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ACCOUNTING FOR A POSITIVE, NEGATIVE AND ZERO SEQUENCES POWER
IN A THREE-PHASE UNBALANCED ELECTRICAL SYSTEM

Purpose. Based on the instantaneous electrical power of a three-phase asymmetric system of sinusoidal periodic current, to
determine positive, negative, zero-sequences active and reactive power, as well as invariance power factor.

Methodology. In the unbalance case in three-phase electrical system, the electrical energy quality is evaluated by means on
voltage and current positive, negative, zero-sequences. At the same time, similar components of active and reactive power have not
received practical distribution. But it is precisely in terms of power that electricity is accounted for. The instantaneous power or-
thogonal components in the time domain are determined using the symmetrical components of voltage and current. Active, reac-
tive powers of positive, negative and zero-sequences are allocated. The result obtained has the property of representativeness,
which most of the known results lack.

Findings. The three-phase system’s instantaneous power components are analytically determined, including the amplitudes of the
oscillating power components. The need to take into account the oscillating instantaneous power components has been proven by
means of a graphical interpretation of a special case of the three-phase system mode. As an integral indicator that takes into account the
oscillating components of the three-phase system instantaneous power, its root-mean-square value over the repetition period is used.

Originality. By calculating the transformer efficiency of the studied model according to the active power positive sequence and
the same indicator according to the active power as a whole, it was established, that the component sequence separation affects the
results of calculating the generalized indicators, including the power transmission system objects. This can lead to erroneous judg-
ments about the efficiency of the specified facilities functioning.

Practical value. The invariance power factor was used to characterize the electrical energy quality level of a three-phase sinu-

soidal current system in an unbalanced mode.

Keywords: electrical power, root-mean-square power value, electrical power quality

Introduction. Electrical energy is a product, the quality of
which at the stage of consumption depends both on the “genera-
tor” (“distributor”’) and on the “consumer”. The need to electri-
cal energy account, taking into account its “high-quality” and
“poor-quality” volumes, exists to this day. The availability of
information about the specified volumes is a prerequisite for the
formation of tactics for improving the electrical energy quality.
When characterizing the electrical energy quality in three-phase
systems, special attention is paid to the phenomena of asymme-
try and non-sinusoidal for voltage and current. As a rule, as the
voltage level increases, the phenomenon of non-sinusoidal is
suppressed more significantly than the asymmetry phenomenon.
Over the past few decades, significant contributions to the study
on the electrical energy quality from the instantaneous power
standpoint and its integral indicators have been made by groups
of researchers led by Professor Emmanuel [1] and Professor
Akagi [2]. In the latter case, the theory is used to implement sys-
tems for improving the electrical energy quality using real and
imaginary powers. Real and imaginary instantaneous powers are
related to the symmetrical components of currents and voltages.

A certain rationing of the indicators of the electric energy
quality from the calculation methodology standpoint was car-
ried out based on the materials of studies [1] in the standard
|3]. This standard is used to evaluate the electrical power com-
ponents in complex electrical systems [4], to correct the algo-
rithms for the operation of power active filters [5] and to deter-
mine the parameters of power circuit elements a power active
filters [6]. Numerically, the power quality indicators are nor-
malized by the standard [7] for voltage and by the standard [8]
for voltage and current. It is difficult to normalize for certain
power components, but there are studies that offer alternative
indicators [9], even for electro-hydraulic systems [10].

Research analysis. The asymmetry influence on the ele-
ments of the electric power industry seems to be important in
the electric power industry. Most often, negative and zero se-
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quence voltages are used as an indicator of unbalance, as, for
example, in reference [11]. In work, the authors propose com-
pensation for voltage asymmetry based on the optimal planning
of the three-phase branches operation of step voltage regulators
with individual control. Load data, including load imbalance
information, in many cases can have a significant impact on the
correct assessment of many power quality indicators, as shown
in reference [12]. The authors investigate the load unbalance
effect on several phase unbalance indicators and voltage quality
indicators by comparing the values of these indicators. As such
indicators, the voltage unbalance factor and the current unbal-
ance factor are used. Those generalized power parameters are
not used. A similar approach was used by the authors [13], who
noted that a three-phase unbalanced load has a great impact on
the safety and efficiency of the distribution network. On the ba-
sis of load transfer index, considering the conversion relation-
ship between load and electricity quantity, the electric quantity
transfer index is put forward. In this case, when forming indica-
tors or factors, the load current is used.

