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Fig.3 Estimated loss saving in the 15-bus system for a singly located
capacitor
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Table 1: Summary of results of 15-bus system

System loss Compensation and saving
System description C\s\”/ C\;\’; :\5\'} *  Bus gisa‘fvnz: fva\;' ng,
Original base system 304 314 618 1 3 1013 23.4
1013 kVAr is placed at bus 3 29.1 80 371 1 6 327 3.7
1013 kVAr is placed at bus 3 289 43 332 1 3 -150 0.5
327 kVAr is placed at bus 6
Original base system 304 314 618 2 3 805 277

6 388

805 kVAr is placed at bus 3 289 37 326

388 kVAr is placed at bus 6
* Number of buses to be compensated

Table 2: Summary of results of 33-bus system

System loss Compensation and saving

System description Py o kW f\s\’; P kW *  Bus giga&tz: 5\7\7 ng;
Original base system 2939 754 3693 1 29 1245 62.0
1245 kVAr is placed at bus 29 2840 141 2981 1 12 385 7.9
1245 kVAr is placed at bus 29 282.9 63 2893 1 23 485 3.1
385 kVAr is placed at bus 12

Original base system © 2938 754 3693 2 29 1079 69.5

12 396

1078 kVAr is placed at bus 29 282.7 65 289.2
396 kVAr is placed at bus 12

Original base system ) 2939 754 3693 3 29 1035 728
12 370
23 521

1035 kVAr is placed at bus 29 282.1 3.0 285.1
370 kVAr is placed at bus 12
521 kVAr is placed at bus 23

* Number of buses to be compensated
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START

Read system data, branch data,
bus dats, and system parameters.

Exocute harmonic load flow 1o calculate
the uncompensated voltages

Substitute voltages into Eq.(11) and
use the MINOS package to solve Qi

Solve the harmonic load flow
for the system with Qi

Bus voliages
converged 7

Yes
X

Install the capacitor banks Qi and run
harmonic load flow rnalysis

v

Calculatc the HDF and find
the HDFmax for m buses

Nao
x

Determine the tune frequencies of filters st bus
where the max. HDF occured among the buses
which capacitor banks Qi have been installed

[ 2
Delermine the desired ratio of the
roaclive power gencratcd by cach
filer according to the harmonic
current conlents

b—_—

Solve the reactive power
generated by each filter

¥

Calculate the toal effective
reactive power(Quowl) gencrated
by each tuned filier

y“ Increase the
reactive power

Na

Calculate the L and C of each
tuned filter

Fig. 1 The flowchart of reactive power
compensation
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Table 1 Computer simulation of the sample feeder 9

harmonic wa Vi=V/-0 pu 5 Viin=+/-20 p.u :3) a5 ,le 5615 sla cuo gans .ol
HDF oy = 7Y b el ! 5 distortion

D asislie aa Ll sla el

Ly solad ¢ 4aali gy Hus ¢ kvaryr ke =$.ke-/- 0 kwh s kp=8 viA/ kw.yr
ABY o s g e V) JS Hu sad suly las (g @il e, L Sae

Ny Lol 5L glosa I o o aS s (o 0258 Lim ol 58 s Sogesla Glisa alis
S e A Lo pinbe)l Had sl BmelS ol s ) Jan ool Susasla (5 4850
L harmonic distortion «< s s oo aslas .aas o Glas w88l o 3L alwies b ¢

WLgeds oo 4oty o ISH) G168 Sl loaa s Al (gl uns SUl Sade g soa

Case I: system without compensation

Case II: system with capacitor compensation

Case III: system with capacitor and filter
compensation

BUS Case 1 Case II Case 111

VollageEDFg%l Voltagek—lDF(%) [Voltage[HDF(%)

1.000 | 0.00 }1.000| 0.00 }1.000

0.00

0.986 | 1.12 ]0.996 | 1.04 ]0.997

0.33

0.961] 3.37 10991 3.11 ]0.991

0.39

0.944 | 4.76_10.991 | 4.37 10.991

0.78

0.957 | 3.80 |0.988 | 3.50 ]0.988

1.30

0.921 ] 6.75 10.989 ] 6.19 ]0.991

0.74

0.955 | 4.11 10.987 | 3.78 ]0.987

1.57

0915 7.11 |0.984 | 6.54 }0.986

0.85

O OO =IO [n ] N |

0.916 | 7.27 |0.992 | 6.68 10.993

0.85

10]0.947 | 5.08 [0.980 | 4.67 10.981

2.41

1110912 ] 7.24 [0.980 ] 6.66 10.983

0.93

1210913 1 7.63 ]0.994 | 7.01 }0.996

1.14

13 10944 | 535 ]0.978 | 4.90 [0.979

2.64

1410.910 | 7.31 j0.977 | 6.73 |0.981

0.98

1510911 | 7.94 ]0.993 | 7.30 |0.994

1.01

1610.910 | 7.85 ]0.992 | 7.22 ]0.993

1.03
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Table 2 System loss and cost of the sample feeder
Case 1 Case 11
Peak loss(Kw) 203.0 179.3
| Energy loss(Mw.yr) 904.7 840.7
Power loss cost($/yr) 34110 30121
Energy loss cost($/yr) | 47033 42036

