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Abstract

The harmonic in distribution systems becomes an important problem due to an increase in nonlinear loads.
This paper presents a new approach based on a graph algorithm for optimum placement of passive harmonic
filters in a multi-bus system, which suffers from harmonic current sources. The objective of this paper is to
minimize the network loss, the cost of the filter and the total harmonic distortion of voltage, and also
enhances voltage profile at each bus effectively. Four types of sub-graph have been used for search space of
optimization. The method handles standard capacitor sizes in planning filters and associated costs. In this
paper, objective function is not differential but eases solving process. The IEEE 30 bus test system is used
for the placement of passive filter. The simulation has been done to show applicability of the proposed
method. Simulation results prove that the method is effective and suitable for the passive filter planning in a

power system.
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1. Introduction

The increase of current and voltage harmonics
levels in power systems is caused through a
growth in nonlinear loads. The harmonic of
voltages and currents in power system are
generated mainly due to the application of power
electronic convertor, switching devices, and
transformer’s saturation [1]. Power electronic
devices show nonlinear load features and thus
they create distorted currents even when supplied
with a purely sinusoidal voltage. These distorted
currents cause current and voltage distortion
throughout the power system. To improve power
quality, several methods exist such as the use of
higher-pulse converters, the choice of transformer
connections, the modification of electric circuit
configuration, and the application of active and
passive harmonic filters [1]. Among them, passive
harmonic filters (PHF) cause low impedance
shunt paths for harmonic currents and compensate
reactive power through its capacitor at the
fundamental frequency. Low maintenance, cost,
and complexity are the main advantages of PHF
compare to other solutions such as active power
filter. The PHFs have several disadvantages such

as parallel and series resonances, aging of passive
components, and dependency on the source
impedance, which should be considered in PHF
designing [2].

Since the PHF planning is a nonlinear
programming problem, it is difficult to solve by
conventional approaches such as a blind search.
Many methods have been devised for an optimal
PHF planning in the literature. Conventional
methods of search and optimization are slow in
finding a solution in a very complex search space
[3, 4]. Hence, some methods such as artificial
neural networks (ANNS) [5] or genetic algorithms
(GAs) [6,7] are widely applied for searching an
optimal solution of locating and sizing passive
filters. In many cases, the difficulties of GA
method are the computing of efficiency and
convergence because it contains selection, copy,
crossover and mutation and so on. For instance,
Eberhart and Kennedy recently suggested a
particle swarm optimization (PSO) based on the
analogy of swarm of bird and school of fish [8].
PSO algorithm uses as a branch of stochastic
techniques to explore the search space for
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optimization. In [9,10] a probabilistic approach is
used for filter planning that requires stochastic
calculation in a large range. Reference [11]
presents a method which combines the orthogonal
array experiment technique and an ant direction
hybrid differential evolution algorithm for optimal
passive harmonic filter planning.

This paper presents a practical technique based on
a graph search method for filter placement
problem.

The proposed algorithm determines the number,
sizes, and locations of filters to be placed on a
distribution system in order to minimize cost. The
optimization algorithm treats capacitor sizes as
discrete variables and uses standard sizes and
exact capacitor costs.

2. Problem formulation

The main objectives are to minimize the filter
cost, the network power losses and total harmonic
distortion of voltages while satisfying the
harmonic standard and improving voltage profile.
In this paper, the following assumptions have
been made:

+ Rated voltage will not be affected by the
addition of filters,

* consider linear and nonlinear loads in a balanced
three-phase system.

2.1. Constraints

Voltage constraints will be considered by
specifying upper and lower bounds of rms
voltage. (e.g., v""=0.9 pu, v"™=1.1 pu)

Vmi”s\/ZWst‘”‘,for i=1..n
h

Where i, h denotes bus number and harmonic
order, respectively.

The distortion of voltage is considered through
specifying maximum total harmonic distortion
(THD,,;), voltages and currents at system bus:
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Bounds of values for (1) and (2) are specified by
the IEEE-519 standard limits [16].

