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Purpose. To analyze the development of the notion “Economic equivalent of reactive power” (EERP) and
deals with definitions of this concept in historical perspective.

Methodology. The method of researches is based on the theory of the electrical engineering at the use of
methods of regulations reactive power.

Findings. It is emphasized that the impact of the voltage change in the network on the alteration of resistance
losses from the var flow should be taken into account while doing the corresponding mathematical derivation and
introducing numerical illustration. Hence, absence of necessity to consider capacitive generation of overhead lines
has been proved computationally. Peculiarities of the regulating effect of voltage related to the reactive power and
EERP have been substantiated, which allows to treat them jointly within the framework of electromagnetic com-
patibility concept. It is stressed that in computing EERP it is reasonable to use assessed values of parameters,
which is illustrated by several examples.

Originality. Feasibility of using the method of incremental rates with partial derivatives has been theoretically sub-
stantiated. Incompleteness and incorrectness of the input information impact on the value of EERP have been assessed.
It was proved that regulatory documents or instructions are vital to standardize recommended methods of calculations.

Practical value. Approaches to project practices are also in the centre of attention. Analysis of the obtained
results allowed to give a quantitative assessment to the impact of voltage on EERP, as well as to the values of
minimal losses of reactive power. An approximate formula for assessing resistance of the external grid in comput-
ing EERP has been derived.

Keywords: reactive power, economic equivalent, methods of calculations

Problem statement. The notion of “Economic
equivalent of reactive power” (EERP) coefficient
Ce was introduced into practice of projecting com-
pensation of the reative power in industrial electri-
cal networks in the 1950—1960ss as a characteristic
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of supplementary loss of the active power in time or
per unit of additional reactive load, kW/kVAr. In
reference literature or educational books, one can
find alternative names for this parameter — loss co-
efficient, adaptation coefficient, loss reducation co-
efficient etc. We shall further use C, instead of
EERP.
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A number of EERP definitions reflect its physical
essence. For example, “EERP is understood as incre-
mention of active power losses in the entire network
together with increase in the reactive power of the net-
work unit (substation, power plant)”. Others define
EERP as specific active power loss increment related
to reactive power in the network node. Some sources
refer to RIPL — relative increment of power losses
[1, 2]. RIPL has been widely applied to the solution of
optimization problems (optimum distribution of
sources and loads in power engineering, modes of
power systems, most feasible composition of the oper-
ating machinery), and to the research into relative
power loss, which became the basis for the develop-
ment of EERP.

C, value is used in several mode calculations: for
example, computation of voltage and reactive power
regulation, designing rational substation layout and
determining the number of operating transformers or
other electric equipment, optimizing calculations in
electrical circuits of enterprises and power systems etc.

Analysis of the previous research. It is hardly
possible to get exact expressions for specific loss incre-
ments. V.A. Venikov claims that change of power in
the node is analogous to the values of other nodes.
That is why it is a generally accepted practice to use
approximate formulas taking into account allowances
that even for the maximum deviations of active and re-
active power the corresponding parameters in nodes
are considered unaltered. From practice we know that
C, and C, vary significantly. C; is related to losses of
power and energy, being the coefficient characterising
active power loss increment under the change of active
load. Thus, according to measurements’ results at en-
terprise central substations, the values of C, and C, dif-
fer sufficiently (by 1.5—2 times and more) in winter
and summer, in the daytime maximum and summer
load minimum: the same is true for nodes of 110 kV
mains [3 and others].

Itisknown from literature (textbooksby L. M. Zelts-
burg, A.A.Taitz etc.) that values of C, have been de-
termined with the help of approximate formula for in-
cidental loss of active power AP, during the change of
the node reactive power by AQ

AF,
C=—7- (D
AQ
The simplest transformation (skipping elementary
derivation) allows to obtain

=

where R — network resistance from the source buses
(power plant, substation) to load buses; Q — reactive
power on the consumer substation buses.

C, values known from literature are rather approxi-
mate in respect to power supply schematic and the
number of transformer steps. Thus, their usage in
computing reactive power compensation, though
helpful in a way, resulted in notable error.

(2
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Transition from calculations on the basis of finite
increments to computing C, by the method of incre-
mental losses known already in the 1920-1930ss, with
the use of partial derivatives and optimization methods,
has become an impetus for the development of EERP.

Here is the formula for computing EERP

d(AP)
e dQ °

After the necessary transformations for C,, we ob-
tain the above formula (1), which serves as the basis for
deriving other formulas used in computing C,.

