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Abstract—Such basic concepts of power theory as apparent power, active current and minimum power losses in
the transmission line are defined for a three-phase three-wire system in the shortened two wattmeter reference frame. On
the basis of these concepts, two energy-efficient active filtration strategies were developed and verified by virtual experi-
ments. The first of them minimizes the power losses of a three-phase three-wire transmission line with different values of its
resistances and ensures a unit value of the power factor. The second strategy follows the recommendation of IEEE Std. 1459-
2010 ensures the minimum power loss of the transmission line with symmetrical sinusoidal currents of a three-phase source.
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1. INTRODUCTION

Semiconductor shunt active filters (SAF) are an effec-
tive means to improve the power quality on transformers
substation’s 6/0.4 kV busbars by compensating of inac-
tive power components [1]. The SAF control strategies
are based on the instantaneous and integral power theo-
ries, an overview of which is presented in [2, 3]. Power
theories which use instantaneous current and voltage val-
ues originate from the pq instantaneous power theory pro-
posed by H. Akagi at al. [4] for a three-phase three-wire
system. In this theory, the analysis of energy processes is
carried out in the af reference frame, which coordinates
are converted from the three-coordinate current and volt-
age vectors by using matrix transformations. Further
improvements and modifications of instantaneous power
theories were carried out in the af0 [5], pgr [6] reference
frames. Later, cross-vector [7] and vector [8] theories that
do not require coordinate axes appear. Their comparative
analysis was carried out in [8]. The power theory using
integral quantities was initiated in the works of S. Fryze
[9, 10], and acquired more advanced forms within
the Fryze—Buchholz—Depenbrock Power Theory (FBD
Theory [11]), Currents' Physical Components Power
Theory (CPC Theory by L. Czarnecki [12]), Conservative
Power Theory (CPT by Tenti and Mattavelli [13]), a com-
parative analysis of which is carried out in [14]. In a three-
phase three-wire system, all the mentioned power theo-
ries operate with three-coordinate vectors of line currents
and phase voltages calculated from the point of artificial
grounding [11]. The three coordinates of each specified
vectors are linearly dependent, which creates an unjusti-
fied complexity of the SAF control system due to an
excessive number of sensors and regulators and the need
to organize an artificial grounding point. In [15] it is pro-
posed to control the SAF of a three-phase three-wire
power system with the direct use of two-coordinate

voltage and current vectors, the electrical variables of
which have long been used to measure active power by
the two wattmeters method [16]. In [17, 18], several strat-
egies for SAF control were developed in the two wattme-
ter reference frame (TWRF), which have a number of
advantages compared to the strategies of the instantane-
ous power theory. However, the maximum energy-saving
effect of SAF application can be achieved only with the
use of active filtering strategies using integral power
theory [19].

The goal of the article is to develop energy-efficient
strategies for shunt active filtering in TWREF, which
ensure minimal power losses in the transmission line of
a three-phase three-wire system, taking into account
the requirements of modern standards for the power qual-
ity at the points of common coupling (PCC).

2. ACTIVE FILTRATION STRATEGY THAT MINIMIZES POWER
LOSSES IN THE TRANSMISSION LINE

Fig. 1 shows a three-phase three-wire power system
with resistive transmission line model and SAF enabled
at PCC 4, B, C. As shown in [17, 18], the energy pro-
cesses of such a system can be comprehensively repre-
sented in TWRF with two-coordinate vectors of instanta-
neous line voltages calculated relative to a common point
u(t) = uyc uBC"A , where " —is the sign of the trans-
position, and the corresponding instantaneous currents
i(r) = ||1 4 Ip ||A Taking into account the current equa-
tion iy +ip +ic =0 the connection of TWRF variables

in the absence of SAF is established in the following vec-
tor-matrix form

u(?) = e(r) — Ri(7), M
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Fig. 1. Three-phase three-wire power supply system with a resistive
model of power transmission line
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the matrix of transmission line resistances, symmetrical
with respect to the main diagonal,

l"A 0 .
where R = —1is

+1C

0 rp

e= ||eA —ec ep—ec ||A — is the vector of loop EMFs.