Power transformers in the presence of asymmetry receive an
uneven electromagnetic load of magnetic circuit. As shown in
reference [14], the problems of transformer windings vibration
during asymmetry operation are due to changes in the winding
current, internal magnetic leakage and vibration characteristics
of the windings in a three-phase transformer under various op-
erating modes due to electromagnetic-mechanical coupling. It
is noted that vibration acceleration occurs most significantly at a
frequency of 100 Hz. This is probably due to the oscillating in-
stantaneous power component, as will be shown below. In refer-
ence [15], in terms of the electrical energy quality influence of
the network, additional losses of the distribution network are
studied under a combined perturbation with an asymmetric load
and current harmonics. Depending on the asymmetry nature,
there is a different effect on the losses level. However, the analy-
sis was performed on the basis of current loads, and not power
components, the difference of which at the points of the network
determines losses. The increase in the electromagnetic torque
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pulsations of the turbogenerator was established in reference
[16] even under the standard restrictions of the asymmetric op-
eration mode. The authors found that the voltages and power
factors of different phase windings also differ markedly, as well as
phase currents, the asymmetry of which is the cause of certain
complications in turbogenerator operation.

Despite the indicators calculated by current or voltage, it is
instantaneous power that is the parameter, which has a balance
in electrical circuits, electrical complexes and even systems with
the conversion of electrical energy into other forms [10]. Charles
Steinmetz, Paul Bouchereau, emphasized this property and the
theoretical generalization was realized by Bernard Tellegen in
the corresponding theorem. Instantaneous power is also a top
priority in the previously mentioned papers [1, 2]. Work on the
search for the components of instantaneous power that charac-
terize the asymmetry of a three-phase network mode with a
grounded neutral in the negative and zero sequences continues
[17]. However, the result of obtaining the equations for complex
and instantaneous conventional powers, characterizing the
asymmetry of a three-phase network mode with a grounded
neutral in the negative and zero sequences, does not allow them
to be used in practice due to “conventionality”. The definitions
included in the standard [3], despite their validity, are criticized.
As noted in [18], the instantaneous power is determined exactly
and the average power measured over a selected period is gener-
ally accepted. Power factor, a measure of the relative efficiency
of power delivery, has only a weak relationship with output loss
or voltage drop in practical power systems. It is noted that the
apparent power, reactive power and non-active power defined in
the standard [3] and other standards do not explicitly lead to
representative measurements and expose users to the uncertain-
ty inherent in operational measurements in practical systems.

Purpose. Determination based on the instantaneous elec-
trical power of a three-phase asymmetric system of sinusoidal
periodic current, positive, negative, zero-sequences active and
reactive power, as well as invariance power factor.

Main material and research results. As noted during the
well-known studies analysis, all of them were carried out in
order to assess the electric energy quality, its accounting and
improve the quality by compensating certain components of
electric power. In reference [19], certain evidence is given of
what electrical power and, accordingly, electrical energy it is
rational to consider as qualitative. The authors noted that in
this case, the total electrical energy has no fluctuations and its
quality in a three-phase symmetrical system of alternating har-
monic current corresponds to a direct current system.

A great contribution to the development of the power the-
ory of three-phase systems, from the standpoint of improving
the electrical energy quality, was made by the authors [2]. A
very important definition is highlighted in the text of this work.
“For a three-phase system with or without a neutral conductor
in the steady state or during transients, the three-phase instan-
taneous active power pj,, describes the total instantaneous en-
ergy flow per second between two subsystems”. The basic po-
sition is used that the three-phase instantaneous active power
can be calculated in terms of components in coordinates a0,
taking into account the power invariance property when using
the Clarke transformation

p3pih = uAiA + UBiB + Hcic <:>p3[)h = uaia + UB[B + Uoio,

where uy, ug, uc are phase voltages; iy, i, ic — phase currents;
Uy, Ug, Uy — projections of the generalized voltage vector in co-
ordinates a0; iy, ig, iy — projections of the generalized current
vector in coordinates a.30.