2.2. Objective Function
The problem of optimization can be stated as
follows:

min f = (KVTHD) + (K ,Ploss)

+(k, profv) +(k,Q)

3)
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where, VTHD sum of voltage total harmonic
distortion deviation from standard limits,

Ploss Total network losses,

profv Sum of voltages deviation from 1 per unit
at each bus,

Q Size of filter capacitor in KVAR,

K, Cost per MW (e.g., K,=120 $/MW, [14])
K.rp Cost per KVAR of fixed capacitance

Ky, a factor to convert voltages deviation from 1
per unit to dollars;

K a factor to convert THD deviation from
standards to dollars.

Network losses consist of two parts. The first part
is computed by differencing between generated
and loaded power at fundamental frequency and
the second part is computed through using
harmonic power flow outputs as follows:

Pos =2 | 2 D “)

L n n Vi(h)Vj(h)Yij(h) x
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where, Vi(h) and Gi(h)are magnitude and phase of

hth harmonic voltage at bus i and ¥,Vand & are

magnitude and phase of hth harmonic line
admittance between buses i and j, respectively.

3. The graph search algorithm

A graph is made of a set of nodes that are
connected by arcs. Each node corresponds to a
possible combination of the size of filters
capacitor and locations of filters for a given
number of filters to be placed. A specific graph is
used for each possible number of filters to be
placed. The proposed algorithm searches the
nodes of graph in an attempt to determine the
optimal solution. Beginning with minimum
number of filters to be placed (a user-specified
parameter); a search is performed to locate the
node in that graph which produces minimum cost.
If the determined maximum number of filters (a
user-specified parameter) has not been reached,
the number of filters to be placed is incremented
by one and the next graph is searched. Values of
costs for every node are determined on each
graph, and another filter will increase overall cost.
Then, the process is terminated.

3.1. Definition of the graph nodes and arcs

A complete graph for a given number of filters
contains several nodes from which each one
corresponds to a possible combination of filter
capacitor sizes and locations of filters. In the huge
power networks, the number of nodes that must be
examined can be very large, and an effective
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procedure was developed to allow only a
relatively small percentage of nodes to be
evaluated to determine a near-optimal solution.
Thus, the following four different types of arcs
have been defined so the algorithm can move
from one node to another based on the rules of
these four types of arcs in search of the optimal
solution.

3.1.1. Type I arcs

This type of arcs changing one filter capacitor size
only with locations remaining unchanged and
moving from one node to another is defined as
“Type I” move.

3.1.2. Type Il arcs

Type Il represents a change of one filter location
only. These arcs require the nodes on both sides
that have the same capacitor size. In addition, the
buses specified must be electrically adjacent to
another. Move from one node to another using
this type of arc is referred to as “Type II” move.
Since in both Types | and Il moves, there is only a
change in one decision variable; therefore, these
moves can be considered as “local variations”. For
example, suppose that two single-tune filters are
to be placed on two buses in a distribution system.
Assume the initial node corresponds to a solution
that places at buses 5, 14 with capacitor sizes 600
kVAR. Standard capacitor sizes in use are 150,
300, 450, 600, 750 kVAR, and so on. Possible
Types | and Il moves from this initial node are
shown in figure 1. These “adjacent” moves would
be evaluated in a systematic manner until a
decrease in costs is determined. Once this occurs,
the new node will be center node for starting
possible moves.

3.1.3. Type Il arcs

An arc of this type represents a simultaneous
change in the size and location of a single filter.
These changes are allowed to electrically adjacent
busses at the location of filter and capacitor size
only changes by one step according to a typical
capacitor size in use. This move type is referred to
as “Type III” move. For the initial node, possible
Type Il moves from this node are shown in figure
2.

