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DETERMINATION OF MEASUREMENT ERROR OF ELECTRICAL ENERGY
QUALITY INDICATORS BY THE CORRELATION METHOD

The problem of energy conservation is urgent not only for Ukraine but for the whole world. One of the main causes
of non-productive energy costs in the energy sector is high losses in power grids. The problem of electricity quality is the focus
of many researchers and practitioners of energy and electrification. The co-supply of single-phase and three-phase electrical
energy receivers from a three-phase four-wire network is widespread in the power supply systems of industrial enterprises. In
such cases, there is almost always a phase asymmetry of the load, as well as significant currents in the zero wire. These
factors lead to a decrease in the quality of the voltage and are the cause of economic damage. Organization of hardware
control of electricity quality indicators, organizational and economic mechanism of influence on the cause of deterioration of
electricity quality, development of methods and technical methods of distortion are important for normalization of electricity
quality. The error of the correlation method for measuring the unbalanced voltage of a three-phase network based on the
preliminary conversion of a three-phase voltage to a two-phase voltage with subsequent decomposition into orthogonal
components using a discrete Fourier transform is estimated.
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Cepriit ®IJIOHEHKO, Biramiit JIAPIH, Amxkenika CTAXOBA

HanionansHnii aBianiitauii yHiBepcuret, M. KuiB, Ykpaina

BU3HAUYEHHS NOXWBKHA BUMIPIOBAHHSI IIOKA3HHUKIB AIKOCTI EJEKTPAYHOI EHEPTTi
KOPEJISINIAHUM METOJIOM

Ha cywacHomy emani po3sumky npomucaosocmi npobsema eHepz2o3b6epexceHHs CMAaHO8UMbCS AKMYAAbHOK He Jauue 014
Ykpainu, a il 025 ecbozo ceimy. O0Ha 3 20.108HUX NPUYUH HEBUPOOHUYUX 3ampam eHepaii 8 eHepeemuyi ye 8ucoki mpamu 8 es1eKmpu14Hux
Mepedicax. [Ipobaema sskocmi enekmpoeHepeii 3Haxodumucs y yeHmpi ysazu 6azamvox doci0HUKI8 | npakmuyHux npayisHukie & ob.aacmi
eHepeemuku U enekmpudgikayii. CninbHe cusneHHs o0HogasHux i mpugasHux npuiimauie esekmpuuHoi eHepzii 8i0 mpudgpasHoi
YomupunpogioHoi mepesici 3HaX00uUMb WUPOKe NOWUPEHHS] 8 CUCMeMaX eJeKmponocma4aHHs npomucaosux nionpuemcms. TpugpasHuil
KOHMYp, 1K npasu./io, 6in1bW eKoHOMIYHULL, Hidc ekeisasreHmHull d6onposioHull o0HogasHUll 1aHYI02 3 MAKOK CaMOI0 Hanpyeow AiHil ma
3a3eM/1eHHsl, OCKIIbKU 0151 nepedadyi 3a0aHoi Kinbkocmi esekmpuvHoi eHepeaii sukopucmosyembucs MeHue mamepiasy npogidHuka. ¥ makux
8unadkax npakmMu4yHo 3ae8xc0U UHUKAE HECUMempisi HABAHMAXCEHHS 3a (aA3aMuU, A MAKONHC 3HAYHI cMpyMu 8 Hy/Abosomy npoeodi. Li
daxmopu npuzeodsimv 00 3HUNCEHHS sIKOCMI Hanpyau U € Npu4uHol HAPOOHO20CN00apcbkozo 36umky. /[as nidsuwjeHHs skocmi ma
HopMmaui3ayii enekmpoeHepezii 8axcAusuMu € opeauizayisi anapamHuo20 KOHMpOJIH0 NOKA3HUKI8 sikocmi esnekmpoeHepeii, op2anizayiiiHo-
EeKOHOMIYHULl MeXaHi3M 8Nn/augy HA NpU4uHy NozipweHHs sikocmi eseKmpoeHepeii, po3pobka memodie ma mexHiYHUX Memodi8 yCyHeHHs
cnomeopeHb esnekmpoeHepeii. O0HaK 8 peanbHOMy c8imi HeMoxc/Au8o idedanbHo 36aaHcysamu MmixcgasHy Hanpyzay 8 mpugazHomy
KoHmypi. Hanpyza mixc aAiHisiMu 8 mpugasHomy KoHmypi 3a3euyalii 3MIHIOEMbCS HA KiibKa 80/1bm, dje pi3Huys 6iibue 00Ho20 8idcomka
Modice nowkodumu deu2yHu ma iHwe obaadHaHHs. Hec6anaHcosana Hanpy2a 8UKAUKAE HEe30ANAHCOBAHULl cCmMPyM 8 06MOomKax 08U2YHA;
HeapigHO8aJICEHI cMpPYyMU BUKAUKAIOMb 36i/1bWEHHS CmpyMy NpuHailiMHi 0o oO0Hiei 3 06MOMOK ma nidsuujeHHs memnepamypu yiei
oomomku. Taki nideuweHi memnepamypu ckopouyiomb mepmiH ekcnjayamayii dsugyHa yu [HW020 00/A0HAHHS, WO Nnpu3sodums 00
nepedyacHozo 8uxody 3 .1ady 0641a0HaHHs. Tomy 0151 KOHMpPOAI0 HecuMmempii Hanpyau sukopucmogyiome Yyugposi Memoou uMipo8aHHs,
Wo 3acHo8aHi HA 06pob6Yyi mMummesux 3HaveHb Hanpyau. [as yux yisell 8 pobomi oyiHIEMbCS noxXubka kKopeasayiliHozo memody
8UMIpI08aHHS HecumMempii Hanpyeu mpugasHoi mepedici Ha ocHo8i nonepedHb0o20 nepemeopeHHsi mpugasHoi Hanpyau y d8ogasHy Hanpyzy
3 N00AIbWUM PO3KAAOAHHAM HA OPMO20HANbHI KOMNOHEHMU 3a donomMo2or JuckpemHoz0 nepemesopeHHs: Pyp'e. [lokazaHa Mmosxcaugicms
8U3HAYeHHs1 8I0HOCHOI NOXUOKU K8AHMYB8AHHS Hanpyau 380pomHoi nocaidosHocmi, w0 8HocumuvCsl nepewkodamu 8 yugposuil mMemod
BUMIPIOBAHHS HecuMempii Hanpye.