The load active power is determined by the two watt-
meter method [16] using the notation for the scalar prod-
uct of arbitrary T-periodic same-dimensional vectors

xoy=T"" j X (Oy()dt as follows

P=T""{ uc(@)ig(0) +upcig(Oldt =
(2)
=771 ITuA (0)i(1)dt =uoi.

Power losses at the transmission line resistances in
the absence of an active filter are

-1 2 2 .2
PLS =T jT{zA(t)rA +zB(t)rB +lcrc}dt=

A

1
1

Y T 0 Ll i
=T IIT"lA lB” ”(/)1 s +VC i: dt=(3)

=7 _[Ti/\ (O)Ri(t)dt =i Ri.

Exactly power losses must figure in the apparent
power definition formula to which energy-efficient active
filtration strategies are linked. Almost identical formulas
for the apparent power of multiphase systems with differ-
ent values of transmission line resistances are known
[20], [21]. Its are based on the FBD method with the cor-
responding disadvantages consist in using linearly
dependent current and voltage vectors and the need to
organize an artificial grounding point for calculating
phase voltages. These shortcomings were overcame in
[19], where the formula for apparent power of three-phase
four-wire system was expressed through a three-coordi-
nate vector of phase voltages calculated relative to
the neutral wire and a three-coordinate vector of line cur-
rents. For this purpose Schwartz's inequality was used in
the form

R2uoRY%i)? = P2 <(ioRi)x(uoR 'u), (4)

that is valid for periodic time vectors of the same dimen-
sion and non-singular matrix R which is symmetric with
respect to the main diagonal.

The matrix R from (1) is symmetric with respect to
the main diagonal and non-singular for at least two non-
zero resistances of the transmission line, since
detR =ryrp +r 0 +rgrc.  The TWRF’s  vectors

u= ||uAC uBC”A, i= ||iA ip ||A are periodic of
the same dimension. Therefore, three important conse-
quences for the theory of active filtering from formula (4)

are valid for them.

First, from (4), we obtain the formula for apparent
power as the maximum active power that can be achieved
in the load for given voltages and power losses:

S = Pyyy =+(ioRi)x(uoR u), (5)

Secondly, the power loss in the transmission line can-
not be less than the limit value determined from
the expression

P
uoR lu
And, finally, thirdly, from the condition of vector

Rfl/zu(t) and RY 2i(t) proportionality, under which

equality is achieved in (4), the active current formula fol-
lows

P =ioRi>PMIN - (6)

——Ru(), (7)
ucR 'u
which ensures the specified load power (2) at a unit value
of the power factor A=P/S=1.

iy ()=

Such an active current (7) causes power losses in
the transmission line

P2x(R"'uoRR'u)

iA ORiA = ] )
(ueR 'u) )
PZ
_ _ pMIN
1 LS >
ucR 'u

which coincides with the minimum value (6). Exactly this
value must appear in the formula [13] to determine
the power factor

A=P/S=yPM¥N /P, 9)

which corresponds to its physical content.

Then the energy-saving effect, which is estimated by
the ratio of transmission line power losses in the absence
and presence of the filter will be

P, ioRi 2 _
- AL;N: 2 l l71 :S_2:7L % (10)
Prg P"/(meRu) P

that coincides with [13].