3.1.4. Type IV arcs

This type of arcs location of filter changes to
another bus that is not necessarily adjacent to the
existing location. This arcs type connects all
nodes that differ only in the location of a single
filter, with all sizes of capacitors and all other
locations of filters unchanged. Moves of this type

are referred to as “Type IV” moves. For the initial
node, all possible moves of this type are shown in
figure 3.

Figure 3. Possible type IV moves.

The purpose of Types Ill and IV moves is to allow
the algorithm to escape from local minimums that
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may be encountered in search of the global
optimum. These moves were found to produce
good results, often allowing escape from a local
minimum. This algorithm implemented allows the
user to specify the moves to be considered.

3.2. The overall solution procedure
Step 1: Consider the user specified minimum
number of filters to be placed in network.

Step 2: Choose an initial solution for these
numbers of filters, or let the computer randomly
select one creating the initial node in the graph.

Step 3: Evaluate Types | and Il moves in a
systematic manner. Any move, which causes a
decrease in objective function, is immediately
accepted and creates new node in our graph and
other possible arcs from this node are denied.
Then, a new node is centered for evaluating Types
I and Il moves. This process should be continued
until no further improvements in costs can be
made. At this point, a local optimum solution for
the network has been obtained.

Step 4: Evaluate Type Il moves in a systematic
manner after no further improvement can be made
with Type | or Il moves. If any Type 11l move is
accepted, again Types | and Il moves should be
returned to Step 3 for evaluation. If all Type Il
moves fail, go to next Step.

Step 5: Ultimately evaluate Type IV moves. Once
any Type IV move is accepted, return to Step 3
for evaluation of Types | and Il moves. If all
moves of Type IV fail, the near-optimal solution
for these numbers of filters has been found. Go to
Step 6.

Step 6: Compare the objective function resulting
from this solution to the objective function with
the previous number of filters. If the new
objective function is decreased, increase the
number of filters and return to Step 2. Otherwise,
the algorithm  terminates. The  solution
corresponding to the previous number of filters is
the overall near-optimal solution.

4. Test case system

In order to test and validate our method for
planning passive filter, the IEEE 30 bus test
system from [15] was implemented and is showed
in figure 4. The system data is shown in tables A.1
and A.2 (see Appendix). All loads in the network
are linear except for, four nonlinear loads, which
are located at busses 5, 14, 21 and 30. These
nonlinear loads are 6-pulses diode rectifiers. Due
to the existence of these power electronic devices,

considerable harmonic currents are injected into
the system. Harmonic currents in per unit are
shown in table 1. Simulation result shows about
24,1052 MW losses without the presence of
filters. The voltages profile and total harmonic
voltage distortion (THD,) at each bus are
determined through no passive filter in the system.
In order to compensate harmonics, single-tune
passive filter for low order harmonics and high
pass filter for higher order harmonics are used in
this network that is most common shunt filter

types.
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Figure 4. The IEEE 30 bus test system.

Table 1. Harmonic currents in per unit for IEEE 30 bus
test system.

Bus 5 14 21 30

h=5 0.0072 0.0128 0.0416 0.0082
h=7 0.0051 0.0091 0.0297 0.0059
h=11 0.0033 0.0058 0.0189 0.0037
h=13 0.0028 0.0049 0.0160 0.0032
h=17 0.0021 0.0038 0.0122 0.0024
h=19 0.0019 0.0034 0.0109 0.0022
h=23 0.0016 0.0028 0.0090 0.0018
h=25 0.0014 0.0026 0.0083 0.0016
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4.1. Simulation results