Karouosi cnosa: enekmpuuHa eHepzis, aKicmb enekmpoeHepeaii, 2apMOHIKU eHep2ocucmeMu, Memoodu po3paxyHKy, Hecumempis.

Introduction

One of the main conditions for ensuring the proper functioning of electrical equipment is the supply of
electricity, the parameters of which meet certain requirements for its quality. The main indicators of electricity
quality are related to such parameters as frequency and voltage deviation, voltage fluctuations, non-sinusoidal and
voltage asymmetry. To avoid prolonged malfunction of electrical equipment, the main indicators of electricity
quality should not go beyond their normal values.

Thus, the growth in the production and consumption of electricity makes ever higher demands on the
accuracy of its metering. One of the ways to increase accuracy is related to taking into account errors in real
working conditions. The purpose of this work is to evaluate the relative error of the quantization of the voltage of
the negative sequence introduced by the noise into the digital method of measuring voltage unbalance.
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Theoretical basis

The development of society is accompanied by an increase in electricity consumption. Intensification of
production, development of electrical engineering causes a sharp increase in energy intensity and concentration of
loads. There is a qualitative and quantitative evolution of industrial consumers. The number of nonlinear,
asymmetric, sharply varying industrial electricity consumers is increasing. Damage from the power supply
breakdown, reasons for the output of the power quality parameters at normalized values and the resulting damage,
these issues became not abstract. All this requires a comprehensive approach to energy quality issues.

The quality of electric energy is one of the most important requirements for the system of production,
transmission and consumption of electricity. Deterioration in the quality of electric energy leads to a decrease in the
reliability of power supply, an increase in energy losses, a deterioration in the quality and a decrease in the number
of products.

Asymmetry of voltage is one of the main indicators of the quality of electric energy. Considering the main
standards on the quality of electricity [1-3], we can derive a single asymmetry term as an indicator of the quality of
electric energy: the state of a three-phase alternating current power supply system in which the rms values of the
main components of the interfacial voltages or the phase shift angles between the main components of the interfacial
voltages are not equal between each other.

The symmetric three-phase system of voltages is characterized the same at the modul and the phase of
tensions in all three phases. At asymmetric modes of voltage in different phases are not equal.

Asymmetric modes in electrical networks arise for the following reasons:

1. not identical loads in different phases;

2. incomplete-phase operation of lines or other elements in the network;

3. different line parameters in different phases.

There are two types of asymmetry: systematic and random. Systematic asymmetry is caused by the non-
uniform constant overload of one of the phases, the random asymmetry corresponds to the unconstant loads, at
which different phases are overloaded at different times depending on random factors.

