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ABSTRACT
This paper proposes an optimal degsign of single timed shunt passive filter for the Underground
Ramsis Metro Substation (URMS) using Linear Programming techmique as a conventional
technique and fuzzy lincar programming (FLF) technique as a modern technique. The optimal
filter parameters are cbtained to overcome the harmonics generated in the voltage and current
waveforms, due to the non-linear characteristics of the rectifiers, which distort the voliage and
currents waveforms at the point of common coupling (PCC). The havmonic levels are analyzed at
different loading conditions psing the Fast Fourier Transform (FFT) on MATLAB optimization
program. The proposed optimal design of harmonic filter is based on minimizing the cost of the
filter parameters and its losses. Both techniques are applied on the system under study. From the
results, the THD levels of the line current and the bus voltage are reduced to be within the standard
limits. A comparison between the optimal design filters are carried out using the LP and FLP
technmiques. However, the lowest cost of filter is obtained using the FLP technique,
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1. INTRODUCTION
The widespread applications of electronically
controlled loads have increased harmonic distortion
in power system voltage and current waveforms [1-
4]. Hence, voltage and current waveforms of a
distribution or transmission system are usually not
pure sinusoids; they may consist of a combination of
the fundamental, harmonics and other frequencies
caused by transients, The presence of harmonics in
the network causes many problems to the customers,
starting with home appliances to interfacing with
communication equipment and temperature rise in ail
connected electrical elements, Te make the network
more reliable and secure, standards of power quality
are applied in many distribution networks, and limits
are designed for total harmonic distortion (THD).
Therefore, the filters are used to control harmonics in
the network. To design such filters, it is necessary to:

1. Evaluate the harmonic distortion in both current

and voltage waveforms.
2. Have an accurate method of determining filter

parameters.
Ref. [5] presented the design of harmonic filter which
is based on minimizing the network tolal apparent
power for non-linear loads. However, a non-linear
load was considered and its apparent power is
obtained. The value of inductance and the resistance
was obtained by assuming that the guality factor is
equal to 100 for simplicify. In Ref [6], the author
developed a technigue to optimize the design for
single tuned filter, the filter mathematical model was
obtained considering the filter cost and losses as a
function of quality factor. The optimum quality
factor was used as the basis for defining the filter
parameters. The developed technique was applied to
design a passive filter for two factories. The decision
theory was applied to jointly select the cable and

Engineering Research Journal, Vol.3029, No. 1 January 2007, PP 1-8

© Faculty of Engineering, Minoufiya University, Egypt



AA. Abou EL-Ela, ,S".r'z'é'l:llam, H. El-Arwash, "An Optimal Design Of Single Tuned Filter In Distribution ... ...

filter size under uncertainty due to the presence of
non-linear loads [7]. The problem of the cable design
and harmonic filter was approached in an infegrated
way provided that the presence of the filter could
affect the sizing of the cable. However, the harmonic
currénts flowing in the cable are modified by the
filter presence with consequent variation of the cable
joule loss cost. The objective function is the total cost
which is the sum of the cost fanction of both the
cable and the filter, The implementation and practical
application of the sizing procedures were discussed
and compared in some case studies.

In this paper the decision theory is applied to select
the optimal filter size under uncertainty which
minimizes the total cost of the filter due to the
presence of harmonics in Underground Ramsis Metro
Substation (URMS).. The use of the optimization
techniques has béen important to design the harmonic
suppression filter. The minimum total costs of the
filter and optimal filter parameters are some areas in
which these techniques have been extensively used.

