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ALTERNATIVE INDICATORS OF POWER OF ELECTRIC ENERGY IN A SINGLE-
PHASE CIRCUIT WITH POLYHARMONIC CURRENT AND VOLTAGE

Introduction. Many electrical engineering issues use a power balance. It is compiled from averaged power values, and equivalent
power is used to characterize power of transient processes. To account electricity, both mono- and polyharmonic currents and
voltages use active and reactive power, the quality of electricity is not taken into account. Problem. A number of works are
declared a certain number of power components that reflect indicators of quantity and quality of electrical energy. These
components of power are subject to criticism. The order of determining power components requires algorithmization, as well the
task of determining indicators that will reflect poor quality of energy. Goal. Development of a technique for determining the
components of power in single-phase circuits with polyharmonic current and voltage, for definition electrical energy transmission
indicators. Methodology. Based on analysis of power components determined in known papers and order of their calculation, the
features of taking sign of sine and cosine orthogonal components are marked, depending on combination of numbers a current
and voltage harmonics. Using Fourier theory of series and elements of the logic algebra, an algorithm for determining
components of electric power energy is developed. Results. Highlighting active and reactive powers of the fundamental harmonic
of current and voltage; active and reactive power; canonical power components; non-canonical power components, and proposed
indicators of quality of transmission of electrical energy. Originality. Based on analysis of power represented by trigonometric
Fourier series, the specific calculation of canonical and non-canonical components with use of a number of indicators of electric
energy transmission is proposed that reflect its quality. Practical value. The proposed power components of transmission of
electrical energy can be used in technical accounting systems. References. 12, figures 6.
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Mema. Po3pooka memoouxku 6U3HAYEHHA KOMROHEHM ROMYICHOCHI, 8 00HODAZHUX KOIAX 3 NONIZAPMOHIIHUMU CIMPYMOM mda
Hanpyzo10, 013 hopmysanna noKazHuKie nepeoayi enekmpuunoi enepzii. Memoouka. Buxopucmosytouu meopiio paoie @yp’c ma
enemenmu anzeopu a102iku, 6iOMiueHi 0CO0IUCOCMI 6UHECEHHA 3HAKY OPMOZOHATbHUX KOMROHEHM ROMYICHOCHI 8 3ANeHCHOCHI
610 KOomMOIHayii nomepy 2apmoHik cmpymy ma nHanpyzu. Pezynomamu. Biookpemniorouu akmugHy ma peaKxmugeny nomymxcHocmi
OCHOGHOI 2apMOHIKU CIMPYMY MA HARPY2u; AKMUGHY MA PeAKMUGHy NOMYHCHOCH; KAHOHIYHI KOMROHEHMU NOMYMNCHOCHI;
HEeKAHOHIUHI KOMNOHEHMU NOMYIHCHOCHI, 3ANPONOHOBAHO NOKA3HUKU AKOCMI nepedayi enekmpuunol enepzii. Haykoea nosusna.
Homysicnicms, npeocmaenena mpuzonomempuunum paoom @Dyp’e, micmums KaHOHIYHI Ma HEKAHOHIYHI KOMNOHEHMU, AKI
6ioousarome aAxicmo enekmpuunoi enepeii. Ilpakmuuna 3nauumicme. Komnonenmu nomyscnocmi, ma nokasHuku nepeoaui
eNneKmpuynoi enepeii Modscymo oymu 6UKOPUCHMAHUMU 6 CUCIEMAX MEXHIUN020 00NIKY 0114 UMIPIOBANHA 00cA2i6 AKICHOI ma
HeaKicnol enepeii. bion. 12, puc. 6.

Kniouoéi croea: MOTYKHICTh €JIeKTPHYHOI €HEPrii, NOKA3HUKH AKOCTi, HOPMA MOTYKHOCTI, KUILKICTL Ta AKICTh €1eKTPUYHOI
eHeprii.