Since the matrices R, R in (5) and (7) can be deter-
mined with accuracy up to a constant factor, to simplify
the implementation of the active current in the transmis-
sion line, we normalize these matrices relative to one of
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the resistances of the transmission line, for example,
r, =r. Then the other two resistances are characterized

by the parameters d =r/rg;q=r/rc-, and the normal-
ized matrices take shape

A

_ 1 0 1 {[L{j]{L
R=R/r= +— ;
0 1/d| qliin
_ 1 0 11"
G-r'-| )-—— .
0 d| 1+d+gq|d|||d

Next, we define the reference vector of the active cur-
rent

©=Gu() 10 I e
u = u = —_—_ X
R 0 d| l+d+qld||d an
«|rac| | Hac Yo . - _Mac +dupc
upe| |pe—up)d| " T+d+q

Taking into account this value (5), (6), (7) acquire
their final form in TWRF

S =J(ioRi)x(uoug); (12)

2
Pr
piN - — —_, (13)
uouR
. P
i (0= up (7). (14)
uouR

Now we will show that (12) turns into the Buchholz’s
apparent power formula [21] in the form of the product of
rms voltage and current values of a three-phase three-wire
system

Sy =UI = \/T_l [ 130+ (0) +u ()i x

T @+ 0+ 20,

if the resistances of the transmission line are equal, that
is, for the special case of parameter values d =g =1.
Indeed, in this case it follows from (3) that
ioRi= T‘le[if, (t)+i3(t)+i(D)]dr.  For  voltages
uy,up,uc, calculated relative to the point of artificial
grounding [4], u,(t)+up(t)+uc(¢) =0, the following
ratios are valid

_Uyctupc Uy tup —2uc

u =—Ucr;
0 3 3 e

Ugc —Ug U4
uz ()= = ;

Upc —Uy up

A A A
~e|Hac] |uall  ua| |4 I Yoy

u llR = = —UC 1 =

Upc| (4B Ug|l |[“B Up

=y +up +uds
_ 71 2 2 2
woup =77 [ [uf () +up () +ug (0)dr,

which had to be proved.

Under the same condition of transmission line
resistances equality (14) turns into the expression

P
7 [ w50 +up (0)+ug ()

which corresponds to the S. Fryze’s formula [10] for
the active currents of two phases of a three-wire power
supply system. The correspondence of the third phase
active current is ensured by the zero sum of the instanta-
neous values of the currents and voltages appearing in
the Buchholtz’s formula.

Formulas (12), (13), (14) lay the theoretical founda-
tion for energy-efficient active filtering in TWRF with
arbitrary ratios between transmission line resistances
without the need to organize an artificial grounding point
and with two instead of three SAF pulse regulators. As
follows from (14) and the method of connecting SAF at
PCC in fig. 1, the general strategy of its energy-efficient
control in the TWRF consists in the formation of an active
current in the transmission line and is implemented by
the generating of two active filter currents

Uy
Up

iyp ()=

>

ip ()= | =i0)-140) =100~ up
BF uoupg (15)
uR(l‘)z MAC—LIO ,uozuAc+duBC,
d(uBC—Mo) l+d+q

Such control provides the minimum possible power
losses in the transmission line according to (14) and
requires two sensors of line voltages, two sensors of cur-
rents and the assignment of two parameters d and ¢ that
establish the ratio between the resistances of the transmis-
sion line.

3. ACTIVE FILTERING STRATEGY THAT MINIMIZES POWER
LOSSES IN A TRANSMISSION LINE WITH SINUSOIDAL AND
BALANCED CONSUMED CURRENTS

Modern standard IEEE Std. 1459-2010 describes
apparent power as the maximal active power, which can
be transmitted under sinusoidal and balanced conditions
for voltage and current values. Therefore, the apparent
power definition (12), in which periodic voltages and cur-
rents are of arbitrary shape, needs adjustment, but is use-
ful as a basis for comparison.

Let the direct sequence detector [24], built on the sec-
ond order generalized integrator for quadrature-signals
generation [25], extract the voltage positive sequence
component

u, (t)= ||uACJr Upcy ||A = \/EUJr ||cos(cot) cos(ot - / 3)",

from the voltage vector of the general form u(z). Then
the active current with sinusoidal and balanced compo-
nents, which provides the active power P at the PCC, is
determined by the expression

. P
i (0= up (9, (16)
Uolp,
u u + 1
where ug, (1) = | = ACT|-LACcx T UBCs ‘
Upy Upcy 3 1
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This current differs from the active current (14),
which consists of asymmetric currents at different
resistance values of the transmission line and causes
power losses in the transmission line

2
P x(ug,oRup,)
5 =
(uoug,)

VP (upy e R“R+)

Prgs =iy oRiy, =

amn

(woup, )
The obtained losses value differs from the minimum
value according to (8). Let's find the ratio of power losses

P%IN_ Pr /er(uRJrol_{uRJr)_
> =
(woug,)

(18)
B (uouRJr)2
- (UOGu)X(uRJr °§“R+).

