 BUKOPHC-
TAHHSAM 3aMPOIIOHOBAHOT KOMIT FOTEPHOI MOEII BCTaHOB-
JIeHO, IO Pe3yJIbTAaTH MOJEIIOBAHHS 3 IapaMeTpamH, B3s-
THMH 31 CXEMH BUPOOHHKA MAtOTh BEJIUKY MOXUOKY (10 2,3
pasiB) BHaciinok Herounoi SPICE-moneni npaiiepa GaN
TpaH3ucTopiB. 3miHa mapamerpiB RC-kin, sxi ¢popMyroTh
IHTepBaJl «MEPTBOTO Yacy» MiBHILYE TOYHICTh BU3HAYCH-
HS CTPYMY CHIO>KHBAHHS JI0 He MeHI sk 5 %0.

2. KK]I neperBoproBaua Ha GaN TpaH3nucTopax npak-
THYHO He 3MiHIOeThCea 10 yacToTH 500 kI'11, mo mo3BoIIse
BUKOPHCTOBYBATH KOHACHCATOPH 1 IPOCEIi MaIUX HOMi-
HauiB i rabapuTiB. Jlami 31 3pOCTaHHSAM YacTOTH TIEPETBO-
penns KKJI 3meHmryerscs.

3. Jli1st mepeTBOprOBaya 3 A0AaTKOBOIO EMHICTIO HA BH-
xoxai mapamerpu SPICE-momeni apaiiBepa He BIUIMBAIOTh
y 3HAYHIA Mipi Ha TOYHICTh MOJCIIOBAHHSI HECUMETPHY-
Hux EM3.

4. TakuM YHHOM, 3 OISy HA BEJMKUAN BUXITHHH
CTPYM, BHCOKY poOOUy HaNpyry i MaJIMii 4ac mepeMUKaH-
H1 GaN TpaH3UCTOPH € MEPCHEeKTHBHUMH IJIsl 3aCTOCY-
BaHHS B IMIyJIbCHUX T'eHepaTopax, OJIOKaX >KUBJICHHS 3
pobounmu gactoramu neperBopenHs monan 500 k[ i B
noTyxuux Hi-Fi migcumosagax kimacy D 3 MamnMu Heo6-
XiTHAMU rabapuTamMu, HalpUKIa]], aBTOMOOLTHHAX.

5. Hemomikom GaN TpaH3HCTOpIB € BUCOKa BapTiCTh, B
JieKipKa pasiB Ounbina Hik y kpemuieBux MOSFET i
IGBT Tpan3ucropis.
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M odelling of operation modes and electromagnetic
interferences of GaN-transistor converters.

Goal. To analyze the efficiency and EMI of a half-bridge con-
verter built on GaN transistors at different switching frequen-
cies and to issue recommendations for its application. Meth-
odology. An EPC9035 development board from Efficient Pow-
er Conversion was selected for research. This board is a half-
bridge converter built on the EPC2022 eGaN® transistors and
contains a driver for controlling these transistors. To simplify
the assessment of the conversion efficiency, it is suggested to
use a computer model of the development board and LISN,
which simulates the active load with the LC filter. Results.
Simulation results of the converter efficiency with the nominal
values of the elements according to the EPC9035 manual
showed significant deviations from the calculated values at
frequencies above 50 kHz. Thisis explained by the presence of
inrush current through transistors. The inrush current depends
on the «dead time» between the intervals when the transistors
are open and the delays specified in the SPICE model of
LM5113 driver. To reduce the amplitude of inrush current
and, accordingly, to increase the duration of the «dead time»
interval, it is proposed to double the capacitors responsible
for the formation of this interval. Simulation of the converter
efficiency with the doubled values of the circuit elements
showed that the results almost coincide with the calculated
values of the efficiency in the range from 0.05 MHz to 5 MHz.
The converter on the EPC2022 transistors has the highest
efficiency at 50 kHz which decreases by 0.03-0.04 at 500 kHz.
Therefore, it is recommended that the operating frequency
should be set close to 500 kHz. Smulation of EMI levels re-
sulted that the difference in the duration of the «dead time»
does not have a significant effect on the levels of simulated
EMI. The largest difference between the simulation results and
the experiment is observed at frequencies about 30 MHz and is
3-6 dB. Originality. For the first time, the computer model was
used to calculate the efficiency of a half-bridge converter on
GaN transistors at different frequencies. Practical signifi-
cance. Considering the high output current, high operating
voltage and short switching times, GaN transistors are prom-
ising for use in pulse generators, power supplies with operat-
ing frequencies exceeding 500 kHz, and in powerful Class D
hi-fi amplifiers with small dimensions, such as automotive
ones. References 10, tables 3, figures 5.

Key words: GaN transistors, computer simulation, electro-
magneticsinterferences, ener gy efficiency.
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EnekmpoizonsayiiiHa ma kabenbHa mexHika
VK 621.319 doi: 10.20998/2074-272X.2020.3.07

I'.B. be3npo3sannux, M.B. I'punumuna, O.I'. Keccaes, O.M. I'peuxo

3ABE3INEYEHHS TEXHIYHUX TIAPAMETPIB PEBUCTUBHUX KABEJIIB CUCTEMU
TEIIOI NIJ1JIOT'Y 3A YMOBH 3BEPITAHHS TEIIJIOBOI CTIMKOCTI 130JISIIIIT

Bcmanosneno dianazon 3nauens AiHiliHO20 MEN108020 ROMOKY 6 3A1E€HCHOCHI 8I0 PO3MIPI6 KOHCIMPYKMUBHUX e/lIEMEHMI8 pe3u-
CMUGHO020 HAZPIEAIbHO20 Kabenlo KoaKkcianbHol koncmpykuyii. Ha niocmagi mennogozo éanancy nomysxcnocmeil, wjo 6Uinacny-
cA 6 CMPYMONRPOGIONINL deuni ma po3ciloemuves 3 HOGEPXHI Kadeo, UHAYEHO0 RUMOMA ROMYNHCHICHb HAZPIGAILHUX PE3UCHUG-
Hux Kabenie cucmemu mennoi niduozu 3a ymMoGu 3a0e3neveHHs Mmeni08oi cmillkocmi noiemuieHo8oi mepmopeaKmuenoi i3o-
nayii. O6rpynmoeano mosuiuna i3onauii ma ninilina HANPY2a HAZPieaIbHO20 PE3UCMUBHOZ0 Kabento 6 3anexcnocmi 6i0 mamepi-
any cmpymonposionoi ycunu, wo 3ade3neuyiomes mennogy cmiikicme izonayii. bion. 10, tabn. 2, puc. 4.

Kniouosi cnosa. pe3ncTUBHMIA OHONPOBIIHNKOBUII HArpiBajbHMIl Kalesib, MUTOMA MOTYKHICTb, JiHiliiHA Hanpyra, TenioBa
cTilKicTh, MOJIieTH/IEHOBA TEPMOPEAKTHBHA i30J151i.

Ycemanoenen ouanason 3nauenuii auneiinozo menio6020 NOMOKA 6 3a86UCUMOCHIU O PA3MEPOE KOHCHPYKIMUBHDIX I]IEMEHINO0G
PE3UCMUBHOZ0 HAZPEBAMETILHOZ0 Kabelsa KoaKcuanbhoil Koncmpykyuu. Ha ocnosanuu mennosozo bananca mougnocmeii, gvloe-
JIAEMOUL 8 MOKONPOGOOAWell JHCule U PACCeusaemoll ¢ ROGEPXHOCHU KaDesi, ONpedesieHd YOeabHas MOWHOCHIb HAZPesamenb-
HBIX PE3UCMUBHBIX Kabeieli CUCHEeMbl MEeni020 Noaa RPu YCi106ulu 0fecnedyenus mennogoil YyCmoiyugocmu noaUIMUIEH0B0I
mepmopeaxmugHoii uzonayuu. QOO60CHOGAHBI MOIUUHA UZ0TAUUU U JIUHEIHOE HANPANCEHUE HAZPEBAMENIbHOZ0 PEe3UCHIUBHO20
Kabens 6 3a6UCUMOCHU OM MAMEPUAIa MOKONPOBOOAULEH HCUTbL, 00eCneuusaloujue mMenuiogylo yCmou4ueocms U3onayuu.
bu6n. 10, Tabn. 2, puc. 4.

Kniouesvle cnosa. pe3ncTHBHBII OHONPOBOIHNKOBLI HArpeBaTeJLHbII Ka0elb, yleJbHasi MOIHOCTD, JIMHEITHOe HaNpsikKe-
HHeE, TEII0Basl YCTOHYNBOCTD, OJIMITHICHOBASI TEPMOPEAKTUBHAS N30SI,

Beryn. OcHOBY KabelbHOT CHCTEMH TEIUIOl IMiIoTH Tabmuns 1
CTAaHOBUTH Ka6eHB. Haﬁ6iﬂb]l[ pOBHOBCIOI[)KeHI/IMI/I € pe_ Tunosi XapaKTCPUCTUKU OAHO ITPOBIIHUKOBOI'O HArp1iBajJibHOI'O

3UCTHBHI HarpiBaibHi Kabei, KOTpi 3a BUKOHAHHAM Oy- Pe3HCTHBHOTO Kabenio Ansl Teriof nianorn

BAalOTh OJHOMPOBITHUKOBUMHE (IBOCTOPOHHBOTO ITi[IKITEO-
YeHHS) 1 JBOIPOBITHUKOBUMH (OJHOCTOPOHHBOTO IIiJ-
Kiro4YeHHs). OaHonpoBiAHMKOBI kabeni (tabm. 1) siBis-
4 3 2 1

10Th 00010 CTpyMOMpoBiaHy xuny (1) 3 i3omsriero (2) B
MeTtaeBoMy ekpani (3) Ta 3axuCHii moiMepHiit 060I0H-

. . . . [Tapamerp IToka3Huk
ui (4). llpudomy 130715115t MOXKe OYTH SIK OIHO-, TaK i ABO- 5
. , MaxkcuManpHa Temrneparypa sxuim, °C 100
mapoBor0. HasiBHICTh 3aXHCHOTO €KpaHy € 000B’ I3KOBOIO
MaxkcuManbHO IpUIyCTUMA TEMIIEpaTypa 100
3a BuMoramu [IpaBun ekcrutyaTailii eneKkTpoyCTaHOBOK, 663 HaBAHTANCHHS. °C
npuiomy B CBO%MY IEpETHHI BiH NMOBUHEH OyTH €KBiBa- MaxkcHuManbHe JiHiliHe TelIoBUAIIeHH, BT/M 10
nentruit 1,0 MM” MigHoro nposignuka [1, 2]. MiHiMa/bHa TeMIIepaTypa MOHTaxy, °C -10
Konctpykuisa Takux kabemiB momiOHa 10 pamiodac- Howminansna Hanpyra gactotu 50 ', B 220
TOTHHMX, 1[0 TIPU3HAYEHI, HAIIPUKIIAL, I Iepenadi Terne- MaxcnmanbHUN CTPYM HABAHTAKCHHA, A 16
Bi3IMHMX curHaiiB. Marepias cTpyMONpPOBIIHOI KWIA — MinimManbHuiA pajiiyc BUTHHY TIpH 150
MiJlb, OIIMHKOBaHA CTaib a0o0 CIUIaBH BHCOKOTO oropy. B ckeniyaranu 1 30epiranti, MM
AKOCTi 130II11i1 3aCTOCOBYEThCSA 3LIMTUH XiMiuHEM a60 MiHimanbHIH IPUTTYCTHMAH paziyc 30
OJHOKPATHOI'O BUTUHY, MM

Gbi3MYHUM METOIOM MoJieTHieH (TepMOpeakTHBHA 1301~

11is1); KpeMHiffopraHidHa ryma, TeIUIOCTiHKMI moniBiHiI- MocTanoBka npodaemu. Temwio Py, wo BUgiIsteTs-
xnopunuuii muactukar [3]. Omip i3onsuii nopunen Oytn g IpY TIPOTIKAHHi CTPyMy 10 JKHIIi 3 ypaxyBaHHSIM 3Mi-
HE MEHILE 1QO TOMM 3axucHa 000JI0HKa BUTOTOBIIACTD.  gegyy mUTOMOrO OMOPY Martepiaty NMPOBiIHUKA Bil TeM-
s Ha OCHOBI IOJIiBiHIIXJIOPHIHOTO IUIACTHKAT BiT- =

Cs Ha OCHOBI IOJIIBiHIIXJIOPHUIHOTO MIIACTHKATY abo ¢ neparyph [6, 7] pg = pr, (1 + @,(Tg = T)), mpamo npo-

J10cTab1Ti30BaHOTO TOJTiETHIICHY . N o .
NOpLiHO KBaApaTy JiHilHOro maxinHs Hanpyru U, Ha

OCHOBHE TPU3HAYCHHS PE3UCTUBHUX KaOeIiB — Tie- . . . u
PETBOPIOBATH CTPYM, IO MpoTikae no kabemo, B Temmo, il Td 3BOPOTHO HPOMOPLIMHO JHHITHOMY  OHOPY

innOT Pt - .
MakcuManbHa poboya TemIeparypa CTPYMOIPOBIIHOT Ryt = 92 CTPYMOMPOBIIHOI KIITH 3 PATiyCOM 1
i He noBuHHA nepesuinyBaru 100 °C [4, 5]. [Toryx- Tt
HICTB, 110 BUAUIAETHLCS B KaOenl Ha OJUHMIIO JOBXKHUHU, U >
(HOMiHaNBHA MUTOMA EJIEKTPUYHA HOTYXHICTH, IO HPH- R, =U IO2 IRy = P ”'flz, [Br/m], 1)

nmajae Ha 1 M HarpiBaJIbHOTO KaOesro MpW HOMiHAJIbHIN
JHiAHIK Hanpy3i Ha 1 M Kabesio) — e TOJOBHHUN TEXHiY-
HUH MapameTp nux KabeniB. XapakTepHi TeTUIOBUIIICHHS
B TakuxX Kabemsx He nepepuinyroTh 10 Bt/m 3a ymoBu
posTarnryBaHHs Kabemto B moBiTpi (tadm. 1) [4, 5].

Je @, — TeMIepaTypHHi Koe(ilieHT IUTOMOIO OHopy
(@, = 0,004 K™ — nns migi, a, = (0,0001-0,00025) K —
Ui Hixpomy); Ty, To — TeMmmeparypa CTPyMONpPOBIiIHOI
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KM B HArpiTOMy CTaHi 3a paxyHOK MPOTiKaHHS HOMiHA-
JIBHOTO CTPyMy Ta modarkoBomy crasi (20 °C) BiamosiaHo.

B pe3ucTiBHUX Kabessix CTPYMOIPOBIIHA KUIa Ma€e
BHCOKHUI BHYTPIIIHIN Omip i MpH MiIKITIOYSHHI 10 eJIeKT-
pUYHOI Mepeki PIBHOMIPHO HarpiBaeThcsi MO BCiil /10B-
xuHi. 151 BIACTUBICTh 3MYIIY€E CTPOTO CTEXKUTH 33 TEM-
MepaTypHUM PEKUMOM  MPALOIYOro Kabemio: mpu
MOTIPIICHHI TETUTOBIIIa4qi Ha OKPEMIii JUISHII MOXITUBUI
neperpiB 1 neperopsiHist kabemo. Tomy, sk npaBuiio, wi
Kaleli MiAKITI0YaoThCS Yepe3 PEryIsaTOpH TeMIlepaTypu
HarpiBy. ®DikcoBaHui NMUTOMHH omip Kabeno Hakiagae
OOMEXEHHSI Ha 3arajbHy JIOBXHUHY: ii 3MEHIIEHHS BiJHO-
CHO 3HA4€Hb, 1[0 PEKOMEHI0BAHO, MPU3BOJMUTH 0 3011b-
[ICHHS MATOMOI TOTY>KHOCTI, III0 3HWKY€E TOBTOBIYHICTH
pobotu kabenro. [, HaBmaku, — 30UTBIICHHS TOBXKUHH 3HU-
KY€ MUTOMY MOTYXHICTb 1, BIANOBIAHO, e(EeKTHBHICTH
00irpiBy.

CyKynHICTh KOHCTPYKTUBHHX OCOOJHMBOCTEH Ta Ma-
TepialiB, MI0 3aCTOCOBYIOTbCS B KOHCTPYKLIsSIX KaOeliB
JUTA TETUTOl MiJJIOTH, MMOBHHHI 3a0e3MedyBaTH KOMIDIEKC
EIEKTPUYHKX, TEIJIOBUX T4 MEXAHIYHUX XapaKTEPUCTUK
BIJIMIOBITHO JI0 YMOB €KCIUIyaTaiii MpH ONTUMAIbHUX
MacorabapuTHHX po3Mipax.

B po6Goti [6] chopmynboBaHO 3amauy onTUMI3allii
CHJIOBOTO KaOer0 KOaKcialbHOI KOHCTPYKINT /it 3a0e3-
MeYeHHI MaKCUMAaJIBHOT'O TEIIOBOTO MOTOKY, LIO PO3Cito-
€TBCS 3 TOBEPXHI Kabeito, mpy (iKCoBaHiI TOBIIMHI I10-
smimMepHid i3omsuii. LlinmboBoro QyHKuiero onTUMizarii
00paHo JHIWHY LUIBHICTh TEIMIOBOTO MOTOKY, L0 pPO3-
CIIOETBCA 3 TIOBEPXHi Kabemro, B 3aJIE)KHOCTI BiJl TOBIIHH
3aXUCHOI MOJIMEPHOi 000JIOHKH. B HU3BKOBOJILTHHX Ha-
IPiBaJIbHUX PE3UCTHBHHUX KaOCIIX 3a0e3MMeUYeHHsT MaKCH-
MaJIBHOT JIiHIIHOI IiITHPHOCTI TEIIOBOTO TTOTOKY MOYIIUBO
[OUIIXOM Bapiamii SK TOBIIMHA 3aXUCHOI IOJIMEPHOT
00O0JIOHKH, TaK 1 TOBUIMHH 130JisLii. OCHOBHAa yMOBa OII-
TUMI3a1lil KOHCTPYKIIii Kabemo — 3a0e3IedeH s TeII0BO1
CTIHKOCTI i30J1s1ii, 110 0OMEXY€E, Mo-Tepie, JOBrOTpUBaA-
Iy pobody TemIiepaTypy CTPYMONPOBIJHOI XHJIH, a I0-
IpyTe, TEMIIEpaTypy Ha IMOBEpXHi Kabenro, ska He TIOBHU-
HHa nepesunryBat 60 °C BiINOBIAHO 10 BUMOT Ha €JeK-
TPUYHY KabeJIbHy CHCTEMY OTaeHHs [2].