Let us turn to characters and symbols used in the
“Method for calculating payment for the flow of reac-
tive power between power supplying facility and con-
sumers”. We will mark economic equivalent of the re-
active power C, by D. Formula (2) presents expression

for D,, reflecting reduction of active power losses in
the network related to reactive power flows

20R

v’
Research materials and results. It is known that
losses change related to the reactive (as well as active)

power flow depends sufficiently on the voltage change,
voltage losses comprising about a half of the total loss

in 6—10 kV networks and about % — in networks of
higher voltage [1, 3]. Considering the voltage level

pen-{22)2)
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here D, =| — || =— d
where D, (au )(E)Q] an
D = Dl + DQ.
The solution below presents expression for D with

the following order of transformations
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where AP = U—ZQR
tive network resistance.
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— active power losses; R — ac-

AU =

where AU — voltage loss; X — reactive network resis-
tance.

2 2 2 2
02 :_zglg.zz_zg]v( :2A_I:X‘ 3)
U U U U

Expression (3) can be presented as

24P

D - B
go

2

C))

63




ENEKTPOTEXHIYHI KOMNANEKCU TA CUCTEMMN

AP . .
where AP, = 5 relative value of active power loss-

es; tg — value of a parameter in the network node (on
the buses at the central substation CS, main stepdown
substation MSS, load-centre substation LCS etc.).

For deriving expression (4), we used the known
equation

2 2
x=L_ Y
Q0 Pigo
Eventually
D=D+D,= 2%+23—};X
or
D=2Q—1§+2AP* .
U tgo

Asan example, let us find the value for D according
to the expression (4) for the network with 110 kV volt-
age if Q=20 MVAr, P=50 MW, R=12.450,X=200

2.20 2(502+202)
= +
110° 110*

Thus, D~ 0.05 = Ce.

The calculations above do not take into account
generation of reactive power Q,, conditioned by 110 kV
overhead power transmission line (OPTL). Let us
consider parameter Q,, using pi circuit of OPTL sub-
stitution [1]

-12.45-20=0.05.

D=D, +D,+D.,.

According to [1], for 110 xV line 50 km long we will
get

Y=134.5-10°S,

where Y — capacity susceptance of lines.
The value

0.=U?Y=1107-134.5-10°=1.62 MVAr.

Coefficient D,, considering capacity generation of
110 xV OPTL will be

2-1.62-12.45-12.15
Uy

It is obvious that, capacity generation being small,
there is no necessity to take into account D..

Calculation of D values adjusted to buses of low
voltage is one of the tasks for the automated control
system [3, 4]. These data allow to formulate require-
ments for reactive power compensation.

Analysis of the obtained solution. In order to es-
timate quantitatively the voltage effect, that is the sig-
nificance of parameter D,, let us find the 5-relationship
D,/D,

D,=-20 RX JUY = ~34-10°%.

P2+Q2RX U> AP,

5,=2 - =—"K,.
’ U’ 20R tgo
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In derivation, we have considered the known rela-
tionships
U’ AP X

X=-"— and =Ptgeo; AP=—— K,=—,
0 0] go P xR

where X and R — active and reactive resistances.

. . AP. . -
Relationship §, =@  is called coefficient of

node voltage level effect on the value of C,.
Values of Ky in 10, 35, 110 xV lines are within 1—3.

Assessed values of 8, = @K x innodes of 110 kV

0.05+0.1
0.25+0.35

of 35 xV networks — 0.3 + 0.4, 10 xV networks —
0.1 +0.2.

Values of D= D, + D,, are usually within 0.01 = 0.15.

It is interesting to find the values of O = Q,,,,, related
to the minimum loss from the reactive power flow.

It is possible to conclude from the expression for D
that voltage growth results in loss reduction both from
active and reactive power flows. In this case, minimum
loss will be reported at Q,, determined by D =0 [1],
not at Q =0 which would take place if we took into ac-
count only loss reduction in the network at the expense
of reactive power drop. Solution of this equation be-

electric network are =0.1+0.4, for nodes

comes easier if we reduce both members by ;asa

F
result we obtain the square equation

P10’
Qp+——z ™ X =0 or QL X+U’Q,, +P'X =0,

with the solution

“U++JU* 4P X?
2X )

It is evident that the solution is true if there is “+”
before the root.

Let us analyze the following example: power
P =30 MW is transmitted along 110 xV line 50 km long
(X=0.4-50=20 O). The sought-for quantity is

~110% ++4/110* —4-30%- 20>

2:20

This result testifies to the existence of reactive pow-
er source in the network.