2, PROBLEM FORMULATION ,
Minimization of total. costs of the filter
(objective function) subject to certain values of filter
parameters (constraints) is the biggest challenge for
filter design.- Conventional methods such as Linear
Programming technique (LP) and modern technigues
like Fezzy Linear Programming techniques (FLP)
will be used to design the single tuned shunt passive
filter optimized for
. minimizing the total cost of filter that penetrate the
harmonics. An optimization process can be defined
as a maximization (or minimization) of an objective
function, f7x), subject to some constraints of the
problem g(x). These constraints define the feasible
region, i.e, a region that contzuns possible solutions
of the problem. '
The objective function is to minimize the total cost of
the filter; and can be formulated as:

MinF= f(R, X.,X,) '6H)
subject to some constraints which can be formulated

as :
»  Quality factor constraints

Q™ <Q<Q™ B
*  Resonant constraints !
XT S K S KPS e
e  TFilter parameter constraints t
XM X, x| @
X o< X, < X | o)
"R™ <R <R™ . )
where, -

F :is the total filter cost;
R :is the filter resistance;

L

Xo: s the fundamental frequency capacitive
Teactance;
X, is the fundamental frequency inductive

reactance;
¢ . isthe quality factor

X, : is the resonant reactance;

min and max ;. denote the minimum and the
maximum limits respectively.

3. OPTIMAL PROPOSED FILTER DESIGN

(OPEFD)

The problem of filter design is started from the
limit that two or more harmonic components are
generated in the voltage and current waves due to the
non-linear characteristics of the rectifiérs, For
optimal filter parameters, the objective function is to
minimize the total cost of Eqn. (1). The controf
variable of the single tuned shunt passive filter
design problem is the quality factor, while the

.dependant variables are the filter parameters

(R, X, X ) and the resonant reactance. -

3.1 OPFD using Linear Programming (LP)
Optimization Technique
Thé use of conventional LP technique has the
popular one may use due io the simplicity of system
modeling and objectives, The quality factor
determines how sharply the filter is tuned to the
target harmonic order. The admitiance of a high

(filter drops off quickly at frequencies above and

below its target value. The optimal (Jfor single
tuned filter leads to have the lowest harmonic voltage
distortion.

The total filter costs are the sum of filter cost and
power losses cost. The definition of each item of
filter objective function is calculated as follows:

The impedance of single tuned ﬁlter (Z) can be
expressed as:

Z =R+ jloL ——) ": G

At the target harmomc order, the filter reactance is:
X L : . -
X, =h*X, — A )
n \cC -
X, |
And =— &)
0=
where

h : the target harmonic order
The total filter costs objective function of ﬁlter
design of Eqn. (1) can be expressed as:

C=KR+K,X,+K . X, (10)
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Where
K =U*10° 17+ I}];
h=2

2
" Ih

K,=U.K+UI}+Y 7],
k=21

K, = U, K+U)I;+ I;*h)
h=2

U, : is the incremental cost of the capacitor and it
is equal to 170%10° LE/MVAR
[/, : is the incremental cost of the reactor and it is

equal to170*10° LE/MVAR
n : is the harmonic number

3.2 OPFD using Fuzzy Linear Programming
(FLP)
Optimization Technique

The Fuzzy Linear Programming (FLP) technique
is used to achieve the objective function in Eqn. (1)
and satisfy the filter parameters (constraints). The
difference between LP and FLP techniques is that the
values and operators using the conventional LP are
crisp values, while, the values and/or operators of the
FLP are Fuzzified characteristics, using FLP
technique.

3.2.1 Fuzzy modeling of constraints:

The proposed triangnlar fuzzy modeling for the
filter resistance is shown in Fig. 1. It is seen that, a
membership function for the resistance is equal to 1
assigned to R™° | each component of filter is
represented by two linear constraints: the lower limit
and the upper limits.

u(R) N

Ha(R}

leﬂ Rm‘&ﬂ er’llx VR(Q)
Fig. 1 Triangular fuzzy modeling for the filter
resistance
The lower limit membership for the resistance of the
filter is described as follow:

0 R < R™n
AR ={R-Fy @y R srspe (D
1 R>R™
and the upper resistance limit membership is:
1 R<R™
AR=RSRYR™R g <p<p= )
0 R>R™

Similarly, the proposed triangular fuzzy modeling for
the capacitive reactance is shown in Fig. 2