The authors of [2] define the instantaneous power based
on the concept of the instantaneous complex power s as the
product of the generalized voltage vector e and the generalized
current vector i, using the Clarke transformation [3] as follows

s=e-i*=(u, + Jup) iy, + Jig) = Uy +Uglp) + J (Ui, — U, i)

p q

As a result, this definition is reduced to a matrix form

A o]

and developing for three-phase systems with a neutral wire
transfer to the coordinate system af0. The corresponding pro-
jections of voltage u, and current i, are introduced, which de-
termine the power

>
<

S
o

S

q 0 -uy u iy

Powers are summarized divided into average and oscillat-
ing components as follows:

- instantaneous real power: p=p+ p;

- instantaneous imaginary power: ¢=¢ +4;

- instantaneous zero-sequence power: p, = P, + Dy-

Attention is paid to the names of the specified powers and
measurement units. The instantaneous imaginary power ¢ is
proposed to be measured in “volt-ampere imaginary” (vai), by
analogy with the traditional reactive power “volt-ampere reac-
tive” (var). At the same time, the source [2] indicates that the
terms “instantaneous imaginary power” and “instantaneous
reactive power” will be used as synonyms.

As a result, it is noted that the three-phase system instan-
taneous power is equal to the sum of the instantancous real
power and the instantaneous zero sequence power

Piph = llAiA + uBiB + llciC: uaia + uBlB + Uoio =p+Po,
in this case, the imaginary power ¢ is not a component of the
instantaneous power.
For a three-phase asymmetrical system, the above powers
are determined through symmetrical components as follows
Py =3UP Y cos(w o —W,0);
p=3U[I}cos(y,. —v,. )+3Ur I cos(y,; —w,; );
q =301 sin(y,,. —y,. ) =307 I sin(y,, —v, );
Do ==3U1 cosRot +y 0 +,10);
p=-3UI] cosQat+y,. +y, )—
=3U I cosQoot +y .-+, );

G=-3U; I7 sinQot +y,,. +y, )+

+3UT I sinQot+y, +y,p.),

where UL, U}, U, I?, I}, I; are RMS values of zero, posi-
tive and negative sequences voltage and current, respectively;
W0 Wares Wars Wio> Wipe»> Wy — phase shift of zero, positive
and negative sequences voltage and current, respectively; o —
angular frequency; 7 — time.

Analysis of these results, obtained in [2], shows the following:

1. In the general case, the zero sequence current and volt-
age have both sine and cosine orthogonal components, while
at the same time there is no zero sequence imaginary power ¢,.

2. None of the components of both imaginary ¢ and real p
powers have an imaginary zero-sequence power ¢,, which in-
dicates, in this case, the impossibility of reactive power flowing
in the neutral wire.

3. Why is the imaginary power ¢, which is also a function
of time, not included in the instantaneous power of the three-
phase system, and, as indicated by the authors, only in some
cases coincides with the reactive power Q?

Consider the case of a sinusoidal voltage and current a
three-phase system, which we represent as follows

u, :\/EUA sin(of+vy,,);
i, =~21 sin(or +v,,);
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uy =N 2U ysin(or +y,, - 21/3);
iy =21 sin(or +y,, - 21/3);
ue =20 sin(ot + vy, —4n/3);
ic =21 sin(or +y,c —4n/3),

where Uy, Uy, Ug; 14, I, I-are RMS values of phases voltage and
current, respectively; Wis, Wig, Wics Wua Wups Wuc — current and
voltage phase shift, respectively. In the general case, the voltage
currents RMS values and their phase shift in the ABC phases may
differ. The power of each phase, in this case, is represented as [19]

pph = Pph.a.l—l COos (0) + Pph.b.l—l sin (0) +

+ Pphare1 €08 200 + Py 141 SIN(2000).
Quadrature components’ amplitudes of zero frequency for

each phases:
- phase active power

Pojar-1= Upndyn €08 (Wuph = Wipn) = P

- phase reactive power

Pypir = =Uplyy SN (W, iy = Wi ) = O

Quadrature components’ amplitudes of double frequency
for each phases:
- oscillating power cosine component
Pyara=—Uddcos (W +Wy);
Pg o1 ==Uplgcos(y,g+ vz — 41/3);
Pe i1 ==Uclccos(y,c+ yic—21/3);
- oscillating power sine component
P = Uy sin (W + vig);
Py = Uplgsin(y,z+ ;3 —4n/3);
Peyii = Uclesin(y,c+ i = 21/3).
Summing up the power by phases, we determine the three-
phase system total instantaneous power

D3pn = Z Py ar-1€0s(0)+ Z Py p1o8in(0)+
ABC

A,B,C
+ Z Pph4a4l+1 COS(2(DI)+ z Pph4b4l+l Sin(20)t) =
A,B,C A,B,C

=Py 011 €08(0) + By 1y SiN(0) +
+P a1 COSQCON+ Py, SIN(207).