Computations of Ce values done within the frames
of the present research, also reported in [3, 4], allowed
to conclude that the results obtained for average com-
putational parameters values and nominal equipment
data differ by 30—50 % for MSS or LCS of the enter-
prise under 110 KV voltage, by 15-25 % for network
nodes under 35 xV and by 10—15 % for network nodes
under 10 xV. It is essential to consider the significant
effect of incomplete and incorrect input information in
the tasks of power supply design. As a matter of fact,

Qopl =

0, = ~-1.5MVAr#0.
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30—50 % of the data necessary for computation of C,
are not known. In most cases, mode characteristics of
power networks (levels and laws governing the voltage
change on the boundary bus), presence of distributed
generation sources in the network, existence of isolated
generating plants, non-linear loads (medium and large
enterprises use more than 90 % of electric equipment in
transformed way), as well as equivalenting error etc. are
not commonly taken into account in C, computation.

Principles and approaches to correct dealing with
specifics of loads and structure of enterprises power
supply systems should be substantiated if their feasibil -
ity is proven. Hence there is no necessity to consider
maximum number of effective factors in C, computa-
tion which makes application of complex programs
that take those factors into account unreasonable in
some calculations of industrial electric networks, given
the probability of significant errors in computations.

In order to correctly use C, values in computing re-
active power compensation and calculating the cost of
the reactive power flow, it is necessary in some cases to
compile regulating instructions (or other documents
like “Regulating instructions for computing short cir-
cuit currents™), with the view to standardising (or oth-
erwise consolidating) computational methods, param-
eters and operational modes of electric networks as
well as acceptable calculation error.

It is common practice to use basic (normal) power
supply diagrams for MSS or LCS in C, computation.
These substations are usually fed by two overhead lines
(of 110 kV and higher voltage) located either on differ-
ent towers or in different places. Consumers are sup-
plied with 10 (6) kV voltage from 110 KV buses via
transformers. Consumers are responsible for feeding
loads at 0.4 xV. Capacitor banks for reactive power
compensation are installed in networks of 0.4 to
6 (10) kV [2—4].

Small enterprises (about 10 % of the total number
of transformers) work under the load of 3—5.000 kW
under transformer capacity up to 8 MV-A. Cabels are
used for feeding transformers.

Medium enterprises can work under the load of
10 xV and about 12 MW capacity, or 6 KV and 10 MW,
with median cos¢ ~ 0.9.

Big enterprises (6—10 %) of 100 MW (and higher)
load are equipped with outdoor switch gear of 110 kV
and transformers of 110/10 xV as well as their own co-
generation unit.

Extra big enterprises of 1000 MW (and higher) load
do not differ from energy systems in their parameters.

In Ce computation, reactive power values are taken
either from power facilities data or from calculations
that are a mandatory part of engineering documenta-
tion. If there are no data for the boundary parameters,
electric system resistance (from boundary buses, i.e.
CS, MSS or LCS etc.) can be determined approxi-
mately via power and/or short circuit current .S,
(known or calculated) through formula

2
X = 2U—.

S

sC
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To analyse and compute voltage modes and related
tasks of reactive power compensation, it is common to
use the value of regulating effect of reactive power
load. The related equations as a rule use the value of
economic equivalent of the reactive power. Expres-
sions describing regulating effect and assessment of
the economic equivalent of the reactive power are
identical in structure. Peculiarities of voltage regulat-
ing effect assessment in terms of reactive power and
economic equivalent of the reactive power explain the
necessity to interpreter them jointly within the frames
of electromagnetic compatibility concept.

Knowledge of C, specifics allows to get its assessed
(rough) values. They make it possible to estimate the or-
der of C, values and evaluate correctness of complicated
calculations. Sometimes, for the purposes of operation,
it is sufficient to determine assessed values of C,.

A great number of comparative calculations ap-
plied to power supply systems of enterprises and power
systems (with 110 kV and lower voltage) allowed to ob-
tain an approximate formula

C,=2AP, tgo,

where tg@ — median value of tg of the feeding net-
work.

Analysis of consumer statistic characteristics show
that voltage increase by 1 % results in consumer active
load growth by 1 %, and reactive power by 2 %, i.¢. we
can assume that

P P 00 ) o

ou U ou U’

Regulatory effect of voltage along the reactive pow-
er being
1
K,  =—,
U’Q SSC
where S,.— short circuit power in the network node.
For transformers of 6—10 xkV and 110 xV

C=GC,tgo,
while for any section without network taps
C,=2AP.,.

Conclusions.

1. Implementation of approaches based on the usage
of the relative power losses in the network, in the form
of partial derivatives of the studied processes’ parame-
ters, confirms correctness of the obtained results, char-
acterizing economic equivalent of the reactive power.