To determine the global optimum solution for
locating passive filters, the graph search algorithm
is used. Two passive filter packs are placed at
buses 2, 21 with capacitor size 600 KVAR, and
this state is considered as initial node for starting
our approach. By processing algorithm, the
number of filters is increased and results related to
each stage are obtained. The first stage of
optimization is to find optimum location and
capacitor size for two filter packs. Graph
algorithm offers an optimum solution based on
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locating these filter packs at busses 1 and 9 with
capacitor sizes of 0.6, 3.6 KVAR, respectively. By
increasing the number of filters to 3, and finding
optimum location and capacitor size for those
filters, the objective function shows an
improvement to this change, and so the process
continues. The decrement of objective function
goes on until there are six filter packs in the
network. However, on this stage, objective
function shows an increasing trend against
previous stages. This increase is a sufficient
reason to terminate the optimization process.
Therefore, this algorithm suggests five filter packs
to be located at this test system for mitigation
harmonics. The final result is to locate five filter
packs at busses 1, 5, 8, 21 and 30 with capacitor
sizes 0.45, 3.6, 3.6, 3.6 and 0.6, respectively.
Results from graph algorithm for two to six filter
packs are presented in table 2. Network losses are
included losses in fundamental frequency and
harmonic frequency. Figures 5 shows the voltages
profile and figure 6 shows THD, before and after
installing passive filters at each bus. It shows that
the THD, is well controlled and voltage profile is
improved after the placement of the filters so that
values of THD, satisfy the standard limits.
Minimum voltage occurs in bus 7 with value
0.945 per unit and maximum voltage at bus 1 with
value 1.06 per unit. Also all of the values of THD,
are below 4.5%.

Table 2. Results on test system.

Capacitor Network
#filter location . losses
size(MVAR) (MWATT)

1 0.60

2 9 36 2.8572
5 3.9

3 21 3.6 2.6284
27 3.6
1 0.45
10 3.6

4 21 36 2.6196
27 3.6
1 0.45
5 0.36

5 8 0.36 2.5252
21 0.36
30 0.60
2 0.36
3 0.60
7 0.60

6 9 0.36 2.9412
15 0.36
29 0.45

Figures 7 and 8 show THD of voltage and voltage
profile at buses 5, 10, 21 and 30 on each stage of
graph algorithm process for different number of
filters. As can be indicated, results show that five
filter branches located at network buses have
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improved but increased the number of filters to
six. However, no improvement has been seen in
results but the algorithm suggests five filter
branches as problem global solution.
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Figure 5. Voltage profile before and after placing filters.
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Figure 6. THDV before and after placing filters.
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Figure 7. THD of voltage in each stage for four network
buses.
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Figure 8. Voltage in each stage for four network buses.

In order to demonstrate the performance of the
proposed graph algorithm, some performance
comparisons with well-known genetic algorithm
(GA) are made. For this purpose, the realistic 18
bus system [17] is used. In [18] the GA is utilized
for solving the same problem in 18-bus system.
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Also, we plan passive filters through the graph
algorithm in this network. Figures 9 and 10
illustrate the 5th and 7th harmonic voltages in
p.u., respectively before and after filter placement
using the proposed method and GA.

Il with filter(Graph search)
T Jwith filter(GA)
Il without filter

0.06--~""

0.04]

0.02-"

Voltage(pu)

Bus Number

Figure 9. Fifth harmonic voltages before and after filter
installation.

Il with filter(Graph search)
P [ with filter(GA)
. |Ilwithout filter

0.06- -

0.04-

0.02.

voltage (pu)

Bus Number

Figure 10. Seventh harmonic voltages before and after
filter installation.

These figures show that the proposed this method
is very efficient for optimization problems and
suitable for planning passive filters in power
networks.

In this method, there is no complex calculation for
obtaining results on each step of optimization. The
only calculation is related to get values of
objective function. Because of arcs and nodes are
graphical tools to describe space of problem, this
method has a good visual comprehension. In this
paper, a graph algorithm is applied on two power
networks for finding optimum placement of filters
and the simulation results show satisfaction of
problems, which indicate the graph algorithm is a
practical method for the optimization problem.
Using four move types in the proposed method is
not necessary for testing all possible states and
therefore this algorithm requires less time to
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converge. Since the more time in this method is
spent for doing power flow with using fast power
flow methods, this time is decreased. In addition
to the optimum placement of filters in power
networks, another optimization includes filter
parameters optimization, which is studied in [19].
Therefore, these two optimization problems can
be focused in future studies.