Ienv. Pazpabomka memoouxku onpeoenenus KOMHOHEHmM MOUWIHOCHU, 8 OOHOPAZHBIX UENAX ¢ NONUAPMOHUYECKOM MOKOM U
HanpsaxceHuem, Ona Gopmuposeanus nokazameneil nepeoayu rnekmpuieckoii Inepeuu. Memoouxa. Hcnons3ya meopuio paooe
Dypve u Inemennul anzedpvl 102UKU, OMMEYEHHbIE 0COOEHHOCMU BbIHECEHUS 3HAKA OPMO2OHATbHBIX KOMNOHEHM MOUWHOCIMU 8
3a6UCUMOCIU OM KOMOUHAUUU HOMEPA 2AGPMOHUK MOKA u Hanpaycenus. Pezynomamel. Omoenas akmugnylo u peakmugeHyio
MOUWHOCMU OCHOGHOU 2APMOHUKU MOKA U HANPANCEHUA; AKMUGHYIO U PEAKMUGHYI0 MOWHOCHU; KAHOHUYECKIe KOMNOHEHNIbL
MOWIHOCMU; HEKAHOHUYECKUEe KOMNOHEHMbL MOW{HOCHU, NPeOlodCeHbl NOKA3amenu Kauecmea nepeoauu IieKmpuyecKoil
snepeuu. Hayunasa noeuszna. Mowinocms, npedcmagieHHaa mpuzoHomempuyeckum paoom @Pypve, codeprcum KaHoOHUYEeCKue u
HeKAHOHUYeCKUue KOMNOHEHMbl, KOMOpble OMpPAMcaiom Kawecmeo rneKkmpuyeckoi nepzuu. Ilpakmuueckas 3nauumocme.
Komnonenmuvt mowpocmu, u nokazamenu nepeoauu 31eKmMpuiecKoii IHeP2uu moym Oblinb UCHONb3IO6AHBI 6 CUCHEMAX
MeXHUYeCcK020 yuema 014 U3MepeHus 00vemo8 KauecmeeHHoll U HeKayecmeenHoll Inepzuu. bubn. 12, puc. 6.

Kniouesvie cnosa: MOIHOCTD JIEKTPUYECKOH IHEPrHH, MOKA3aTeJH Ka4ecTBa, HOPMA MOIIHOCTH, KOJHYeCTBO H KAa4eCTBO
3JIeKTPUYECKOI JHePIUH.

Introduction. In the electric power, introduced that characterize the mode — S1-S8 [1]. Here, a

electromechanical and electrical engineering systems and
complexes, when solving the problems associated with
the transformation of electric energy into other types of
energy, the balance of energy or power is used. This
allows to check the result of the task solution and estimate
the distribution of power flows. In most cases, the balance
consists of values averaged over a certain period of time.
For a category of problems with stationary processes,
such an approach is rational.

In the case of a transient process, such as
transforming the power of electric motors in an automated
electric drive of technological mechanisms characterized
by variable power consumption, additional parameters are

certain period of time — a cycle is considered. Equivalent
mode parameters are used for the cycle, in particular —
equivalent power [2].

In modern systems, the generation, transportation
and consumption of electric energy are carried out by
alternating current except for traction networks of direct
current, onboard networks of vehicles, and specialized
inserts of direct current [3]. The latter only in a certain
approximation operate with direct current, in the general
case, the current is alternating.

When operating networks that provide electric
energy consumers, regardless of the nature of the current,
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problems arise in the account of electrical energy. For DC
networks, the average (at a specified interval) power
value is used as the accounting indicator, for AC networks
— active and reactive power [4, 5]. In this way, the volume
of electric energy is accounted, and reactive power in
some way characterizes poor quality. The reactive power
is uniquely determined for periodic monoharmonic
currents and voltages. In case of distortion of current or
voltage, for accounting indicators determined by averaged
current and voltage are used. The resulting poor quality of
electric energy is estimated by certain indicators,
normalizing their acceptable values [6], but accounting
low-quality energy is not performed.