This ratio of power losses is determined exclusively
by the voltage vectors u(t),ug,(¢) and the resistance
ratios of the transmission line, which is given by the ma-
trices R,G and does not exceed a unit. Its value can be
used to predict the maximum thermal loading of three-

wire transmission line in compliance with the existing
requirements for the power quality at the PCC.

Let's find the value of this coefficient under the con-
dition of a symmetrical sinusoidal three-phase source,
when the voltages at the PCC are of the same form, i.e.
u(?) =u,(¢). In this case (18) takes the form

= (ug OuR+)2 /(uy O(_;“+)><(uR+ Ol_(uR+)a

and individual components of this expression are calcu-
lated as follows:

krs+

A
Ugc+

u/\u — uA+ —
+YR+ Upcs g,
A A
— Uyy U4+ u 1 Uy _
- —Uc+ =
Upy|l 4B+ 1| (ups
2 2 2
=Ugy TUp, FUCy;
2
u+ouR+:U+.
R H ‘ 1 [ Ugy
Upy = — =
0 1/d q [ g,
|l Y4+ || _Uc+ 1_
ug, d| ¢ |1’
AR g was uc, (U, +ug,)
u,Ru, = _ e+ Ay B
Upt uB+/d q
=M§1++ué+/d+ué+/q;
2 2
U 1 1. Ui(d+qg+d
u+ORu+:T+(1+E+—):¥.
q q

To calculate the last component, we apply the formula
for averaging the product of harmonic functions in
the frequency domain [16]

u, oGu, =Re(u}Gu}) =

=U3Re|:l+d—

2
ZUE 1+d—1+d+d _
1+d+q

(1+de ™31+ de’™3) _
1+d+gq

rd+qg+dg
T ltd+q

Substitution of the obtained values finally gives

3dg(1+d +q)
(d+q+ dq)

In connection with the difference between the mini-
mum losses of the symmetrical sinusoidal mode and

(19)

kLS+

P]%IN , according to the recommendations IEEE Std.

1459-2010 the determination of both the apparent power
S, under such conditions and the power factor

A, =P/S, requires correction. Substitution Py ¢, as

the minimum achievable losses in (9) gives a modified
formula for the power factor,

N
MIN
‘J 7 Ls kL

which derives the modified formula for apparent power

S, =SJkg. 1)

Thus, formulas (12), (13) retain their values for calcu-
lating extreme energy parameters of power systems, and
in the related modified formulas (20), (21) the value &; ¢

according to (18) is a correction factor for calculating
the apparent power and power factor when implementing
restrictions on consumed currents to improve the power
quality at PCC for the general case of transmission line
resistance ratio.

The strategy of energy efficient SAF control with
observance of the sinusoidal symmetrical form of
the consumed currents consists in the formation of an
active current (16) in the transmission line and is imple-
mented by the current vector of the active filter

ip, () =i(0)—-iy () =i@)- up, (1)
Uolp,
(22)
u —u u +u
uR (t) — AC+ 0+ ;u()+ — AC+ BC+ .
Upcs ~Uot 3

Such a strategy provides the minimum possible power
losses in the transmission line (17) under such conditions
and a gain in power loss

MIN
w oot _ Ps  Bis _ ks 23)
= = =-LS

P, pMIN

Psy A2

And in this case, the apparent power (5) and the power
factor (9) retain their value as bases for comparison when
forming the consumed currents recommended by
the actual standard.
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Fig. 2. Computer model with PAF of a three-phase three-wire power supply system and an asymmetric linear load

