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Abstract: The paper gives detailed analyses to help determine the increase in production costs due to the transmission
of reactive power. On the basis of that and with due consideration to the cost of VARS compensation equipment, a
mathematical model is developed to determine an economically justified transmission distance for VARS in electric
power systems. Standard voltages and line parameters are used for the computations. MATLAB computer
programming is used to obtain the numerical results. The developed mathematical model and the numerical results

could be useful to electric power systems engineers.
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1. INTRODUCTION

Electricity cannot be stored in large guantities
and the power authority has little control over
load demand. Power engineers maintain the
balance between generated output and systems
load demand at a specific voltage and frequency.
The systems’ load i1s made up of active and
reactive power (also harmonics; however the
parameter magnitudes involved are much
smaller, and usually not dominant). Active
power 1s generated at the sending end, while
YARS may be either transmitted or compensated
for at the consuming (receiving) end. But the
transmission of reactive power increases the
following losses:

s Active power losses (in the transmission
systems). during the period of
maximum load demand, which calls for
an increase in the generated output;

¢  Energy losses (in the system), leading to
unnecessary expenditure of fuel; and

¢ Changes in voltage levels in the system.

All these factors are taken into consideration to
determine the economically justified distance for
reactive power transmission. Basic engineering
equations are used. Step by step approach is
applied to obtain the final mathematical model.

2. ECONOMIC ANALYSIS

Transmission of both active and reactive power
lead to losses in the system as mentioned in the
introduction. Since active power is usually
generated  specifically to compensate for load
demand, it is the reactive power that is controlled to
achieve a reduction of losses in the system.

When a power system 1is being designed and the
parameters are yet to be determined, it is a generally
accepted must to compensate for the predicted
reactive power demand at the consuming end so as
to reduce losses in the system. This reduction of the
total transmitted power allows for the use of smaller
conductors for transmission, leading to the reduction
of system construction costs.  Because of the
expensive nature of the compensation equipment,
the cost 1s also taken into account in determining the
most economically justified distance for reactive
power ransmission.

2.1, Added Increase in cost of svstems equipment

The total current in any system element of a three-
phase network is given as,
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Where:
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p = active power
g = reactive power



The cross section area of a power transmission
conductor is given as,
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Where:

J iz the current density of the conductor in
Afmm*

The total cost of transmission ling per km dug o
the added losses is [1].

B, =ib,, +5,F)L i3}
Where:

by — a variable constant reflecting increase in
cost of conductor, Pulakm.mm®.

by — a fixed cost component of the conductor,
Pula‘km.

L km — total length of the conductor.
Substitution of equation (2) into equation (3)

gives equation (4),
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The additional cost due to the transmission of
apparent power as  compared  with  the
transmission of purely active power is expressed
as,
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Increased cost per unit of reactive power
transmission is given by,
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VARS transmission increases the apparent power
and hence the rating of transformers.  The
transformer rating of one transformer substation S,
is,
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(For a two — transformer substation S, the rating of
each transformer is approximately sixty percent of
the total load, i.e. 5/1.4) [2, 15]

Therefore the rise in cost per unit of reactive power
transmission is, for a one-transformer substation,
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2.2, Losses due fo reactive power transmisséon

Active power foss: Active power loss in the line is
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For a halanced active power in the svstem, the
generated output at the power station should be
increased to meet the extra active power loss due to
the transmission of VARS. Such an increase in the
generated  output s considered  economically
permissible if the cost due to the additional power
loss does not excesd the cost of installing and



maintaining the compensating VARS equipment
at the consuming end [3, 19], i.e

K AP =K (O (12}
Where:

K, =Cost / KW of generated ontput, Pula 7/ KW,

K, = Cost / kVAr of VARS compensating
equipment, Pula / KV Ar,

. = KVAr rating of reactive power equipment,
EVArL

Reactive  power  logs;  Reactive  power
transmission  leads to  wvoltage drop  in
transmission lines. The reactive power loss is,

A0, =L (1—un* @)X, L (13)
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Where:
X, = unit reactance of the line, £ 7 km.

This loss is taken into account im the reactive
power balance in the system. As such, the
installed WARS source in the system should be
increased to compensate for the loss. (Mote that
VARS transmission from the generator has
technical constraints). VARS transmission is
considersd economical if the cost of generation
at the power station, (including losses in the
systern) is less than or equal to the cost
(excluding losses in the system) of installing
VARS compensating  equipment  at  the
consuming end [34], i.e

Whera:

Ky = energy loss due to VARS transmission,
EWh,

ey = VARS output at the beginning of the line,
EVAr

Equations (13) and (14) are used to establish
approximately the economic justifiable distance

for VARS transmission (considering only power
loss) as,
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Energy loss; Energy loss is expressed as,
Ady = AR5, (16}
Where:

g'g = average time / year, corresponding to the total

time for VARS transmission, hr.