Analysis of previous research. A well-known
Standard [7], which is a product of many years of work by
a group of scientists, declares a certain number of
components of electric energy power, each of which
reflects characteristic indicators. The determination of the
power components of electric energy occurs on the basis
of the currents and voltages presented in the trigonometric
form of the Fourier series. Using well-known vector
forms and concepts of full, active, inactive, reactive
power, distortion power, for three-phase circuits of
corresponding fundamental powers of direct, zero and
reciprocal sequences, the authors sufficiently multifaceted
define a characteristic of the electric energy flux. These
power components are based on the Budeanu concept and
are criticized [8, 9] from the standpoint of determining the
harmonic components of power based on harmonic
current and voltage. In [10] the question of the formation
of power components, both as power source and elements
of electric circuits, both with linear and nonlinear
characteristics, is considered in various ways. As in the
works previously mentioned, the authors are based on the
representation of periodic currents and voltages in the
trigonometric form of the Fourier series. The
substantiated [11] procedures for the determination of the
volt-ampere characteristics of nonlinear elements are also
based on the representation of current, voltage and power
by periodic polyharmonic functions. The last group of
works emphasizes the observance of the law of
conservation of energy and the implementation of the
Tellegen theorem.

Problem definition. The differentiation of the
power component provides an opportunity for a certain
assessment of the energy process [7]. The analysis of
processes in electric circuits using the representation of
currents, voltages and powers by polyharmonic functions
is used for tasks of identifying parameters and
characteristics of circuit elements [11]. In spite of the fact
that in both cases the polyharmonic current and voltage
are the basic, the determination procedure and the
resulting power components are different. In the latter
case, the law of conservation of energy is provided, which
makes it more favorable for assessing the indicators of
transmission of electricity. But the order of determining
the components of power requires algorithmization, and
as a consequence the problem of determining the
indicators that reflect the poor quality of the flow of
electric energy, arises.

The goal of the work is the development of a
method for determining the components of power of

electric energy in single-phase circuits with polyharmonic
current and voltage, for the formation of indicators of
transmission of electric energy.

Main material and results of investigations. In the
theory of linear circuits with energy sources which
determine the monoharmonic currents in the branches and
the corresponding monoharmonic voltages in the nodes,
for example

u=+2U sin(et +w,, )

i=~21 sin(a)t +y; ),
where U, I are the effective values of voltage and current;
w., W are the initial phases of voltage and current; o is

the angular frequency, based on the corresponding power,
active P, reactive Q and full § powers are introduced:

p=ui= Jau sin(or + v, )\/EI sin(or + ;)=
=UI cos(y/u -y )COS(O)— Ul cos(y/u +y; )cos(2a)t)—
-uI sin(l//u -y, )sin(0)+ Ul sin(l//u +y; )sin(2a)t) =
= Pcos(0)— Qsin(0)— S cos(2art +w,, +v; ).
We emphasize the well-known fact that the full

power in this case is determined by the product of
effective values of current and voltage. At that, obviously

2 . 2 2
(07 cos(y, —y )P + U1 sinly, )P [= 7P
P2+ 02]=52.
In the case of polyharmonic currents and voltages
u= Z\/EUk sin(ka)t +W ok ):
k
= \Ez (U} cos( . )sin(kar )+ Uy, sin(y, )cos(ket ) =
k
= Z(Ua.k sin(ket )+ Uy ;. cos(keot )
k
i= Z\/Eln sin(not +y;, )=
n
= \EZ (1, cos(y;, )sin(kar)+ I, sin(l//m )cos(ka)t)) =
n
= Z(Ia.n sin(nat)+1,, cos(nat)),
n
where k, n are the numbers of harmonics of voltage and
current; U, I, are the effective values of harmonics of
voltage and current; i, Wy are the initial phases of
voltage and current; U, ;, U, are the amplitudes of cosine
and sine components of harmonics of voltage; 1 ,, I, are
the amplitudes of cosine and sine component of
harmonics of current, expression for power is
considerably complicated
pP= ZUkIn COS[(k - n)a)t YWk —Vin ]_
k,n
- ZUkIn COS[(k + n)a)t TWuk T¥in ] >
k,n
As indicated in [12] from the last expression, the
instantaneous power function contains harmonics whose
order (s) is defined as the difference (k — n) and the sum
(k + n) of the orders of the harmonics of voltage and
current, that is s = k £ n. Thus, instantaneous power