Capacitor__cost($/yr) 0 2100
Total _cost($/yr) 81143 74257
Table 3 The single-tuncd filters to be installed at
bus 12
filter | Q(kvar) | L(mH) Qgen(kvar)
4.8th 127 0.140 94
6.7th 74 0.187 56
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Bus data and branch of the test system
(all line segments are ACSR 1/0)

BUS | Peak Nonlinear FBUS | TBUS | Length
Loadgkw! Load 5%2 (mile)
1 0 0.00 1 2 1.0
2 250 0.0 2 3 2.0
3 220 55.7 3 4 2.0
4 300 48.9 3 S 1.0
5 280 92.1 4 6 3.0
6 410 4.7 5 7 1.0
7 350 51.9 6 8 3.0
8 250 38.2 6 9 1.0
9 390 90.1 7 10 4.0
10 300 80.5 8 11 2.0
11 290 37.2 9 12 1.0
12 630 8.1 10 13 2.0
13 500 63.5 11 14 3.0
14 250 20.1 12 15 2.0
15 370 85.7 12 16 3.0
16 400 42.7
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 Capacitor placement in radial distribution systems for

loss reduction

M.H.Haque

Abstract: Reduction of R loss in distribution systems is very essential to improve the overall
efficiency of power delivery. The 2R loss can be separated into two parts based on the active and
reactive components of branch currents. The paper presents a method of minimising the loss
associated with the reactive component of branch currents by placing shunt capacitors. This method
first determines a sequence of nodes to be compensated by capacitors. The size of the optimal
capacitor at the compensated nodes is then determined by optimising the loss saving equation with
respect to the capacitor currents. The performance of the proposed method was investigated on two
distribution systems consisting of 15 and 33 buses and it was found that a significant loss saving can
be achieved by placing optimal capacitors in the system.

1 Introduction

A distribution system connects consumers to the high-volt-
age transmission system. Because of lower voltage, and
hence higher current, the /2R loss in a distribution system is
significantly high compared to that in a high-voltage trans-
mission system. The pressure of improving the overall effi-
ciency of power delivery has forced the power utilities to
reduce the loss, especially at the distribution level. -

The R loss in a distribution system can be reduced by
reconfiguring the network [1-4]. The reconfiguration proc-
ess changes the path of power flow from the source to the
loads. The loss can also be reduced by adding shunt capac-
itors to supply part of the reactive power demands [5-8].
Shunt capacitors not only reduce the loss but also improve
the voltage profile, power factor and stability of the system.

In general, a distribution system is fed at only one point
and the structure of the network is mainly radial. For such
a system all active power demands and losses must be sup-
plied by the source at the root bus. However, addition of
shunt capacitors can generate the reactive power and there-
fore it is not necessary to supply all reactive power
demands and losses by the source. Thus, there is a provi-
sion to minimise the loss associated with the reactive power
flow through the branches.

Several methods of loss reduction by placing capacitors
in distribution systems have been reported over the years.
Earlier methods [9, 10] used unrealistic assumptions of uni-
formly distributed load, feeders with no lateral, uniform
feeder size, etc. Reference [11] developed a procedure for
optimising the net monetary saving associated with the
reduction of loss/energy by placing fixed and switched
capacitors. Heuristic technique [12] is also applied by some
researchers to find the optimal size and location of capaci-
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tors. Reference [13] used the genetic algorithm to solve the
capacitor placement problem.

This paper proposes a method of minimising the loss
associated with the reactive component of branch currents
by placing optimal capacitors at proper locations. The
method first finds the location of the capacitor in a sequen-
tial manner. Once the capacitor locations are identified, the
optimal capacitor size at each selected location is deter-
mined through optimising the loss saving equation. The
proposed method was tested on two different distribution
systems and very encouraging results were found.