OTXe, MeTOI0 CTATTi € BU3HAYCHHS MTUTOMOI TOTY-
JKHOCTI KaOeNbHOI CHCTEMH NpPH BapiloBaHHI TOBIIMHU
i3osi1ii Ta 3aXMCHOI MOJiMEpPHOI OOOJIOHKK 3a YMOBHU
3a0e3neueHHs TEIUIOBOI CTIMKOCTI 130JAmil Ha ImiacraBi
TEIUIOBOTO 0alaHCy MiX MOTYXKHICTIO, IO BUAUIIETHCS B
CTPYMOIIPOBIIHIH JKWITi, Ta MOTYXKHICTIO, IO BiJIA€THCS B
OTOUYyIOYEe CEpeJOBHINE 3 MOBEPXHI PE3MCTUBHOTO HArpi-
BaJIbHOTO Kabero.

Moaear IJ8 BH3HAYEHHS JIHIHHOIO TEMJIOBOIO
noToky. JIiHiiHUI TEMJIOBUIA MOTIK (), 10 PO3CIIOETHCS B
PE3UCTUBHOMY Kabei KoakcialbHOI KOHCTPYKLUIT (puc. 1)
NPU NPOTIKaHHI HOMIHAJIBHOTO CTPYMY IO JKWIIi, BU3HA-
YyaeThes K [ 6]

7 (Tg —Tos)

>
ne Tos — TemIepaTypa HaBKOJHIIHBOTO CEPEIOBHINA —
moBiTpst, K; Ry — 3aranpHuil TEIIOBHI OMip €IEMEHTIB
Ka0eJIro 1 HaBKOJIMIIHBOro cepenopuina, (K-m) / Br.

q , [Br/M], 2

Po3paxyHOK JiHIHHOTO TEMJIOBOTO MOTOKY BUKOHAHO
B JIBa €TaIlM. Ha MEPIIOMY — IIPH 3MiHI pajiycy mo i30Js-
T Foyg (TOBIIUHI 130JIAIT) Ta CTaMiil TOBIIMHI 3aXUCHOT
noiMepHoi 00ONIOHKH; Ha JPYroMy — HaBIAKH: MPH CTa-
JI¥ TOBIIUHI 130JIALIT Ta 3MiHI PaiyCy [ 4ys 3aXUCHOI TO-
JiMepHOT 000JIOHKH.

r-h'ar 4

Rl Row R3Roar R,
7]
Tg 1
12 T3
Tos
r i
8

Puc. 1. Tunosa koHCTpyKUist (¢), TEIUIOBa cxeMa 3amilieHHs (6)
Ta CXeMaTH4HE TPEACTABICHHS PO3IOIIICHHS TeMieparypH (6)
38 TOBIHHOI KOHCTPYKTHBHHUX CJIEMECHTIB PE3UCTHBHOTO
HarpiBaJIbHOTO Ka0eJro KOaKCiaabHOI KOHCTPYKIIT
(1 — crpymonpoBinHa xuiIa, 2 — i30J1411is, 3 — METAICBHIA eKpaH
10 130141111, 4 — 3aXKUCHA MOJIiIMEpHA 000JIOHKA)

B 060x BHmaakax 3arajapHuii TeruioBuii omip Ry [6-10]
Ry = Ry + Ry + Ros, (©)

€ (QYHKIII€I0 KOHCTPYKTHBHUX PO3MIpiB Kabeiro.

TemnsioBi OnoOpU CTPYMONIPOBIAHOT METAIEBOT KUK
Ta METaJeBOr0 €KpaHy NPHHUHATO PIBHUMH HYIO (Koedi-
miertu TerwtonposigHocTi metamis B 20-100 pa3is Oinblie
3a Koe(illieHTH TeIIONPOBITHOCTI 30JSIHHIX MaTepia-
aiB [7, 9]), To6To R = Ry = 0.

CkJ1a10B1 TEIUIOBOTO OIOPY: TEIUIOBHH OIIp 130J1s11ii
(ntst mepiIoro eTamy po3paxyHKY MPH 3MiHi oyg):
_ 1 .In 2r2\/ar
27w Ay 2n

TEIUIOBUI OIIp 3aXMCHOI MOJIMEPHOI 000JOHKH (Iist
JPYTOTO €Tary PO3PaxyHKy IPH 3MiHi I 4yq):

Ravar ; ©)

(4)

R2 var

:L.“'] 2r4_var
272'/14 2r3

TEIUIOBUI OMip OTOYYIYOro cepeaoBuina (MOBITPs)
(B 060X BUMaAKax 3MiHEHHS KOXKHOI CKIAIOBOI TEILIOBO-
ro OIopy MPHU3BOAWTH IO 3MiHEHHS IOBEPXHI OXOJO-
JOKEHHS S5 KaOeo):
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Rosvar :; . (6)
et *Sosvar
V naBenenunx dopmynax (4, 5) mosHaueHo: Ay, Aq —
KOe(IIIEHTH TEIUTOMPOBIAHOCTI 130JIA1MIT 1 3aXHUCHOT MOJIi-
MEpHOI O0OJIOHKH; Qg — CPEKTUBHUNA KOCPIII€HT TEIuIo-
BiZayl B HaBKOJIMILIHE CEPEIOBHUIIE 32 PAXyHOK KOHBEK-
ii i BUMIPOMIHIOBAHHSI, 21 — AiaMeTP JKUIH, 2f pyg — Iia-
MEeTp 130JIbOBAaHOTO MPOBOJY, 2f3 — JiaMeTp Mo MeTaje-
BOMY €KpaHy, 2f4y — AlaMETP MO IOJIIMEPHOI 3aXHCHOT
000JIOHIII.
Ha puc. 2 noka3aHo BIUIMB TOBLIMHH TOJIIETHICHO-
Boi i3osmsiwii (4, = 0,25 Bt/(M-K)) Ta noniBiHinxmopigHoi
3axucHoi obononku (A4 = 0,35 B1/(M'K)) Ha niHiliHHI
TEIUIOBHH TOTIK PE3UCTHBHOTO HArpiBaJIFHOTO Kabeiro
KOaKciambHOI KOHCTPYKIii. Po3paxyHOK BHKOHAHO s
TPBOX J{IaMETPIB CTPYMOIIPOBIIHOT KUIIH:

e 2ri=04mMm —kpuBi 1 tal’;

e 2r;=0,8Mm —kpuBi 2Ta 2';

e 2r; = 1,6 Mmm —kpuBi 3 ta 3 1pu BapiloBaHHI pajiy-
cy 3ol (Fover / 1) — kpuBi 1, 2 1 3, Ta npu BapitoBaHHi
paniycy mojiMepHOi 3aXuCHOT 000IOHKH (I 4y / 1) — KpH-
Bi 1, 2' i 3 BiANOBIIHO.

EdexruBauii xoedilieHT Temonepenadi AOpPiBHIOE
10 Br/(m® K). Topmmua momimepsoi 06010uKn 0,5 MM
g kpusux 1, 2 1 3. TopmuHa i3ommii 0,8; 1,6 1 3,3 MM
s kpuBux 1', 2 1 3’ BimnmoBigHO.

10 s
q, W/m PSS i
- > ———j - *
3 /./ vt
o K>
Pl
///"'
<
107
10° 10* 10%r2(var)irl,
rd(var)/rl

Puc. 2. BusHaueHHs 04iKyBaHNX 3Ha4YeHb JIHIIHOTO TEIIOBOrO
MOTOKY B 3aJISKHOCTI BiJl PO3MipiB KOHCTPYKTUBHHX €JIEMEHTIB
PE3UCTHBHOTO HArpiBaJIbHOTO KaOeo KOAKCialbHOI KOHCTPYKIT

SIK JOBOJSITH pe3ysibTaTh po3paxyHky (muB. puc. 2),
MaKCHUMaJIbHI 3HAYCHHSI JTIHIHOTO TEIUIOBOTO MOTOKY, IO
MOJKE PO3CIIOBATHUCS 3 MMOBEPXHI Kabemto, 3HaXOIAThCS B
nianasoni Bix 70 mo 90 Br/m (xpusi 1 ta 3). Taki 3HaueH-
Hs BigmoBinaroTh 3HauHOMY, B 40-100 pa3ziB, Oinpmomy
aiaMeTpl Mo 130sImii Ta 3axXMCHIM OOOJIOHIN BiIHOCHO
JiaMeTpy CTPYMOIPOBIZHOI JKHIIM. 3HAYEHHs JIiHIHHOTO
TEIIOBOTO MOTOKY B miamasoni (40-50) Bt/m 3a6esmewuy-
HOTBCA le/I MCHIILINX CHiBBi[lHOHJeHHHX FeOMeTpI/I'-IHl/IX
po3mipiB (Moka3aHo TOUuKaMu Ha KpuBHX 1, 2, 3 Ha puc. 2).

IIuToMa NOTY:KHiCTh HATPiBAJIBLHUX PE3UCTUBHUX
KabesiB 3a yMOBM 3a0e3NeyYeHHs] TeMJIOBOI CTiKOCTI
i3oasmii. 3HaueHHs JIHIHHOTO TEIUIOBOTO MOTOKY B Jlia-
mazoni (40-50) Br/m (puc. 3, xpuBa 5) 3abesneuyerbes
KOHCTPYKIII€I0 Ka0elto, CTPYMOIPOBiTHA JKMIa KOTPOTO
BHKOHAaHA Ha OCHOBI Hixpomy niamerpom 0,8 mm, 3i 3mmu-
TOI MOJIIETUIIEHOBOI 130JALil TOBIUHOK0 4,8 MM Ta IOJIi-
BIHUIXJIOPHIHOI 3aXUCHOI 000JI0HKH TOBIIMHOK 0,5 MM.
3aranpHuil miamerp KaOearo craHoBHTH 11,6 MM mpu

ToBILIMHI anmoMinieBoro ekpany 0,1 mm. Taki 3HaueHHs
crocTepiratoThest mpH TiHiAHINA Hanpysi 10 B/m, mio Big-
MOBiJIa€ TEIJIOBOMY OalaHCy MiX HOTY)KHICTIO, IO BH/Ii-
JSEThCS B kWil Py, Ta MOTYXHICTIO, IO PO3CIIOETHCS 3
noBepxHi kabemo Py B moBitps (auB. puc. 1,a; kpuBa 5 Ha
puc. 3,a).

20 30 40 50 60 70 80 90 0C100

.
6
Puc. 3. JIo BU3HAYEHHS TUTOMO] TIOTY>KHOCTI 38 YMOBH TEILIO-
BOI CTIHKOCTI 130JIs1L[iT HArpiBaJbHUX PE3UCTUBHUX KabesiB
(xpuBa 1 — niniitna manpyra 2 B/m; kpusa 2 — 4 B/m;
kpuBa 3 — 6 B/m; kpusa 4 — 8 B/m; kpusa 5 — 10 B/m)

Temneparypa Ha nosepxHi kabemo (T, = T4) craHo-
Butb 90 °C, crpymonposinHoi sxunu — Ty = 250 °C (kpusa
5 na puc. 3,6). 3a Takux TemIepatyp NOPYyLIyEThCS Tell-
JIOBA CTIMKICTh 3IIMTOI MOJIETUIECHOBOI 130JiALii, 110
YHEMOJXKJIMBITIOE TIPAIe3qaTHICTh HArPiBaIbHOTO KaOemro
B cucremi Terwroi mijuroru. TemrepaTypa 3HIMTOI ITOJI-
STHJICHOBOT 130JiA1ii He ToBuHHA mepepuiyBatd 90 °C
[3, 9]. 3actocyBamHs GimbIT HArpiBOCTIHKOI Ha OCHOBI
noxirerpadropermiieHy abo MiHepasbHOI i30Jswii 3a0e3-
Medye CTBOPEHHS BHCOKOTEMIIEPATypHHX KaOemiB i
MigirpiBy HapTOMPOBOIIB Ta TEXHOJOTIYHOTO OOJaJHAH-
Hs [5].

3MeHIeHHs JiHiHOI Hampyru mxo 6 B/m (puc. 3,
kpuBa 3) 3a6esneuye Terurosuii 6ananc (P, = Py) Ha piBHi
18 Bt/m npu Temneparypi noBepxHi kabenro 50 °C. Ilpu
IIbOMY TEMIIepaTypa CTPYMOIPOBIIHOI XKHUIN MEPEBHIILY€E
MakcuMansHO fomyctume 3HadeHHs 100 °C ta cTaHOBUTH
115 °C (auBuch kpuBa 3 Ha puc. 3,6).

3MEHIIIeHHST TOBIIMHY 1307111 10 1 MM 3abe3medye
TEIUIOBUII OajaHCc NpH TeMIepaTypi MOBEpXHI Kabeiro
53 °C Ta Temmeparypu xuiu 86 °C npu HOMiHAIBHIN
niniiHiA Hanpysi 4 B/m (puc. 4,a, kpuBa 2). OuikyBaHe
3HAUEHHS MUTOMOI MOTYXHOCTI CcTaHoBuTh 8,8 Br/M
(puc. 4,a, kpuBa 2 Ha BEpXHBOMY PHUCYHKY).

[Ipu 3acTocyBaHHI MiTHOI KMIHM TaKoi camMOi KOHC-
TPYKLIT 3HAYEHHSI THUTOMOT IIOTYKHOCTI OpiBHIOE 7 BT/M
(puc. 4,6, kprBa 2 Ha BEpXHbOMY PHCYHKY) MPHU JiHiHHIH
marpysi 0,5 B/M. Temmeparypa 1moBepxHi Ka0eio cTaHo-
Buth 47 °C, temneparypa xum — 80 °C (puc. 4,0,
kpuBa 2). Jliamerp kabeio — 4 M.

[opiBHAHHA NIBOX OIHAKOBHX 3a PO3MIpPOM KOHC-
TPYKLiH Kabeito, IO BiIPI3HAIOTHCS MaTepialioM CTpy-
MOIIPOBiHOT JKWIIM, JOBOAWTBH. NPH HANPY3i XKHUBJICHHS
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220 B noBxuHA CeKiii KaOearo 3 HiXPOMOBOK KHJIOHO
CTaHOBHUTH 55 M 3aranbpHOIO TOTYXKHicTI0 484 BT; 10BXKH-
Ha cekull kabeiro 3 MiIHOK Xui1oro — 440 M 3arajbHOIO
notyxHicTio 3080 Br. Bicim cekuiii Ha OCHOBI Kabeo 3
HIXpPOMOBOIO JKHJIOIO 3arajpHOI0 MoBxuHO0 440 M 3a-

6e3redyroTh NoTyXHicTh 3872 BrT.
v ~

Pv, Po
: P‘;/

W/m
103

B Ta0i1. 2 HaBeACHO NMOPIBHUILHHUIA aHAI3 TEIIOBUX
OTOpIB MPH PO3TaIlyBaHHI KaOeJro B MOBITPI Ta LEMEHT-
HO-TIIIIAHOMY PO34HHI Ha Bifnctani 50 MM BiJ MOBEpXHI
MOJy.

Tabmuus 2
BrumB cepenoBua, mo 0To4Yye Kabenb JiaMeTpoM 4 M,
Ha 3araJbHHH TeIUIOBHH OIIip

IIpu posranryBanHi
Ka0elIro B MOBITpI
TennoBuit | 3aranbHuit
OIip MOBITPS: | TEIUIOBUI
Ros, K'M/Bt | omip Ry,
K-m/Br

TIpu posramryBanHi kabemnto B
LEMEHTHO-TIIIAHOMY PO34HHI
TennoBuii omip | 3aranbHui
Cepe/IoBHUINa, [0 | TEIJIOBUM
0TOYy€ Kabelb: omip Ry,
Ros, K-M/BT K-M/Bt

Temo-
BUii orip
Kabeo:
R + Ry,

K-M/Bt

80 90  10C

Tg,°C

70
———
102 /‘&

20 30 40 50 60 70
Tp,

a

80 0%

kpuBa 1 — niniitna Hanpyra 3,75 B/u;
kpuBa 2 — 4 B/m; xpusa 3 — 4,25 B/m

Pv, Po

0
Tp, C
To.c i
]
1043 e ———

20 30 40 50 60 70 80 90 100
kpuBa 1 — miniitna nanpyra 0,4 B/wm;
kpuBa 2 — 0,5 B/m; xpusa 3 —0,6 B/m
0
Puc. 4. BiutuB TOBIIWHY 130715111 Ta JTiHIHHOT HAPYTH
HarpiBaJbHOTO PE3HCTHBHOTO KAOEI0 Ha TEIUIOBY CTIHKICTh
TEPMOPEAKTUBHOI MOJTICTHIICHOBOT 130JISIIiT

IIpu po3mimieHHI Kabeao 0e3MoCepeaHbO B IMiII031
(leMeHTHO-TIIAHOMY PO3YMHI) TEIIOBHH OIip OTOUYIO-
40ro cepenoBuiia [7]

ne dos = 0,6 Br/(M-K) — xoedimieHT TEmIonposigHocTi
LEeMEHTHO-TII[aHoro po3unHy; L =1 M — noBxuHa kade-
mo, d — miamerp kabemo, h — rmmbuHa posramryBaHHs
Kabeo.

13507 | 3,2811 4,6318 1,0376 2,3883

Po3ramryBanHs kabeno B LIEMEHTHO-IIIIAHOMY PO3-
YUHI 3MEHIIye 3arajdbHuil omip B 1,94 pasu B mopiBHAHHI
3 PO3TallyBaHHSAM B TOBITpi, M0 3abe3mneuye epeKTHB-
HICTP il HarpiBaTFHOTO PE3UCTUBHOTO KaOelTto.

BucHoBkn.

1. Bcra"oBieHo, 1m0 HaWOLIbIIl 3HAYEHHS JIIHIMHOIO
TerioBoro motoky Ha piai (70-90) B1/M mocsrarotses
JUTS. ONITUMAJIbHOT KOHCTPYKIIIi OJHOMPOBITHHUKOBOIO pe-
3MCTHBHOTO Ka0eio 31 CTPYMOIIPOBIIHOI UM B Jiana-
30Hi Bim 0,4 MM 10 1,6 MM mnpu BapitOBaHHI TOBIIMHU
3MIUTOI TOJIETUICHOBOI 130JIAIIi1 Ta 3aXMCHOI OOOIOHKH
Ha OCHOBI HOJIBIHUIXJIOPUAHOTO TUIACTHKATY.