In symmetrical mode, consider the power using the ex-
ample of the data given in Table 1. The vector diagram takes
the form shown in Fig. 1. As can be seen from the diagram
(Fig. 1, a), the total constant power of the three phases consists
only of cosine components of zero argument, which in this
case are summed up P; ;= 3P, ,1-;. The sine components
of zero argument do not contribute to the instantaneous power
and are shown in the diagram by a dotted line. The oscillating
powers of a doubled argument component P, in this case
(Fig. 1, b) are the same in absolute value and, summed up, give
a zero result. The corresponding total instantaneous power of
the three-phase system is constant

P3ph = 3P, cos(0)+ 3P, sin(0) =
= P, €08(0) + Qs Sin (0) = P3,
where P, =3P, ,1-1=3U,,1,,cos (Y, ,,— WV, ;) is the three-pha-
se system’s active power; Qs = 3Py ;11 = =3Uyd,, sin (Y, —
— ;) — three-phase system reactive power.

The specified power, with asymmetry, Table 2, can be illus-
trated with a vector diagram shown in Fig. 2. As can be seen from
the diagram (Fig. 2, a), the total constant power of the three
phases consists only of cosine components of zero argument, as
in the previous case. The zero argument sine components are
shown by the dotted line. Due to the fact that in one of the phas-
es the cosine component of the zero argument power has the

Table 1
Initial data for symmetrical mode

Ph Uu,v I,A P,W | Q,Ar | Py, VA | Pyyyy, VA
50 £ 0° 1 £45° | 35.35 | 35.35 | -35.35 35.35
B | 50£120° | 1 £165° | 35.35 | 35.35 48.29 12.94
C | 50£240° | 1 £285° | 35.35| 3535 | -12.94 —48.29
R4
"
BC'.b.l»I
""
"
’ Pcay.i
L4
PR Pppii

PB,a,IH

PC.b.1+1

Fig. 1. Three-phase system’s power vector diagrams with sym-
metry (Table 1)

opposite sign, the total three-phase power resulting value is not
much higher than the power of phase A or C. The total three-
phase power of the doubled argument (oscillated with frequency
20) P;,, 1, (Fig. 2, b), is conditioned by the components’ vector
sum and exceeds the total three-phase power absolute value
P51, That is, in this case, the fluctuations in the total three-
phase system power exceed the average value, respectively, the
instantaneous power will be sign-alternating.

Consider an asymmetric system in which a sinusoidal cur-
rent flows and a sinusoidal voltage acts, represented by zero
(0), positive (+) and negative (—) sequences

u, =~2U sin(or +y ) +2U7 sin(of +y,, )+
+\/§U1‘sin(mt+\yul,);
uy =200 sin(ot +y,0) 32U sin(or +y,,. —21/3)+
205 sin(ot +y,, —41/3);
ue =N2U sin(or + )+ 20U} sin(of +y,,. —4n/3)+
w205 sin(ot +y,, -21/3);
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Table 2
Initial data for asymmetrical mode

Ph U7 1’ P, Q, Pa.l+la Pb.l+la
\" A W VAr VA VA
50 £ 0° 1 £45° 35.35 | 35.35 | -35.35 | 35.35
B | 502200° | 0.8 £-20° | -30.64 | 25.71 -20 34.64
40 £270° | 12£300° | 34.64 20 -34.64 =20
7
"
"
"
,o° P
i\PCa.I-I;
§ AR
IV
N
J

b

Fig. 2. Three-phase system’s power vector diagrams with asym-
metry (Table 2)

i, =N210sin(or + )+ V21 sin(or + . )+
+\/§Il’sin(o)t+w”,);
iy =210 sin(of + ) N2 sin(of +y,y, —2/3)+
+x/§[1‘sin(wt+w“ —4n/3);
ic =\210sin(or + ) +21; sin(or + . —4n/3)+
21} sin(or +y, ~2n/3).