4. VERIFICATION BY COMPUTER SIMULATION OF
THE PROPOSED ENERGY EFFICIENT STRATEGIES

For this, a computer model (Fig. 2) of a three-phase
three-wire power supply system with an asymmetric lin-
ear load and SAF implemented by dependent current
sources i, and ipp with the Control System control

module was created in the PLECS environment. The
inputs of this module are supplied with the TWRF varia-
bles u ¢ ,upc,iy,ip from the corresponding sensors and

the parameters d, g of the transmission line. The SAF
strategy change is carried out by the Control System mod-
ule forming the reference vector of the active current
according to formulas (15) or (22) with the corresponding
assignment of the d and ¢ values. The P module calculates
the average power losses in the transmission line for
the period based on the currents and voltages of the trans-
mission line resistors and displays the calculation results
on the oscilloscope <P>. Another oscilloscope I displays
the instantaneous values of the source currents.

Such model parameters were adopted: symmetrical

sinusoidal voltages of a three-phase source with an rms
value of the line voltage U, =100+/3B and frequency
f =50Hz,

transmission  line  resistances  are

2
ra=r=2mQ; rBzgzlmQ (d=2);, rc==mQ,

q
load resistances are Ry =6Q, Rpc=3Q,
XBC :3Q—>LBC :954mH, RCA :4Q,

Xey=—5Q— Cpy =636.61F .

Table 1 presents the results of power losses simulation
when applying different strategies of active filtering.

We obtain the theoretical dependence P%IN (@),
using (13) at u=u, ;up = Gu, . According to the results
of the derivation of formula (19)

TABLE 1

Total power loss without filter

q 0.5 1 2 4

Prso,W | 12.4842 11.7340 11.3583 11.1703

Total power loss with a filter implementing the first strategy (15)

q 0.5 1 2 4

Prsi,W | 11.1292 8.9064 6.9602 5.5694

Total power loss with a filter implementing the second strategy
(22)

q 0.5 1 2 4

Prsa, W | 12.9790 9.2773 7.4235 6.4959

2
_ U;(d d
u, oGu, = Jxdrardy)

1+d+q

The load active power the can be found by calculating
the active conductivities of the linear loads

Gup:Gpc-Gea
2

2
53U

:Uf(lJr 23 2" 24 2}2 X

6 3713 445 123

Substitution of the obtained values in (13) gives
the analytical dependence of the minimum power loss on
the ratio of transmission line resistances for the given
parameters of the three-phase source and load

PN (d,q) =

Pr _(ﬁjz ><Ufr(1+al+q)
123 d+qg+dg
Taking into account the numerical values of the model

parameters, at d =2, we finally obtain the desired
analytical dependence

uoup
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Fig. 3. Graph of dependence (24) with plotted points of experi-
mental losses when using the first filtering strategy
3+ 3+q
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Graph of dependence (24) with plotted points of
experimental losses Prs; from table 1 is shown in fig. 3.
We note a complete coincidence of the results of
computer modeling with the theoretical dependence of
the minimum power loss on the parameter of
the transmission line, which confirms the adequacy of
the proposed strategy (15) of SAF control in TWRF.

24)

In order to confirm the adequacy of the second pro-
posed strategy (22), we will carry out an experimental
verification of the theoretical dependence of the power
losses factor (19), which at d =2 takes the form

kps(q) = 248+, (25)
(2+39)

The graph of analytical dependence (25), presented in
Fig. 4, is fully confirmed by the 4 point values of the frac-
tions Pyg/ Prgy calculated on the data of table 1 at

the corresponding values of the argument plotted on it.
This verifies the second superimposed strategy (22),
which minimizes power losses while ensuring the sym-
metry of consumed currents.