The lower limit membership for the capacitive
reactance of the filter is described as follow:

0 Xo <X, ™ 13)
A(Xc)z (XC__Xcmin)/(‘Xcmd_Xcrrdn) Xcmin SXC SXCmd
1 Xo>x.™

ulxe

P X0}

o ;
X Ko KM

Fig. 2 Triangular fuzzy modeling for the filter
capacitive reactance

The upper capacitive reactance limit membership is:

i XC <Xcmed
max max nie med max (14)
M= =X YO e j X X=X
0 X >X"

Similarly, the proposed triangular fuzzy modeling for
the inductive reactance is shown in Fig, 3.

-3

B |

0 > 3@
XLmln XLmed XLmax
Fig. 3 Triangular fuzzy modeling for the filter
inductive reactance

The lower limit membership for the inductive
reactance of the filter is described as follow:
0 X, <X
ENECASAD CANS AN A 5 '
1 X, >x"™
and the upper inductive reactance limit membership
is:

(15)

L X, <x™
max max mé (16)
P =™ =X W™ X, sy, <xm
0 X, >x™

Similaraly, the proposed triangular fuzzy modeling
for the quality factor can be expressed as in Fig. 4.
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1.

a(Q 4

() 1a(Q)

0 » g
Fig. 4 Trxangulaagfuzzy modeling for the filter
q‘ﬁahty factor

The lower limit membership for the quality factor of
the filter is described as follow:

0 min
Q<0 17
(O =10~ Q“‘")/(Q""‘—Q“""J o™ <pcgr U7
1 Q>0
and the upper quality factor [imit membership is:
1 Q < Qmed
o med (18)
@)= Q™ QO™ -0™) O™ =@ o™
Clet Q>0™

322 Proposed fuzzy modeling of objective
function:

The objective function, minimizes the total filter
costs as much as possible. The proposed fuzzy
modeling of the total costs function is shown in Fig.
5. The fuzzy membership function of the costs, is
described as:

1 c<Cm™ (19)
Y (O) = (C““"-C)/(C'"“" C™) ¢= <csc™>

10 C>C""“

where, C™ and € 'm
maximum total filter cost.

are- the srhinimum and the

E T
15(C)
0 —»

Fig. 5 Fuzzy modeling for the filter total costs

The calculations of the optimal filter parameters
are implemented in the design of single tuned shunt
passive filter limbs in drder to provide the following:

® Minimize the harmonics in the source current.
e Minimize the total filter costs at the optlmal
quality factor. ‘ ;

"

4. APPLICATIONS
4.1 System Description

In this paper, number of optimal passive filters is
designed for URMS, each of them may be used for
improving the power quality of the URMS. The
optimal filters are designed using the conventional
and the modemn techniques.

In the Appindex Figure A-1 shows the URMS
system. However, the data of the considered
substation is given in Table A-1 [5]. Ramsis
substation consists of three power transformers, 3-
phase, Y/Y/A with tertiary winding. Each transformer
is rated 220/20/20 KV and 36 MVA.

This substation is fed from the 220 KV system .
via: ‘
1) One feeder coming from Shubra El Khima

station
2) One feeder coming from Cairo East station.
3) One feeder coming from Sabtia substation.

The Ramsis substation has six load buses; four
buses (TB1-TB4) are used as traction-buses, and two
buses (LBland LB2) are used for providing the
lighting loads, air conditioning loads,ete.

The traction buses TB1-TB4 supply a number of

traction buses which are 8,7,9 and 9 rectifier stations,
respectively. Bach rectifier station is rated at 20 KV
as an input voltage, 1500 V output voltage and 3 MW
output power.
Table 1 shows-the harmonic contents of the voltage
and current at TB4 for different loading conditions.
Figure 6 shows the full load voltage and current
waveforms and their harmonic analysis without
considering the filter.