The instantaneous power of such a three-phase system has
a general form in accordance with [20]

Pypn=Poi-1€0s(0) + Py sin(0) +
+ PHA1+1 Ccos (20)’) + PbAl+1 sin (2(Dt)

The power orthogonal components’ amplitudes of the
zero frequency of a three-phase system are

P, =30 cos(y, .0 —,0)+3UF L cos(y, . — vy, )+
+3U7 17 cos(y, —v,. )= P+ P+ P = Py,

— three-phase system’s active power, consisting of the corre-
sponding sequences active powers;
By = =300 T sin(y 0 = ;10) =307 1 sin(w 0 =)=
=3U I sin(y . —v, ) =B+ B+ B = s,
— three-phase system’s reactive power, consisting of the cor-
responding sequences reactive powers.

The oscillating power orthogonal components’ amplitudes
of the doubled frequency of a three-phase system are

P

a.l+l

==3ULI cos(y 0 +,0)—3U [ I; cos(y,1. +y, ) —
=3UT Iy cos(y,, +y,) =Py + Py + P,

a.l+1

— amplitude of the cosine component of the three-phase sys-
tem’s oscillating power;

By 10 =3UP T sin(y o +y;10) +3UT I sin(y, +y )+
+3'Ul_11+ Sin(wul + Wil‘ ) = Pb(?(l]ﬂ + Pb-f1_+1 + PbTI++I
— amplitude of the sine component of the three-phase sys-
tem’s oscillating power.
That is, in the general case, the power of a three-phase sys-
tem is pulsating. By analogy with [20], we implement an ap-

proach related to determining the invariance power factor to
generalize the electrical energy quality in a three-phase system

PSph

qinv =

rms.3 ph

To do this, we determine the root-mean-square value of
the power of a three-phase system

IT Pz P2 0.5
Puss = o = £ T B |
0

2 2
:3[(U1°Il°) cos* (Y 0 —\41,,0)+(U1*Il*) cos2(y, . — W, )+

2
+U I ) cos (. =y )+
2 2 2
+0.5(UP) +0.5(UF I ) +0.5(Ur I ) +
+2U U I cos(W 0 — ;0 )COS(W 0 =W, ) +
+2UPTPUT ] cos(y 0 — W0 )Cos(y,- =y, )+
+2UMIFU I cos(y, - =y )cos(y ;- =y, )+
+UPTPUT T CoS(W 0 + W0 =W, =Wy ) +
+UPTPUL T Cos(Y 0 + W0 =Wy =Wy )+
05
+HUMTUCT T Cos(W - = Wiy =Wy +‘Vil’):| :

Then the invariance power factor of the three-phase sys-
tem will be presented as follows

P2 0.5 05
-1 2 2 |
g4, = B _ 2 Bt B |
nv P2 al+l | Zb.141 2P?
rms.3ph a.l-1 2 2 a.l-1

To characterize the asymmetry level of a three-phase sys-
tem, negative sequence voltage coefficients are usually used

Ky =U{/U1+ and for current K; =11‘/[1+; voltage zero se-
quence coefficients K9 =U10/U1+ and for current K! = /10/[1*.
Then, in the general case, the invariance power factors are
iy =1+ (cOS(y 0 =1 )+ Ky K cos(y - =)+
+K)K ] cos(y 0 —y;10)) 2 x

< [Ky KKy cos(( 0 +W,0) = (W, +v,0))+

+ KG KK cos((W0 + W) = (W00 + W)+

+Ky K7 cos((, + W)= (W, +y, DD

The invariance power factor has a complex dependence
not only on the asymmetry coefficient indicators of voltage
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and current, but also on the phase shift between the voltage
(current) of the negative sequence and the current (voltage) of
the positive sequence.

