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YUK SOK GORGINLIKLI DOYi$ON COROYAN AC HAVA XSTININ
GUC ITKILBRININ OLCULMSSININ INTELLEKTUAL SiSTEM
Xulass

idarsetmada nozarstin intellektuallasdiriimasi miiasir elektrik enerjisi sanayesinin inkisafinda asas
tendensiyadir. Elektrik enerjisi senayesinds fardi komputerlar asasinda rejim parametrlarinin dlgllmasi va
geyds alinmasi Gcun universal 6lgl komplekslarinin va ixtisaslasdiriimis cihazlarin tatbigi ila Xattin
uclarinda aktiv gliclarin él¢tilmas yolu ile hava xattinds Umumi aktiv enerji itkilarinin miayyan edilmasing
maraq artmisdir. va korona gic itkilarini onlardan tacrid etmak. Kipnis-Samir relinearizasiya metodu
asasinda birbasa vaziyystin giymatlandirilmasi. Y aranan yeni geyri-xatti 6l¢l tanliklari diizbucagli koordinat
sisteminds kvadrat garginlikli polinomlara gevrilir. Metod, kvadrat dayisanlari tekrarlanmayan sakilda hall
etmok Uclin orijina sistemin daha yiksek 6lclll sistems iki gevrilmasindsn istifads edir. Daqiq dlgmalarls
bu Gsul coakili an kicik kvadratlar Usulu ila eyni naticslar verir. Haddindan artiq yikssk garginlikli hava
xattinin uclarinda carayan rejim parametrlari asasinda rejim parametrlarinin va hava xattinin dévrasinin
operativ giymatlandirilmasinin monitoringi Ugun ixtisaslasmis sistemdan istifads edilmasi taklif olunur.
Olgma sisteminin sistematik xatasi miiayyan edilir. Hava xattinin uclarinda rejim parametrlarinin eyni vaxtda
Olcllmasinin eksperimental tadgigatlari intellektual 6lgma vasitalarini va ixtisaslasdiriimis 6lgma sistemlarini
Ozlnds birlasdiran avtomatlasdiriimis sistem asasinda Azarbaycan enerji sisteminin ultra yukssk garginlikli
hava xattinin nimunasinds apariimisdir. 7 glin srzinds orta hesabla 10 daqige geydiyyata alinmis fardi
kompliterlarla. Hava xatlarinin baslangicinda ve sonunda hava xatlarinin elektrik parametrlarinin
monitoringinds sistematik sshvlar taxminan 0,1 faiz teskil edir ve 6l¢gmalarin mitlag dayarlari 0,5 MVt
daxilinds dayisir. MUayyan edilmisdir ki, 6lcma daqiqgliyi miasir intellektual 6l¢gma sistemlarinin slds etdiyi
hadlar daxilindadir. iterativ olmayan relinearizasiya metodu asasinda rejim parametrlarinin veziyyatinin
giymatlandirilmasinin naticalari yikssk garginlikli hava xatlarinin rejimlarina operativ nezarst zamani hallin
caldliyi va etibarhli§i baximindan UsttnlGklara malikdir.

Acar sozlar: hava xatlari, yukssk garginliklar, PMU 6lgmalari, aktiv enerji itkilari, tac itkilari.
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INTELLIGENT SYSTEM FOR MEASURING ACTUAL
POWER LOSSESOF AC OVERHEAD LINE
Summary

Intellectualization of control is the main trend in the development of modern electric power industry.
With the introduction of universal measuring complexes and specialized devices for measuring and recording
mode parameters based on persona computers in the electric power industry, interest has increased in
determining the total active power losses in an overhead line by measuring active powers at the ends of the
line and isolating corona power losses from them. Direct state estimation based on the Kipnis-Shamir
relinearization method. The resulting new nonlinear measurement equations become quadratic voltage
polynomials in a rectangular coordinate system. The method uses two transformations of the original system
into a system of higher dimension to solve quadratic variables in a non-iterative way. With accurate
measurements, this method gives the same results as the weighted least squares method. It is proposed to use
a specialized system for monitoring the operational assessment of the mode parameters and the overhead line
circuit based on the current mode parameters at the ends of the ultrahigh voltage overhead line. The
systematic error of the measurement system is determined. Experimental studies of simultaneous measure-
ments of the mode parameters at the ends of the overhead line were carried out using the example of an
overhead line of ultra-high voltage of the Azerbaijan energy system based on an automated system that
includes intelligent measuring instruments and speciaized measurement systems with personal computers
with registration with an averaging time of 10 minutes over a period of seven days. Systematic errors in
monitoring the electrica parameters of overhead lines at the beginning and end of overhead lines are about
0.1 percent, and the absolute values of measurements vary within 0.5 MW. It has been established that the
measurement accuracy lies within the limits obtained by modern intelligent measurement systems. The
results of estimating the state of the mode parameters based on the non-iterative relinearization method have
advantages in terms of speed and reliability of obtaining a solution in the operational control of modes of
overhead lines of ultrahigh voltage.