2. Ha mincTaBi TerwioBoro OajxaHCy MOTYXKHOCTEH, IO
BUIIIAETHCA B CTPYMOMIPOBIMHIN I Ta PO3CIFOETHCS 3
MOBEPXHI Kabelto, BU3HAYCHA IIUTOMA TTOTYKHICTh Harpi-
BaIBHUX PE3MCTHBHUX Ka0eJiB CHCTEMH TEIUIOl MiijIoru
g 3a0e3leYeHHs TEIUIOBOI CTIMKOCTI IOJIETUIEHOBOL
TEPMOPEAKTUBHOI 130/1s1mii. J[oBeaeHo, 110 s JBOX Of-
HAKOBUX KOHCTPYKLil KaOeto, M0 BiPI3HSIIOTHCS MaTe-
piaJioM CTpyMONPOBIAHOI KHMIIM, OUIbII €()EKTUBHUM €
3aCTOCYBaHHSI HIXpOMY B IIOPIBHSHHI 3 MIIIIO: MUTOMA
NOTYXHICTh Ounbiia B 1,26 pasw, mniniiiHa Hanpyra — B 8,5
pas3u BiImoBigHO. B 000X BHmagkax 3a0e3medyeTbes Ter-
JIOBA CTIMKICTH 3IIMTOI MOJIIETUIEHOBOT 130JIALIi1.

3. PosriisiHyTa MeTOMKa OOTPYHTYBaHHS ITHTOMOI TIO-
TY>KHOCTI, IO BiJIOBiJa€ TEIUIOBOI CTIHKOCTI HarpiBalb-
HUX PE3WCTHBHUX KaOelliB Ha MiICTaBi TEIIOBOTO OallaH-
Cy, MOXe OyTH 3aCTOCOBaHa SIK Ul CUCTEMH TerIol Iij-
JIOTH, TaK 1 Juist iHmuX cep 3acTOCYBaHHS HArpiBaJbHUX
KabeniB.
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Providing technical parameters of resistive cables of the
heating floor system with preservation of thermal resistance
of insulation.

Introduction. The main purpose of resistive cables is to convert
the current flowing through the cable into heat. The maximum
operating temperature of the conductive core should not exceed
100 °C. Power output per cable per unit length (nominal spe-
cific electrical power per 1 m of heating cable at rated line volt-
age per 1m cable) is the main technical parameter of these ca-
bles. The heat released by the conductivity of the core current,
taking into account the change in the resistivity of the core ma-
terial from temperature, is directly proportional to the square of
the linear voltage drop across the core, and inversely propor-
tional to the linear resistance of the core. Typical heat dissipa-
tion in such cables does not exceed 10 W/m, provided the cable
is placed in the air. Purpose. Determination of the specific
power of the cable system when varying the thickness of the
insulation and the protective polymer shell, provided the ther-
mal stability of the insulation on the basis of thermal balance
between the power released in the core and the power released
into the environment from the surface of the resistive heating.
Methodology. The calculation of the linear heat flux is per-
formed in two steps: when changing the radius of insulation
(thickness of insulation) and the constant thickness of the pro-
tective polymer shell; at constant thickness of insulation and
change of radius of the protective polymer jacket . The highest
values of linear heat flux at (70-90) W/m are achieved for the
optimum design of a single-conductor resistive cable from a
conductive core in the range of 0,4 mmto 1,6 mm when varying
the thickness of the cross-linked polyethylene insulation and
protective sheath based on polyvinyl chloride plastic. The spe-
cific power of heating resistive cables, provided the thermal
stability of the crosslinked polyethylene insulation is determined
based on the thermal balance between the power generated in
the core and the power dissipated from the surface of the cable
into the air. Practical value. The thickness of the insulation and
the linear voltage of the heating resistive cable, depending on
the material of the core, providing thermal stability of the insu-
lation are substantiated. The methodology of substantiation of
specific power, which corresponds to thermal stability of heat-
ing resistive cables on the basis of thermal balance, can be ap-
plied to both the floor heating system and other areas of appli-
cation of heating cables. References 10, tables 2, figures 4.

Key words: resistive single conductor heating cable, specific
power, linear voltage, thermal stability, polyethylene ther-
mosetting insulation.
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EnekmpuyHi cmaHuii, Mepexi i cucmemu
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SENSORLESS DIRECT POWER CONTROL FOR THREE-PHASE GRID SIDE
CONVERTER INTEGRATED INTO WIND TURBINE SYSTEM UNDER DISTURBED
GRID VOLTAGES

Wind turbines with permanent magnet synchronous generator (PMSG) are widely used as sources of energy connected to a grid.
The studied system is composed of a wind turbine based on PMSG, a bridge rectifier, a boost converter, and a controlled inverter
to eliminate low-order harmonics in grid currents under disturbances of grid voltage. Traditionally, the grid side converter is
controlled by using the control VFOC (Virtual Flux Oriented Control), which decouple the three-phase currents indirect
components (id) and in quadratic (iq) and regulate them separately. However, the VFOC approach is dependent on the
parameters of the system. This paper illustrates a new scheme for the grid-connected converter controller. Voltage imbalance and
harmonic contents in the three-phase voltage system cause current distortions. Hence, the synchronization with the network is an
important feature of controlling the voltage converter. Thus, a robust control method is necessary to maintain the adequate
injection of the power during faults and/or a highly distorted grid voltage. The proposed new control strategy is to use the direct
power control based virtual flux to eliminate side effects induced by mains disturbances. This control technique lowers
remarkably the fluctuations of the active and reactive power and the harmonic distortion rate. The estimated powers used in the
proposed control approach is calculated directly by the positive, negative, and harmonic items of the estimated flux and the
measured current without line sensor voltage. References 27, tables 6, figures 13.

Key words: direct power control based virtual flux, disturbances of grid voltage, permanent magnet synchronous generator.

Bempanvie mypounst ¢ cunxponnsim 2eHepamopom Ha nocmoannwvix maznumax (PMSG) wiupoko ucnonwv3yromcea é Kauecmee
UCMOYHUKO8 IHEPZUU, NOOKNI0YeHHbIX K cemu. Hccnedyeman cucmema cocmoum u3 eéempanoii mypounol Ha ocnoée PMSG,
MOCH06020 8LINPAMUMENSA, NOGLIUIAIOWE20 NPEOOPAZ0EAMEIA U YRPABIAEMO20 UHEEPMOPA /14 YCMPAHEHUA 2ADMOHUK HU3KO20
nOpAOKA 6 MOKAX CemKU Rpu 803MyW|eHuax Hanpaxcenus cemu. Tpaouyuonno npeodpazosamens Ha cmopone cemu
YRPABNACMCA C NOMOWBIO BUPMYATbHO20 nomoKoopuenmuposannozo ynpaeinenus VFOC (Virtual Flux Orviented Control),
Komopulii pazoensem mpexgaznvie mMmoKu Ha Koceenhvle Komnonenmul (id) u na keadpamuunvie Komnonnemwl (iq) u
pezynupyem ux omoenvno. Oonaxo nooxod VFOC 3asucum om napamempos cucmemsl. /lannas cmamova uiiocmpupyem
HOBYI0O cXemy 0N KOHmpoiepa npeoodpaszosamens, HOOKIIOUeHHO020 K cemu. [QUcOANaHc HANPAMNCEHUA U COOepIHCaAHUe
2aPMOHUK 8 mpexhazHoil cucmeme HARPANCEHUA 6bI3blealOm UCKaxcenus moka. CiedosamenvHo, CUHXPOHU3AUUA C CEMbIO
AGNAEMCA BAHCHOU O0COOEHHOCMbBIO ynpasienus npeoodpazoeamenem Hanpaycenusa. Taxkum oo6pazom, HaoexcHvlii Memoo
ynpagnenus HeodXooum O0isa NOO0EPHCAHUA AOCKEAMHOU NOOAYU IHEPIUU 60 8PEeMA HEUCHPAGHOCHMEN u/unu 3HAYUMEbHO
UCKa)iCeHH020 Hanpaxcenua cemu. Ilpeonosiwcennaa Hoseaa cmpamecus yYNpaeneHus 3aKiO4aemcsa 6 UCHONb306AHUU
GUPMYAIbHO20 NOMOKA HA OCHO6E NPAMO20 YNPAGICHUA MOUWIHOCMBIO ONA YCMPAHEHUA NOOOUHBIX IPPHeKmos, 6bI36aHHBIX
nomexamu 6 cemu. IMom mMemoo YnpasieHus 3HAUUMENbHO CHUIICAEM KO1efanus aKmueHoU U peakmueHoil MOWHOCIU U
YPOBEHb 2apMOHUYECKUX UCKadceHui. OuyenouHble MOWHOCMU, UCHONb3YEMblEe 6 NPEOIazaeMoM N00X00e K YRPAsieHulo,
paccuumovleéaionmca HenoCpPeOCneHHO NO HON0HCUMETbHbIM, OMPUUAMENbHbIM U 2APMOHUYECKUM ITNEMEHMAaM OUEeHEHHO20
NOMOKA U U3MEPEHHO20 MOKA 6e3 HANPAXCEHUA TUHelH020 damyuka. bubn. 27, Tadn. 6, puc. 13.

Kniouesvle cnosa: BHPTyalbHBIi MOTOK HA OCHOBE MPSIMOr0 YNPAaBJIEHHS! MOIIHOCTHIO, BOBMYLIEHUS] HANPSIKEHHS] CETH,
CHHXPOHHBII reHepaTop ¢ NOCTOAHHBIMM MATHUTAMH.

Introduction. Renewable sources connected to a
grid with their inherent intermittent behavior inevitably
impose a major challenge to the conception of the
controller voltage source converter. The majority of
control approaches have equivocal statements according
to their performance under conditions of non-ideal
voltage grid prevailing in an integrated micro-grid system
with renewable energy. Renewable energy production has
become a significant development trend for contemporary
grids because of environmental concerns. Wind energy is
one of the important sources of renewable energy and is a
fast-growing technology [1, 2]. There are two types of
wind energy systems: the grid-connected system and the
stand-alone wind system. Actually, the application of
grid-connected is largely preferred to stand-alone wind
systems. The most common configuration for MWT
systems connected to the grid of less than 20 kW
normally consists of a high-pole-pair PMSG supplying a
three-phase rectifier followed by a boost converter and an
inverter [3]. At the generator terminals, a diode bridge
rectifier can be used since no external excitation current is
required. The non-controlled rectifier with a boost

converter or supercharged converter serves to regulate the
rotor voltage or speed. The interfaces between renewable
energy sources and a grid-side have played a crucial role
in terms of reliability, the flexibility of connection, and
quality of energy and gradually attracted attention from
the academic and the industrial worlds these last years.
These interfaces can regulate the powers with a constant
power factor or constant currents. Various studies of these
electronic power interfaces and control methodologies
have been largely realized, including the development of
schemas of switching to improve the quality of the energy
[4]. Traditionally, the grid side converter is controlled by
using the control VFOC (Virtual Flux Oriented Control)
[5] or VOC [6], which decouple the three-phase currents
in Direct components (id) and in quadratic (iq) and
regulate them separately. A reference frame aligned with
the rotary vectors voltage or virtual flux [7]. However, the
VFOC or VOC approaches are dependent on the
parameters of the system and various simplifying
approximations are made; for instance, the magnetic
saturation of the inductor is not considered that is, the
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inductor is constant whatever of the current values [8].
The three-phase rectifier control approaches in width of
impulse can be classified, as quoted in the literature, as
vector control (VOC) and direct power control (DPC)
[16]. The vector control (VC) can be based on grid side
voltage [17-19] or virtual flux (VF) [20] using integral
proportional controllers (PI). However, it offers some
disadvantages, such as its addiction to the variation of
system parameters, and that its performance largely
depends on the agreement of the PI parameters. The direct
power control strategy (DPC) has become one of the most
recent research topics in recent years relying on its fast
dynamic response, its a simple structure, and its high
power factor [21, 22]. In DPC schemes developed, instant
active and reactive powers are directly controlled [24].
This is what we need more than sensors (voltage sensors
and AC mains sensors) that not only raises the volume
and cost of the system but also lowers the reliability of the
system [22]. The grid-connected three-phase rectifier can
be seen as a virtual AC motor, its virtual flux link can be
used to estimate the voltage of the rectifier [26]. Virtual
flux (VF) based schematics are popular in voltage-free
controller designs for the following two reasons. The
application of VF remains the common benefits of
sensorless strategies, such as cost reduction, reliability,
and overall improvement. During this time, it eliminates
the orientation point limitation for the control system [25]
and improves the harmonic tolerance [26]. A more
complete comparative study is conducted to evaluate the
performance of the system in different grid voltage
conditions where the voltage unbalances vary by up to
20 % and the distortion varies by 10 %. The global

Diode Bridge
Rectifier

Boost converter

magnitude of total harmonic distortion (THD) presented
by VF-DPC and the resilient direct power control
RV-DPC is always inferior to that of V-DPC [15]. The
V-DPC possesses a low immunity to asymmetric and
deformed voltage; the VF-DPC shows a better reliability
only under distorted grid voltage [15] a new method of
VF-DPC control based on the virtual flux estimate
Capable of handling these problems; it results in a stable
and regular estimated virtual flux with a sectorial
detection at a high precision [23].

The aim of this article is to inject all the power
provided by a wind turbine based on the PMSG is a three-
phase microgrid subjected to various voltage conditions.
This document also seeks to propose a new strategy by
integrating new theory, Direct Power Control, based on
the virtual flux (VF_DPC) to ensure that the injected
currents in the three-phase grid emulate the sinusoidal
forms even when the grid voltage is no longer ideal.

Modeling Of The Wind Conversion. In the
suggested system of energy, the PMSG is plugged to the
grid through an inverter assisted by a rectifier bridge and
a boost converter (Fig. 1). The rectifier consisted of
diodes that convert the AC output voltage from PMSG
to a DC voltage. The boost converter increases the
output rectifier voltage at a regulated DC level. The
boost converter regulates the speed of the generator or
the active power of the generator to capture the
maximum power of available wind energy. The grid-side
converter (GSC) is then utilized to control the DC link
voltage and transfer all the active power provided by the
turbine to the grid.

Grid Side converter

‘Wind Turbine

A B’ &

Wind

Rb_Lb

AT

Wind Turbine Modeling. The wind turbine is
three-dimensional, with complex shapes in movement,

Vd
SW Vde =
SO .
Filter
400V
X & X AKI} AKI}
Fig. 1. The system under study comprising PMSG assisted with diode rectifier and boost converter
A= a)turbR (3)
VCO

inundated in a stream air; it changes over the wind's
motor vitality and conveys mechanical force portrayed by
a rotating speed and mechanical torque. The dynamic
force accessible to the turbine is given by:
1 3_1 50,3
Py == pSVg = prR?V;. (1)
where p is density of air (1.25 kg/m®), S is area swept by
the turbine (m?), R is turbine radius (m), V,, is wind speed
(m/s).
Aerodynamic shaft power is given by:

1 »2p3
Burb = CpPa) :E;OER Vwcp(ﬂ*sﬂ)’ 2

where C, is the power coefficient which is a function of
the pitch angle of rotor blades and of the tip speed ratio;
s orientation angle of the blades; A is specific speed

where @, is speed of the turbine.

Modeling of PMSG. The model of PMSG in d—q
transformation is given by the accompanying voltage
framework condition

d
Vd :_Rsld _LdEId +C()Lq1q;

J 4)
Vy=—Rel,—L, E[q +olyl, +op;.
The electromagnetic coupling
{%1 =Lgig +9r; )
Pq = Lyiq>

where L, is stator inductance in d-axis, L, is stator
inductance in q-axis, L, and L, are supposed independent
of 6, ¢ is magnet flux.
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Equation  (6)
electromagnetic torque:
Vd = _Rs[d _Cem =

represent the expression of

:%p[(Ld —Lq)idiq +iq(pf]Ld %Id +ol,l,; (6)

d
Vq = —RSI —LqEIq +60Ld1d +a)¢f,

in which C,, = 3/2-p-¢; -I,, where p is the pole pair
number; R is stator resistance; V, and V, are stator
voltage components; I; and [/, are stator current
components.

Control Of Boost Converter. At the output of
certain renewable sources (such as wind systems) in
general, the voltage generated is not enough to ensure the
proper functioning of the inverter. For this, a DC/DC
boost converter must be used, built with electronic
semiconductor devices, an inductor and a capacitor in
parallel [12]. The wind generator is tied to a boost
converter, and its input voltage is controlled so that the
wind generator delivers the maximum power to its output
terminals. The boost converter is connected between the
output terminals of the non-controlled rectifier and the
input of the inverter, as shown in Fig. 2.

Diode Bridge

Rectifier i Boost converter

‘Wind Turbine I\/\/
Lb

|
- Control |
current PWM |

3
|

Fig. 2. Structure and principle control of an AC / DC converter

The essential role of the boost converter is to convert
the variable input DC voltage, due to different operating
conditions, to a suitable constant DC voltage. The DC
link voltage can be maintained constant at the reference
value by adjusting the duty cycle of the converter. In
doing so, the DC voltage is controlled to sufficient and
non-fluctuating levels so that maximum power is injected
under better conditions through the grid side inverter. The
control framework of the DC-DC boost converter is
founded on the use of the PI controller to keep the DC
link voltage at the reference value as shown in Fig. 2. The
voltage/current input/output relationship of the boost
converter can be written as [13].

Direct Power Control Based On Virtual Flux
(VF_DPC). In this situation, the direct power control
based on the virtual flux (DPC-VF) is used instead of the
direct power control (DPC). This control technique
greatly lowers the fluctuations of the active and reactive
power and the harmonic distortion rate THD, keeping the
advantage of control without the line voltage sensor. In
the VF concept, the virtual AC motor is assumed from the
behavior of grid voltages and AC side coupling
impedance with inductance L in series with equivalent
resistance R. As a result, L and R are analogous to the
leakage inductance and the stator resistance of an AC
motor, respectively [26]. The control of the active (P,)

and reactive (Q,,) power are compared with the estimated
active and reactive power values (P, and Q.) by
hysteresis controllers, respectively. The output digitized
signals (SP) and (SQ) and the vector position (6,) make it
possible to select the appropriate voltage vector according
to the switching table defined in [24].

Figure 3 shows the maximum power point tracking
(MPPT) control charts for the optimal torque control
method respectively. The torque reference multiplied by
the speed of the turbine (ar) gives the optimal power
reference. As shown in Fig. 3, the maximum power of the

wind turbine is calculated from the equation
[P,ef* =T, ,ef*wt] which represents the power reference
injected into the grid.
bo—_— . — ] *
Wy | Tref I Pref
| Kopt Wy Wy |
| |

Fig. 3. Block diagram of MPPT Optimal torque control

Model of Grid Side Converter. The vector of
virtual flux ¢, can be estimated from the integration of
the vector of grid voltages e,s as indicated follow in
equation (8).

The voltages of the converter (Fig. 4) are estimated
in the block ais follows

_ \Eydc (S, — (5 + 5.k

1
VS,B :\/;Vdc ><(Sb _Sc)’

where S,, S;, and S, are the switching states of the rectifier
and (V4 Vip) are the AC side voltages of the converter.
V. is rectified voltage.