2 Background

The total PR loss (P,,) in a distribution system having #
number of branches is given by

n
P = IR (1)

=1
Here ; and R; are the current magnitude and resistance,
respectively, of the ith branch. The branch current can be
obtained from the load flow solution. The load flow algo-
rithm described in [14] is used for this purpose. The branch
current has two components; active (I,) and reactive (7).
The loss associated with the active and reactive compo-

nents of branch currents can be written as

P=Y IR, @
i=1

P =Y BB, @
i=1

Note that for a given configuration of a single-source radial
network, the loss Py, associated with the active component
of branch currents cannot be minimised because all active
power must be supplied by the source at the root bus.
However, the loss P, associated with the reactive compo-
nent of branch currents can be minimised by supplying
part of the reactive power demands locally.
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3 Proposed method

The proposed method first identifies a sequence of nodes to
be compensated. The sequence is determined by repetitive
applications of loss minimisation technique by a singly
located capacitor. Once the sequence of nodes to be com-
pensated are identified, the corresponding optimal capaci-
tor size at the compensated nodes can be determined
simultaneously by minimising the loss saving equation with
respect to the capacitor currents. The procedures of loss
minimisation by placing a single and multiple capacitors
are described in the following sections.

wei

56:—_[ 11:T 16
9 —
81 12T

12

13 ——

Fig.1 Single-line diagram of the 15-bus system

3.1 Loss minimisation by a singly located
capacitor

Consider a single source radial distribution system with n
branches. Let a capacitor C be placed at bus m and a be a
set of branches connected between the source and capacitor
buses. In Fig. 1, if the capacitor is placed at bus 12 (m =
12), the set o consists of branches 1, 2, 10 and 11. The
capacitor draws a reactive current /., and for a radial net-
work it changes only the reactive component of current of
branch set o. The current of other branches (€ «) is unaf-
fected by the capacitor. Thus the new reactive current 7,
of the ith branch is given by

Y = I + Dslc : (4)
where
D; =1; if branch ¢ € «
= 0; otherwise
Here I,; is the reactive current of the ith branch in the orig-
inal system obtained from the load flow solution. The loss
P, o associated with the reactive component of branch

currents in the compensated system (when the capacitor is
connected) can be written as

Pf‘:m = Z(LL =+ DiIc)zRi (5)
1=1

The loss saving S is the difference between eqns. 3 and 5
and is given by
S = Pu, — P
R .
== (2Dil;il. + DiIZ) R; (6)
i=1
The capacitor current /, that provides the maximum loss
saving can be obtained from

as -
— =-2 I:+ D, IR, =0 7
L ;(D + ) (7
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Thus the capacitor current for the maximum loss saving is

> Dil.iR; > LiRi
Ic — _i=1 — _Ea (8)
n E Rz
1; DiRi 1€
The corresponding capacitor size is
Qc = VmIr (9)

Here V,, is the voltage magnitude of the capacitor bus m.
The above process can be repeated for all buses to get the
highest possible loss saving for a singly located capacitor.
When the candidate bus is identified and compensated, the
above technique can also be used to identify the next and
subsequent buses to be compensated for loss reduction.
This will provide only the locations where the capacitors
are to be placed. The capacitor size obtained from eqn. 9 is
a local optimal value and may not be used when more than
one capacitor is placed in the system. The size of optimal
capacitors for multiple locations is to be determined simul-
taneously, and the procedure of finding the optimal sizes is
described in the following section.

3.2 Loss minimisation by multiple capacitors
The concept of loss minimisation by a singly located capac-
itor can be extended for multiple capacitors. Let us con-
sider the following:

k

I, = k-dimensional vector consisting of capacitor currents

number of capacitor buses

a; = set of branches from the source bus to the jth capaci-
torbus j=1,2, ..., k) .

D = a matrix of dimension n x k
The elements of D are considered as
D;; = 1; if branch ¢ € o
= 0; otherwise

In Fig. 1, if three capacitors (k = 3) are placed at buses 10,
12 and 14, the branch set as and the matrix D can be
written as

a1 =[1,5,6]; a2 =[1,2,10,11]; a3 =[1,2,3,13]
10001100000000O0
DT={1 1000000011000
111000000000T10

When the capacitors are placed in the system, the new reac-
tive component of branch currents is given by

(7] = [I;] + [D][L] (10)
The loss P;,™ associated with the new reactive currents in
the compensated system is

2
n k

chm = Z I+ ZDi]'[cj .R,'

i=1 j=1

(11)

The loss saving S obtained by placing the capacitors is the
difference between eqns. 3 and 11 and is given by

2
k k
21, zDijch + ZDij[cj R;
=1 i=1

(12)

The optimal capacitor currents for the maximum loss sav-
ing can be obtained by solving the following equations:

n

s=-3

=1
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as
=0
aI(‘,]
as
— =0
8102
as
;=0 (13)