Key words: overhead lines, extra-high voltages, PMU measurements, active power |osses, corona losses.

NHTENNEKTYAJIbHAA CUCTEMA N3MEPEHWA NMOTEPb AKTWBHOW
MOLWHOCTW BO34YLLUHOW NNHWNI NMEPEMEHHOITO TOKA
AHHoOTaumA

WHTennekTyanusauma ynpaeneHus SBASETCS OCHOBHOW TeHAEHLMeR pa3BuTUS COBPEMEHHON 3MEKTPO3-
HepreTukn. C BHeAPEHNEM YHUBEPCAbHBIX N3MEPUTENbHBIX KOMMIEKCOB U CreLManM3npoBaHHbIX YCTPOi-
CTB W3MEPEHNS N PEerucTpaumy napameTpoB PeXXMma Ha OCHOBE MepPCOHANTbHBIX KOMMbIOTEPOB B 3/1EKTPO3-
HepreTuke, MOBLICU/ICA WHTEPEC OMPefeneHu0 CyMMapHbIX MOTepb aKTWBHOM MOLLYHOCTW B BO3LYLUHOMN
JIHWK MO N3MEPEHUSAM aKTVBHbIX MOLLHOCTER Ha KOHLAX IMHAU U BbIAENEHUIO N3 HUX MOTEPb MOLLHOCTU
Ha KOpPOHY. HemnocpeACTBEHHOE OLIEHVBaHME COCTOSHMS OCHOBaHHas Ha MeTofe pennHeapu3sauyum KunHuca-
LLlamupa. MonyyeHHbIe HOBble HeMMHEMHbIE YPaBHEHWS U3MEPEHUI CTAHOBATCS KBaapaTUYHbIMU NOAMHOMa-
MW HanpsKeHWs B NPAMOYro/bHOW CUCTeMe KoopauHaT. B MeToge mcnonb3yeTcs fBa npeobpasosaHus
MCXOAHOM CUCTEMbl B CMCTEMY OOMbLUEA PasMEPHOCTM AN PelleHWs KBagpaTUYHbIX MEPEMEHHBIX He
NTepaLMOHHbIM CMOco60M. Mpy TOUHbIX M3MEPEHUSX 3TOT MEeTOZ AaeT Te XKe pesynbTaTbl, YTO U MeToq
B3BELLEHHbIX HaUMEHbLUMX KBafgpaToB. [lpednaraeTcsi MCMOMb30BaHWE CMELMAN3MPOBAHHON CUCTEMBI
MOHWTOPWHIa OMEepaTMBHON OLEHKU MapaMETPOB PeXMMa U CXeMbl BO3AYLUHOW SIMHUM MO TeKyLyM
napaMeTpam peXkrMmMa Ha KOHLaX BO3AYLLHOWN MHUM CBEPXBLICOKOrO HanpskeHus. Onpefenserca cucteMa-
TUYeckas MOrpeLIHOCTb CUCTEMbI M3MepeHus. MpoBefeHbl SKCMepPUMEHTaNbHBIE UCCE[0BaHUS OLHOBpe-
MEHHbIX M3MEpPEHMWI NapamMeTpoB PeXMMa MO KOHLAM BO3AYLUHOA IMHUM Ha NpUMepe BO3AYLLHOW MHWK
CBEPXBbICOKOIO HanpshkeHns A3sepbailfpKaHCKO 3HeprocucTembl Ha 6ase aBTOMaTU3MPOBAHHON CUCTEMbI
BK/IOUAIOLLME VHTENNEKTYaNbHble U3MepUTe/bHbIE NPUOOPLI N CNeLManM3NpoBaHHble CUCTEMbI U3MEPEHUIA
C MepCOHa/IbHbIMI KOMMbIOTEPAMM PerucTpaumeit ¢ BpeMeHeM ycpefHeHns 10 MMH 3a MPOMEXYTOK Bpeme-
HU CemMn CyTOK. CUCTEMAaTMYeCcKue MOrpeLlHOCTM MOHUTOPUHIA 371EKTPUYECKMX MapamMeTpoB BO3AYLUHbIX
NVHWIA B Havane n KoHue BJ1 coctaBnseT okono 0.1 MpOLEHTOB, a abCoMOTHbIE 3HAYEHUS WU3MEPEHWIA
MeHsoTCs B npegdenax 0.5 MBT. YcTaHOBNEHO, YTO TOYHOCTb M3MEPEHNUIA NexaTb B Npeaenax, noayvaembix
MO COBPEMEHHLIM WHTENNEKTYaNbHbIM CUCTEMaM W3MepeHWs. Pesy/bTaTbl OLEHWBAHUA COCTOSHUS
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napaMeTpoB Pexmma Ha 0CHOBaHWUM 6e3 UTepaLMOHHOr0 MeToa peiMHeapm3aLv UMeeT NpermyLLecTBa rno
ObICTPOLENCTBMIO M HaAEXHOCTM MOAYYEHUS PELUEHMS MpW  ONEpPaTVBHOM YMPaBEHUM PEXMMaMM
BO34YLUHOM NMMHUIA CBEPXBBLICOKMX HaMPSXKEHWIA.