2. It is proven that the value of the second component
of C, (D,, defining the effect of the voltage level) does not
exceed D, depending on the voltage level by 10—45 %. In
this case, it is not necessary to consider capacity genera-
tion of overhead lines at 100 xV (and higher nominal
voltages) in view of its negligible influence on C, level.

3. Ce computations done on the basis of nominal
data of electrical equipment, the effect of incomplete
and incorrect input information, non-linearity of
loads, errors of equivalented values — make it unneces-
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sary to consider a big number of influential factors,
while accounting for significant (to 50 %) error.

4. The research substantiated feasibility of doing C,
assessment against the background of electromagnetic
compatibility concept.

5. The paper presented sufficiently simple expres-
sions which allow to assess the order of C, values en-
abling to judge about the correctness of more compli-
cated computations.
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MerTa. YSIBUTH iCTOPitO pO3BUTKY MTOHSTTS ,,6KO-
HOMIYHUI €KBiBaJeHT peaKTUBHOI MOTYXKHOCTi"
(EEPII), po3rmisiHyTM BU3HAYEHHSI LILOTO TTOHSITTS,
MPUIHATI B pi3Hi POKU.

MeTtonuka. MeTtonuka 10CHiIKEHb 3aCHOBaHA HA
Teopii eJIEKTPOTEXHIKU MPU BUKOPUCTAHHI CHOCOOiB
nepenavi Ta peryJatoBaHHS PEaKTUBHOIL ITOTYXKHOCTI.

Pe3yasraTi. HarosiomeHo Ha HeOOXiTIHOCTi Bpa-
XyBaHHSI BIUIUBY 3MiH HAIIPYTH B €JICKTPUIHI Mepe-
i Ha 3MiHY aKTUBHUX BTpaT Bif IIEPETOKIB peaKTUB-
HOI MTOTYKHOCTI. 3 ypaxyBaHHSIM I1i€l 00CTaBUHU BU-
BeleHi BiIMOBigHI MaTeMaTW4YHi BUpa3u, HaBeIeHO
YUCIOBUI MpuKaan. Takox 3 ypaxyBaHHSIM 1Ii€l 00-
CTaBMHMU, 32 TOTIOMOTOIO0 PO3PaXyHKY, OOIrpyHTOBaHa
BiZICYyTHICTb HEOOXiIHOCTI BpaxXyBaHHSI €EMHICHOI Ie-
Hepallii oBITpSIHUX JiHill. HaBeneHe oOrpyHTyBaH-
HsI 0COOJIMBOCTEN PEryJI0ouoro eekTy Harmpyru rno
peakTuBHili motyxHocTi i EEPII, mo no3Bossie po3-
IJISIIATH 1X CITUIBHO B paMKaxX KOHIIEMI1Iil eJiIeKTpomar-
HiTHOI cyMicHOCTi. TligkpecaeHo NOLiIbHICTh BUKO-
pucTtaHHs B po3paxyHkax EEPII oliHouHUX 3Ha4YeHb
napameTpiB, HaBeASHO psii NPUKJIAIiB.

Haykosa HoBu3Ha. HamaHo TteopeTnyHe 00-
IPYHTYBaHHSI JIOUIJIbHOCTI BMKOPUCTAaHHSI METONIY
BiZTHOCHMX MPUPOCTIB 3 BUKOPUCTAHHSIM YaCTKOBUX
noxigHuX. byB olliHeHW i1 BIUIMB HEMOBHOTH i1 HETOY -
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HOCTI BuxinHoi iHpopMmaii Ha 3HaueHHs EEPII, no-
Ka3zaHa HEOOXiIHICTb pO3pOOKM KepiBHMX BKa3iBOK
(abo momibHMX MTOKYMEHTIB), B SIKUX MOBUHHI OyTHU
CTaHIAPTH, PEKOMEHIOBaHI METOIU PO3PaXyHKiB.
IIpakTuyHa 3HayumicTb. BinzHaueHi Takox 00-
IPYHTYBaHHSI MiAXOAiB, MPUIAHSITUX Y MIPOEKTHIN Mmpak-
TULI. AHAIi3 OTPMMAHOTO PillIEHHSI T03BOJIUB KiJIbKiC-
Ho ouiHuTH BIuB Hampyrd Ha EEPII, a Takox 3Ha-
YEeHHsI MiHiIMaJIbLHUX BTpaT PEaKTUMBHOI TMOTYXHOCTI.
I1pencraBneHa HabaMKeHa (popMyJia AJIsl OLIIHKU OO~
Py 30BHIlLIIHBOI Mepexxi ITpu po3paxyHKy EEPII.
KmouoBi ciaoBa: peakmuéna NOMYIiCHICMb,
eKOHOMIMHULL eK8IBANEeHM, MeMOOU PO3PAXYHKY

IMens. IlpencraBuTh MCTOPUIO Pa3BUTHUS II0-
HSITHS ,,25KOHOMUYECKUI SKBUBAJICHT PCaKTUBHOM
MomHOoCTH® (DDPM), paccMoTpeTh onpeneieHus
9TOTO MOHSTUS, IPUHSATHIC B Pa3HBIC TOIbI.