Consider the practical use of the proposed electric power
components for asymmetric modes in a simple power system
shown in Fig. 3. The scheme consists of a power supply (Power
supply: U,,,,=6kV; R;=10 Ohm; L,=5 mH), a step-down trans-
former (Transformer 6000/430: Yg/Yg; S, =250 kVA; U, = 6 KV,
R, = 1.066 Ohm; L, =9.74 mH; U, =430 V; R, = 16.5 mOhm;
L, =39 uH; R, =925 Ohm; L, = 23.94 H), controlled converter
(Semiconductor converter) and active-inductive load (Load;
R,;=1.63 Ohm; L,;=5 mH) in the DC circuit. Control of phase
voltages and currents takes place on the high voltage side by the
measuring block (Measurement block 6 kV) and on the low volt-
age side by the measuring block (Measurement block 0.44 kV).
The converter elements are controlled by a pulse-phase control
unit (Pulse generator), which is synchronized with the network
by voltage meters unit (V sync). The control angle is formed by
the corresponding signal setting unit (Signal builder).

The system, shown in Fig. 4, is built to determine the power
components. The system’s input elements are units that trans-
mit voltage and current signals from measuring units from the
low voltage side (Vabc 044k, Iabc 044k) and from the high volt-
age side (Vabc 6k, Iabc 6k). The signals of these units enter the
corresponding inputs of the block for power components deter-
mining unit (All phases power). The power components calcu-
lated values on the low voltage side are formed at the output
044P, high voltage — 6P. Additionally, phase voltage and cur-
rent signals are output to the oscilloscope inputs (Scope 044k,
Scope 6k). The power components values are indicated on the
displays (044k Power components, 6k Power components).

The content of a power component determination subsys-
tem is shown in Fig. 5. In the scheme shown in Fig. 3, during
the operation of the controlled converter, the current and volt-
age are generally non-sinusoidal, so the power component de-
termination subsystem is configured only for the fundamental
harmonic (50 Hz). The voltage and current signals from the
input ports (V044, 1044) are fed to the units for calculating the
positive sequence active P* and reactive Q" powers (044 Power
(+), negative sequence active P~ and reactive Q~ powers (044
Power (-)), zero sequence active P° and reactive Q° power (044
Power (0)). Additionally, the three phases’ instantaneous power
is calculated using the multiplication unit and the summation
unit. Using the average value determining unit (044P Mean),

the three-phase system’s active power P, is calculated. The
root-mean-square value calculation of the three-phase system’s
power P, 3, is provided by the unit (044P RMS). The calcu-
lated power components are multiplexed and transmitted to the
output port (044 P). In a similar way, the power components’
determining subsystem for the 6 kV part was built.

We will investigate modes of the model shown in Fig. 3.
We will research the influence of load asymmetry on power
components. First, let us make the transformer “weak”. To do
this, we will increase the secondary three-phase windings’ ac-
tive resistance of the transformer by four times. We will follow
modes simulate:

a) symmetrical mode;

b) asymmetrical mode with additional capacitor connec-
tion between phases A and B at the controlled converter input;

¢) asymmetrical mode with additional capacitor connec-
tion between phase A and ground.

Fig. 6 shows the voltages’ and currents’ time diagrams, re-
spectively, for the modes of symmetry (a), interphase asym-
metry (b) and phase asymmetry (c). Intentional “weakening”
of the transformer led to the fact that, in addition to current
distortion (Fig. 6, a), under the current asymmetry condition,
voltage asymmetry arose (Figs. 6, b and ¢). Disregarding cur-

1 ) P Vabc P

Vod4 ¥ labc Q

| o=

1044 Power (+)

P Vabc P
»——Pilabc Q

044
Power (-)

P Vabc P

»—P> labc Q

y v 044
Power (0)

X

044P Mean

RMS

044P RMS

Fig. 5. Power component determination subsystem (part 044k)
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rent and voltage asymmetry coefficients, let us immediately
turn to the power components, which are summarized for the
corresponding modes in Table 3.

Analysis of the data presented in Table 3 allows us to make
the following judgments. In the symmetrical mode, the active
power of the direct sequence P* slightly differs from the active
power P: AP=P— P*=-9.10>W. In this mode, the invariance
power factor is g;,, = 0.998. Probable influence of higher har-

monics. The implementation of mode (b) leads to a significant
increase in the positive sequence power P, its difference from
the active power P increases by AP= P — P*=—13.5- 10> W.
This value, with a slight difference, corresponds to the negative
sequence’s active power P~. Thus, the negative sequence’s
generated power leads to a decrease in the active power, which
is counted by the accounting means.