KnioueBble cnoBa: BO3A4YLUHblE JIMHUW, CBEpPXBLICOKME HanpsmkeHus, u3MmepeHns PMU, noTepu
aKTWBHOW MOLLIHOCTK, NOTEPY Ha KOPOHY.

1. Introduction

Active resistance, active and capacitive line conductivity and, accordingly, power losses for wire
heating and corona in real conditions vary depending on the ambient temperature and
meteorological conditions of the line route. Wire resistance is a function of current density, ambient
temperature, and wind speed and rainfal rate. In this regard, the operationa identification of the
parameters of high voltage overhead lines, taking into account real operating conditions, is of great
importance. Measurements of corona power |osses on operating transmission lines are necessary to
study corona losses; optimal control of voltage and reactive power modes; technical and economic
analysis of the operation of OHL, in the exchange of electrical energy between power systems.
Recently, a concept has been developed for a high-voltage network using a Phasor M easurement
Unit (PMU) monitoring system, FACTS (flexible aternative current transmission system) devices,
intelligent computer methods [1-2].

The SCADA (Supervisory control and data acquisition)measurements vector - used in the
traditional formulation of electric power system (EPS) state estimation (SE) has the form:
y:{RinvPij [Qijnuia'ix'ij}

The measurements from conventiona SCADA system does not contain phase angle
measurements due to the technical difficulties associated with its synchronization.

Power loss estimation based on the difference in active power at the ends of transmission lines
can be perform using SCADA and PMU measurements, as well as a dedicated measurement system
for transmission lines[3-5].

Under equal conditions, only due to the non-simultaneity of SCADA measurements (4-10 sec),
fluctuations in the difference in active power of the OHL vary within 0.5+2 MW. In this case, the
limits of change in the values of the measurement error of total losses are 2.9+11.8% [5]. Taking
into account the systematic error of the measuring complex of the power (0.2%), the errors of
SCADA measurements at the ends of the OHL can bein the range of 4.5+12.3%.

In connection with the introduction of equipment for synchronized vector measurements - PMU,
the measurement accuracy of voltage module, power and phase angle reached 0.1%, 0.2%
and 0.018 degree, respectively.

2.Method

Thetotal losses of active power in theline arethe sum of thelosses for heating the wires APnand for
the corona power losses AP: The measurement of the total losses in the OHL can be perform by the
differencein active powers(P1, P2) at theendsof theline,

APx = P1 - P2 +TMgs + Mrandom, (1)

Where lMgs and Mrandom are the systematic and random components of the measurement error,
respectively.

Since the values of active power at the ends of the line are quite close to each other, the error in
determining the total losses can be large.

At present, there is no sufficiently developed theory of identification of the mode of ultrahigh
voltage overhead lines. The analysis of modes performed using inaccurate measurements, changes
in real operating conditions. In this regard, an urgent problem arises of determining the electrical
parameters of power transmission lines.

Temperature change affects the change in active resistances of current transformer (CT) and
voltage transformer (VT), respectively:

R=Ry (1+ C‘(tamb - 20)) )
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where Rz is the specific active resistance at a wire temperature of 20°C; o = 0.004 — temperature coefficient of electrical
resistance of steel-aluminum wires, 1/deg; tanb- ambient temperature °S.

To control the operating modes of transmission lines and establish statistical regularities in the
distribution of power losses to the corona by seasons and hours of the day, continuous accounting
and processing of information is required. This also makes it relevant to improve the measurement
technique for studying the corona power losses on the wires of existing power transmission linesin
real conditions of their operation [5].