P=D Py =P0+P1+ -+ Py tot Ppin +t P2y (2)
N

)
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where the numbers of harmonics are defined by the set
Z=1{0,1,2,...,s, ..., z}. The spectrum of the harmonics
of the power function depends on which harmonic
numbers are represented in the voltage and current
spectrum. It must be borne in mind that different, but
certain combinations of harmonics of voltage and current
form harmonics of power of one order (for example, if
k=n + 1, then the difference s = k — n equals one for any
numbers s = k£ and s = n), so the actual number of
harmonics of power may be less than maximum, but not
less than twice the number of harmonics of voltage or
current.
In this case, it is accepted to use active, reactive and

full power in the form

P=py= ZUkIn COS(‘//uk ~Yin );

k=n
0= ZUkIn Sin(‘/luk _l//in)ﬂ
k=n

S=yP?+07,

but as is known from the functional analysis, the Cauchy-
Budianovsky-Schwartz inequality is fulfilled [6] and in
the case under consideration, as noted in [4, 12]:
S# UL

Without going into Budeanu theory and its
generalization in work [4] in the part of inactive power
and components of the distortion power, we consider the
order of formation of the power components of (2) based
on (1).

In [12] the conditional distribution of the power
components is used in the form of the sum:

pP=pot Z(pa.c.s +pb.c.s)+

s=k+n
s=2k=2n
3)
+ Z (pa.pc.s + Pb.pc.s )+ Z (pa.nc.s * Phonc.s ) >
s=kxn s=ktn
s=2kN2n s#2kM2n

where py is the zero component of power (active power)
for all harmonics; p,.; are the cosine canonical
components; p., are the sine canonical components;
Dapes are the cosine components of non-canonical order —
pseudo-canonical components; py,., are the sine
components of non-canonical order — pseudo-canonical
components; p,..s are the cosine noncanonical
components; pj ... are the sine noncanonical components.

Direct calculation and differentiation of indicated
power components by expression (1) requires a lot of time
and effort. Therefore, an algorithm for calculating the
power components, the general form of which is shown in
Fig. 1, is developed. The algorithm can be divided into
four stages: preparation of measured signals of current
and voltage; fast Fourier transform of voltage and current;
definition of power components; calculation of indicators
of transmission of power of electric energy.

At the first stage, the measurement of current and
voltage, depending on the characteristics of the
equipment, setting the discretization rate, discretization
time and the maximum number of harmonics. Also,
instantaneous power and its quadratic norm are

N

d=1/f

N - N

N=T/dt
j=1.N

|

u=u(jdt)
i=i(jdy)

-

I

Measurement of voltage
and current of network
phases

—Setting the frequency,
discretization time and the

| maximum number of

harmonics

Determination of the signal
period and the number of
discretization points

Discretization of network

7| phases voltage and current

Calculation of instantaneous

"I power and its norms

—

| |—

FFT(i)

oy

y

Lan, Tn

-

[ |—

Pines
P b.nc.s

|

- |- =

'

4p1>90.

'

dp->4p

Y

&
3

~

Fast Fourier transform

Determination of orthogonal
components

Determination of canonical

and noncanonical

orthogonal power
components

Calculation of degree of
active and reactive power by
the main harmonic ‘

Calculation of degree of

T active and reactive power

Calculation of degree of
transfer of power by
canonical components

Calculation of degree of

transfer of power by
noncanonical components

Fixing of power components
and indicators of its quality

End

Fig. 1. The algorithm for determination of power and its
qualitative indicators
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determined. At the second stage, fast Fourier transform of
voltage and current is performed, as a result of which
their orthogonal components are determined. On the basis
of this, at the third stage, the definition of canonical and
noncanonical power components is performed. The
procedure for determining these components has a certain
peculiarity and can be implemented by performing the
algorithm shown in Fig. 2.