The components of the virtual flux ¢, are calculated
as follows:

VSQ
(N

di
Osa = | Vyq +L=5)d;
iy (8)
= + L—=)dt,
(/75,3 Iﬂ/sﬁ dt )
where Vg is the voltage at the output of the inverter at
the a, f mark; i, and iz are grid currents in the Concordia.

converter

[Renewable|

Energy
Source

Fig. 4. Simplified representation of a three-phase PWM inverter

The virtual flux concept has been developed for a
better estimate of instantaneous active and reactive power
in AC-free sensor operation. The use of an ideal integrator
for computing the virtual flux produces a DC offset.
According to (7) and (8) the integrator can be used to
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estimate the virtual flux, but the initial value of the flux
has to be estimated first, this complicates the simulation
and the DC offset could be produced easily [14]. The
virtual line stream observer (Fig. 5) shows that the new
algorithm responds faster than traditional control.

N N
- -
S+We S+We
| La ]
| Le |
Ve N N
> -
S+We S+We

Fig. 5. The virtual line flux linkage observer

The active and instantaneous reactive powers are
observed in the (power observer block) by the
measurement of the line current and the observation of the
virtual flux components in equation [9]. Instant active and
reactive powers can be estimated as

Fps = (@4 % isﬁ ~Psp X Isq)s
Oes = Q5 Xisq + Psp Xisﬂ)~

There is a change in the sector. These sectors may be
expressed as follows (Fig. 6)

)

T T
N-5Z <0y <(N-4Z.
( )6 v < ( )6

Fig. 6. Virtual flux plane 12 sectors

The position of the VF vector

Oy = tan~! ((piJ
Psar

is used in the VF-DPC scheme to select the appropriate
converter voltage vector according to the switch table
defined in Table 1.

Table 1

Switching Table

e1 e2 63 e4 e5 e() e7 68 69 e10 e11 e12
Vs [Ve |Ve [Vi [Vi Vo [Vo [V5 V5 [V [V |Vs
V3 V4 V4 V5 V5 V6 V6 Vl Vl V2 V2 V3
Ve Vi Vi [V, Vo [V Vs [V (VL Vs Vs [V
V1 V2 V2 V3 V3 V4 V4 V5 V5 V(, V(, Vl

—
'—‘O'—‘OQC/J

Modified Direct Power Control (M DPC) for
Converter. When the grid is unbalanced and harmonized,

according to the theory of symmetrical decomposition, an
unbalanced and distorted three-phase system can be
decomposed into three symmetrical components: the
positive sequence, the negative sequence, and the zero
sequence.

In fixed reference systems the flux and the measured
current are expressed as

— h
Doy = (cf)Ia + Qo + ¢sa);

(10)
Psp = (@vﬂ +(/79ﬂ + wvﬁ)
. :( + 1, +zh )
(11)
. . — .k
lsﬂ = (l:ﬁ +lsﬂ +lsﬂ)'
According to the theory of symmetric
decomposition:
X
+ 2 a
X _11 a2 a X, | (12)
X7| 3|1 a° a

XC

here the indices (+) and (—) indicate the positive sequence
(27

3

13)
and the negative sequence, a = e , the zero sequence

sX'=X-X-X.

After substituting the flux and the current by their
values indicated in (10) and (11), the results of the active
and reactive powers can be grouped as follows

B 2 Y AT
(Co;—a t Psa T Psa )X (l;—ﬁ Tisp Tisp )_

£ —(¢:ﬂ+¢;ﬂ+¢£’ﬁ)( +ig, +zh ;

es — WX

_((0;0: Xisp = Pip Xisy )+ ((Ps_a Xigp = Qg % is_a)+ ]
+((/’£la X if’ﬂ —(/’flﬂ Xily )+ ((/J:ra xisp—0up Xf;a)Jr
+(¢’sa’”sﬂ gosﬂ xzsa) ((psa xzsﬁ (pgﬁxzsa)+ ;
+ ((/’sa x lsﬂ —Psp X lm )+ (fpm x lsﬂ —%ﬂ % lsa)+

(13)

X

es =@

_+(¢£’a Xigp —goshﬂ xis_a) |

- h g,

((D;a +Psa ¢’sa) ( +igg +ig )+
_ h . — .

+ (D;ﬁ +§0Sﬁ +§0Sﬁ)>< lsﬂ +1Sﬁ +lsﬂ)_

Oy = 00X

_( o Xise + Psp Xist/})+( sa Xisq tPsp st_ﬁ)
+(gom xzbha +¢7_3ﬁ><lbﬂ)+(¢ba Xy +%ﬁxhﬁ)+
Ops = 0% +(¢m xily, +pip Xlsﬂ) («ﬂm Xisy +Psp Xl;ﬁ)"’ 19
o ity + pipxily o ol ity + gl ity )+
ot i +olyxivg)

The target control of the DPC strategy is to eliminate

the negative and harmonic components of the current, so
we can force

s)

N
Isag =L = lsa = lsp =0.

Leading to
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Pneg =wx l((os_a X i;—ﬁ - ¢7s_ﬂ X i;a )Ja
(16)
Qneg =wx [(ws_a X i;—a + (Ds_ﬂ x i;—ﬁ )]9
where P,., and O,., represent the interaction between the
negative sequence and the positive sequence of flux and
currents that generate oscillation in active and reactive
power with a frequency of 2w.

So we have

Phar = 0% Kﬁf’fa Xisp =05 Xisa )J

where Py, and Oy, represent the interaction between the
harmonic parts of the flux and the positive sequence of
the currents.

It can be seen from equations [16, 17] that if we
want to eliminate the effect of the negative and harmonic
components of the unbalanced and deformed grid, the
active and reactive power of compensation can be
obtained as

. . o T |

Pcom:kasaXl;ﬂ_(psﬂxl;ra\g"'(((psaXl;ﬂ_(”sﬂxl;a)ﬁ(18)
— : - h i h .

Ocom = 0% Wsaxl;a-"(osﬂxl;—ﬂ + ¢saxl;a+(psﬁxl;—ﬂ

a7 Figure 7 shows the overall configuration of the
_ B+ ho )] direct power control without a voltage sensor based on the
Ohar = @ [(wm “Isa T PspXisp )b virtual flux.
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Fig. 7. Control block diagram of the grid-side converter

Simulation Results. In order to verify the
performance of the optimal VF-DPC proposed on a two-
level voltage source inverter, simulation studies were
performed in the Matlab/Simulink environment under
various grid voltage conditions. All the results are
obtained at the maximum power of the wind turbine
P,/ [W]and Q,,, of 0 [VAR].

The simulation model is developed from a
Kollmorgen 6 kW industrial permanent magnet
synchronous machine [27]. The values of the turbine and
the PMSG used parameters are given in Appendix in
Table A.1 and Table A.2. The converter power and its
monitoring algorithm are also implemented and included
in the model. The sampling time used for the simulation is
2107 s.

Test 1. Maximum Power Generation injected.
In this test, the purpose of the algorithm is to follow the

maximum power of the system. Fig. 8 and 9 show several
results obtained.

Figure 8 shows the system response for a gradual
change in wind speed from 9 m/s to 7.5 m/s to 8 m/s then
back to 9.5 m/s. It can be seen in Fig. 8,d that the
electromagnetic torque of the generator 7, also follows the
reference torque of the turbine 7,,. Figures 8,c and 8,e show
that the voltage of the PMSG varies with wind speed as
well as the DC voltage at the output of the rectifier. Figure
8,f shows that the current is controlled according to the
MPPT strategy and can be better regulated to reach the
optimum current. Figure 8,g illustrates that the DC
capacitor voltage (V) reaches its reference quickly to 700
V using the proposed power factor correction controller
(PFC). The PFC attests its capability to give a fast response
time and to pursue the reference voltage regardless of the
variation in wind speed.
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Figure 9 shows the performance of the converter
with a balanced and free-harmonic voltage (Fig. 9,a and
9,b). Figure 9,c and 9,d exhibit that the injected current in

the range is controlled to be sinusoidal and balanced.
Figure 9,g and 9,4 indicate that the estimated active and
reactive powers are identical to the measured power.
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Fig. 8. System response for a change of wind speed at 9 m/s to 7.5 m/s to 8 m/s to 9.5 m /s:
(a) rotor speed; (b) output power; (c) voltage generator; (d) torque reference and generator electromagnetic torque;
(e) output voltage rectifier; (f) current boost converter; (g) voltage boost converter; (/) zoom of voltage boost converter

This indicates that the applied virtual flux DPC has
high performance. The injected currents rise and drop
according to the variation of the wind speed and thus the

power. It can easily be shown that the dynamic response
for a brusque change in the speed level is preferable for
the proposed system.
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Fig. 9. Performance of the VF_DPC in a balanced and non-distorted grid during different periods of wind variation:
(a) grid voltage; (b) zoom grid voltage; (c) grid current injected; (d) zoom grid current; (e) current injected with the grid voltage;
(f) the estimated active and reactive power; (g) the active power estimated at the measured power;
(h) the reactive power estimated at the measured reactive power

Test 2. Simulated Transient Responses in Various
Grid Voltage Conditions.

1. Without Compensation. In order to check the
implementation of the VF_DPC on a two-level voltage
source inverter, simulations were performed under
various grid voltage conditions. Four grid voltage states
are applied. Initially, the main voltages are balanced and
sinusoidal, afterward, a voltage unbalance of 30 % is
created. secondly, the amplitude of each phase voltage is

restored. But, the 5th and 7th harmonics with an
amplitude of 20 % are added to the fundamental. Hence,
the grid voltages are balanced but distorted. Finally, the
worst case of grid voltages, both unbalanced and distorted
of 20 % and harmonic 7th of 20 %, is also included in the
last condition. The curves in Fig. 10 are three-phase
mains voltages, three-phase mains currents, active and
reactive power. For further justification, comprehensive
quantitative analyses were performed for grid voltages
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with a defined range of rate and distortion imbalance. To
guarantee the normal operation of the system, the
European Standard (EN 50160) recommends that the
worst case for limiting THD voltage should hold at most

unbalanced 30%

. ba]anced .: :
3 1

8 %; the permissible variation of the supply voltage
should not exceed +10 % [14]. However, the IEEE
Standard 519 recommends a THD voltage limit of 5 %
[15] for general applications.

| ubalanced 20

erid voltage[V]

grid current[A]

0.15

|
0.3
Time[s]

0.35

Fig. 10. The response of currents and injected power in distorted grid voltage:
(a) grid voltage; (b) grid current; (c) active power and reactive power

The study is conducted to evaluate the performance
of the system under different grid voltage conditions. It is
seen that under balanced gate voltages, the results give a
sinusoidal grid current. Table 2 shows the THD ratio of
two periods for each applied condition.

According to Table 2, the THD of the currents is
different for each condition of the applied voltages. The
more unbalance in grid voltage, the more increase in THD
we get, however it is not affected by the harmonic content
in voltage as mentioned in [9].

Table 2 2. With Proposed FV-DPC Compensation.
Currents. THD Figures 11 and 12 show the results of the simulation after
Case |Balanced Unbal%nced Distorted 5§h Unbalanced anc{} compensation. Figure 11 shows the performance of
. 30 A:) and 7th 50 % |distorted 7%1 20 % VF _DPC proposed under unbalanced and distorted
THD| 1.89 % 27.83 % 2.38% 18.46 % voltages.
I balancea H unbalanced 3004 H distorted Sh20%0.& 7h2 0% b :ﬁsiﬂﬁibﬁ%ﬁ
E A0 I : : g 3
MMV '
T @ oy ‘
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Fig. 11. The performance of the proposed VF_DPC in an unbalanced and distorted grid during different periods of wind variation:
(a) grid voltage; (b) grid current; (c¢) the active power and reactive power

As indicated in Figure 11,b, that the currents after
the compensation are sinusoidal and balanced even for
distorted and unbalanced voltages. The negative sequence
and higher harmonic components of the gate currents are

also controlled at zero. The THD of the grid currents,
according to the IEEE Standard 519 harmonic, after
compensation is limited. Table 3 presents the THD
percentage of two periods of each condition applied.
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Table 3
Currents THD
Unbalanced | Distorted 5th
30 % and 7th 20 %
1.73 % 0.25 %

Unbalanced and
distorted 7th 20 %
2.26 %

Case|Balanced

THD| 1.7%

From Table 3, it is clear that the proposed control
satisfactorily compensates for distortions and imbalances
under all three-phase grid conditions demonstrating the
superiority and performance of the proposed control.
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Fig. 12. Performance of the proposed VF_DPC in an unbalanced and distorted grid during different periods of wind variation:
(a) grid voltage and current injected; (b) active power compensation; (c) reactive power compensation;
(d) reactive and active power estimated and injected into the grid

Figure 12.d reveals that both active and reactive
powers are well controlled. The reactive power is
controlled to be zero to get a unity power factor. Figure
12,b and 12,c show the estimation block response of
compensation powers. The use of this control process
removes the effect of harmonic content and unbalanced
voltages on the currents. We also note that the
compensating powers of the distorted part are almost null
in the case of harmonics in voltages, Figure 12,0 and
12,¢) [0.3 5 0.55 s].

The following relations show how to compensate
with only negative power. We have

unhalanced

500——

grid voltage[V]

Phar = 0% l((osha Xi;—ﬁ _¢Shﬂ Xi;—a )JE 0;

I

Opar = 0% [((p.?a X i;—a + Qﬁlﬂ x i;ﬂ )] 0.

So, it becomes

fbm:wxm%aﬂ@—¢hxﬂé%

Ocom = @ [(<0§a Xigy +PspXigp )]

Figure 13 shows the simulation results with only
negative power compensation.
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Fig. 13. The performance of VF_DPC with only negative power compensation:
(a) grid voltage; (b) grid current; (c) active and reactive powers
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Figure 13 shows that this method (compensation
with negative powers) gives almost the same results
similar to the previous method in terms of THD as shown
in Table 4, except that a delay in response is estimated for
one period. This is shown in Figure 13,b.

Table 4 presents the THD percentage of two periods
of each condition applied.

Table 4
Currents THD
Unbalanced | Distorted Sth | Unbalanced and
30 % and 7th 20 % |distorted 7th 20 %
1.9% 222 % 2.53 %

Case |Balanced

THD| 1.7 %

Conclusion.

This article proposes a strategy of controlling a micro
wind turbine based on a PMSG by injecting maximum
power and adapting to all disturbances that occur in the grid.

For this, a new control strategy VF DPC is
suggested for the grid converter. Thanks to the efficiency
of the proposed controller, the three-phase grid currents
are effectively regulated to be balanced and sinusoidal
with very low direct current component despite deformed
and unbalanced grid voltages. All the results are obtained
at the maximum power of the wind turbine P,ef* [W] and
O, of 0 [VAR].

The total harmonic distortion and the direct current
component of the grid current are still kept very low and
completely comply with European Standard (EN 50160)
and IEEE Standard 519.

The simulation results gave 2.26 % for umbalanced
and distorted voltage. In addition to good steady-state
performance, this controller also provides a very fast
dynamic response under the reference variation. The use
of this control process removes the effect of harmonic
content and unbalanced voltages on the currents.

The proposed current control scheme can be
implemented without the need for grid-side voltage
sensors; it can be easily integrated into the grid with
reduced cost.

APPENDIX
Table A.1
Parameters of wind turbine
Parameter Symbol Value
Power P, 7.5 kW
Radius R 324 m
Rated wind speed N 296 rpm
Wind speed range Veutiino Vimax 4-12 m/s
Inertia Ji 7.5 kg-m®
Friction coefficient B, 0.06 N-m-s/rad

Micro grid parameters: Vi, = 230 V, R, = 0.1 Q,
L,=0.01 H, N=50.

Table A.2
Parameters of PMSG
Parameter Symbol Value
Rated power P, 6 kW
Rated torque T, 40 N'm
Rated current 1 12 A
Rated speed v 153 rad/sec
Number of poles p 10
Magnet flux linkage om 0.433 Wb
Armature resistance R, 0.425 Q
Stator inductance L, 8.4 mH
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AN ADAPTIVE HARMONIC COMPENSATION STRATEGY FOR THREE-PHASE
SHUNT ACTIVE POWER FILTER BASED ON DOUBL E SECOND-ORDER
GENERALIZED INTEGRATOR WITH PREFILTER

Abstract. This study presents a straightforward adaptive prefiltering algorithm based on a double second-order generalized
integrator with prefilter to solve one of the power quality issues, this algorithm is in charge of the determination of the
reference harmonic currentsin the control of three-phase shunt active power filter which presents an effective way to enhance
the grid current quality. The proposed algorithm is used twice, to extract the harmonic currents produced by the non-linear
loads and be an interesting part in the estimation of the frequency and amplitude of the fundamental voltage in various
anomalies which can be noticed on the grid voltage. The performance, precision, and robustness of the proposed method are
evidenced under balanced, unbalanced, and distorted grid voltage in the simulation and experimental results obtained by the
implementation of the shunt active power filter on MATLAB-Simulink environment and the dSPACE 1104 platform
respectively. References 17, tables 2, figures 11.

Key words: SOGI-WPF, SAPF, harmonic currents, power quality, DSOGI-PLL-WPF.

Annomayusn. B oannoii pabome npedcmaenen npocmoit adanmueHulil anzopumm npedpuibmpayuu, 0CHOGAHHBIL HA 080IIHOM
00600wennom unmezpamope c¢ npedpunvmpom emopozo nopaoxka (DSOGI-WPF) ons pewenus 00nozo uz séonpocos kauwecmea
nekmpornepzun. JlanHovlii  anzopumm omeeuaem 3a oOnpedeieHue ONOPHBIX 2APMOHUYECKUX MOKO8 RpU KOHmMpOo.e
mpexgaznozo unempa wynma axmuenou mowgpocmu (SAPF). Ilpednoscennvlii anzopumm UCnOAbIYemMca 06axcobl. OJis
U36/1e4ECHUA 2APMOHUYECKUX MOKO08, CO30A6AeMbIX HEIUHEUHbIMU HAZPY3KAMU, U MAK)CEe AGNAEMCA UHMEPECHOU HYACMbio
OUEHKU 4acmomol U aMRAUmMyObl OCHOGHO20 HANPANCEHUA NPU PA3IUYHBIX AHOMANUAX, KOMOPbIe MOMNCHO 3aMemums no
Hanpaxycenuto cemu. Dekmuenocmy, MOYHOCHIL U HAOEHCHOCMb RPEONOHCEHHO20 Memooa HOOMEEPHCOaIoMca npu
cOanancupoeannom, HecOANAHCUPOBAHHOM U UCKANCEHHOM HANPANCEHUU Cemu pPe3yIbmamamu MOOEIUPOSAHUA U
IKcnepumenmos, noayuennoimu npu peanusauyuu SAPF ¢ cpeoe MATLAB-Simulink u naamgpopme dSPACE 1104,
coomeemcmeenno. bubn. 17, tabn. 2, puc. 11.