Table 1 Harmonics content of the voltage and
current at the busTB4 for different loading

conditions. .

cf:ﬁ?éggs H‘;‘;‘;‘;’E" Voltage, V. | Current,A
" 105857 -10 | 130265
Light load 1" 560 £ 47.3 23.7 -203
,13% C e73.L026 . | 2. 0m
a2 | 2597416

- Half Joad 1% T 0472023 | 43284
13® 1221 /£ -965 | 417/ -65
* 10259 £ -13 | 392220
Full load " 1466 £ 31 | 61.£L -284
13" 16582119 | 574.2-13

From Table 1, and Fig. 6, at the point of common
coupling (PCC) at TB4, it can be shown that, both
the voltage and current waves are heavily distorted.
However, the most dominant harmonics are the 11%
and 13® orders and the ratio of harmonic current to
the fundamental current is decreased with by 17.5%
and 15% for the light and full loading conditions,
respectively. On the other hand, the magnitude of the
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voltage harmonic is increased with increasing the
harmonic order and when the load is increased. The
voltage for 13" harmonic order is greater than the
voltage for 11™ harmonic order due to the higher
impedance of the 13™ harmonic order.

Now, in order to improve the power quality at
(PCC) of traction bus (TB4), a number of optimal
filters are designed and presented in the next section.
Each of these filters may be connected individually at

the PCC.

4.2 Results and Commenis
4.2.1 OPFD uvsing LP Technique

The URMS system is simulated and analyzed

using FFT on MATL.AB optimization program.
Table 2 shows the parameters of the OPFD which are
connected to bus TB4 at different loading conditions
to reduce the total harmonic distortion (THI) levels
in the distribution system.

Table 3 shows the THD levels of the voltage and
current at bus TB4 with and without the optimal
proposed filter for different loading conditions.

Figures 6 displays the voliage and current
waveforms as well as their harmonics analysis at the
traction bus TB4, without considering the propsed
filter, at full loading condition. However, Table 3
shows the THD levels of voltage and current at bus
TB4 with and without the OPFD filter AT different
loading conditions using LF technigue.

Table 2 Optimal filter parameters at different
load conditions using L.P technigue

Loading Harmonic ‘
conditions order Rid) C(uF) | L{mH)
. 11" 2.5 2.80 28.96
Light load T3 > e o

e 2.5 2.98 28.96

Half load 3 5 558 s
th

Full load 1 25 2,98 28.96

13% 21 2.98 207

Table 3 Summary of THD levels of bus TB4 at
different load conditions using LP technique

Loadi THD of valtage THD of current
cading . - . -
conditions | Vithout | With Without | With
filter filter filter filter
Light load 83 1,268 24.8 2.18
Haif load 15.5 1.23 233 221
Full load 21.6 1.312 21.5 223

From Table 3 and Figure 7, it can be shown that:

e The THD levels of the voltage and current
waveforms are reduced to be within the standard
limits {8} for the OPFD using LP technique.

4.2.2 OPFD Using FLP Technigue

The calculation of the optimal filter parameters is
implemented to design the optimal proposed filters in
order to reduce the THD levels and minimize the

total filter costs.

Table 4 shows the parameters of the tuned filters
which are connected to TB4 at different loading
conditions using the Fuzzy Lincar Programming
Tecknique. Table 5 shows the THD levels at bus TB4
without and with the OPFD using FLP technique.

Table 4 Optimal filter parameters at different
load conditions

Loading Harmonic
conditions order R(@) C(uF) | L(mH)
th
Light load L 22 2.82 29.6
l3iﬁ' 1.8 2.82 21.32
11 2.3 284|296
Half load 13“‘ 1o S =
1n" 24 2357 | 29.28
Full load L 5 5557 =

Table 5 Summary of THD of TB4 at different load
conditions using FLP fechnique

Loading . THD of voltage THD of currel}t
conditions | Y¥ithout With Without With
filter filter filter filter
Light load 8.3 1.18 24.8 2.04
Half load 15.5 1.2 233 2.14
Full load 216 1.22 21.5 22

From Table 5, the THD levels are decreased with the
OPFD using FLP technique compared with Table 4.
Figure B displays the voltage and current waveforms
using FLP at full load condition, respectively.