Asymmetry adversely affects the operating and technical and economic characteristics of rotating electric
machines. The direct sequence current in the stator creates a magnetic field that rotates at a synchronous frequency
in the direction of rotation of the rotor. The reverse sequence currents in the stator create a magnetic field rotating
relative to the double synchronous frequency rotor in the direction opposite to rotation. Due to these double
frequency currents, an electromagnetic torque and additional heating occur in the electric machine, resulting in a
shorter insulation life.

Asynchronous motors have additional losses in the stator [13]. In some cases, it is necessary to increase the
rated power of electric motors when designing, unless special measures are taken to symmetry voltage. In
synchronous machines, in addition to the additional losses and heating of the stator and rotor, dangerous vibrations
can start. Asymmetry shortens the life of transformer isolation and synchronous motors reduce the generation of
reactive power [4].

The total loss caused by asymmetry in industrial networks includes the cost of additional losses of
electricity, increase of deductions for renovation from capital costs, technological damage, damage caused by the
decrease in the luminous flux of lamps installed in phases with low voltage, and the shortening of the service life of
the lamps, installed in phases with high voltage, loss due to the reactive power generated by synchronous motors.

According to standard [1], the asymmetry coefficient of voltages in percent is determined from the
expression

g5, = (U5 /U,)100%, (1)
where U, - reverse sequence voltage; U,; - nominal voltage value.

It follows from (1) that the control of asymmetry of voltage is reduced to measuring the voltage of the
reverse sequence. To control the asymmetry of voltages, digital measurement methods based on the processing of
instantaneous values of voltages are used [5-6]. Control of asymmetry of voltage is complicated by the fact that in
real signals there is always interference, the value and statistical characteristics of which ultimately determine the
error of asymmetry. Such interferences can be higher harmonics, instrumental errors and measurement errors of
instantaneous voltage values [6].

Results

When operating the power supply systems, the asymmetry of the voltages of the three-phase network is
monitored. For these purposes, it is most promising to use digital control methods [7-9]. Digital methods are
characterized by sampling and quantization errors of input signals.

Measuring the asymmetry of voltages of a three-phase network is complicated by the fact that in real power
systems three-phase networks are "clogged" by higher harmonics [6]. At the non-sinusoidal form of the three-phase
voltage, the asymmetry is found in the fundamental harmonic. Correlative signal processing methods based on
discrete Fourier transforms are allowed to distinguish the fundamental harmonic with minimal error and in real time
[9-10].

We estimate the error of the correlation method of measuring the asymmetry of voltages of a three-phase
network based on the preliminary transformation of a three-phase network into two-phase, with the subsequent
decomposition of each phase into orthogonal components by means of a discrete Fourier transform [9-11]. In this
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method, the inverse sequence is described by an expression that allows us to calculate the quadrature components of
the converted three-phase voltage into two-phase:

U3 = 2 (V2 + V2 + W2 + W — 2 W, + 215, @
Converting (2), we write it in a more compact form
U2 =2+ W) + (W — )] 3)
2 g X ¥y x ¥ >

where Vx, Wx, V,, W, - quadrature components of voltage,

2 -1
Vy = —2ito v(t;) coswt;,

¥y
2 -1 .
Ve = ;E?;O v(t;) sinwt; ,
2 e
W, =— motw(t) cos wt;,

2 gm-1 :
We =—dizo w(t;) sinwt;,
where 1?(1“1-) and W(tt) - instantaneous values of two-phase voltage converted from three-phase;

t; = 2m;/(mw) - moments of sampling voltages v and w; m - number of sampling points.
Denoting (l";_, + Wy) = @, and (m — Vy) = @, we represent (3) in the form

1

2 2 2

Ui =@ + @3]

Since the negative sequence voltage is a function of U,z_ = f(®,, D), we d etermine its absolute error

ar ar 4

where from AU = - [@,A@; + ©,AD,].
On the other hand A(UZ) = 2U, AU,. Thus
AU, = —[©,40; + ©,A,],
2

where AD; = AV, + AW, and AD, = AW, — AV}, and the quadrature components of the phase errors are
determined from the expressions

m—1
AV, = - Av(t;) coswt;
i=0
m—1
2 :
AV, = — Z Av(t;) sinwt;
i=0

m—1 ! ®)
2
AW, = - Z Aw (t;) cos wt;

i=0

2 m—1
AW, = EZ Aw(t;)sin wt;
=0

ﬂv(ti ) and ﬂ.w(ti) - instantaneous values of phase quantization errors V" and .

Believing that the errors .*}.1?(1‘1- ) and ﬂ‘.w(ti) is small, in (4), we can restrict ourselves to the first term in the
Taylor series expansion.

For the mathematical expectation of the error (A Uz} we write the expression

(AUy) = %(@(ml) + D, {AD,)).