MeTtomuka. MeTonuka MccaenoBaHUII OCHOBa-
Ha Ha TEOPUHU JIEKTPOTEXHUKU MTPU UCTIOTb30BAHUU
CIIOCOOOB Mepeaayu U peryiupoBaHus pPeakKTUBHOM
MOIIHOCTH.

PesyasraTsl. [loquepkHyTa HEOOXOIUMOCTD yue-
Ta BIMSTHUSI U3MEHEHWI HATIPSDKEHUSI B 3JICKTpUYC-
CKOIf ceTH Ha U3MEHEHUE aKTUBHBIX ITOTEPh OT ITepe-
TOKOB peaKTUBHOU MOIIHOCTHA. C y4eTOM 3TOro 00-
CTOSTENIBCTBA ClIeJIaH BBIBOI COOTBETCTBYIOIINX MaTe-
MaTUYECKMX BBIpAXKCHUI, TIPUBEICH YMCIIOBOI IIpH-
Mep. Takzke ¢ yyeToM 3TOro o0CTOsITeIbCTBA, C ITIOMO-
11IbIO pacyeTa, 000CHOBAHO OTCYTCTBUE HEOOXOAUMO-
CTU y4€Ta EMKOCTHOM IreHepaly BO3MYILIHbIX JIAHUNA.
IIpuBeneHbl 000CHOBAHUS OCOOEHHOCTEI pEeryaupy-
fo1ero 3 gexra HanmpsKEHUs MO peaKTUBHOM MOIII -
HocTU 1 DBDPM, 4TO MO3BOJISIET paccMaTpUBaTh UX
COBMECTHO B paMKaxX KOHIIECITIINY 3JIEKTPOMarHUTHOM
coBMectTumocT. [lomuepkHyTa 11e1€CO00Pa3HOCTh
HUCIOJIb30BaHUs B pacueTtax DDPM oOlLIeHOUHBIX 3Ha-
YeHUI MapaMeTpOB, TIPUBEACH PSII IIPUMEPOB.

Hayynas noBu3Ha. JlaHo TeopeTuueckoe 000-
CHOBaHUE 11eJIeCO00Pa3HOCTH UCITOJIb30BAHUS METO-
JIa OTHOCHUTEJIBHBIX IPUPOCTOB C MCIOJIb30BAHUEM
YaCTHBIX IIPOM3BOIHBIX. BHII0 OlICHEHO BIUSIHUE HE-
MOJIHOTHl M HEKOPPEKTHOCTU MCXOAHOI MHMOpMa-
1IUM Ha 3HayeHne DDPM, noka3zaHa HEOOXOIUMOCTh
pa3paboOTKM PYKOBOMSIIUX YKa3aHU (MU MOg00-
HBIX TOKYMEHTOB), B KOTOPBIX NOJKHbI ObITH CTaH-
IapThl, peKOMEHIYEMbIC METOIbLI pACUCTOB.

IIpakTHyeckas 3HAYUMOCTb. OTMEUCHBI TAKXKE
00OCHOBAHUS TTOOXOMOB, MPUHSITHEIX B HMPOEKTHOM
MpaKTUKe. AHAJIN3 MMOJIYYCHHOTO PEIIeHUST MO3BO-
JINJT KOJIMYECTBEHHO OIICHUTH BIIMSHUE HaIpPsDKe-
HUS Ha DOPM, a Takke 3HaUeHHWE MUHUMATbHBIX
NOTEPh peakTUBHON MolHOcTU. [lpencrasieHa
npubImkeHHast (hopMyJsia sk OLIEHKHW COTPOTUBIIE-
HUS BHEIIHE! ceTH Tpu pacuyete DD PM.

KiroueBble clI0Ba: peakmueHass MOUHOCMb,
IKOHOMUHYECKULl IKBUBANEHM, MemOodbl pacuema

Pexomendosarno 0o nybéaikauii dokm. mexH.

nayk C. 1. Bunanacenkom. Jlama HaO0X00%ceHHs
pyxonucy 12.05. 16.
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