In addition, let us pay attention to the display indication in
Fig. 4. The difference in the active powers of the positive se-
quence P* (first line) on the low and high voltage side is the
power loss in the transformer from this sequence, W

AP}, = P — Py =2.341:10° =1.905-10° =43.6-10°.

In addition, the difference in the negative sequence’s ac-
tive powers P~ (third line) on the low and high voltage side also
adds to the power losses in the transformer, W

APy, = P, — Py, =-8651+1.266-10% =4009.

That is, in this case, this is an additional 9.1 % of power
losses. If we calculate the transformer efficiency by active pow-
er as a whole, we will get

Nrv= Posa/ Pe = 1.77 - 10/2.249 - 105 = 0.787,

and the same indicator according to the positive sequence power
Nry = Py | P =1.905-10°/2.341-10° = 0.814.

Therefore, the isolation of the component sequences af-
fects the calculations of generalized indicators, including the
objects of the power transmission system, in this case the effi-
ciency of the transformer. This can lead to erroneous judg-
ments about the efficiency of the functioning of the specified
facilities. Let us pay attention to the fact that in this case the
coefficient of power constancy also changed significantly from
Gy = 0.998 for symmetrical mode to g;,, = 0.843, signaling the
deterioration of the quality of electric energy.

When implementing an asymmetric mode with the intro-
duction of a capacitor between phase A and ground (mode c),
the difference between the direct sequence power P* and the
active power P was AP = P — P* =-8.4 - 10° W. At the same
time, components of zero sequence power, both active and re-
active, naturally appeared. Inverse sequence power compo-
nents also arose. Considering the relatively insignificant level of
these capacities, the coefficient of constancy takes the value g;,,
=0.968. This indicates a deterioration in the quality of electri-
cal power (electrical energy) of mode c relative to mode a. Of
course, higher harmonics should be taken into account in re-
gimes with non-sinusoidal currents and voltages [19].

Conclusions.

1. According to the analysis results of the instantaneous
power components according to the pg theory, it was found
that none of the components, both real and imaginary instan-
taneous power components of the three-phase system, take
into account the zero-sequence reactive power.

2. The three-phase system’s instantaneous power compo-
nents are analytically determined, including the amplitudes of
the oscillating power components. The need to take into ac-
count the oscillating instantaneous power components has
been proven by means of a graphical interpretation of the
three-phase system mode special case. As an integral indicator
that takes into account the oscillating components of the
three-phase system’s instantaneous power, its root-mean-
square value over the repetition period is used.

3. The invariance power factor was used to characterize the
electrical energy quality level of a three-phase sinusoidal cur-
rent system in an asymmetrical mode. This indicator is deter-
mined analytically using the negative and zero sequence coef-
ficients for voltage and current, respectively, taking into ac-
count the difference in the phase shift of voltages and currents
of the same and different sequences.

4. A model of an elementary electric power system with a
“weak” transformer and a controlled three-phase rectifier was
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developed for the practical testing of the obtained theoretical re-
sults. By adding a capacitor, asymmetrical modes have been re-
alized and an increase in the power losses level in the transform-
er due to the negative and zero sequences power components has
been noted. This leads to a change of invariance power factor.

5. By calculating the transformer efficiency of the studied
model according to the positive sequence’s active power com-
ponents and the same indicator according to the active power
as a whole, it was established that the separation of the compo-
nent sequences affects the calculation results for generalized
indicators, including the power transmission system objects.
This can lead to erroneous judgments about the efficiency of
the specified objects functioning.
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OO0JiK MOTYKHOCTE# NpsAMoi, 00epHEHOT
Ta HyJbOBOI MOCJIIOBHOCTEH Y HEeCUMETPHYHIii
TpudasHiii enexkTpuUHiA cucTemi
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Mera. BusHaueHHs1, Ha MiJCTaBi MUTTEBOI €JIEKTPUUHOT
MOTYXKHOCTi Tpuda3HOi HECUMETPUYHOI CUCTEMU CHUHYCOI-
NaJIbHOTO TEPiONUYHOrO CTPYMY, aKTUBHOI Ta PEaKTHUBHOI
MOTY>XKHOCTI TMpsIMOi, 00epHEHOI Ta HYJbOBOI MOCTiIOBHOC-
Tel i hakTOpy HE3MIHHOCTI MTOTY>KHOCTI.