Kniouesvie cnosa: 06001IeHHbIT HHTErpaTop ¢ npeaduabTpoM Broporo nmopsiaka (SOGI-WPF), ¢puasTp mIyHTa aKTHBHO#
mMomHocTH (SAPF), rapMoHHYecKkne TOKH, Ka4ecTBO YJIEKTPOIHEPTHH, IBOiHOW 00001eHHBIHi HHTErpaTop ¢ npeadpuiabLTpoM

BTOpOro nopsiaka ¢ ¢pa3ooii cunxpoumsauueii (DSOGI-PLL-WPF).

Introduction. The situation at the level of electrical
energy networks has become very worrying, the quality of
the current in electrical installations is undeniably
deteriorating and some disturbances can act on the proper
operation of many equipment and loads connected to the
grid [1]. Therefore, it becomes a major concern for the
distributors of this energy and its customers, this
degradation results directly from the proliferation of
charges that consume a non-sinusoidal current, called
«non-linear loads», whereas using this kind of loadsis not
inevitable in the conversion and control of electrica
power in different domains of industrial or domestic
installations [2, 3].

In order to clean up the grid from the harmonic
pollution there are several methods have been used, such
as passive filter, where it can prevent harmonic currents
from spreading in the grid, but, this type of filter has
certain problems, like shortcoming of adaptability during
variations of the impedance of grid and the load,
considerable size, etc. [4]. To overcome the drawbacks of
passive filter, the SAPF (shunt active power filter)
presents a good alternative solution, which provides an
unprecedented capacity for compensation and correction
the harmonic distortions generated by non-linear loads.
The role of SAPF based on the continuous injection of
current at the connection point or PCC (point of common
coupling), this current corresponds at any time to the
harmonic current components absorbed by the load. In
this way, the current supplied by the energy source
remains sinusoidal [5].

To perform the SAPF task under any constraint that
may appear in the grid (imbalance, frequency variation
and so on), several methods of control and extraction of
harmonic currents have been implemented in the time
domain. Some have used in the balanced grid such as
synchronous reference frame theory [6, 7], PQ theory [8],
[9], others based on artificia neural networks have
proposed in [10-12], which have proved its accuracy and
performance in estimation of harmonic currents, but those
structures present large complexity. In [13], the method
based on multi second-order generalized integrator
(MSOGI) has benne used to extract the multiple harmonic
currents, but this structure cannot identify the inspected
harmonics as the sub-harmonics or harmonics that have
frequencies below the fundamental, furthermore, its
implementation leads to increasing computing time [14].
A third-order complex-vector prefilter [15] known as
third-order sinusoidal integrator hasused in [17].

For the purpose of enhancing the performance of
SAPF at high grid distortion, this paper employs an
adaptive prefiltering method based on two-order SOGI to
extract the harmonic currents and estimate the grid
frequency, the two-order SOGI known as the second-
order generalized integrator with prefilter SOGI-WPF in
[14]. For the first time, the SOGI-WPF has been used in
double SOGI-WPF structure or DSOGI-WPF with the
frequency lock loop in the photovoltaic system to estimate
the frequency and improve the speed of voltage sequence
detection under abnormal grid conditions and cancel out

© S. Kakoul, H. Bendlla, K. Nabti, R. Abdellatif
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the DC offset from the input signal [14]. In [16], the
DSOGI-WPF is named as dua SO-SOGI, which has
adopted as a step before phase detector PD in PLL (phase-
locked loop) to generate the fundamental source current in
distribution static synchronous compensator.

The goal of this paper is applying the double
second-order  generalized integrator with  prefilter
structure to extract the reference harmonic currents in the
control of three-phase shunt active power filter and
improve its operation under unusual grid voltage
conditions (unbalanced, distorted). The method of double
second-order generalized integrator with prefilter will be
used to estimate the grid frequency, positive sequence
components of the grid voltage, and extract the harmonic
current componentsin the grid.

Description of the studied network. The genera
structure of SAPF is shown in Fig. 1, in addition to the
grid elements (voltage source, grid impedance, and non-
linear load). The SAPF constitutes of two parts. The first
one is the power circuit which consists of a three-phase
two-level voltage inverter fed by a DC-link capacitor
(Cqo), the inverter is connected to the PCC through an
inductance Ly and a resistance R; which represent the
output filter. The second part represents the control
circuit, its first phase uses the method based on DSOGI-
WPF to extract the reference harmonic currents and
estimate the instantaneous angular frequency of the
fundamental voltage (w), a corrector of the V. voltage at
terminals of capacitor Cy is used to ensures a sufficient
and non-fluctuations supply to the inverter by keeping the
measured V. voltage at the reference voltage (in this case,
Pl corrector has been implemented), finally, a modulator
based on the PWM technique for generating the pulses of
the IGBTs of theinverter.

-
L,: Control_l

1L | @gorithm

Fig. 1. Scheme diagram of three-phases SAPF

Second-order  generalized integrator  with
prefilter. Fig. 2 shows the structure of the second-order
generalized integrator with prefilter. Which is constituted
of two SOGI connected in series, this alows building a
fourth-order band-pass filter system for the in-phase and a
fourth-order low-pass filter system for quadrature-phase.
The k; and k; represent the proper gains of each SOGI,
where k; = 2{1 and k, = 2{2 ({1 and {2 are the damping
factors). For high-performance of the SOGI-WPF, those
damping factors should be equalsi.e. {1 = {2 = { [14].
The relation between the input signal and outputs in

SOGI-WPF can be summarized from the block diagram
presented in Fig. 2 by the transfer functions defined as

2
V4(s) 20wnS ]
H(s) =12 = n ; 1

© Vg (9) [S2+24’a)ns+a)§] @

2
qH(S):[Z 2wps 2}[2 202 ZJ' @
S° +28w,S+ wf \ ST+ 20wnS+ o

The transfer functions of SOGI are

V4 (s) 20w,
G(s) =22 = n : 3
) Vg(s) 82+2§a)ns+a)§ 3
4GS = O < @

V(S P+ 2amnst ol .

Fig. 2. Block diagram of SOGI-WPF

The bode plots of the SOGI and SOGI-WPF transfer
functions are shown in Fig. 3. From the bode plots, it can
be seen that the SOGI-WPF alows overcoming the
drawbacks of the basic SOGI by e€liminating the
DC-offset from the quadrature signa and has a high
performance at sub-harmonics attenuation of the input
signal, which makes the SOGI-WPF more efficient and
accurate at the separation of the fundamental component
and the harmonic components.

b

Fig. 3. Bode plot of SOGI and SOGI-WPF: a—H(s) and G(s)
of in-phase voltage, b — qH(s) and qG(s) of quadrature voltage
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Modeling the control of shunt active power
filter. The proposed control algorithm that is depicted
in Fig. 4, aims to generate the pulses of the inverter

Igh_a

using the reference harmonic currents for
compensating the grid harmonics produced by the non-
linear load.

idc—a

i
Labc abc lap - QB ifﬁb; o 51_6
Ve > DSOGI-WPF | _ . N W
af v, 1 oy - I'ip N abc control

e, w; T T T ifabCT
VI ) : ig ige-p
| pl %y .| DSOGI-FLL-
! ? ' : " WPF
: Vdc :

Fig. 4. Structure of the proposed control

1. Double second-order generalized integrator
with prefilter. In this sub-section, the proposed method
based on DSOGI-WPF, which is illustrated in Fig. 5, is
employed as a filter to extract the harmonic components
of the input signal and detect its positive sequence
components.

|
| | I
} Vo ! Vaz } }
- e i
| |
! SOGI-WPF ! <
| Vo | Ve !l
I il

! ]
i Ve | \TJ "
[ —> i I1PSC I
! SOGI-WPF [ Wl IR ___il
! Ve — > qVp !
‘ |
|
| |
I I IR o

“rlo o opLL
a
V(xi

DSOGI-WPF

vpi

Fig. 5. Block diagram of the proposed synchronization method:
a— DSOGI-WPF, b — DSOGI-PLL-WPF

As mentioned above, the DSOGI-WPF has two
identical variables in each SOGI-WPF, where
ki = ko = 2. To have an effective filtering performance
with a fast dynamic response, the k; and k, are set to 0.8.
The two SOGI-WPF lead to output the signals in-phase
and quadrature-phase for o and  components (v,, Vg, Qv
and gvz). To compute the positive sequence components

Vi1Vj) these signds are used as the inputs of

instantaneous  positive-sequence components  |PSC
caculation block as shown in Fig. 5, the IPSC in the
stationary of reference frameis given as

+ 1 1 -q

Vaﬁl—E{q 1 [Vesrs 5

where g = €7@, which represents a 90-lagging phase-
shift operator. The amplitude of the positive sequence

components detected by the DSOGI-WPF can be

expressed as
r\/f =1 (Vgl)z + (Vzl)z - (6)

To obtain the positive sequence components of
current, the same procedure as precedent is applied by
using the DSOGI-WPF and IPSC blocks.

2. Frequency estimation and grid harmonics
extraction. In order to estimate the frequency of the PCC

voltage, the fundamental positive sequences (vgl,v/*ﬂ)

obtained by IPSC are straightforwardly used to implement
the PLL based on in-quadrature signal generation as
shown in Fig. 5, which is known as the DSOGI-PLL-
WPF. The PLL that is illustrated in Fig. 5 uses the
DSOGI-WPF as a prefiltering stage in the stationary
reference frame (af) to eliminate the negative impact of
the distorting harmonics, which makes it more accurate at
the estimation of the frequency and the amplitude of the
positive sequence. The frequency/phase generated by the
PLL adlows providing the phase-angle for the
trigonometric functions and the fundamental frequency to
the DSOGI-WPF. The PI controller gains of the SOGI-
PLL-WPF are set to k, = 0.3 and k; = 0.5.

I dentifying the positive-sequence for the grid current
and make the SOGI-WPF adaptable with any variation
may have occurred on the frequency by using SOGI-PLL-
WPF allows extracting the harmonic current produced
because of non-linear load by simple subtraction as
illustrated in Fig. 4. In this case, the grid-harmonic
currentsin af reference frame can be calculated as

lgh-a :ia_igl' (7)

igh_ﬁziﬂ—i};l. (8)

3. V¢ regulator. To maintain the DC-link in SAPF

at optimal reference voltage and lower the fluctuations on

it, a Pl controller is applied in a closed-loop as shown in

Fig. 6. From this figure, the transfer function of the
closed-loop system is depicted as

VdC B kpS+ ki
VJC Cch2 + kpS+ ki .

©)

The equation (9) refers to the second-order transfer
function. Thus, k, =2{Cy.m, and ki =Cdca)§, where
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wy, is the natural frequency, ¢ is the damping factor and is
taken as 0.707.

idc >
V Y Ve
% (K,S+KiS)/s > 1/(CyS) >
PI dc-link

Fig. 6. Scheme of Vg control

4. Reference currents computation. The reference
currents for SAPF gather the harmonic currents of the
grid that must be compensated and the currents necessary
for the Vg to be stable at the desired reference, which can
be calculated as

it =igh—idec- (10)

The i? in stationary o8 frame can be written as

i f-a = igh—o: - idc—a ; (11)

it_p=lgh-p ~lde-p (12
where the g in stationary (apf) reference frame is
caculated as

V+

idc—a = ichj- (13)
M
. . V+1
ldc-p = 'dcrv%- (14)
1

The it_, and iy_y are transformed o0 iz by

inverse Clarke's transformation. Finaly, the PWM
control generates the pulses of the inverter using error

between the reference currents i;, if), ié and the injected
currents i, iy, it respectively.

Simulation and experimental results
performance. The simulation results have been obtained
by modeling the SAPF on MATLAB-Simulink
environment according to the topology presented in Fig. 1
and the different parameters of the system are illustrated
in Table 1. The proposed agorithm is evaluated under
balanced, distorted, and unbalanced voltage. To prove the
performance of the SAPF in real-time, the control
algorithm which based on DSOGI-WPF and DSOGI-
PLL-WPF (Fig. 4 and Fig. 5 respectively) in extracting
the reference harmonic currents has been executed by
using the digital signal processor (dSPACE 1104
platform). As shown in Fig. 7, the measured load currents,
injected harmonic currents by the SAPF, voltages of the
PCC, and voltage of the DC-bus are connected via the
Analog to Digital Conversion inputs of the dSPACE. The
drivers of the IGBT modules of the inverter are controlled
by the pulses sent via Digital output.

Tablel
System parameters

Parameters Vaues
Grid voltage Vg max=100V, f = 50 Hz
Source impedance Ry=05Q,Lg=1mH
DC-link Cuc=1100 pF, Vg =280V
Output filter R=06Q,L=125mH
Non-linear load | Three-phase rectifier, R, =33 Q
PLL-PI gains Ky =0.3 K =05
SOGI-WPF gains ki =k,=0.8
DC-link control gains Ky = 049, K; = 109
Switching frequency 7 kHz
Sampling frequency 14 kHz

MATLAB-
Simulink

Rg Lg PCC
@_/VW & » m
A

Grid

PCI
connector

R

Non linear load
.

]
e | () conttle o

= -————"

2 e ~ | control |

3 lfabe 2 algorithm |

.||::} —-|->c Ve _
T __/
o T
river E i

Fig. 7. Experimental schematic of SAPF

1. Behavior of the SAPF under sinusoidal grid
voltage condition. Fig. 8,a and Fig. 8,b respectively show
the simulation and the experimental results of the SAPF
under sinusoidal supply voltage. Indeed, the voltage at the
PCC is dightly affected by the harmonics caused by the
main network whose voltages Vg, Vg, Vg have a total

harmonic distortion (THD) of 1, 1.2, and 14 %
respectively. The performance of the control based on
DSOGI-WPF is remarkable where the harmonized
currents generated by the load are almost compensated by
the SAPF currents which give back the waveform of the
source current sinusoidal. Table 2 illustrates the THD of
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the load and the source currents, which shows that the

THD of the source currentsis greatly reduced.
Table2
Current total harmonic distortion

THD (%) load THD (%) source
currents currents

iLa\ iLl:| iLc iga igb igc
Balanced grid voltage | 21.8 | 223 | 23.1 | 35 3.6 4.2
Distorted grid voltage | 19.1 | 193 | 20 45 4.3 4.6
Unbalanced grid 191 | 219|231 | 39 | 4 | 43
voltage

2. Behavior of the SAPF under distorted grid
voltage condition. In this study, the waveform of the grid
voltage has a deformed shape due to the presence of
harmonics, the voltage of each phase is perturbed by a high
amount of the —-5th and +7th harmonic components with a
THD of 13, 14.7, and 13.2 % for Vg, Vg, Vi respectively.

Figure 9 illustrates the performance of the proposed
SAPF command while the supply voltage is distorted. As
observed in Fig. 9,a and Fig. 9,b, the source current has a
shape close to sinusoidal in the smulation and experimental
results, which confirms the robustness and the precision of
the DSOGI-WPF. The acceptable THD of the source current
which describes in Table 2 dso demonstrates that the
proposed agorithm based on DSOGI-PLL-WPF makes the
SAPF wedl synchronized with the fundamenta frequency of
the PCC voltage which is affected by harmonics.

%m%%wgm%i;
0@\)0@\)(/’??%’?@\)0(‘%
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3. Behavior of the SAPF under unbalanced grid
voltage condition. In this situation, the grid voltage is
characterized by the following measurements. the
amplitudes of the three phases are Vg, = 110V, Vg =96 V,
Vg = 82 V with atotal harmonic distortion of 1.8, 3.7, and
7.7 % respectively. The voltage unbalancing is achieved by
inserting resistors of different valuesin series with the three
phases. In Fig. 10,a and Fig. 10,b, the smulation and the
experimental results are presented, where the performance
of the SAPF under distorted-unbalanced voltage is
validated. It is clear that the efficiency of SAPF is not
influenced by distorted-unbalanced voltage. The THD of
each phase of the source and load currents is illustrated in
Table 2, where the recommendations of the |EEE standard
concerning the THD are observed.

4, Comparison between SOGI-PLL-WPF and
SOGI-PLL under distorted voltage. Figure 11 shows
the performance comparison of the SOGI-PLL-WPF and
the basic SOGI-PLL under distorted grid voltage. It is
clear that the SOGI-PLL-WPF is more robust and
efficient than the SOGI-PLL under such abnormalities of
the PCC voltage, in which the frequency estimated using
SOGI-PLL contains a high level of ripple compared to
SOGI-PLL-WPF method in both simulation and
experimental results.

150 Vidiv

* WWM%&M

8 Aldiv

SSSEES

/7( \YX\\)?C

Fig. 8. Behavior of the SAPF under sinusoidal grid voltage condition: a — simulation results, b — experimental results

a

” T UW\* fM

b
Fig. 9. Behavior of the SAPF under distorted grid voltage condition: a — simulation results, b — experimental results
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Fig. 10. Behavior of the SAPF under unbalanced grid voltage condition: a — simulation results, b — experimental results
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Fig. 11. Performance of SOGI-PLL-WPF and SOGI-PL: a —simulation results, b — experimental results

Conclusion. This proposed work has extended the
straightforward prefiltering method based on double
second-order generalized integrator with prefilter to
extract the reference harmonic current components for the
control of the three-phase shunt active power filter,
allowing a significant attenuation of the harmonics of the
source currents and consequently improving its quality.
The performance of the proposed configuration has been
proven, where the total harmonic distortion has had
significant reduction from about 22 % to less than 4.2 %
under sinusoidal voltage, in distorted voltage, the total
harmonic distortion is mitigated to about 4.6 % and nearly
to 4.3 % under unbalanced voltage, which demonstrates
the effectiveness and robustness of the proposed
algorithm. This also signifies that even the abnormalities
of the point of common coupling voltage, the phase-
locked loop based on double second-order generalized
integrator with prefilter has estimated grid fundamental
voltage magnitude and frequency accurately and makes
the shunt active power filter aways synchronized. The
main advantage of the represented structure appeared in
the results of the experiment, where it has given good
results with reduced computation time. The experimental
results have been quite identical to those obtained by
simulation in MATLAB-Simulink.
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AN EFFECTIVE CONTROL OF AN ISOLATED INDUCTION GENERATOR
SUPPLYING DC LOAD FOR WIND POWER CONVERTING APPLICATIONS

Purpose. The aim of this paper is to perform a simple and robust control method based on the well-known sliding control
approach for a self-excited induction generator supplying an isolated DC load; this adopted technique does not require much
computation and could be easily implemented in practice. In this context, the present work will begin with a mathematical
development of this control technique and its application to the self-excited induction generator case. For this purpose, the
machine provides the produced active power to the load through a static PWM converter equipped with a single capacitor on the
DC side. In order to insure the output DC-bus voltage regulation with respect to the load-power demands and the rotor speed
fluctuations, the required stator currents references are computed by considering the reactive power required for the machine
core magnetization, the induced voltages through the stator windings and the active power set value obtained from the
corresponding sliding mode DC-bus voltage controller. Regarding the nonlinearity of the DC-bus voltage mathematical model
and the discontinuity characterizing the converter-machine behavior association, the sliding mode strategy will constitute a
perfect tool to sizing the controller structure with high control performances. Results of simulation carried out to demonstrate the
proposed control validity are presented. References 26, figures 6.