After some mathematical manipulations, eqn. 13 can be
expressed by a set of linear algebraic equations as follows:

[Allle} = [B] (14)

Where A is a k x k square matrix and B is a k-dimensional
vector. The elements of 4 and B are given by

Aji=Y Ri (15)
1€
Ajm= > B (16)
i€ (o N )
B;j=) IR )
1€y

Only the branch resistances and reactive currents in the
original system are required to find the elements of A and
B. The capacitor currents for the highest loss saving can be
obtained from eqn. 14

[Ie] = [A]7'[B] (18)

Once the capacitor currents are known, the optimal capaci-
tor sizes can be written as

(@c] = [Ve]lLc] (19)
Here V. is the voltage magnitude vector of capacitor buses.
The saving in the compensated system can be estimated
from eqn. 12 using the value of /. given by eqn. 18.

4  Algorithm

The computational steps involved in finding the optimal
capacitor size and location to minimise the loss in a radial
distribution system are summarised in following:

1. Run the load flow program and obtain the branch cur-
rents. Select a bus and find the maximum loss saving and
the corresponding capacitor size from egns. 6 and 9,
respectively. Repeat this step for all buses in the system,
except the source bus. Identify the bus that provides the
highest loss saving.

2. Compensate the bus to get the highest loss saving with
the corresponding capacitor found from eqn. 9.

3. Repeat steps | and 2 to get the next capacitor bus and
hence the sequence of buses to be compensated until it is
found that no significant loss saving can be achieved by
further capacitor placement.

4. Once the sequence of buses is known, determine the opti-
mal capacitor sizes and the corresponding loss saving from
eqns. 9 and 12, respectively.

Note that the system load is time-variant and load duration
curve of the system can be approximated by a piecewise
linear function during which the load level is assumed to be
constant [6, 13]. The above algorithm provides the optimal
capacitor sizes and locations for a given load level. Deter-
mination of overall loss saving for the entire period of the
load duration curve requires the application of the above
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algorithm to each load level. This may suggest different
capacitor sizes and, in some cases, at different locations.
The problems of different capacitor size and location can
be solved by using a combination of fixed and switched
capacitors [11].

5 Simulation results

The proposed method of loss reduction by capacitor place-
ment was tested on two distribution systems consisting of
15 and 33 buses. The results obtained in these systems are
briefly described in the following Sections.

5.1 15-bus system

The single-line diagram of the 11kV, 15-bus system is
shown in Fig. 1. The data of the system are obtained from
[15]. This system has a total load of (1226.4 + j1251.2) kVA
and 2R loss of 61.8kW. The loss associated with the active
and reactive components of branch currents found from
the load flow solution is 30.4kW and 31.4kW, respectively.
First the optimal size of a singly located capacitor and the
corresponding loss saving are determined. Figs. 2 and 3
show the capacitor size and loss saving, respectively, for all
buses in the base system except the source bus. It can be
noticed in Fig. 3 that the highest loss saving of 23.4kW
can be realised by placing a capacitor of 1013kVAr
(Fig. 2) at bus 3. The results of this system are summarised
in Table 1.

1400 -
1200 Hil

1000

capacitor size, kvar
@
8

bus number

Fig.2  Optimal size of a singly located capacitor of the 15-bus system

bus number

Fig.3 Estimated loss saving in the 15-bus system for a singly located
capacitor

When the above procedure is repeated, after placing
1013k VA of capacitor at bus 3, it was [ound that a second
capacitor of 327kVAr at bus 6 would provide a further loss
saving of 3.7kW. When bus 6 is also compensated, it was
found that 150kVAr of capacitor must be removed from
bus 3 to get a further loss saving of 0.5kW. This indicates
that bus 3 was initially overcompensated because the opti-
misation problem was solved to find the size of a singly
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Table 1: Summary of results of 15-bus system

System loss Compensation and saving
System description 5\7\7 :\% :‘5\‘; *  Bus g.-::af\';ﬁ: f:vv ing,
Original base system 304 314 618 1 3 1013 23.4
1013 kVAr is placed at bus 3 29.1 80 371 1 6 327 3.7
1013 kVAr is placed at bus 3 289 43 332 1 3 -150 0.5
327 kVAr is placed at bus 6
Original base system 304 314 618 2 3 805 27.7