Tables 6 and 7 show the quality factor and the total
costs of the OPFD using P and FLP techniques at
different loading conditions, respectively.

- Table 6 Optimal filter quality factors at different
load conditions using LP& FLP techniques

Quality Quality Quality

Factor at Factor at Factor at

Technique Light Load Half Load Full load
11 13% 1t 13" " 3%

With LP

filter 40 40 40 40 40 40

With FLP 43,03 | 5591 | 36,12 | 3917 36.0 38.68
filter

Table 7 Total costs of the optimal proposed filter
at different load conditions using LP&FLP

Techniques
Total cost | Total cost *10° | Total cost*10°
*10° (LK) at (LE) at half (LE) at full
Tech. light load load load

1t | s+ 11" 13* 1" 13

With
LP 4.173 | 4.0348 16.63 15995 | 37.768 | 36.535

filter
With
FLP
[ filter
From Table 6, the quality factor has a fixed value
when the filter is designed using LP technique
because the output values of this technique are crisp

4.151 | 40137 } 16528 | 15985 | 37.766 | 36.534
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values. While, the quality factor ‘has various values
using FLP technique becatse thls techmque results
has fUZZIfiCﬂthIl values. However, thc Fuzzification
values are adjustment closed to the, standard values
for the filter parameters.

From Table 7, the total costs -of filter designed by
ELP technique are smaller than-that designed by LP
technique for different harmonic ordeérs.

5. CONCLUSION

In this paper, the single tuned shunt passive filter has
been designed for URMS at different loading
conditions using the LP and FLP techniques.

Both' techniquesihave been successfully applied to
obtain the optimal filter parameters which minimize
the total filter cost. However, the. Total Harmonic
Distortion (THD) is minimized to be within the
standard limits, and has prevented all the
characteristic harmonic orders. A minimum total

‘costs of filter has been obtained using FLP technique

compared with the LP technique. Also, the optimal
values of the quality factor and the optimal filter
parameters have been efficiently computed
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Fig. 6 Full load voltage and current waveforms. of
TB4 at PCC and its harmonic analysis without filter
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Fig. 8 Full load voltage and current waveforms of
TB4 at PCC with FLP filter
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Fig. A.1 Single line diagram of RSM

Resistance = 0.22667 Q/km.

Series reactance (at 50 Hz) = 0.113 Q/km,

Shunt capacitance (at 50 Hz) = 2000 Q/km.
2. Transformers are rated at 220/20/20 kv, 36

MVA, They have the following parameters:

Short circuit reactance X, = Xp= 16.8 Q

Short circuit resistance Ry, = Ry = 8.34 0
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Table A.1 The data of Underground Ramsis

. . Substation Metro (URMS)
From bus To bus . fength (km)
11 3 0.5
11 6 0.5
11 . 66 0.5
11 5 0.5
12 2 0.5
12 4 0.5
2 20 - 13.19

] 23 ‘ 6.85
2 24 8.76
“ 2 25 | 6.85
2 s 31 ] - 119
2 F 33 - 3,16
2 ) 39 11.52
2 - 4] - 14.51
3 21 12.11
3 22 10.77
3 27 4.57
3 29 1.73
3 35 5.68
3 30 0.1
3 37 8.73
56 51 10.3 o
66 52 3.01
66 53 7.71
66 54 5.11
66 55 1.28
66 56 2.4
66 57 4.61
66 . 58 7.17
66 97 9.35
6 59 11
6 953 6.41
) 94 4,11
6 93 3.07
6 %6 1.7
6 08 7.9
6 99 5.69
6 100 3.38
6 101 1.2
4 60 0.11
4 al 2.13
4 78 0.05
4 7% 0.25
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