5. Conclusion

This paper has presented a new method for
mitigation harmonic with passive harmonic filters
design. The approach is a graph search algorithm.
It can handle standard capacitor sizes and
associated costs. This algorithm does not use a
differential objective function which eases solving
process. Mathematical simplicity of the method
makes it possible to include many features in the
algorithm that would be rather difficult with
previous solution methods (e.g., the user can
constrain the filter locations). The IEEE 30 bus
test system is used for placement passive filter for
showing the applicability of the proposed method.
The simulation results verify the feasibility and
the validity of the proposed graph search
algorithm in the design of optimal passive
harmonic filter of a multi-bus system.
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Appendix.
Table A.1.
BUS DATA
BUS Type Load Load
(MW) (MVAR)
1 PV 0 0
2 PV 21.7 12.7
3 PQ 24 1.2
4 PQ 76 16
5 PQ 94.2 19
6 PQ 0 0
7 PQ 22.8 10.9
8 PQ 30 30
9 PQ 0 0
10 PQ 5.8 2
11 PQ 0 0
12 PQ 11.2 75
13 PQ 0 0
14 PQ 6.2 1.6
15 PQ 8.2 25
16 PQ & 1.8
17 PQ 9 5.8
18 PQ 3.2 0.9
19 PQ 9.5 3.4
20 PQ 2.2 0.7
21 PQ 17.5 11.2
22 PQ 0 0
23 PQ 32 1.6
24 PQ 8.7 6.7
25 PQ 0 0
26 PQ & 2.3
27 PQ 0 0
28 PQ 0 0
29 PQ 2.4 0.9
30 PQ 10.6 19
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Table A.2.

Branch Data

1 2 Transmission Line 0.0192 0.0575 0.0264

Transmission Line

Transmission Line

Transmission Line

Transmission Line

Transformer

Transmission Line

Transformer

Transmission Line

Transmission Line

Transmission Line

Transmission Line

Transmission Line

Transmission Line

Transmission Line

Transmission Line

Transmission Line

Transmission Line

Transmission Line

Transmission Line

6 28 Transmission Line 0.0169 0.0599 0.0065

224



d}b/on)u‘r‘”u’f,/ ﬂ

”/'bo
SIS w5951 31 ool b @503 i 33 goanny yild gy UL
Foliiws e g JBT v 50
Lol 3) 009 Ll (39 ;oL oIS «(§ 0 (cwdieo 0USEINS (D yud 09,5
YOIV o pdy YN8/ Y Lol
0uS

Slgol Jolods LaSiige b wdgs (ol mlio.calos 15 oy (Rl @ )08 piws o (Sidgelo gl (s o8 slol oliee Gl @ az s b
Syzge sLagl > glagel el 0503 loatunn 53 Slgol cpl 95 aiil oo 03 (S 18 sla)l 5 (55 Eew lad Shas (D jud Sy 58Ul
L a8 i )0 05 CadeS alplis 5 2isdioo bl 5 glrgel cos Sl )0 (s (o)l b adly glrgel slaplyz 0gd o0 a5 5o
Labsy syl 5 pdsolatdl laie 4y goy sloyiled il pls 5145 0 00 0929 £090 cnl U sskiio 4 (b9, iz 090 gy, Sl
oliming o 5508 oo ol BLS (03056501 5l eolisnl b guay slo s oyl lp |y ohgy Alie (pl gy 0 S0 bSigelo ol e
WSt Olal ay e 9, F merne 4D gl S (b I Bas b e | dge Sl 29 g0 a8 4SS Gln &5 QLS )0 i
gy it 2Ll 3 T a5 S5 les Wlige Cemdy gy cnl 51 45 bl Bl oo Wy Jgy Sente 5 s JS (Sige e zlogel

Syl &,a8 4l gl

SIS 528 g3l g gy LS (Seisale glasel i guals WlalS