6 388

805 kVAr is placed at bus 3 289 37 326

388 kVAr is placed at bus 6

* Number of buses to be compensated

Table 2: Summary of results of 33-bus system

System loss Compensation and saving
i P, . Capacitor ~ Saving,
System description Ppa kKW KW Py kW Bus size, KVAr kW
Original base system 2939 754 3683 1 29 1245 62.0
1245 kVAr is placed at bus 29 2840 141 2981 1 12 385 7.9
1245 kVAr is placed at bus 29 2829 63 2893 1 23 495 3.1
385 kVAr is placed at bus 12
Original base system 2938 754 3693 2 29 1079 69.5
12 396
1079 kVAr is placed at bus 29 282.7 65 289.2
396 kVAr is placed at bus 12
Original base system ’ 2939 754 3693 3 29 1035 72.8
12 370
23 521
1035 kVAr is placed at bus 29 282.1 3.0 285.1

370 kVAr is placed at bus 12
521 kVAr is placed at bus 23

* Number of buses to be compensated

located capacitor. However, when both buses 6 and 3 are
compensated, the technique described in Section 3.2 is to be
used to find the optimal capacitor sizes and the correspond-
ing loss saving. This technique provides a total loss saving
of 27.7kW by 1193kVAr of capacitors (805kVAr at bus 3
and 388kVAr at bus 6). When the original base system is
compensated with the above capacitors, the load flow
results indicated that the system loss due to /, is reduced
from 31.4kW to 3.7kW. Thus a saving of 27.7kW has been
achieved, which is exactly the same as estimated by the pro-
posed method. The shunt capacitors also improve the volt-
age profile, and due to the higher voltage the active
component of branch current /, (and hence P;,), for the
constant power load model, is also reduced slightly. The
load flow results of the compensated system indicated that
P, of the system is reduced from 30.4kW to 28.9kW.
Thus an extra saving of 1.5kW can also be achieved due to
the reduction of 7.

26 26 27 28 29 30 31 32
I I I Iy B |
T T T

10 11 12 13 14 15 16 17

N Y O |
T T T

|
8 9
-
1
18 19 20 21

Fig.4  Single-line diagram of the 33-bus system
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5.2 33-bus system
The single-line diagram of the 12.66kV, 33-bus system is
shown in Fig. 4. The data of the system are obtained from
[1]. The base load of the system is (4715 + ;j2300) kVA and
the total loss is 369.3kW. The loss of the system due to 7, is
75.4kW. A summary of results obtained by the proposed
method in minimising the loss due to 7, is given in Table 2.
It can be observed in Table 2 that when bus 29 is first
compensated by 1245kVAr of capacitor, a saving of
62.0kW can be achieved. However, the load flow results (in
the original and compensated systems) indicated that the
loss due to 7, is reduced from 75.4kW to 14.1kW. Thus the
actual saving due to the capacitor at bus 29 is 61.3kW,
which is very close to the estimated value of 62.0kW found
by the proposed method. In the next step it was found that
a second capacitor of 385kVAr at bus 12 would provide a
further loss saving of 7.9kW. Similarly, a third capacitor of
495kVAr at bus 23 would provide an additional saving of
3.1kW. Thus the sequence of buses to be compensated is
29, 12 and 23. When only the first two buses (29 and 12)
are compensated, it was found that a total 1475kVAr of
capacitor (1079kVAr at bus 29 and 396kVAr at bus 12)
would save 69.5kW of loss. That is the loss due to I, is
reduced by more than 90%. When all three buses (29, 12
and 23) are considered, it was found that a total 1926kVAr
of capacitors (1035kVAr at bus 29, 370kVAr at bus 12 and
521kVAr at bus 23) provide a loss saving of 72.8kW. That
is an additional 451kVAr of capacitor provides an extra
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saving of only 3.3kW. Thus for this system, compensation
at two buses may be more cost-effective than the three
buses.

In practice the capacitor size should be discrete in value.
With this in mind, when buses 29 and 12 are compensated
by 1000kVAr (instead of 1079kVAr) and 400kVAr
(instead of 396kVAr), respectively, the load flow results
indicate that a saving of 68.3kW instead of 69.5kW can be
achieved. It is worth mentioning that an additional saving
of 11.2kW can also be realised by the capacitor because of
the improvement of voltage profile and hence the reduction
of 1,. Thus an overall saving of 79.5kW has been achieved
by placing 1400k VAr of capacitors at buses 29 and 12.

n

8 Conclusions

A simple method of minimising the loss associated with the
reactive component of branch currents by placing capaci-
tors in a radial distribution system has been proposed in
this paper. The method first finds a sequence of buses to be
compensated through finding the highest loss saving by a
singly located capacitor. The optimal sizc of multiple
capacitors is then determined by minimising the loss saving
equation with respect to the capacitor currents. This
involves the solution of a set of linear algebraic equations.
Practical implementation of the capacitor placement tech-
nique requires further cost-benefit analysis which in tumns
depends on the costs of capacitor bank and energy saving.