Key words: self excited induction generator, sliding mode control, DC-bus voltage regulation.

Llenvio Oaunoii cmamvu s61A€MCA PA3PAbOMKA RPOCMOZ0 U HAOEHCHO20 MemoOd YNpAGIeHUs, OCHO6AHHO20 HA XOPOULO
U36eCHIHOM N00X00e K YNPAGIEeHUI0 CKONbICEHUEM ONA ACUHXPOHHO20 2eHepamopa ¢ camoeo3dyyicoeHuem, numawuezo
U30UPOGAHHYI0 HAZPY3KY NOCHOAHHO20 MOKA; OAHHbLI NPUHAMBLE MemoO He mpedyem OOIbUUX 00bEMOB GbIYUCEHUN U
MOdicem Oblmb J1€2KO Peanu3o6an Ha npakmuke. B ymom Kkonmexcme Oannasa paboma Hauunaemca ¢ pazeumus
MAMEMAMUYECKUX OCHO6 3IN020 Memooa YNpAeeHUs U €20 HPUMEHEHUA 6 CJIy4de ACUHXPOHHO20 2eHepamopa c
camoeo3oycoenuem. [na amozo mawiuna nooaem RPou3Ge0eHHYI0 AKMUGHYI0 MOWIHOCHL 6 HAZPY3KY uepe3 CmamuyecKuil
LIIHM-npeobpaszosamens, OCHAUWEHHbLI €OUHCMEEHHBIM KOHOEHCAMOPOM HA CHMOPOHE RNOCMOAHHO20 moka. Ymoovt
obecneyums peynuposanue GvIX0OHO20 HANPANCEHUA WUHLL HOCHOAHHO20 MOKA C y4emom mpeboeanuii K Hazpyske u
KOJ1ebanuaM CKOpOCmu 6pawjeHUs pomopa, mpedyemvie moKu Cmamopa paccuumsléaiomcs ¢ y4emom peaKxmueHoil MOWHOCMU,
Heo0X00uUMOll ONA HAMAZHUYUEAHUA CEPOCHHUKA MALUUHDI, HABCOCHHBIX HANDPANCCHUI 6 00MOMKAX cmamopa u 3a0aHH020
3HAYEHUA AKMUGHOI MOWHOCIU, ROJIYYEHHOZ0 U3 COOMGENCMEYIOUe20 KOHMPOIEPA HANPANCEHUA WIUHBL ROCMOAHHO20 MOKA
6 pesicume ckoavicenun. dmo Kacaemca HeNUHENHOCIU MAMEMAMUYECKOU MOOENU HANPANCEHUA WIUHbI NOCIMOAHHO20 MOKA
U HEeOoOHOpOOHOCMU, XApaKmepusyloweil No8eOeHUe CUCIEMbl «Npeodpazoeamenb-uawiuiay, Cmpamezus CKoab3Aue20
pedrcuma 0ydem npeocmaenamy coooil uoeanbHulil UHCMPYMEHM 014 OnpPeoeNeHus pamepos KOHCMPYKUYUU KOHmpoaiepa ¢
GbICOKUMU XAPAKMEPUCMUKAMU ynpaenenus. /[na oemoHcmpauuu 000CHO6AHHOCHMU NPeOdNazaemoz0 Memood KOHMPO/,
npueeoensvl pe3yibmamol 6bINOJIHEHHO020 MOOdenuposanus. bubn. 26, Puc. 6.

Kniouesvie cnosa: acHHXPOHHBINH TeHePaTOpP ¢ €aMOBO30Y:KIeHHeM, YIpaBlieHHe Pe:KHMOM CKOJIb:KeHHUs, peryJIMpOBaHHe
HaNpsi’KeHUsl HA IIHHe MIOCTOSTHHOI 0 TOKaA.

Introduction. Induction generators constitute a
potential choice for off-grid applications. When operating
in self-excited mode. For a given input prime mover-
mechanical power, the squirrel-cage relative to these
machines configuration requires only a reactive power to
insure the main core magnetization.

Generally, the machine magnetizing procedure could
be performed in several ways; from simple capacitors to
complex static power conversion systems. Many studies
have been presented as well as in steady-state and
transient analysis of the squirrel cage induction generator
based stand-alone wind energy conversion systems [1-9].

For the output-voltage self-excited induction
generator (SEIG) regulation, a number of works have
been proposed structures based on switched capacitors
[10-15], a saturable reactors scheme [16, 17], and short
shunt or long shunt configurations schemes [18-22].
Works that are more recent use voltage source converter
based voltage and frequency controller [23-25].

The aim of this paper is to achieve an efficient
control strategy for self-excited induction generator
driven by a wind turbine and associated to a static voltage
source converter with an output DC link.

For this reason, the sliding mode control strategy is
applied to regulate the DC voltage on the DC side for a

variable DC load taking into account the rotor speed
variations. As practical uses, the regulated DC voltage
obtained could be used to charge a battery set, to supply
isolated DC loads or be further converted into fixed-
frequency AC power by an inverter to supply AC loads.

Mathematical model for the self-excited induction
generator. By adopting the frequently assumptions, the
general equations of three-phase induction machines in
the (e, P), stationary reference frame are given by:

di di
Voo = Rilsy +Ls%+Mﬂ

J
di i
VSﬁZRSl.Sﬁ-FLSLﬂ-FMd—rﬂ

di di > (D
0= Rpg + L, +M%—a)(L,irﬁ+Misﬂ)

di ;
0=Ryig+L, Vtﬂ +M%+a)(Lrim +Mig,, )

where s and r denote stator and rotor quantities; v and {
represent  instantaneous  voltages and  currents
respectively; Ry and R, are the stator and rotor resistances
respectively; L, L, and M are stator, rotor and
magnetizing inductances respectively and o represents
the rotor angular velocity.
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Sliding mode control. General concepts. The
general form of sliding surface which guarantees the
convergence of the state x to its reference x  is given as
follows:

d n—1 .
Slx)=| —+ (x —x), 2
(x) ( . yj 2
where n is the degree of the sliding surface and y is a
strictly positive constant.

The first convergence condition allowing the
dynamic system to converge towards the sliding surfaces
must verify the well-known Lyapunov function expressed
in terms of the system state-variables given by:

V(x):%sz(x). 3)

To insure the Lyapunov function decreases, it is
necessary to ensure that its derivative is negative. This is
verified if:

S(x)s(x)<0. 4)

In order to perform the control quantity U,., which
contains two terms, first for the exact linearization term
U, the second discontinuous one for the system stability
U,:

Ue=Uy+U,. (5)

The first control term U,, is obtained from the
condition S (x) = 0 when the second control term U, is
selected to guarantee the attractivity of the variable to be
controlled towards the commutation surface.

Application to the self-excited induction

generator. For the induction generator sliding mode
controller design, the adopted switching surface is:

S = V;c Ve s (6)
where V. denotes the DC voltage in the DC side.
The derivative of (6) gives:
$=Vae Ve - (7
If the inverter losses are neglected, the relationship
between the DC-bus power P, and the stator power side
P, is as follows:

Py = Fye + Foaa » 3
where P, denotes the active power consumed by the
load on the DC-bus side.

Taking into account that the capacitor power P, is
expressed by:

Fae =Vacige = CVacVye ©)
where C represents the capacitor value on the converter
DC side, therefore:

Py =CVyVae + Boaa - (10)
From (10), the output DC bus voltage derivative is
given by:

: 1
Ve :C_Vdc(Ps _Pload) . (11)
From (11), (7) becomes:
o
S=Vg _ch(Ps ~Proad)- (12)

By referring to (11), it is clear that P, represents the
control quantity and Py, acts as a disturbance for the V.
closed control loop.

For sliding mode purposes, the control quantity set

value PS* takes the form of (5) as:
%
Py :Ps_eq+Ps_n' (13)

Under these conditions, (12) gives:
1
(Psieq +%7n _Pload)'

C
S=V,, ———
“ CVdc
In the steady state conditions, the sliding surface is
zero, and therefore its derivative and the discontinuous
part are also zero, so:

Psieq = CVchdc +Foad - (15)
By replacing the equivalent control with its

expression in (14), the following surface derivative is
obtained:

(14)

§———L p (16)

s_n

B CVage

The attractiveness condition expressed by (4)

relative to the Lyapunov condition imposes the following
choice of the P, according to:

P = kxsign(S),

where £ is a positive gain.
Finally, the global control is performed by the
following equation:

P, = CVy. + Byyq +kxsign(s). (18)
Since the active and reactive stator powers can be
expressed in terms of the stator current components i,

and i;p as:
PS* _ Vsa Vsp i:a
Q: Vs Vsa i:ﬂ .

K
Then, the reference stator current components i,

an

(19)

and i:ﬁ to be injected to the stator windings are given by:

* -1 *
isa _ Vsa Vsp Ps
i:ﬂ “Vsg Vsa| |Of ]

(20)

Figure 1 shows the corresponding controller
structure relative to the used sliding mode method.
Py
Vi [y l * I
%y ‘ k »—F—> —»@—Psb Vs  Vsg] ! |fs,
- 4*b [_vs,ﬁ' Vsa e
Q.s‘ [SB

Fig. 1. Sliding mode control applied to the DC-bus voltage
regulation

The proposed control scheme using hysteresis
controllers is shown in Fig. 2.

Simulations and results. The proposed control has
been simulated for an induction machine with the following
parameters [26]: (3.6 kW, 415V, 7.8 A, 50 Hz, 4 poles),
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whose per-phase equivalent circuit constants are: Ly = L, =
=2414mH, M=230mH, R,=1.7Qand R, =2.7 Q.

The DC-bus voltage regulation and the
corresponding main machine’s characteristics obtained
using the proposed sliding mode controller in presence of
stern disturbances such as a step-changing of the load
power P, a step-changing of the DC-bus voltage
reference value and finally, when the wind turbine
imposes to the induction generator shaft a variable speed
profile.

d =174
Lsg 3 3
RELEN . =
= €
isp i; =
2 5C - "

@

\&f

&

G

Fig. 2. Induction generator (IG) control structure used

The DC-bus voltage regulation performances
under a constant rotor speed. Figure 3 shows the
dynamic responses of the no-load operation followed up
by a sudden load power variation P,,; = 3500 W
introduced at = 0.5 s, then a step changing of the DC-bus
voltage from 600 V to 700 V introduced at 7 =1 s.

800 - .

0 0.5 1 15
time (s)

0.5 time () 1 1.5

Fig. 3. The generator performances
(=300 rad/s and C = 1000 pF)

The proposed control method based on the described
sliding mode controller offers a fast DC-bus voltage
response and it is perfectly tracked to its set reference. In
spite of a sudden power load introduction, this
disturbance is instantaneously rejected and the control
performances are not affected.

The speed variation effects for a given capacitor
value. Figure 4 illustrates the influence of the changing
speed effects on the voltage build-up process. The same
load will be applied for all following sub-sections
(Proaa = 3500 W at £ = 0.5 s). The proposed SEIG system
control tracking performances is unaffected to the
considered rotor speed variations.

320 T T

00 ........ ..................... .
) EARPRRRRRRFRAR: SRR TR S ——

w (rad/s)

240 ........................é.............. '"""'E."""" [ —

200

time (s)

ol [l bt

isa (A)

20 [ i
0 time (5}

Fig. 4. The generator performances (C = 1000 pF)

The DC-bus voltage regulation performances
under a practical rotor speed profile and load power
demand. In order to simulate a practical case relative to
the wind profile nature that imposes to the shaft the
waveform represented on Fig. 5,a. The DC load is
assumed to change according to the profile of Fig. 5,b,
when the DC-bus voltage set value is fixed at 600 V
(Fig. 5,¢). The current rate is according to the demand of
the load (Fig. 5,d).

ISSN 2074-272X. Enexmpomexnika i Enekmpomexanika. 2020. Ne3 67



3000 f--vnnmeee

2500 - - -mnee S B ERRERERE

2000 SLTECEE EERREPREREE] SEPPERERRES AR S |

load (W)

1500 f-----eooe it RECCEEETLLR] EELPPIEERRS o ERGRREEEEEEERERR -

1000

650
600

550
500

= 450

s

T 400
350
300

250

200 i ; ; . i
0 . .

1 'H"\" [T
> | | NI IIl‘l. |‘||
K

\H.H"\ M|H.

Fig. 5. The generator performances under speed and load
variations

Robustness against variation in generator
parameters. To verify the robustness of the proposed
nonlinear control algorithm, some parameters changing is
considered (case of stator rotor resistances changing).
Figure 6 shows the control system performances when
both stator and rotor resistances are intentionally
augmented by 100 % with respect to the rated values
under a constant rotor speed profile. The DC-bus voltage
regulation still insensitive to the considered machine
parameters variations.

________________________________________

time (s)
Fig. 6. The generator performances under stator and rotor
resistances changing

Conclusion. This paper presents an efficient control
approach based on the sliding mode theory for an
induction generator operating in stand-alone mode
associated to a pulse width modulation static converter
with an intermediate DC link. The proposed control
algorithm offers a perfect control performances under a
simultaneously variation of the load power variation
between 1 kW and 3 kW and the rotor speed between
almost 240 rad/s and 360 rad/s. Moreover, these control
characteristics remain insensitive to the machine
parameters derives represented by 100 % of the stator and
rotor resistances increase with respect to their nominal
values. The obtained results show that the DC bus voltage
tracking performance remains intact. The proposed
system conversion control could be very useful for the
wind power generating plants.
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KOeinei

AHJIPIEHKO IIETPO IMUTPOBHUY

(mo 80-piyust 3 AHS HAPOIKEHHS)

JlokTop TexHiYHMX HayK, mpodecop, 3aciIyKeHUi
BuHaxigHUK YPCP, axanmemik TpancmopTHOi akamemii
HayK YKpaiH, 3aBimyBau kadenpu «EnxekTpudHi Ta enex-
TpoHHI anaparu» HarioHanbHOTo yHiBepcuTeTy «3amopi-
3bKa MomiTexHika» AHapieako Ilerpo JMuTpoBHY Hapo-
muBcst 26 kBitHsa 1940 p. B m. XamkenkoBo JIoHeIpKo1
obnacri.

B 1962 p. ITerpo JImutpoBuu 3akiH-
ynB OJeCHKUI TMONMITEXHIYHANA 1HCTUTYT,
(axyIbTeT aBTOMATHKH 1 TEJIEMEXaHIKH.
[To 3akiHueHHI iHCTUTYTy OYB pO3MOmi-
neHnit Ha podoTy y Bcecorosnuit iHCTH-
TyT TpancdopmaTopoOymysanus (BIT)
M. 3amopixoks. [IpamroBaB imkeHEpOM B
TEXHOJOTIYHOMY Bimmimi (6r0po emekT-
pornpuBoy). 3aiiMaBCs HPHUBOAOM IIep-
moi B CPCP aBromaTwuHOi JIiHIT po3-
KPOIO PYJIOHHOI €JIeKTPOTEXHIYHOT CTaTi.
VY 1964 p. nepeiitoB Ha podory B CKb
HariBIPOBITHUKOBOI TEXHIKHM Ha MOCalLy
CTapIIOro iHXeHepa J1abopaTopii Tupuc-
TopHux arperatiB. 3 1965 nmo 2008 pp. npoimoB nuIsax
BiJl CTapIIOro iH)XeHepa, KepiBHUKA TPYMH, HayaIbHHKA
nabopaTopii, BiAgiTy, 10 3acTyIHHKa AUpeKTopa Bceeco-
FO3HOTO HAayKOBO-IOCIHITHOTO IHCTHTYTY, 3TOJIOM IHPEK-
TOopa YKpaiHCHKOTO iHCTUTYTY CHIIOBO1 elneKTpoHiku BAT
HAI «IleperBoptoBau». 3aBasku llerpy JmutpoBudy
KOJIEKTUBOM IbOTO IIJNPHEMCTBA 3a BKa3aHUH Hepion
OyJa CTBOpEHa IKOJIA 3 JOCIIKCHHS, PO3POOKH 1 BIIPO-
BQ/DKCHHSI y BUPOOHHLTBO NPHUCTPOIB CHIJIOBOI €JIEKTPO-
Hiku. [1ig #oro KepiBHUIITBOM 1 3 OE3MOCEPETHBOI0 yUac-
TI0 Oynu ctBopeHi Haibinpm B CPCP cepii TupucTOpHUX
arperariB aist nocriiinoro crpymy tuny AT, ATP, ATB
noryxHicTio 10 1000 kBT, 4acToTHO-peryJiboBaHi eJeKT-
pompuBomu cepii EKT, DKTP, OKT-1 nortyxHicTio 10
500 xBr. 3a pesymeraramu poboTu orpumano moHax 90
ABTOPCHKUX CBIIOITB i TATEHTIB.

OTpuMaHi pe3ysbTaTH MiJ Yac po3poOKu BHUPOOIB
HOBOT TEXHIKH 3TOJIOM CTaJIi OCHOBOIO HOT0 KaHIUIATCh-
Koi mucepraiii «3aXucT peBepCUBHUX TUPHUCTOPHUX arpe-
rariB», Ky BiH ycmimHo 3axuctuB y 1971 p. B Onecbko-
MY IOJITEXHIYHOMY IHCTHTYTI, a Mi3HIIIE i JOKTOPCHKOT
nucepranii «TUPUCTOPHI MEPETBOPIOBaYi YacTOTH 3 aB-
TOHOMHHMM 1HBEPTOPOM ISl E€JEKTPOIPHUBOJY», 3aXHCT
skoi BimOyBcst B IHcruryti enextpomunamikn HAH
VYxpainu y 1990 p.

Y 1990 p Annpienxko I1.JI. OyB ymocToeHU# 3BaHHS
«Bacmyxeranid BUHaxigHUK YPCP» .