To confirm the last statement, a sequential change in
filtering strategies was organized over time while observ-
ing the consumed currents and loss levels (time diagrams
in Fig. 5) when d=2,9g=4. The first time interval

(1 €[0,0.1]) corresponds to the absence of filtering, while
the asymmetry of the consumed currents is maximal, and

1,2

1
0,8
0,6
0,4
0,2

0

Fig. 4. Graph of dependence (25) with plotted points of experi-
mental fractions P gy / P gy from Table 1
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Fig. 5 Time diagrams of power losses and consumed currents under
different SAF control strategies

the power loss P ¢ is also maximal. Filtering according

to the first strategy (¢ € [0. 1, 0.2] ) gives the minimum loss

level P%[N , which is confirmed both by the theoretical
dependence (24) at d =2,q =4 and by the table values

of the experiment, but the asymmetry of the consumed
currents is still significant. And only filtering according

to the second strategy (¢ €[0.2,0.3]) provides a symmet-

rical sinusoidal mode of consumption with a slight
increase in the loss level P ¢, in strict accordance with

the experimentally and theoretically confirmed value of
the coefficient k; ¢, (d =2,9=4)=6/7. At the moment

of switching the type of filtering, the currents change their
phase and amplitude, and transient processes are
observed on the oscillogram of the average power loss.

Thus, the complete coincidence of the computer
modeling results with the predicted analytical
dependences of the power losses and the shapes of
the curves of the consumed currents confirms
the adequacy of both the proposed SAF control strategies
in the TWRF, and the correctness of the model
functioning.

CONCLUSIONS

The basic concepts of the integral power theory of
a three-phase three-wire system, such as apparent power,
active current and minimum power loss in the transmis-
sion line, are defined for the general case of different
resistances of the transmission line in the reduced coordi-
nate basis of the two-wattmeter method, which simplifies
the realization of energy-efficient SAF control strategies.

The strategy of active filtering in TWRF, which mini-
mizes the power losses of a three-phase three-wire trans-
mission line with different values of its resistances, was
developed and verified by a virtual experiment.

®
@J Copyright (c) 2023 Kyradin 1O. B., Apremenko M. 1O.


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.20535/2523-4455.mea.274813

ISSN 2523-4455. MicrosystElectronAcoust, 2023, vol. 28, no. 1

274813.7

The strategy of active filtering in TWRF was devel-
oped and verified by a virtual experiment to improve
the power quality at the points of common coupling,
which ensures the minimum power loss of the transmis-
sion line with symmetrical sinusoidal currents of a three-
phase source.

The correction factor for apparent power and power
loss gain formulas in the presence of restrictions on con-
sumed currents was determined and verified by a virtual
experiment. Its value can be used to predict the maximum
thermal loading of a three-phase three-wire transmission
line in compliance with the existing requirements for
the power quality.
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Crparerii eHeproe(EeKTUBHOT aKTUBHOT
(uIBTpallll B CUCTEM1 KOOPAUHAT METOAY
JIBOX BaTMETPIB

Kyradin FO. B., ORCID 0000-0002-8156-1277

Aptemenko M. 0., n.1.H. ipod., ORCID 0000-0001-9341-9238

Kadenpa akycTHIHHX Ta MyTTUMEIIHHUX €IEKTPOHHUX CUCTEM ames.kpi.ua
HarmioHaibHUN TEXHIYHUH YHIBEpCUTET YKpaiHU

«KuiBchkmii momiTexHivHUH iHCTHTYT iMeHi Irops Cikopcehkoro» ROR 00syn5v21
Kwuis, Ykpaina