The proposed method was tested on two distribution sys-
tems consisting of 15 and 33 buses. In the 15-bus system it
was found that by placing the optimal capacitors at buses 3
and 6 the loss associated with the reactive branch currents
can be reduced from 31.4kW to 3.7kW. In the 33-bus sys-
tem it was found that a total 1400 kvar capacitors at two
different locations (buses 29 and 12) reduced the loss due to
reactive branch currents by more than 90%. In this system
a saving of 5.7kW per 100kVAr of capacitor bank can be
realised.
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OPTIMAL REACTIVE POWER PLANNING FOR DISTRIBUTION SYSTEMS
WITH NONLINEAR LOADS
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ABSTRACT

The objective of this paper is to derive a
systematic algorithm to decide the optimal
location and size of shunt capacitors and filters
for distribution systems with harmonic
distortion. In this paper, the problem of reactive
power compensation is first formulated as a
nonlinear programming of minimization of real
power loss, energy loss and capacitor cost under
voltage constraint. The nonlinear programming
problem is solved by the MINOS package to
determine the optimal locations and sizes of
shunt capacitors. The harmonic load flow is then
applied to solve the total voltage harmonic
distortion factor(HDF) and the filter design is
executed to solve the harmonic distortion and
reactive power compensation simultaneously. To
demonstrate the performance and effectivencss
of the proposed methodology, a sample
distribution feeder has been selected for
computer simulation.

INTRODUCTIQN

Optimization of shunt capacitor planning for
distribution systems has been implemented
effectively by utilities to reduce system loss and
‘improve the electricity service quality for a long
time. It consists of determining the locations and
sizes of capacitors to be installed "in distribution
systems so that the objectives of power loss
reduction, voltage regulation and system capacity
relcase can be achieved. Up to now, most of the
optimal shunt capacitor placement considers
fundamental frequency only[1-2]. However, with
more and more power clectronic devices used in
the industry, voltage harmonic distortion
becomes a serious problem from the view point of
power loss and the malfunction of protective
devices could be introduced.

Because the capacitor installed may interact
with system inductance to introduce severe
harmonic rcsonance and amplify the harmonic
current, it is necessary to consider the harmonic
distortion during the reactive power planning of
distribution systems. The proper harmonic filters
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will provide the reactive power at fundamental
frequency and prevent harmonic current from
flowing into the power system by providing a low
impedance path at the specified tuning
frequency. At present, most of the filter design
only consider a single bus to be compensated and
assumc one harmonic source in the system[3].
However, for a practical power system with
multiple harmonic sources, the harmonic load
flow analysis by considering whole network has
to be performed to find the possible harmonic
resonance in the system.

REACTIVE POWER COMPENSATION )

1. Objective function

The optimal capacitor planning is to minimize
the real power loss and the ecnergy loss by
considering the capacitor cost. The objective
function, F, is defined as Eq.(1).

N
+KcZQi (1)

i=1

P loss

" max o "max N
F=K P K E
nz—l e 2_1 loss

Kp: p.u. annual cost of power loss($/kw.yr)
Ke : p.u. cost of energy loss($/kwh)

Kc: p.u. annual cost of capacitors ($/kvar.yr)
n

P

loss : real power loss introduced by the nth
order harmonic current flow during peak
load period

loss : cnergy loss introduced by the nth order
harmonic current flow during study
period

Q; : total capacity of shunt capacitors at bus i

N : total bus number

For the distribution system, the complex power
loss is solved as a function of the bus injection
current[4] and the complex power loss for each
harmonic order is reduced by the compensation
capacitors.
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[n:[ n n .« [ n] n n
S 1=|(T -T) 2 J(T T (3)
n n n
= il si
Ti liC059]i+) imne“ (4)
Vn
Tn . ine" jcoso.
,'c‘—z-(fsm y; Flees Vi)Qi (5)
V..
Ri
2 =R +jX
TR TR T (6)
where
(zl © system impedance matrix
n
8
Ii . the angle ‘of the nth order harmonic
injection current at bus i
n
8.
Vi :the angle of the nth order harmonic bus
voltage at bus 1
v

Ri :rated voltage of the capacitor at bus i

The rcal power loss is then solved by Eq.(7).