Metoauka. Y pasi HecuMmeTpii y TpudasHiil eTeKTpuIHii
CUCTEMi SIKiCTb €JIEKTPUYHOI €HEPTii OLIIHIOETbCS 32 HAIpy-
rol0 Ta CTPYMOM IIPSIMOI, 0O€PHEHOI, HYJIbOBOI MOCTiIOBHOC-
Ti. [1py LbOMY aHaOTiYHi CKJIAIOBi aKTUBHOI I peaKTUBHOI
MOTY>KHOCTi HE OTPUMAJIM MPAKTUYHOTO TOIIUPEHHS. AJe
caMe Mo MOTYKHOCTi BeieTbcsi 00J1iK eslekTpoeHeprii. Opto-
rOHaJIbHi KOMIOHEHTH MUTTEBOI MOTYXXHOCTI Y YacoBilt 00-
JlacTi BU3HAYEHi 32 JIOTMIOMOTrOl0 CUMETPUYHUX KOMITOHEHTIB
Harpyru ta ctpymy. BunineHi akTuBHa, peakTMBHA MOTYX-
HOCTi TpsIMOi, OOEpHEHOI i HYJIbOBOI IOCTiTOBHOCTEIA.
OTpuMaHuUit pe3yIbTaT Ma€ BIACTUBICTb PEIIPE3EHTATUBHOC-
Ti, IKOT HE Ma€ OUIBIIICTb BiTOMUX PE3y/IbTaTiB.

Pe3ynabraTn. AHAJIITUYHO BU3HAUYE€HI MUTTEBI CKJIAIOBI
MOTYXXKHOCTi TpU(}a3HOI CUCTEMU, Y TOMY YMCIi aMILTTyau
KOJMBATbHUX CKJIANIOBUX TMOTYXKHOCTi. 3a JOIMOMOTOIO Tpa-
(hiuHOI iHTEprpeTallii OKpeMOro BUIAAKY PeXUMYy Tpudas-
HOI CUCTEMM JIOBeIeHa HEOOXiAHICTh ypaxyBaHHS KOJIUBaJIb-
HMX CKJIaIOBUX MUTTEBOI MOTYKHOCTI. K iHTerpaJibHUIt TO-
Ka3HUK, IO BPaxOBY€ KOJIMBAJIbHI CKJIAIOBI MUTTEBOI MO-
TY>XKHOCTi Tpuda3HOi cUCTeMU, BUKOPUCTOBYEThCH 11 cepel-
HbOKBAIpAaTUIHE 3HAUEHHSI 32 MePiof] TOBTOPEHHS.

HaykoBa noBu3Ha. Lllisixom po3paxyHKy KoedillieHTy
KOPMCHOI il TpaHchopMaTopa T0CiIKyBaHOT MOIEITi 3a aK-
TUBHOI TTOTY>KHOCTI MPSIMOI MOCJiTOBHOCTI I TAKOTO X IO-
Ka3HMKa 3a aKTMBHOI IMOTYXXHOCTi y 1LIIJIOMY BCTaHOBJIEHO,
110 Ha Pe3y/IbTaTU PO3PAXYHKY y3arajJbHEHUX MMOKa3HUKIB, y
TOMY YMCJIi 00’ €KTIB €JIEKTPOCHEPTeTUYHOI CUCTeMHU, BILIU-
Ba€ pO3MeKYBaHHS MOC/iIOBHOCTE KOMITOHEHT MOTYXXHOC-
Ti. Lle MoXe TPU3BECTH O MOMWIKOBUX CYIKEHb OO0
e(eKTUBHOCTI (DyHKIIIOHYBaHHS 3a3HaYeHUX 00 EKTIB eJIeK-
TPOEHEPTETUYHOI CUCTEMU.

IIpakTyna 3HaumMicTb. 11 XapakTepUCTUKU PiBHS
SIKOCTi €JIeKTPUYHOI eHeprii Tprha3HOi CUCTEMU CHHYCOI-
JaJIbHOTO CTPYMY B HECUMETPUYHOMY PEXHUMi BUKOPUCTAHO
KOeilliEHT HE3MiHHOCTI MOTYKHOCTI.

KitouoBi cioBa: erekmpuuna nomysscnicme, cepedHboK8a-
dpamuyHe 3Ha4eHHs NOMYICHOCMI, IKICmb eaekmpoenepeii
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