[Tix #ioro kepiBHULTBOM OyJia CTBOpEHa HHM3Ka HO-
BHX THITIB IICPETBOPIOBAYIB. ISl MAriCTPaIIbHOTO aMiaKo-
npoBoay «Tombstri-Ofeca» noryxuictio 2000 kBT,
6 kB; must TAroBoi enekrporepenadi 3MiHHOTO CTPyMy
HepIIoro ykpaiHcbkoro aumsens-noizna tumy JEJI-02,
enekrpoBo3a BJI-40Y, enekrpomnoizga E/I-OM; mns mep-
moi yKpaiHChKOI BITPOYCTaHOBKM 3 aepOXMHAMIYHOIO
MyabTuILtikanieto Tumy TI'-1000.

Amnppienko I1.JI. € aBropom monan 200 HaykoBHX
mpanp, y ToMmy unci 3 moHorpadiii, moraxg 90 aBTopcs-

KHUX CBiJIOLTB i maTeHTiB. Bemuky yBary nmpuminse miaro-
ToBIi KanapiB. [ig oro xepiBHUITBOM 3axuiieHO 1 mok-
TOPCBKY Ta 8 KaHIUAATChKUX mucepTamiid. [lerpo Jmut-
POBHY TIpaIfoBaB goreHToM, a 3 1990 p. mo 2011 p. mpo-
tdecopom y 3HTY (3a cymicaurrom). 3 2011 p. mo Terme-
pilHii yac € 3aBixyBadeMm kadenpu «EneKTpuyHi 1 enek-

TpoHHI amapatw» HarioHansHOrO YHI-

BEpCUTETY «3aropi3bka IOJIITEXHIKa»
(xonmuuniit 3HTY). Ha kadenpi aktuBHO
BIPOBA/UKYIOThCS Y HAaBYAIIBHUI MpoLec
HOBI MeTOAM 1 OPMHU HaBYaHHS, OpraHi-
30BaHO CTYICHTCBKE HayKOBO-
KOHCTPYKTOpPChKE OIOpO, KOMIT IOTEpHUI
KJIaC IS TMiATOTOBKH MAriCTpiB Ta acii-
panTiB. HaBuaHHS CTYJEHTIB MpOBO-
OUTBCS POCIHCBKOIO, YKPalHCBKOIO Ta
aHIJIICHKOI0 MOBAMH.

IMpod. Anxpienko I1.JI. HeogHOpa-
30B0 OyB WICHOM CIICI[iajli30BaHUX
BYEHHX pall 13 3aXUCTY KaHIMJATChKHX 1
JOKTOPCBKHX JAWCEpTaliil, € YIeHOM
penKoJeriii HayKoBHX XypHalliB «EnexkTpoTexHika i eie-
KTpoeHepreTuka»,  «Enekrpudikaniss  TpaHCIOpTY»,
«KoMIT' FoTepHi Ta eleKTpoMeXaHiuHI CHcTeMu». 3aiima-
IOYNCh TEJaroTiYHOI0 [iSUTBHICTIO, BiH HE MEpepHBaB
CBO€1 HAYKOBO-TIPAKTUYHOI MisTIBHOCTI, OyIydd TMEepIInM
3aCTyIIHUKOM Te€HEpaJbHOro nupekropa 3 Hayku TOB
«HI IleperBoproBau».

Amnppienko I1.J[. 3aliMae akTUBHY MO3UIIIO y TpPO-
MaJICbKOMY XHTTi. BiH € 01HUM 13 1HILlIaTOPiB CTBOPEHHS
Acoriarii iHXEHEpIiB CHJIOBOT SIEKTPOHIKH, siKa 00’ €HY€E
nonax 300 Binomux Buenux kpain CHJI. 3 1994-1996 pp.
— YJieH BUKOHKOMY 3amopi3bKoi 00J1aCHOT paay HapOIHUX
JIeTyTaTiB, 3acCTyNHUK TOJOBH 3aropi3pkoi obsacHOl
HAYKOBO-TEXHIYHOI paJid 3 TUTaHb €HEPro30epeKeHHS.

3a WIiIHy HAyKOBO-TEXHIUHY i TEJaroriyay poooTy
Amnnpienxo I1.J]. Haropomkenuit opneHamu: «TpynoBoro
Yepsonoro Ipamopa» (1981 p), «3a 3acayru» 3-ro cTy-
nenst (1998 p), «3a 3acnyru mepen 3amopizbKiM Kpaem»
3 crynenst (2015 p), menammo «Berepan mparti». Heox-
HOPa30BO HArOpO/KEHUH [MOYECHUMHU I'paMoTaMu 3aropi-
3bKO1 00J1acHOT paju Ta 00JagMiHICTparii.

Tupoko BiZOMi HOTO OCOOUCTI JFOJACHKI SIKOCTI, 110
MOEHYIOTh BUMOTIIUBICTD 1 MPUHIIMITOBICTh KEPIBHUKA 3
TOJICPAHTHICTIO Ta BHCOKOI MOPSIIHICTIO, HE3MIHHY Hay-
KOBY KyJIBTYPY 1 TaKT 3 BMiHHSAM BiJICTOFOBAaTH CBOi Hay-
KOBI IIOTJISIH 1 )KUTTEBI IIHHOCTI.

Komnekrus xadenpn «EnxekTpudHi i eIeKTPOHHI armapa-
Ti» HarlioHansHOro yHiBepcuTeTy «3amnopi3bka MoJiTeXHi-
Ka» mupo BiTawoTh [letpa Jmurposuda 3 FOBineem, 3uyath
HOMy MII[HOTO 3/I0pOB’sl, MOJAIBLINX TBOPYUX YCIIXIB Y
Horo OararorpaHHiil Ta IUTIHIA HAyKOBIH 1 menmaroriuHii
nisutbHOCTI. Hexail monst mute MiltHe 370pOB’sl Ta rapHUM
HacTpiii Ha MHOTii Ta Onarii jita, a Bipa, Hamis i JHOOOB
OyIyThb BIpDHUMH CYITyTHUKAMH Ha )KUTTEBOMY ILISXY.

Penakuiitna koseriss xypHany «EnekTpoTexHika i
CNICKTPOMEXAHIKa» MNPUEAHYETbCS 10 IMX  LIMPUX
noOaxaHs.
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BAPCKHI BUKTOP AJIEKCEEBUY

(x 85-1eTuro €O THS POXKICHHS)

17 wrons 2020 rona ucnonasercs 85 ner co THA po-
KaeHus u 63 ro1a HHIKEHEPHOH M HAYYHOH NeATSIbHOCTH
BUIHOMY CIELMAINCTY B OONAacCTH 3JIEKTPOTEXHUKH,
JIEKTPOINIPHUBOJA U NMPEe00Pa30BATENBLHON TEXHUKH, TJIaB-
HOMY KOHCTpyKTOpy — [Ipencenare-
mo [IpaBnenuss MexayHapoJHOTO
Koncopumyma  «3HeprocOepesxe-
HHUE», JOKTOPY TEXHHYECKHX HayK,
npodeccopy, wieny MHctutyTa HMH-
skeHepoB-dniekTpukoB CIIIA, moyer-
HOMY WieHy YKpauHCKOH Accouua-
MU WHXXEHEPOB-IJIEKTPUKOB, Acco-
LUALUH «ABTOMaTHU3UPOBAHHBIN
anekTponpuBog» bapckomy Buxro-
py AnexceeBudy.

CtpemiieHne TPEBPATUTH pe-
3yJIbTaThl pa3pabOTOK M HCCIIEA0Ba-
HUM B pEaIbHYIO MPOIYKLIHUIO MPO-
SBUJIOCH y IOOMJIIpa y’KE MPHU OKOH-
yaanu uM B 1957 roxy XappKoBcko-
IO MOJIMTEXHUYECKOTO MHCTHTYyTa. B
JUIUIOMHOM TIPOEKTe UM ObLT pa3paboTaH HE WMEBLIMN
aHAJOTOB CTapTEPHBIH MEXaHWYECKUH BBINPSIMUTEIb IS
ra3oBbIX TypOuH Kopabieit BM®, koropsiit ¢ 1958 roxa
CTaJI IPOU3BOJAUTHCS NPOMBIIIJICHHOCTBIO.

OT0 cTpeMieHHe IOWISIp AEMOHCTPHUPYET Ha Tpo-
TSDKEHMH OoJiee TOJIyBeKa, aKTUBHO BBINIOJHSS Hay4HBIC
UCCJIEJIOBaHMsI M TIPOMBIIIJICHHbIE pa3paboTKu Ha Haubo-
Jiee aKTyalbHbIX HANPAaBJICHMUSAX Pa3BUTHSA BIEKTPONPH-
BOJa M MpeoOpa30BaTeNbHON TEXHUKHU. TpymHO Tepeolie-
HHUTb €r0 CYLIECTBEHHBIH U MacIITaOHbBII BKJIaJ B CO37a-
HHME W TPOU3BOACTBO HOBOW 3JIEKTPOTEXHUYECKOW MpO-
JOyKIMH Ha IPOTSHKEHHUHM BCEX YETHIPEX SMOX pPa3BUTHSA
JIEKTPOMEXAHUYECKUX CHUCTEM. C KOHTaKTHBIMHM, 3JIEK-
TPOMAlIUHHBIMY, THUPUCTOPHBIMA ¥ TPaH3UCTOPHBIMU
mpeobpa3oBaresiMd. JTO U pa3paboTaHHAS TPU aKTUB-
HOM y4yacTHM I0OMJIsIpa M BHEApEHHas Ha 3aBojie XOM3
cepHsi THPHCTOPHBIX INpeoOpa3oBaTesieil MOIIHOCTBIO 10
12000 kBT, Ha OCHOBE KOTOPBIX OBUIM IEPEOCHAIICHBI
JIEKTPONIPUBOJBI B UYEPHOH M I[BETHOH METaJUTyprHH,
TOPHOIIAXTHON MPOMBIIIEHHOCTH U JIp. DTO U peBep-
CHBHBIE JIEKTPOIIPUBO/BI C Pa3EIbHBIM yIIPABICHUEM, &
takke nepsbie B CHI' mpoMemmuieHHbIe ipeoOpa3oBaTen
vacTtoTbl Ha |GBT Tpan3ucropax.

OTIMYUTENPHON YepTOM MPAKTUYECKH Ka)KJI0W WH-
JKeHepHO# paboTel bapckoro B.A. sBisieTcs parmoHais-
HOE coueTaHue ITyOOKHX TEOPETHYECKUX M SKCIEpHUMEH-
TalbHBIX HcclenoBaHui. OH yMeeT yBHIETh HOBbIC 3a/1a-
M U IPEJIOKHUTH HEOXKUJAHHBIE PEIICHNUS, BEI3BIBAIOLINE
HMHTEPEC y CHELNANCTOB, MPOSBUTH CTOWKOCTh B HEIIPO-
CTBIX CUTyallUsAX U BCETAa BEPCH ACITY CO3JaHHA KadyeCT-
BEHHO HOBOM OTEYECTBEHHOH TEXHUKHU. TaKoW MOIXOJ
IOOMJISIP CyMeN COXPAaHUTh U B CJI0XKHOW SKOHOMUYECKOU
curyaruu nociie 1991 rona, 9To MO3BOJIUIIO €MY CO31aTh
MeXayHapoAHBI KOHCOPIHUYM «JHeprocoepexeHue»,
O00BEANHSIONNN KOJJIEKTUB €MHOMBIIIJICHHUKOB, pa3pa-

O6ortath W BHeOpuTh B YKpamHe u cTpaHax CHI' xoHKy-
PEHTOCIIOCOOHBIC TPAaH3UCTOPHBIC MPEOOpa3oBaTENd C
MHKPOIIPOIIECCOPHBIM YIIPABICHUEM.

3a mocnemuue 10 meT mon HEMOCPEICTBEHHBIM pY-
KOBOJICTBOM IOOMJIsIpa OBLTH BBIO-
HEHbI PabOThl 10 CO3JAHHIO, H3TO-
TOBJICHUIO U BBOZY B DKCILTyaTaIlHIO
He HWMeroniero aHaimoroB B EBpome
YHHUKQJIFHOTO UCIBITATEIIEHOTO KOM-
IUIeKca IS 3JCKTPHUUECKUX MAIIHH
JIOKOMOTHBOB Ha HoBouepkacckom
AIIEKTPOBO30CTPOUTEIBHOM  3aBOJIE,
CTaHLIMU Ui WCHBITAHHUA SJCKTPH-
YECKUX MAIlMH B KOMITAaHUH «JHep-
rompom» (r. Kpusoit Por), mocras-
JIEHO ¥ BBEIEHO B HKCIUTyaTaIHIO
6ornee 850 KOMIIIEKCOB KIIMMaTHYe-
ckux ycranoBok tumna KKJI ans mo-
KOMOTHBOB, pa3paboTaHbl U BHEJpe-
HBl HOBBIC TSTOBBIE MHOTOKAHAJIh-
HbICE THPUCTOPHBIC BEIIPSIMHUTEIH
tuna BYTI nns maructpaiapHbBIX TEIJIOBO30B THIIOB
2179116V u (2-3)T225KM, npowusseneno Gomee 40 suep-
rocoeperatonux cucreM DKO-3 miist KOTenbHBIX cpeaHeit
1 OOJIBIION MOUIHOCTH, CO3[]aHa CEpHs YCTPOMCTB IUIaB-
Horo mycka tuma PVYIII mms mnpuBomoB Typbo-
MEXaHU3MOB, BBEJICHBI B SKCIUTyaTallUi0 00pas3Ibl JUIs
neurarenieit mormHocthio 10 8000 kBt, paspaboransl,
M3TOTOBIICHBI M BBEACHBI B JKCIUTyaTaluio 4 TNpHBOAA
IIAXTHBIX TOABEMHBIX MAaIIWH OOJBIION MOIIHOCTH H
Jpyroe 000pyJOBaHHE.

B nacrosiiee BpeMs 101 HAyYHBIM PyKOBOACTBOM H
HemocpencTBeHHOM ydactun B.A. Bapckoro paspabatsi-
BAaIOTCSl HOBBIC DJIICKTPOMEXaHUYECKHE CUCTEMBI HA OCHO-
B€ CHUHXPOHHBIX PCEAKTHUBHBIX H Fl/I6pI/I[[HI)IX DJICKTpHUYC-
CKAX MAaIlMH IS TOPOJCKOTO W JKEIe3HOHOPOKHOTO
TpaHcnopTa, npomsinuieHHocTH, XKKX u apyrux orpac-
JICH, HOBBIC 3JICKTPOIIPHUBOIBI CO BCTPOCHHBIMU HAKOIIH-
TESIMA SHEPTHH U Pa3IM4YHBIX OTpaciiel, MpoJonKa-
I0TCsL paOOTHI IO BHEAPCHUIO paHee pPa3pabOTaHHOTO
AIIEKTPOOOOPYOBaHUS.

Pe3ynbraTel HAayYHBIX HCCIECIOBAHUM W TpakKTHUe-
cKkuX pazpaboTok npodeccopa bapckoro B.A. onmy6imko-
BaHbl B 330 HAay4HBIX TPyAax, N300pETEHUAX U MaTeHTax.
OH npuHUMaeT aKTHBHOE y4yacTHe B MOATOTOBKE Hayd-
HBIX KaJpoOB, WICH CICIHAIN3NPOBAHHOTO COBETa
J164.050.04 8 HTY «XIIH».

Pexropar HTY «XIIM», pyKOBOACTBO HMHCTUTYTA
TeXHWYeCKuX TmpobmeM wmaraetmsmMa HAH Vxpawunsr,
VYKkpawHCKas accoIManys WHKECHEPOB-IJIEKTPHKOB, JAPY-
3bs M KOJUISTM MO3JAPaBISAIOT Bukropa AJsekceeBrya
¢ ro0mIeeM, JKeNalT CYacThs, 30POBhs, HOBBIX TBOpUE-
CKHX YCIIEXOB.

Penakuyonnas xomerus xypHana «EnekrporexHi-
Ka 1 eJICKTPOMEXaHiKa» MPUCOCANHACTCS K ITUM HCKPEH-
HUM TT0XKEITaHUSIM.
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KNUPUJIEHKO OJIEKCAHAP BACUJIBOBHUY

(mo 70-pivusi 3 AHS HAPOIKEHHS)

Hupexrop [actutyTy enekrpogmaamiku HAH Ykpa-
1HH, JOKTOp TEXHIYHUX HayK, mpodecop, akagemik HAH
VYxpaiau O.B. Kupunenko mapomuses 20 tpasas 1950 p.
VY 1973 p. 3akinuuB KuiBcbkuii MONITEXHIYHUNA IHCTHTYT
(muni HTY Ykpainu «KIII im. I. Cikopcbkoro») 3a gpaxom
iHKeHep-eJiekTpuK. Y mepiox 1973-

1975 pp. npamroBaB Ha kadenpi «Enek-
TpuuHi Mepexxi Ta cucremm» KIII.
[Mounnatoun 3 1975 p. i norenep npa-
moe B [HCTUTYTI eNeKTpOAMHAMIKH
HAH VYxpainu, B pi3HI nepioau
o0ifiMaroun Tocaan: MOJOIIOTO Hay-

KOBOTO  CIiBpOOITHHKaA, 3aBimyBada
nabopaTopii, 3aBigyBava BiIaidy, rojo-
BHOTO  HAyKOBOTO  CIIBPOOITHHKA,

BUYEHOTO CEKpeTapsl IHCTUTYTY, 3aCTyI-
HUKa JUPEKTOpa IHCTUTYTY 3 HAayKOBOL
pobotu, a 3 2007 p. — nupexTopa IncTu-
TyTy enekrpoaunamiku HAH Ykpainu.

HaykoBuii cTymiHp KaHIUAaTa
TeXHIYHUX Hayk orpumaB y 1981 p.,
3BaHHs CTapLIOro HayKoBOro criBpoOiTHuka —y 1986 p.,
JIOKTOPCHKY awcepramito 3axuctuB y 1993 p., 3BaHHA
mpogecopa otpuMaB y 1996 p., 4wIeHOM-KOPECIIOHACHTOM
HAH VYxkpaiau 6yB oOpanmit y 1997 p., a akameMikom
HAH VYxpaiuu —y 2006 p.