N N nn n ul
n =ZZI,I_R_,cos(e“-eU)
bt B
loss i=1j=1
N V. N
1 n n_.n
~2n2———2 (ZR,U,IJ,sm(G)lj 8, R,
i=lV_ =l
Ri (7)
5 NN VV. n n
i
— R cos(8 . -
+0° LX——3 0080y~ €y QQ,
i=lj=1 V. Vo
Ri Rj

The energy loss is then solved as the
summation of the real power loss during whole
time period by considcring the typical daily load
curve of the sample feeder.

n T n
E =[P (a
loss 7y loss (8)
2. Constraints

During the minimization of the objective
function Egq.(1), system operation constraints
such as harmonic distortion and voltage violation
have to be take into account. In this paper, the
voltage constraint is considered fundamental
voltage analysis, then the voltage harmonic
distortion is solved by harmonic filter, if
required.

The bus voltage change due to the injection

current of the compensation capacitors is solved
as Eq.(9)[5].

. N N iQ
= =2,Z
Avi ZZikAlck 2 ik( vE ) (9)
k=1 k=1 K

The bus voltage is then modified as 1.

C u
V. =V +AV,
1 1 1

. N Z
=V + X (=5
-1 Vv (1o
k=1 K
u
where i is the bus voltage before shunt

compensation. Therefore, the voltage constraint
is then cxpressed as the function of shunt
capacitors and the overall capacitor placecment
problem is solved as Eq.(11).

n n
max nax

N
n n
in..F=K P K E
Min.: P 21 Ioss+ ¢ El loss¥K“,lei
n =i n= I

N Z. LD
SL Vmin - V' SZ(%)Q < Vmax. - V.
i 1 izt vj J ! !

FILTER DESIGN

After solving the reactive power compensation
required and the corresponding locations where
the capacitors should be installed, the shunt
capacitor should be replaced by the proper filter
for those buses with the harmoenic distortion
violation. In this case, the reactive power
generated by the filter should be the same as
provided by the previous shunt capacitor.

For the t-th order single-tuned filter, the
fundamental voltage across the capacitor is
calculated as

bus

2 bus L (12)

where Xc and Zfijer are the impedance of the
capacitor and the filter at fundamental
frecquency respectively. The voltage rating of the
filter capacitor is solved as Eq.(13).

= t \In
chvbusx2—+ Z ’ (13)
t -1 n=2
Due 1o the existence of the series inductor, the
net reactive power generated by the t-th order
harmonic filter is solved as Eg.(14).
2
bus
itce: “Z .
filter
2

v 2
-Q % bus % t 4
cap”| TV 2 (14)
c |

COMPUTER SIMULATION

The flowchart of reactive power
compensation for the distribution system  with
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harmonic power pollution is shown as Fig. 1. The
harmonic load flow program is based on the
current injection method[6].

Read system dats, branch data,
bus dats, and system parameters.

Exocute harmonic load flow to calculate
the uncompensated voltages

Substitute voltages into Eq.(11) and
use the MINOS package to solve Qi

Solve the harmonic load flow
for the system with Qi

Bus voluages
converged 7

Yes

k4
[ Install the capacitor banks Qi and run I

harmonic load flow analysis

i ]

Calculate the HDF and find
the HDFmax for m buses

Na
>

Determine the tune frequencies of filters st bus
where the max. HDF occured among the buses
which capacitor banks Qi have been installed

¥
Deiermine the desired ratio of the
tonctive power gencratcd by cach
filler according to the harmonic
curreal conlents

e

Solve the reactive power
I generated by each filter I
¥
Calculate the total effective
reactive power(Quowl) generated
by each tuned filter

“_ Increase the
*| reaciive power

No

Calculate the L and C of each
tuned filter

Fig. 1 The flowchart of reactive power
compensation

In this paper, a 11.4kV sample distribution
feeder as shown by Fig.2 is selected for computer
simulation. The bus data and branch data arc
listed in Appendix. The voltage constraints are
Vmin=0.95p.u.,, Vmax=1.05p.u. and the harmonic
distortion limit is HDFp3x=3%. The parameters in
the objective function are Kp=$168/kw.yr,
Ke=$0.05/kwh and Kc=$4/kvar.yr. The samplc

feeder serves the commercial arca with the daily
load curve as shown in Fig. 3.

The harmonic current contents at each bus are
assumed to be Il/n, where I1 is the fundamental
load current and n is the harmonic order. Table 1
shows the computer simulation for the ‘test feeder
at 9AM when the system peak load occurs. It is
found that very serious harmonic distortion and

poor voltage profile are resulted for the system
without reactive power compensation.