The brackets { ) mean averaging by ensemble. The condition stationary of the process allows us to write
the variance of the absolute quantization error of the input signal, determined by averaging over the ensemble with a
mathematical expectation which equal zero:
1 2 2 2 2
((AU,)?) = a1l? (@T(ADT) + DF(ADS) + 20, D,(AD,AD,)). ©)
]
We express the terms of formula (6) in terms of the quadrature components of errors the phase:

(AD,AD,) = (AV, + AW, ) (AW, — AY,) =

7
— (AV,AW,) + (AW, AW,) — (AV,AV,) — (AW, AV). @)
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We express the terms of expression (7) in terms of the instantaneous values of errors the phase
2
(AV, AW, ) = ;E 1ym-Yav(t;))sinwt; (Aw(t;)) sinwty.

Assuming the value of U(ti ) and W(ti ) are uncorrelate, we write
(Av(t)Aw(ty)) = (Av(t)XAw(t)) = 0,
then (AV, AW,.) = 0. Similarly, we obtain (ﬂWyﬂVy) = 0.

Another component of the expression (7):

(AW, AW,) = = T3t Frmiaw (L)) cos wt (Aw(ty)) sinwt.,

as {Aw (t;)Aw (t,)) = {i%,_iiihf:.

For stationary process & Tﬁ, = const, then
(AW, AW, ) = — 0’2 motcoswt; sinwt; = 0.
Similarly, we find that (AV, ﬂVy} = (). Substituting the obtained expressions in (7) we have
(A®,AD,) = 0, i.e. there is no correlation between random variables A@; and AD:
2 2 8
(Ad3) = ((AV, + AW,)") = (AV2) + (2AV,AW,) + (AW;2). (®)
Substituting expressions (5) in (8), we find
4 - .
(AV2) = Fzﬁol(ﬂv(ti)) sin? wt;

4 cme ; ©)]
(AW?) = Fzﬁﬂl(ﬂw(ti)} cos? wt;

Assuming the process is stationary, we can write @ 5 = Ap? (ti) and O ,f,- = Aw? (ti). Then expressions
(9) take the form

(AV?) = = o2 (AWP) = = ad; 10
(28V,AW,) = %E?’;—ﬂ - Hav(t,)) sinwt; {(Aw(t,)) cos wty.
Assuming 1?(1‘1- )and w (ti ) are uncorrelated quantities, we have

(Aw(t)Aw(ty)) = (Av(t)){Aw(t,)) =0,
ie. (241,AW,) = 0.

Similarly, for the terms (ﬂ@%) we ﬁnd

11
(AW2) = ZoZ (AV2) = ~aZ. (an
Substituting expressions (10) and (1 1) in (6), we obtaln
((AU)?) = — Uz [@2(02 + 02) + ®L(02 + od)]. (12)
If o, = g, = 0, then (12) takes the form
2
AU,)? 2 + (Dz
(@U)%) = o Simiz2 (@ )
We rewrite the last expression taking into account formula (6):
(ar,)?) =22 (9
2 9m

The variance of the error in quantizing the voltage of the negative sequence is determined by the expression
(13). The relative error of the quantization of the voltage of the negative sequence is determined by the expression

sy, _ V(A7 (1)
We substitute (13) into (14). Assuming that the asymmetry of the voltage of the three-phase network obeys
the normal distribution law, the error U5 is determined by the rule of three sigma:

fao? /
_ 9m
6U, =3 U, =

Multiplying the numerator and denominator of this expression by Uy, , we find

8U, — 2 90 (15)

m Uy Uz’

Uz
where o £5 - voltage unbalance factor.
n
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It should be noted that with a uniform distribution of the remainder from dividing the quantized quantity by
the quantization step ¢, the quantity BennmunnHa 0 = D.5qv’§ [12]. Then expression (15) takes the form
SU. — %a (16)
U, =

Jamuz’

where 8§, = q/U,, - relative quantization error.

Summary & Conclusions

Asymmetry is a serious problem of electricity quality, with a negative impact mainly on low-voltage
distribution networks. A successful solution to the problem of asymmetry, of course, leads to lower operating costs
and, most importantly, energy loss.

The error of the correlation method of measuring the asymmetry of voltages of a three-phase network based
on the preliminary conversion of a three-phase voltage into a two-phase with subsequent decomposition into
orthogonal components by means of a discrete Fourier transform is performed in the work.

According to standard [1], the voltage unbalance factor should not exceed 2%. Given the voltage unbalance

factor £; and knowing the digit of the ADC, the formula (16) can be used to calculate the relative error of
quantization of the voltage of the reverse sequence & U5 at different numbers of sampling points 2.
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