An antenna corona loss meter used at the beginning and end of the OHL [5].

Evaluation of power losses based on the difference in active power at the ends of the PTL can be
performing using an automated speciaized measurement system and intelligent measuring devices
(seeFig.1).
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Figure 1. Circuit for measuring power losses of OHL

The weather station for automatic measurements of meteorological parameters allows measuring
of: air, soil and water temperature, wind speed and direction, atmospheric pressure, amount and
intensity of precipitation.

The state estimation errors, depending on the used model, have values comparable to the
measurements of the mode parameters. In this regard, the requirements for the permissible errors of
the method when modeling the OHL mode become relevant.

Traditionally OHL represented as 1-scheme [5]. The proposed method for increasing
the accuracy of modeling of the OHL mode based on its representing in the form of T-
shaped sections (Fig. 1).

The task of the EPS SE consists in the calculation of the steady state conditions at information
redundancy with errors. The mathematical basis of SE isthe least square method (LSM).

The states (x) and given set of measurements (z) related by equation: z = hj(x) + g, where h(x)is
the nonlinear function relating the error - free measurements to the system states and formed by
load flowequations.

Weighted least square method (WL S) minimizes the criterion [3]

()=(-y (%) RHy-y () 4

where x = (9, U) is the state vector, which consists of modules U and phase angles & of voltages
of all nodes of the EPS, except the base node phase; y = f (X) - measured mode parameters; z = @
(x) unmeasured mode parameters; Ry- diagonal measurement variances matrix.

To solve the SE problem, in [3] the method of test equations has been developed and
implemented in software.

Iterative methods work well for SE, but these methods require an initial approximation and can
run into convergence problems.

Thus, the SE is highly time consuming and infeasible for on-line implementation. To control complex
PSs, real-time SE is required, which requires the devel opment an application of specia agorithms.
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The non-iterative direct SE proposed in [6-8] based on the Kipnis-Shamir relinearization method.
In this method, the measurement equations, which are the voltage value at the node of the power
line and the power flow equations in rectangular coordinates. In this case, the nonlinear
measurement equations become quadratic voltage polynomials. Then two transformations of the
original system to a higher-dimensional system to solve the quadratic variables using non-iterative
method are used. For the T=model of the transmission line shown in Fig. 2, the measurement
equations presented as.

rij Xi
° 1 N‘J’“ o
U U,

Gi @‘ Bi Bj ?q

Figure: 2.111 -model of the power line

Py= 0, (U, P 4(U] 2=V, W) -0;U; oty ) ) -0 )

Q =by{(U))?+(U] 2 -U; W] -U U] J+ g, (U] U U b (U; 2+ (U7 )2)
Ry X
=, bi' =,
zg' "z
Where Rjj, Xjj, Bsare the active resistance, reactance and conductivity of the OHL, respectively.

Since the nodal power equations are linear with respect to the quadratic terms of the voltage,
they represented in matrix form

%<7 (6)
where C consist the measured values, § is the vector of voltage variables, and A; is the matrix of

coefficients for & The i1 and j indices are not associated with node numbers. After the
transformations of the variables, system (6) represented in the form

i Zij2 = Rij2 + Xij2

[AB]WD:C
74 7 (7

where A contains linearly independent columns of A¢, and B contains the remaining columns A,
Y isavector of elements & corresponding to A, and Z is a vector of elements corresponding to B.

In the transformed system, Y expressed in terms of Z and measurements values C:

Y=d+DZ,d=(ATA)A'C, D=~(A"A)*A'B 6)

Software for the non-iterative SE method implementation for AC overhead line has been
devel oped.

PMU measurements modeled by noising the power flow results according to the normal random
numbers distribution law. Reference measurements:

Uj=102 U;=0U;=095633U; =-02923 p, =7 20544, Q1,=-0.8483, Where ” - true, and" - isimaginary

part of voltage, respectively X1 =Y1; X2 =Uz x5 =U; %4 =U,
Let’s form matrices of measurements and coefficients C, A, B:

[11.03886771 [
g O o H b ° 0 ° H oPH oo
) 51.0013%711 0,.0 o 1 0 0 0 gldo OO
07.22128855 U 0230241519 0 -2.29541519 -23.66652208 [ 0o OO
o n @i M r M Onno 0o
[-0.84807473 [ [P2.03027208 0 -23.66652208 2.29541519 [] MmO
Y=d+DIZ
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HO H [11.03886771 []
T -1 T D—l O T -1 T D1.001327ll O
D=-\Aa)] AB= d=\A' RAC-=
( ) Ho E ( ) Uo.97392374 U
0o 0O [-0.29851907 []
The unknowns are determined from the matrix equation:
11.03886771 0 [] []1.03886771 [