Anomayia—HaniBnpoBinaukoBi napaneibHi akTuBHI QinbTpu (IIAD) € epexTHBHIM 32C000M NiABUILECHHS IKOCTI eJie-
KTPOEHePril NIIAX0M KOMIEHCANil HeAKTHUBHUX CKJIAJ0BUX NOTY:KHOCTell Ha IIMHAX TPaHC(POPMATOPHMX MiACTAHLIA TpU-
¢da3uux Jiniii esexrponepenaui 6/0,4 kB. Binomi crparerii kepyBanns IIA® onepyiors 3 JIiHii{HO 3a/1¢:KHUMH TPHKOOPAU-
HATHUMH BeKTOpaMH JIiHIHHUX cTPpyMiB Ta ¢a3HHX HANPYT, 0 BiApaxoBYHThCsl Bil TOYKH MITYYHOrO 3a3eMJICHHs, LI0
NMOPOIKY€E HEBUIIPABIAHY CKJIAIHICTH cucTeMH KepyBaHHs ITA® 4yepe3 HaamipHYy KilbKicTh ceHcopiB i peryasiTopiB Ta
HeoOXiZHOCTI oprauizauii TOUKH ITY4YHOrO 3a3eMJIeHHs. MeTo10 CTATTi € po3pod/ieHHs eHeproe)eKTUBHMX cTpaTeriii mapa-
JeJibHOI akTHBHOI ¢inbTpauii B cucremi koopaunar meroay ABox BarMmerpiB (CKM/IB) 3 Ge3nocepeaHiM BUKOPUCTAHHAM
JABOKOOPIAHHATHUX BEKTOPiB HANPYT Ta cTpyMiB. [I1s1 1boro Taki 62a30Bi NOHATTA Teopii iHTerpaabHOI NOTYKHOCTI TpUda-
3HOI TPUINPOBIIHOY CHCTEMH, SIK NIOBHA NMOTYKHICTh, AKTUBHMII CTPYM Ta MiHiMaJIbHA NOTY:KHICTH BTPAT B JIiHIil nepexayi
Oy/i1 BHpa:KeHi B CKOPOYEHOMY KOOpAHMHATHOMY 0a3mci merony aBox BarMmerpiB. Ha ocHOBi nux nmoHsTh po3pobJieHi Ta
BepudikoBaHi BipTyaJbHUMH eKCIIepUMEHTAMH JBi eHeproedexkTuBHi crparerii aktuHoi giabrpanii B CKM/IB. Ilepma
3 HUX MiHiMi3y€ NOTY:KHiCTh BTpAaT TpU(pa3HOI TPUIPOBiAHOI JIiHIT Nepeaayi 3 pi3HUMH 3HaYeHHAMH ii 0NIOPIB Ta 3a0e3me4ye
OIMHUYHE 3HAaYeHHs KoedinieHTa nmoTyxkHocTi. Ipyra crpareris BinnosinHo 10 pexomenaauii IEEE Std. 1459-2010 3a6e3ne-
4yy€ MiHiMaJbHY NOTY:KHicTh BTPAT JiHii mepeaayi Npy CHMEeTPUYHUX CHHYCOIAHMX CTpyMax TpH(a3HOro a:xepea. Busna-
YyeHUil Ta Bepu(ikoBaHUH BipTyaJbHMM eKCIIEPUMEHTOM KOPHUIYBaJIbHMIl Koe(iumieHT ¢opMyJ MOBHOI MOTYKHOCTI Ta
BHIPAlIy 32 MOTYKHICTIO BTPAT 32 HAsIBHOCTI 00MesKeHb HA CUMETPUYHY CHHYCOIIHY GOopMYy CIIOKHBAHUX CTPYMiB, 3Ha-
YeHHSs SIKOT0 MOsKe Oy TH BUKOPHCTaHe /IS MPOTrHO3YBAaHHS MAKCHMAJIBHOTO TeINIOBOT0 HABAHTAKeHHsI TPH(a3HOI TPHIIPO-
BiHOY cHCTeMH 3 JOTPUMAHHSM iCHYIOUHX BUMOT HA AKICTh eJIeKTPHYHOI eHeprii B TOUKaX 3arajibHOI0 MiIK/II04YeHHs.

Knrouosi cnosa — mpugpazna mpunpogiona cucmema HcueieHHA; NOGHA NOMYHCHICIb; AKMUBHUIL CHIPYM; eHepzoedek-
mueni cmpame?zii akmuenoi ginompayii; cucmema Koopounam memooy 080X 6ammempie.
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