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Abstract

The article proposes a method through which a differentiated considera-
tion of active power losses in electric power systems (EPS) is formulated. Its
applicability and efficiency in the study and operation of real electric power
systems are substantiated.
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Introduction. The IEEE standard [1,2] develops a theoretical framework
for the analysis of a “Three-phase nonsinusoidal and unbalanced system”, intro-
ducing fundamental components of voltage and current associated with the first
harmonic, as well as non-fundamental components associated with higher har-
monics of voltage and current. In the theoretical framework adopted in IEEE
Std 1459-2010 2|, various researchers have identified [3, 4] significant discrepan-
cies in the accuracy of the formulas for determining currents and voltages used in
the calculation of different types of power. In order to eliminate these shortcom-
ings, [5, 6] propose that the effective value of the apparent power be calculated
without including the neutral current in the value of the total effective current.
The inaccurate computational procedures, as well as the complex definitions of
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the different power quantities, make this method unconvincing and inapplicable
for practical use |7-10].

Partial approach to determining active power losses. In four-wire
networks with a grounded star point, comprising generating sources and transfer
facilities, it is acceptable in practical studies to assume that the voltage system of
the three phases and the neutral, Us, Ug, Uc and U,, is symmetrical, balanced
and sinusoidal, since in most of the cases considered, the requirements of the
various standards for voltage quality are satisfied. Under this condition, and in
the presence of an unbalanced and nonsinusoidal load, the instantaneous values of
the powers for the three phases, after applying the Fourier series and the Fortescue
symmetrical components method, are represented by the following expressions [11,
12]:
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where S and S* are the complex and complex-conjugate values of the apparent
power S, N and N* are the complex and complex-conjugate values of the pulsating
power N, G and G* are the complex and complex-conjugate values of the latent
power G, a is the Steinmetz operator [11]
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and w is the angular frequency of the rotating vectors S, N, and G.

System of equations (1) includes four types of powers, referred to as partial
powers (Sp,, Nyp, Gy, and D,,), since they relate to fundamentally different power
characteristics [11,13].

6 C. R. Acad. Bulg. Sci., 79, No 8, 2026 1091



e First group of partial powers (5,):

Stia = %Re (S + S*. eﬂw'f) 7
(2) Sup = éRe (S +a-8* ej2wt> :
Ste = %Re (S +a% 5" ejQ‘*’t) .

Expressions (2) have two components — a constant component, independent
of time ¢, namely %Re(S), and variable components dependent on ¢, respectively,
%Re-s*-eﬂ“t, %Re-a-s*-eﬂ‘”t, and %Re-az-s*-eﬂ‘”t. The sum of the instantaneous
values of the partial powers from (2) is represented by the expression:

(3)

SH:SHA‘FSHB‘FSHC:éRe [3-S+(1+a+a2)-s'*-eﬁ“t} =R, [S} =P

Therefore, the sum of the instantaneous values of the partial powers represents
the active power P of the entire system, which is distorted with respect to the
currents. In an analogous manner, the following can be written:

(4) Q=1In[S]. s=VP+Q

where @ is the reactive power of the distorted system.
The average value of the sum (4) within one period 7" is determined by means
of the expression:

1 /T 1 /7 :
(5) / Sm - dt = / (Sta + Sup + Stuc) dt = R. [5} =P
T 0 T 0

e Second group of partial powers (/Vy):

1 . .
Nia = 3R, (N + N eﬂwt) :

(6) Nnp = éRe (a-N—I—N*-ej”t> )
Nnc = %Re (aZ-N—FN*-ej“’t).

Here again, the partial powers of the individual phases have constant components,
respectively, %Re [N }, éRe [a N ] and %Re [aQ ‘N }, and a variable component

%Re N - /29| The sum of the instantancous values of these partial powers is:
(7)
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It follows from (7) that Ny has only a variable component, as the vector N
rotates with double angular frequency 2w and with amplitude N. The average
value of the sum Ny is also zero, as is the case with the reactive power @)

1 (T 1T
(8) / Np - dt = — / (N11a + Nup + Nie) dt = 0.
T 0 T 0

Therefore, in an unbalanced three-phase system with a grounded neutral,
during the transfer of active power, the so-called pulsating power N arises. As in
the case of reactive power @), the average value of this power over one period is
equal to zero.