O
(100132711 -1 1 [0 [j0.91574827
y:: am =
Ho.97392374 0 l_l[;zm Eo.97392374 H
[+0.29851907 0 [] [+0.29851907 []
Passing to the original notation, we get: x1 =Vy1 =1.01775; xs =0; X» =0.95633; X4 = -
0.29324.The root-mean-square error of the voltage estimate in relative units was 0.00107.
The need for a large number of measurements is a potential disadvantage of the non-

iterative method.

The characteristics of the errors of CT and VT refer to a specific sample. Actually each certain CT and VT have their own
specific characteristics of errors determined by mathematical models depending on the mode parameters of the measuring circuits
and operating conditions.

For practical tasks, it is necessary to determine the actual values of the measurement errors. Therefore, it becomes necessary to
determine the components of the MC errors, taking into account the actual operating conditions of the MC.

3. Results

To simulate the mode of OHL, calculations were carried out for 500 kV OHL with a phase
structure of 3xAS-330/43, ro= 0.029 Ohm/km, xo= 0.299 Ohm/km, bo = 3.74* 10°Sim/km.

The issues of economical operation of overhead lines and power losses in overhead lines
analyzed. To measure the parameters of the 500 kV "2"Absheronskaya' OHL, measuring and
computing complex of the "Siemens' company was used. The measurement accuracy is less than
0.1% for voltage and current and less than 0.2% for power.

At the known measured values of the mode parameters at the ends of the line and the known
value of corona losses simulated for good weather (11P«w) for the SE of measurement system we
have Pws = Ph + Pcfw + P2.

The curves of the active power losses of overhead lines 500 kV at averaging time of 5 minutes,
where APmeas, APact, APioad, APcor - the active power losses of the line respectively: total measured,
total actual, determined taking into account systematic error, load losses and corona losses are
presented in Fig.3.
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Figure: 3. Results of measuring power losses

4.Discussion

Devices and computers at the ends of the overhead line synchronized in time using the laboratory
model for measuring the parameters of the overhead line. To achieve synchronous measurements of
the mode parameters at the ends of the overhead line, the interna timers of personal computers
synchronized to the exact time from the Internet.
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The use of modern devices with technical characteristics similar to "SIMEAS Q" for the
measuring of active power with an averaging period of 1 sec and an accuracy class of 0.2 allows for
the measuring of current active power losses and the separation of corona losses of the EHV OHL
with the accuracy sufficient for practice. During the studies, transmission modes from 450 to 650
MW observed for 4 days under various weather conditions.

The results of statistical processing and smoothing show that for the measuring of the current
losses in the overhead line, one can select the smoothing period of 60-80 s.

During measurements for 4 days, the minimum value came on 02.21.2008 from 4:00 to 11:00 at
averaging time of 10 minutes. The range of changes in corona losses and other components on the
days of measurements ranged within 1.69 +5.4 MW.

Simplified simulation results in 1.5% error in loss simulation. Operational modeling of
systematic errors of the measurement system taking into account real operating conditions and
correction of the measurement result using the example of 500 kV overhead line show that due to
error compensation,

The accuracy of measuring of active power at the beginning of the overhead line for the
observed modes improved within 0.6 + 0.72 percent.

At the end of the OH this accuracy changes within 0.5 + 0.64 percent. The total estimate of the
relative improvement of active power measurements on the days of mode measurements was about
0.9 percent of the measured power value.

The systematic errors of the electrical parameters of overhead lines at the beginning and end of
the overhead line are about 0.1%, and the absolute values of the measurement complex vary within
0.1-0.8 MW (0.6 + 4.7%).

5. Conclusion

1. It has been established that the errors of the method of modeling the mode of ultrahigh voltage
transmission lines by simplified equations are comparable with the accuracy of measurements
obtained using modern intelligent measuring systems.

2. Representation of overhead lines by 3-5 links allows obtaining the accuracy corresponding to
the PMU accuracy.

3. Experimenta studies of the mode parameters at the ends of a 500 kV overhead line using a
specidized measuring system show that an averaging period of 1-10 s can be used to measure |0sses.

4. The solution of the OS problem by the non-iterative Kipnis-Shamir method does not depend
on theinitial approximation and has no convergence problems.
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