Kupunenko Omnexcannp BacunboBumu — BUmaTHHA
BUCHHH, Biomuii B YKpaiHM Ta 3a ii MeXaMH CBOIMH
npaisiMi B Tajly3i €JIeKTPOCHEPreTHUKH, OB’ I3aHUMHU 3
MiBUIICHHSAM HAIIHHOCTI Ta e()eKTUBHOCTI (PYHKI[IOHY-
BaHHS €JIEKTPOCHEPTeTHYHHUX 00’ €KTIB Ta CUCTEM, PO3pO-
OKOI0 METO/IB MOJIENIOBAHHS ENEKTPUYHHX MEpekK Ta
EIIeKTPOCHEPreTHYHIX 00’ €kTiB. Moro pisHobiuni mocsi-
JOKEHHS TIpoleciB (yHKIIOHYBaHHS EIEKTPOCHEPreTHd-
HUX CHCTEM 3a0e3Nedmyin PO3BUTOK Teopii CTBOPEHHS
CHCTEM KEpyBaHHS TAaKHMH IPOLECaMH, JO3BOJMIN 3a-
MIPOMIOHYBATH MIPHUHITUIIH, METOH MTOOYAOBH BiAMOBIIHUX
IHTeTpOBaHUX 1H(OPMAIIHHO-YIPABIAIOYNX CHCTEM Ta
IXHIX €JIEMEHTIB 1 CTBOPUTH BiAMOBIIHI amapaTHi Ta Mpo-
rpamHi 3acodu. Hum 3amporioHOBaHO HOBI MigXOAX JI0
NnoOY/I0OBH CHCTEM KOHTPOJIIO Ta JIarHOCTUKHU B €JIEKTPO-
CHEPreTHlli, BUPINICHO NHUTaHHS 3a0e3MeYeHHS IXHBOT
HaAIHHOCTI Ta BIIMOBOCTIMKOCTI, TOYHOCTI Ta MIBUAKOAIIT,
JIOCITJPKEHO O0CcOOJMMBOCTI (opmarizanii Ta po3B’si3aHHS
3aja4 MapaMeTpUYHOI ONTHMI3allil aHAJIOTOBUX elleMEH-
TiB Ta MPHUCTPOIB ABTOMATHKH EIEKTPOCHEPIeTHYHHUX CH-
cteM. Po3BuHYTO Teopii aHamizy Ta onTuMi3allii mepBUH-
HUX TIEPETBOPIOBAYIB CTPYMY, IO MpU3HAUEH] 11 pobo-
TH 31 CTaOUTFPHIMH BETMYNHAMH TTOXHOOK B YCTAJICHHUX Ta
MepexiHuX peXuMax poOOTH, 3alMPOTOHOBAHO METOIU
BIZIHOBJICHHS] CUTHAIIy B TaKuX NpUCTposiX. ChOroHI HUM
PO3pOOJISIETHCST  KOHIICMINSE Ta METOMOJIOTIS TO00YI0BU
IHTErpoBaHMUX 1H(QOpPMaIIHHO-YIPABISIOUNX CHUCTEM II0-
TYXKHUX EJIEKTPOCHEPTETUYHNX 00 €KTIB CHUCTEMHOTO
3HAYEHHS SIK CKJIQJIOBUX CHCTEMH KepyBaHHS (yHKIIOHY-
BaHHSM EJIEKTPOCHEPIeTHYHNX CUCTeM. B paHuii wac
Onekcanap BacuinpoBHY aKTHBHO TPANIOE HaJ PO3BUT-

KOM Teopii moOyqoBH iHTENEeKTyalbHHX iH(OpMAIliiHO-
KEPYIOUHX CHCTEM B EJIEKTPOCHEPreTHLi, OPi€HTOBAaHUX
Ha peai3alil0 OCHOBHHX IIOJIOKeHb KOHIemNmii Smart
Grid, npuaias0YN 3HaYHY yBary HayKOBO-TEXHIYHHM
MUTAHHAM 3a0e3nedeHHs e(EeKTUBHOCTI 1HHOBALIHHOTO
PO3BUTKY Ta KEpPOBAHOCTI 00’ €IHAHOI
€JIEKTPOEHEPTreTUYHOI CUCTEMH Y Kpai-
HU 32 YMOB BIIPOB3/PKEHHS HOBOI MO-
Jlesli pUHKY eJeKTpoeHeprii Ta 3poc-
TaHHS YacCTKU BiIHOBIIOBaHUX JKEpEs
eHeprii B CTpYKTypi i TeHepyrudux
notyxHocteid. Hum 3acHoBaHa HaykoBa
IIKOJIA 3 MOJICIIIOBAHHS PEKHMIB €JIeK-
TPOCHEPTeTUYHHUX 00 €KTIB Ta CTBO-
PEeHHSA IHTENEeKTyambHHX iH(OpMaIiii-
HO-KEPYIOUHX CHCTEM.
Pesympratm  HayKoBHX ~ pOOIT
Kupunenka O.B. BuCBiTIIEHO B 4uC-
nennux myGumikamisx (monax  300),
cepen skux — 15 monorpadiii.
Ourexcanap BacninboBuy ycminiHo
MIO€/IHY€E HAayKOBY, OpraHizamiiiHy, Iearoridydy Ta rpo-
MAaJICEKY IisUTbHICTB. 32 OCTaHHI POKH MiJ KepPiBHUIITBOM
0.B. Kupuenko migrotosieno 3 mokropu Ta 11 xanmu-
JIaTiB TEXHIYHUX HayK. BiH akageMik-cekperap BimmineH-
Hs1 (bi3uKO-TexHIYHKUX npobiiem eHepretnku HAH VYkpai-
HH, OYOJIIO€ €KCIIePTHY pajy 3 €IEeKTPOTEXHIKH Ta eHep-
retuku JlemapramenTty arecrtarii HaykoBux Kaapis MOH
YkpaiHu Ta TeXHIYHUI KOMiTeT 31 crangapTusauii «Kepy-
BaHHS EHEPreTHYHHMH CHCTEMaMH Ta IOB 53aHi 3 HUM
nporecu inpopmariinoi B3aemonii» (TK 162), marmsmo-
By pany KpeMeHUyIbKOro HaliOHAIFHOTO YHIBEPCHTETY
iM. M. OcTporpaJchbKoro, BXOJUTh J0 CKJIAIy CHeIiai-
30BaHOT BYCHOI paJiil 3 3aXUCTY JOKTOPCHKUX IHCEPTaLii,
penkoeriit baraTbox (HaXxoBUX MEPiIOTNIHUX BUAAHB.

HaykoBi mOCSATHEHHs 1 TpOMajchKa MisUTBHICTB
O.B. Kupwiienka Big3HaueHa Jep>KaBHUMU TIPEMisIMH Ta
Haroponamu: 1983 p. — menammo Axanemii Hayk YPCP
Ta MpeMiero Juis MoJoAux BueHux; 1988 p. — 3oi0TOKO
mepammo BJIHIT CPCP; 1995 p. — mpewmiero im. C.O.
JlebeneBa HAH VYkpainu; 1999 p. — nepxaBHOI0O 1pemi-
€0 YkpailHM B rainy3l Hayku 1 TeXHIKM 3a poOOTy
«Po3poOka HAYKOBHX OCHOB Ta 3acOo0iB IiJBUIICHHS
€HepreTH4HoOi ePeKTUBHOCTI Ta IX BIIPOBAKEHHS Y CHC-
TEeMax YIpaBIIiHHs [TOCTAYaHHSIM 1 BUKOPUCTAHHSM eJie-
KTpOCHepTii, mpupogHoro ra3y ta temia», 2008 p. —
MIPUCBOEHO 3BaHHS «3aciy>KCHUH Misd HAyKW i TEXHIKH
VYkpainu»;, 2009 p. — NpPUCBOEHO 3BaHHS Jiaypeara
«Jlinep manMBHO-eHEpPreTHYHOro  Komruiekcy-2009»
y HOMiHanii «BueHmii».

Pextopar Ta komextuB HTY «XIII» mmpo Bitae
Onekcanaipa BacuiboBrua 3 IOBUICEM, OaKa€ MiIHOTO
3I0pOB’s, IIACTS, YCIIXiB Ta HATXHEHHS Yy HAyKOBIi
IISIIBHOCTI.

Penakuiitna koserisi xypHaiy «EnekrpoTexHika i
CJIEKTPOMEXaHIKa» TPUEJHYETBCS O LUX  IIUPHX
noOaxaHs.
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KOJUYIIKO TEOPTUN MUXANJTOBUY

(x 80-1eTuro €O THS POKICHHS)

Ucniomamnocs 80 net co mHSA poKACHHUS M3BECTHOTO
y4€HOrO W CIEHHATUCTA B OOJACTH TEXHHKH BBICOKHX
HAMpPSHKEHUHA W JIUATHOCTHKU COCTOSIHUSI 3a3eMJISIOIINX

ycrpoiictB, naypeara mnpemun CoBeTa
Munuctpos CCCP (1988 r.), maypeara
T'ocynapcTBeHHOI MIpEMHUH YkpauHbl

B obmacti Hayku u TexHuku (2004 r.),
[MouerHoro suepreruka Ykpaussl (2010 r.),
KaHIugaTta TEXHHYECKMX HayK [eoprus
Muxaitnosuua Konnymixo.

leopruit ~ MuxaitnoBuu  poauncs
1 nrons 1940 r. B r. Bunaunna. I[Tocie okoH-
yaausa B 1963 romy »IeKTpOMAamIuHO-
CTPOUTENBHOTO (haKyJIbTeTa XapbKOBCKOTO
MOJMUTEXHUYECKOTO MHCTUTYTA MO pacmpe-
JeneHuto Obul  HampaBieH B Hayuno-
HCCIIEI0BATENbCKYIO JTAOOPATOPHIO TEXHUKH
BBICOKMX HaIpsDKEHMH M npeobOpasoBarteneit Toka XIIN
(B macrosimee Bpemss HUTIKU «Monuusi» HTY «XITN»),
rze u paboraet yxe 6oinee 50 ser.

I'eopruit Muxaitnosny Konuymko siBisiercst mnpu-
3HaHHBIM aBTOPUTETOM B 00JIACTH Pa3paOOTKH YHHKAIIb-
HBIX BBICOKOBOJIBTHBIX HCHBITATEIBHBIX YCTAaHOBOK, HEKO-
TOpbIE M3 KOTOPBIX W Ha CETOAHSIIHUM JICHb HE HMEIOT
aHaJIoroB B Mupe. Ero paboThI IIMPOKO M3BECTHBI HE TOJIb-
KO B YKpaWHe, HO M IIPAaKTUYECKH BO BCEX CTpaHaX OJIIK-
Hero 3apy0exbs. [log ero pykoBoACTBOM U IIpU HEMOCPEN-
CTBEHHOM Y4YacTHUM ObUTH pa3pabOTaHbl MHOTHE HCIIbITa-
TEJIbHBIE BBICOKOBOJIBTHBIE CTEHJIbI, TAKUE KaK. BBICOKO-
BOJIbTHASI UCIIbITATEbHAsl YCTAHOBKA ISl MCIBITAaHUI aB-
TOMAaTHYECKHX CHCTEM YIIPABJICHUS TEXHOJOTMYECKUMHU
IpolieccaMi Ha BO3JIEHCTBHE 3JIEKTPOMArHUTHBIX I10JIEH
no ['OCT 29280 («XAPTPOH», r. XapbKoB), yCTaHOBKa
JUISL OLIGHKH MOJIHHECTOMKOCTH OOpTOBOTO 000pYHOBaHMS
camonera AH-140 k UMITyIbCHBIM HABOAKAM, HHIYIIHPYE-
MBIM B 60pTOBBIX aekTpruecknx rermsx AHTK-1 (AHTK
«AHTOHOB», 1. KneB), KOMILIEKCHI 3IEKTPODH3UUECKUX
YCTaHOBOK, OOECIEUHBAIOLINE MPOBEICHUE HOPMATHBHBIX
HCTIBITAHUH CEPUITHO BBITYyCKAEMBIX JIEMEHTOB OTPaHUYH-
TeJel EePEHANPSHKEHUSI B JIEKTPHIECKUX CETSAX IHPOKOTO
kiacca Hanpspkenuss (HUM BH r. CnaBsiHCK), yCTaHOBKH
«TUP-2» (PUAH uM. JleGenena, r. Mockga),
EHD-320 x/x (I'OU, r. Jlenunrpan), EH3-1500 x/Ix
«Jlyu» (uHCTHTYT «AcTpodusuka», r. Mocksa), «JIupa»
(HITO «B3iner», r. MockBa), reHepaTop UMITYJIbCOB TOKa K
ycranoBke UOMMU-6 «Crua» (r. 3aropck) u ap.

K o0co00 3HaunMBIM [OCTIDKEHUSIM B 0OJacTH
TEXHUKH BBICOKMX HANPSDKEHWH CIEeIyeT OTHECTH
pa3pabOTKy M BBOJA B IKCIUTyaTallIO0 BBICOKOBOJIBTHON
yCcTaHOBKH «Axcamut» (6 MJIK) W HCHBITATETHHOTO
komiutekca UOMU-12 «DDEC». OpuruHajibHbIC pelie-
HUS, 3aJI0)KEHHBIE ITPU [TPOCKTUPOBAHUH JIAHHBIX YCTaHO-
BOK, HE IPEB30MAEHBI U 0 HACTOsIEero BpeMeHu. Kom-
mieke «9PEC» BHeceH B MeXIyHapOAHBIA peecTp yHH-
KallbHBIX HCHBITATEIbHBIX MHUPOBBIX LeHTpoB OMU
(IEC 61000-4-32).

I'eopruii MuxaiioBud SIBISETCS. OCHOBOIIOJIOKHH-
KOM HOBOTO HAy4YHOTO HAIIPaBJIECHHs, BOCTPEOOBAaHHOTO

SHEPIreTUKAMH Y KPauHbI — TUATHOCTHKN COCTOSTHUS 3a3€M-
JSTIOIIMX YCTPOMCTB 3HEProOOBEKTOB, KOTOPOE IMO3BOJIACT
OIITUMAIBHO COYETaTh MEPhl MO OOECHEYEHHIO 3IIEKTPO-
0€301MacHOCTH TIEPCOHANA M AIEKTpoMar-
HUTHOW COBMECTUMOCTH Ha oObekTe. [Ipun
€ro HETOCPEICTBEHHOM Y4acTHH pa3pado-
TaH NEPBbIA B YKpauHE HOPMAaTUBHBIA J10-
KyMEHT, PENIAaMEHTUPYIOIUM IpaBuwila HC-
NBITAHUS. ¥ KOHTPOJIL COCTOSIHUSL 3a3€M-
nsrorux yerporicte COY 31.2-21677681-19
«BunpoOyBaHHS Ta KOHTPOJIb IIPHCTPOIB
3a3eMJICHHS CEJIEKTPOYCTaHOBOK», YyTBEp-
JKICHHBIA ~ OpHUKa3oM  MMHTONBHEPro
YKpauHbl, KOTOPBIA HCIIONB3YETCS CEeLHa-
JINCTAMH BCEX CYIIECTBYIOUIMX YHEPTrOCHUC-
TeM Ykpaunsl. Ilox  pykoBoacTBOM
I''M. Konuymko KOJJIEKTHB COTPYAHHUKOB
MMPOBEJI TOCYAApPCTBEHHBIC HWCIIBITAHUA, KOTOPBLIC IMO3BO-
JIMJIM BBECTHU B 1'OCYJapCTBEHHBII PEECTp CPEACTB U3MeE-
PUTEIIBHON TEXHUKU YKpPauHbl TPU U3MEPUTEIIbHBIX KOM-
miekca «KJ[3-1Y», «MK-1Y» u «MKII-1Y».

Tl'eopruem MuxaiiinoBrdeM 3ajokeH (QYHIAMEHT IS
IUIOZIOTBOPHOTO COTPYJHWYECTBa B OOJIACTH IIOBBILICHUS
0e301macHOCTH PabdOTHl OOBEKTOB CO CICHHAINCTAMH BCEX
ATOMHBIX 3JIEKTPOCTaHIMH YKpanHsl (3amoposkckas, Po-
BeHckast, FOxHo-YkpanHckast, Xmenpauikas), HOK «Ykp-
srepro», HAK «YkpHadta» i O0JBIIHHCTBOM O0JIIHEPIO.

SIBnstsick omHuM U3 aBTopoB riaB 1.7 u 4.2 «IIpaBun
yIalTyBaHHA eJIeKTpoycTaHoBok», .M. Konnyuiko npu-
HUMaJ aKTHBHOE yd4acTHe B pa3pabdoTKe CIpPaBOYHO-
METOIUYecKoro mnocobust «TexHiuHe JiarHOCTyBaHHS,
BUIIPOOYBaHHS Ta BHMIPIOBAHHS EJIEKTPOOOJIaJHAaHHS B
yMOBax MOHTaXy, HaJIaroJUKyBaHHS 1 B eKCILTyararii.
Yactuna 2 3araibHi METOAM Ta 3acO0M JiarHOCTYBaHHS,
BHTIPOOYBaHb Ta BUMipPIOBaHb EIIEKTPOOOIaHAHHS, BUBE-
JIEHOTO 3 pOOOTH».

I'eopruit Muxaitmosud — aBTop 6onee 300 meqaTHBIX
pabot, 25 u300peTeHNni U MaTEHTOB, PsAAa HOPMATHBHBIX
JIOKyMEHTOB.

Cpenu Komler W CHENUAIUCTOB OpPraHU3ALUi,
corpynunyatonmx ¢ HUIMKU «Momaus» HTY «XIT»,
I'eopruii MuxaiiioBu4 IOJIB3YETCSl 3aCIIy’KEHHBIM aBTO-
PUTETOM M YBaXCHHEM 3a BBICOKHMH NpodeccnoHan3M,
TaKTHYHOCTH, JOOPOTY, OT3BIBYMBOCTH M T'OTOBHOCTB
NPUITH Ha TIOMOILB. A JUIS MOJIOJIOTO TIOKOJIEHUSI YUSHBIX
I'M. Konuymko sBIsieTCsl NPUMEPOM B LEICYCTPEMIICH-
HOCTH, YMEHHH pEUIaTh TIOCTaBICHHbBIC HAyYHBIC M TEXHU-
YeCKHe 3aJlaud, JKeJIAHHUH HE OCTaHABJIMBATHCS HAa JJOCTHUI-
HYTOM M OTKpPBIBaTh HOBBIE HAIIPABJICHUS B paboTe.

Pexkropatr HTY «XIIU», corpymaukun HUIIKN
«MomnHus», Apy3bs, KOJUIETH U yYEHUKHU TO3APABISIOT C
1o0ueeM u HKEJTAI0T rIy0O0KOYBa)KaeMoMy
I'eopruto MuxaiiyioBudy Kpemnkoro 340pOBbsl, XOPOLLEro
HACTPOCHUS, NAIBHEUIINX TBOPUYECKUX YCIIEXOB B paboTe
1 HayYHO-TEXHUYECKUX MCCIIEAOBaHUSIX.

Penakiust sxypHana «EnekTpoTexHika i eleKkTpoMe-
XaHIKa» HCKPEHHE NPHUCOEIUHSIETCS K OTHM TEIUIBIM
MOXKETAHUSM.
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