e Third group of partial powers (Gr):
1 .. .
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These partial powers are called “hidden” powers; they have constant compo-
nents %Re [G} , %Re [aG} and %Re [aQG] , and variable components %Re [G*-eﬂm} ,
%Re a-G* et and %Re [aQG* . ejzw'f] The sum of the instantaneous values

of the partial hidden powers is:
(10)
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Therefore, the average value of this partial power is also zero
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The above makes it possible to conclude that in an unbalanced four-wire
system with a grounded neutral, during the transfer of active power P, hidden
power G also arises, the average value of which over one period is zero.

e Fourth group of partial powers (Dr):
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These partial powers constitute the so-called distortion power D, which is
determined by the level of the higher current harmonics in the individual phases
(140, ©Bvs icw). The average value of D within one period and the average value
of the sum of the instantaneous values of the power of the three phases are repre-
sented as products of current and voltage harmonics with different numbers, and
these values are zero

1 T 1 T
(13) e / Dy -dt = / (Dra + Dup + D) dt = 0.
T 0 T 0

Therefore, under nonsinusoidal load currents, during the transfer of active
power P, distortion power D arises, the average value of which over one period
is zero. The presented analysis makes it possible to draw the following important
conclusion:

The four indicated types of power (Q, N, G, and D), which arise
during the transfer of active power P from the source to the consumers,
do not participate directly in this transfer, since their average value
within one period is equal to zero. However, they are part of the total
current that determines the total active power losses, i.e. these power
quantities have a significant share in the total active power losses and
play an essential role in the electric power efficiency of the EPS and
all its subdivisions [11].

In accordance with the presented partial approach, the so-called actual ap-
parent power S; is defined, which can be expressed by means of the following
equation [4,11,14]:

(14) Sy = <3U2 [3(11)3 +3(12)F + 3(3n + 1)(10)3]
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where (I1)1, (I2)1, and (Ip); are the positive-, negative-, and zero-sequence cur-
rents of the fundamental harmonic, Iy, 4y, Iy, Icw, and Iy, are the v-th har-
monics of the currents of phases A, B, and C, and of the neutral N, respectively,
U is the phase voltage (Us = Ug = U = U).

In fact, the first term of (14) can be represented as follows:

(15) Sq=+vP2+Q>+ N2+ (3n+1)-G2 + D2

The power factor PF represents the ratio of the active power P to the ac-
tual apparent power Sy. In accordance with the partial power technology and

1094 I. H. Iliev, R. M. Kirov



expression 15, PF is written as follows [11]:

P P
Sn /S2+ N2+ (Bn+1) G2+ D
B P
VPP QR+ N2+ (3n+1)-G2+ D2

PF =

(16)

For asymmetric, unbalanced and nonsinusoidal currents, the active power
losses AP in the system elements and during the transfer of active power P are
determined by the following expression:

1 1
17 AP~ — =— [PP+Q*+ N’ +(3n+1)-G*+ D?].

In accordance with (17), the weighted participation, expressed as a percentage
of all power components in the total active power losses AP can be determined,
represented as a partial share:

Q2

e Partial share of reactive power losses APy = ok 100 [%];

e Partial share of pulsating power losses APy = — - 100 [%];

e Partial share of hidden power losses APg =

e Partial share of distortion power losses APp = —

Conclusion.

1. An effective and practically applicable approach for determining different
types of power is presented. In accordance with (15), and proceeding from
the thermal nature of power and electric energy losses, the actual appar-
ent power Sy is defined as an equivalent active power P, which is dissi-
pated in a symmetrical, balanced and undistorted system while producing
the same active power losses over the same resistances. It also follows
from (15) that the process of transferring active power P in any distorted
EPS is accompanied by the generation of four power quantities: reactive
power @; pulsating power N, caused by current asymmetry, i.e. negative-
sequence components; latent power G, caused by current unbalance, i.e.
zero-sequence components; and distortion power D, caused by the presence
of higher current harmonics. The power factor PF' is a power characteris-
tic that fully reflects the energy-related nature of the processes occurring
under asymmetric, unbalanced and nonsinusoidal current regimes in the

EPS.
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2. The active power losses caused by the partial quantities of the four types
of power adequately and comprehensively characterize the specific features
of the energy processes in the EPS.
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