P =P +P

Cycle for £
from 0 to Z

Fig. 2. The algorithm for determining orthogonal power
components

Cycles of the definition of orthogonal power
components, the input in each of which is indicated by the
number 1, and output by the number 2 (see Fig. 2), by the
structure are the same. The specified cycles differ in the
essence of the conditions and are shown in Fig. 3-6. As a
result of calculations by the algorithm (Fig. 2) using
cycles (Fig. 3-6), for all combinations of harmonics of
current and voltage, the following components of power
are determined:

1. Active and reactive power of the main harmonic of
current and voltage

{Pa.l—l =0.5(Uq L1 +Uplp1 )
Pyio1 =0.5(U g 1Ip1 ~Up i)
2. Active and reactive powers
Fi0=05 Z(Ua.kla.n +Upilpn );
k—n=0 (5)

Po=05 > Uyrlpn—Upilan)
k—n=0

3. Canonical power components (k = n)

“4)

0.5 Z(Ub.klb.n - Ua.kla.n)’
P ‘k+n‘=s
a.c.s
0.5 Z(Ub.k[b.n + Ua.kla.n );
‘k—n‘=s
(6)
0.5 Z(Ua.k[b.n + Ub.kla.n );
‘k+n‘:s
Fyes = .
0.5 > Uailpn —Upilyn)signlk —n)
‘k—n‘=s
4. Noncanonical power components Pg,,c;, Phucs

which are calculated by the system of equations (6) at the
condition (k # n).

Ps = O'S(Ubkllm - Uaklan)_

])s = O'S(Uaklan + Ubklbn) ™

P =0 ";1{:13&_41334»@

Fig. 3. The cycle of definition of cosine canonical components

P=05(U,I

bk~ an

p=0 Yol =p+ri—(2)

Fig. 4. The cycle of definition of sine canonical components

Thus, the power can be represented in a
trigonometric form by the following series
p="F;pco0s(0)+ Z(Pa.c.s + Fyne.s )COS(S(OI‘)+
s#0
+ B, ¢sin(0) + Z(Pb“ + B s )sin(sa)t),
s#0
The above-mentioned  power  components
characterize in a certain way the process of transmission
of electric energy. In general, this process can be
characterized using a quadratic power norm

+ Uul« Ibn ) ]

t+T

1 2
=7 [t
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])s = O'S(Ubklbn - Uaklan ) ]

})S = O'S(Uaklan + Ubk[bn) ™

Fig. 5. The cycle of definition of cosine noncanonical

components
i +
’ +
P =0 Y,

S p-rirf—(2)

Fig. 6. The cycle of definition of sine noncanonical components

PS :0~5(Ubk]an+UU](1bﬂ) ]

P=0.5(U,1

s ak® bn

7Uh,([(m)sign(k 7n) R

Using similar relations and previously used power
components, a number of indicators have been proposed
that characterize the process of energy transmission:

1. The degree of active and reactive power by the main
harmonic

Faar Byi-1
aP1=— g 2901 = -
R
2. The degree of active and reactive power

Fao Bro
ap =790 =7 "
Pl I
3. The degree of transfer of power by canonical

components
2 2
. SR+ Y B,
.= .
]
4. The degree of transfer of power by noncanonical

components
2 2
_ \/Z Pa.nc.s + ZPb.nc.s

e [l

These indicators reflect the
transmission of energy, both
consumption and generation,

quality of the
in the case of its
taking into account

components that are caused by higher harmonics of
current and voltage. These indicators require a detailed
substantiation from the standpoint of the processes of
energy conversion in electric circuits and can be
expanded, in particular, in part with regard to the
influence of the transition of pseudo-canonical harmonics
of power on canonical harmonics, the order of which
coincides.

Conclusions and directions of further research.

The methodology and procedure for determining the
power based on the measured current and voltage are
proposed, as a result of which the power components and
indicators of its quality are recorded.

For circuits with polyharmonic currents and voltages
on the basis of their orthogonal components, using known
power distribution division into constant, canonical,
noncanonical components, a calculation algorithm and
corresponding cycles for each of the components are
developed.

A set of indicators characterizing the process of
electric energy transmission taking into account quality is
determibed: the degree of active and reactive power by
the main harmonic; the degree of active and reactive
power; the degree of power transfer by canonical
components; the degree of power transfer by
noncanonical components.

The proposed indicators need to be substantiated
from the standpoint of the physical processes of the
distribution of electric energy in the elements of electric
circuits, and more importantly, the power supply systems.
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