= '; ‘ ;S 7 ?0 YSj

Fig. 2 One line diagram of the sample feeder
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Fig. 3 Daily load curve of the sample feeder

Table 1 Computer simulation of the sample feeder
Case 1. system without compensation

Case II: system with capacitor compensation

Case III: system with capacitor and filter

compensation
BUS Case 1 Case 11 Case 111
VohnéeEDFg%) VoItage[ﬂDFg%} Vollage[l-_IDFg%!
1 _]1.000] 0.00 }1.000 | 0.00 |1.000 | 0.00
2 ]0.986 ] 1.12 10.996 | 1.04 ]0.997 | 0.33
3 10.961] 3.37 10.991 | 3.11 ]0.991 { 0.39
4 10.944 ] 4.76_10.991 | 4.37 |0.991 | 0.78
5 10.957 | 3.80 [0.988 | 3.50 |0.988 { 1.30
6 10.921] 6.75 [0.989 | 6.19 |0.991 | 0.74
7 10.955] 4.11 10.987 | 3.78 10.987 | 1.57
8 {09151 7.11 10.984 | 6.54 }0.986 | 0.85
9 10916 | 7.27 10.992 | 6.68 }0.993 | 0.85
10]0.947 | 5.08 10.980 | 4.67 ]0.981 | 2.41
1110912 | 7.24 {0.980 | 6.66 10.983 | 0.93
1210913 ] 7.63 10.994 | 7.01 {0.996 { 1.14
13 10.944 | 5.35 [0.978 | 4.90 [0.979 | 2.64
1410910 | 7.31 {0.977 | 6.73 }0.981 | 0.98
1510911 ] 7.94 10.993 | 7.30 ]0.994 | 1.01
1610.910 | 7.85 {0.992 | 7.22 {0.993 | 1.03

In order to improve the voltage profile, the
optimal capacitor placement is first cxecuted. For
this study, the optimal shunt capacitor location
are solved at Bus 4, 6, 7, 12, 13 and the
corresponding capacitor sizes are 300, 300, 150,
150, 150kvar. Although the system voltage has
been improved, thc harmonic distortion factor is
still larger than the limit. Furthermore, the
system loss and the corresponding cost of the test
feeder is reduced significantly with the proper
reactive power compensation as shown by Table
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2. It is found that the system loss and the overall
cost of the sample feeder are the smallest by
applying the proposed methodology. There is
$6885/year cost saving has been achieved by the
proposed reactive power compensation.

To solve the harmonic distortion, two single
tuned filters are installed at bus 12 as Table 3 with
tuning frequencies at 4.8 and 6.7 harmonic order
to prevent the filters from becoming capacitive
to amplify the harmonic current. The total
effective reactive power generated by both
filters are - 150kvar at fundamental frequency,
which means that samc amount of reactive power
compensation is obtained. From Table 1(Casc III),
it is found that the harmonic distortion has been
reduced to within the harmonic distortion limit.

Table 2 System loss and cost of the sample feeder
Case ] Case II

Peak loss(Kw) 203.0 179.3
Energy loss(Mw.yr) 904.7 840.7
Power loss cost($/yr) 34110 30121
Energy loss cost($/yr) | 47033 42036
Capacitor__cost($/yr) 0 2100

Total _cost($/yr) 81143 74257
Table 3 The single-tuned filters to be installed at

bus 12

filter | Q(kvar) L(mH) Qpen(kvar)

4.8th 127 0.140 94

6.7th 74 0.187 56
CONCLUSIONS

this paper has developed a systematic
procedurc to determine the optimal reactive
power compensation by shunt capacitors and
filters for distribution systems with nonlincar
loads. The MINOS package is applicd to solve the
nonlinear programming to find the optimal
location and size of the reactive power
compensation. The harmonic load flow is used to
calculale the system harmonic distortion and
power loss. The proper harmonic filters arc
designed to find the tuning frequency, vollage

and current ratings of the inductor and capacitor
for those buses with harmonic distortion
violation. According to the computer simulation
of the sample feeder, it is concluded that the
reactive power compensation musl be
incorporated with harmonic filters to climinatc
the harmonic distortion as well as (o provide the
reactive power compensation.

APPENDIX

Bus data and branch of the test system
(all line segments are ACSR 1/0)

BUS | Peak Nonlinear FBUS | TBUS | Length

Loadskw! Load 5%2 (mile)
1 0 0.00 1 2 1.0
2 250 0.0 2 3 2.0
3 220 55.7 3 4 2.0
4 300 48.9 3 5 1.0
5 280 92.1 4 6 3.0
6 410 4.7 5 7 1.0
7 350 51.9 6 8 3.0
8 250 38.2 6 9 1.0
9 390 90.1 7 10 4.0
10 300 80.5 8 11 2.0
11 290 37.2 9 12 1.0
12 630 8.1 10 13 2.0
13 500 63.5 11 14 3.0
14 250 20.1 12 15 2.0
15 370 85.7 12 16 3.0
16 400 42.7
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