The energy loss leads 0 an increase in the use of
fuel at the generating station. This increase in
operational cost is obtained as [2, 3, 4],

Cr = Bond, = Bz, {j—gmn? R,
{17
Where:

{8 = cost of fuel, Pula/m’®,

¢ = cubic metre of extra fuel used due to the
compensation for the transmission of reactive

power.

The cross-sectional area of the conductor is,

Ji L
= m =0 R_L (18]
From which.
R, - pL3T cos @ 19)
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Where:

@ = resistivity of conductor, £ mm” / km



Hence,

Cr = Bot, Ilfiftm2 ®pL3J cos® (20)

Systems cost is given by [4, 17],
C=oK 0 +C, (21)
Where:

@ = a depreciation factor of the WARS
compeansation equipment.

The first component of equation (21) reflects
capital cost and the second component.
operational cost.

From equations {200 and (21),
C=ak O, +Bog, P tan? @;iﬁi cosd
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The additional cost is minioowm if,

gC
—
ditan &)

Applving partial differentiation with respect to
tan. the approximate distance for VARS
transmission (considering minimum losses in the
system) is obtained as,
_ ak V..,
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Where:
Vemz = Voltage at the end of the line, kV.

If the voltage drop, due to VARS transmission is
considerad then,

_ d{r Lfb.rg 1':.lnr.wu

- ‘Ir’mﬁaéph."_ﬂfl?sjn@—sif*:I=J+m‘(,pl'l, tand

i24)
Whera:
Vg = violtage at the beginning of the line,
Vaom = Dominal voltage, kV.

The voltage at the end of the line in equation (23)
can be expressed as,

V =V _QX.:-L:V _Ptan@XcL
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2.3, Economically justified distance for reactive
power [ransmission

All the factors presented in sections 2.1 and 2.2 are
considered to establish the total cost, Cr due to the
transmission of VARS.

Cr =[AB, + .‘ifﬁﬂ..l"L+Iti'gfi‘,§’¢,‘_g +AQ ]+ 0,
(26

Substitution of appropriate values from equations
(50 (113 (14) and (20} inte equation (26) expands
Crinto,
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For VARS ftransmission to be economically
justified, Cr  must be minimum. i.e.



a(_"]__ B Gd;l]’. PrL tan < Table 1: Data vsed © compute the results of VARS
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(28} Whera:

The economically justified distance for VARS a=1017,
transmission is obtained from equation (28) as.
Bz = 0.01 Pula/kWh,

2
Liw= sl &+ p=290mm’
hV
ertand——LE——< 2K PX ) .
(— - of'X, = 1000 hr
ST+ tan & =

+3pIV(2sin® +sin’ ®)(ak, + fot,) Kq=1.6Pula/kVAr,
(29 g, =10Pula/ kW,

Equation (29) is the mathematical model, which
is used to compute the economically justified
distance for VARS transmission. X, =040/ mmd.

I=1.0A/mm®,

3 RESULTS AND ANALYSIS Table 2: Economically justified distance for VARS

) transmission
The system flow chart wused in the

implementation of the equation (29) as shown in PR B 1
Figure 1. The program was written using the anig) il il Bl
computing environment MATLAR [5. 6, 20] T ] I I
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The MATLAB computer results in Table 2 and 385 5.;5-@_1 7.1788] 118709
Figure 2 are obtained on the basis of the R B R
following data presented in Table | (The data a70]_d4ds
represents  nominal - voltages,  and  the 285 4 s
coresponding valves of maximum power that [ass =7
can be transmitted and the increase in cost of = =
conductor due to the transmission of reactive oz =
power) [7, 8, 9, 10] = =
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economically. In this respect. a number of designs
have to be considered and compared before a final
project is selactad.

This paper has established a mathematical model
that could be wused to help delermine the
economically  justified  distance  for  VARS
transmission. The computer results are satisfactory
and could be of guidance to consulting and power
systems design engineers who have to justify their
projects technically and economically, especially in
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Fig. 1. System flowchart
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Fig. 2. Graph for VARS transmission
4, CONCLUSION
The results show that,
*  YVARS  compensations  equipment

should optimally not be installed at the
consuming end of the network.

There is a distance for which VARS
transmission  can  be  considerad
economical: (table 2 and figure 2)

The graph of tang vs. transmission
distance is inverse. For a specified
voltage, the smaller the reactive power,
the longer the economically justified
distance.

The cost of electric equipment is high and
continues to rise vearly. It is expected of power
systems engineers to design systems that are not
only reliable and stable, but also can operate

choosing conductor and equipment sizes / ratings.
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