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Abstract

In existing power system networks, the positioning and sizing of multi-DG is critical at the optimum locations for
effective energy management. Initially optimal power flow is assessed using the NR method (without DG) in which
performance parameters such as real power loss, accuracy, selectivity and MSE are obtained, but in an undesirable
manner. To meet load demand; multi-DGs are placed and their optimal locations are assessed by the proposed
heuristic probability distribution methodology and an ANN because existing techniques provides poor performance
parameters for selecting the location and sizing of DGs. The optimal positions of multi-DGs are estimated in terms of
performance parameters including real power loss of transmission network, accuracy, selectivity and MSE, while the
performance parameters obtained with the ANN are better than the heuristic pdf. Then, the sizing of multi-DGs is
evaluated in relation to active and reactive power. It is found that that sizes of multi-DGs are smaller with ANN than
with heuristic pdf. It is preferable to connect the buses having lowest real power losses with the smallest multi-DGs.
The performance analysis is tested in the standard IEEE 9- bus and IEEE 57- bus systems on Simulink. To improve the
distortion level in real and reactive power, multi-FACTS namely TCSC, TSC and STATCOM are used. The switching of
TCSC and TSC is done by SPWM while STATCOM switching is controlled with ANFIS. The locations of multi-FACTS
devices are chosen for buses having larger distortion and the sizing of multi-FACTS devices is also optimally decided.
The application of multi-FACTS devices helps to improve power quality and fulfill load demand with minimal size in
order to make the system economical.

Keywords: DG, Location, Sizing, FACTS, ANN, ANFIS

1 Introduction a challenging task for both infrastructure and consumers.

Optimal deployment and sizing of different distributed
generators (DGs) in power system networks have to
derive the full possible benefits, given the context of nat-
ural, economic and technological aspects which remains
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DG penetration involves a major change for conventional
electricity schemes [1]; it affects voltage stability [2] as
well as energy losses [3, 4] while adjusting power flow
in the extant power system infrastructure. The degree
to which DGs minimize failure of power systems opera-
tion and boost voltage profile are dependent on their siz-
ing and position [5]. Optimisation methods can be used
in the deregulated power industry to make the best DG
allocation [6]. In [7, 8]; the optimal positions of DG are
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calculated in the delivery network. The optimum size
of a small integrated power plant incorporating green
and/or traditional energy technology is calculated in [9]
to reduce the cost of electricity for the network, while
in [10-12], the studies merged placement and scale of
the DG into one optimization problem. The key factors
involved in the optimisation challenge consists of invest-
ing price, running costs, network topology, expense of
real and reactive energy, heat and energy requirements
and profile of voltage inclusive of network losses. Imple-
mentation of smart intelligent computational optimisa-
tion approaches can find the optimal solution for such
issues. The optimal placement and scale with a single
DG unit is calculated in [13-15], while several stud-
ies are reported where the optimum positions and sizes
of several DG units are estimated by soft computational
techniques such as GA,PSO etc. [16-18]. Realizing the
full potential of transmitting power lines when there are
crowded networks, requires costly and time consuming
efforts.These are such as building new lines or installing
FACTS systems which provide alternative solutions as
they increase the performance of existing networks by re-
dispatching line flow patterns in a way that does not reach
the thermal limitations. Thus they meet the contractual
specifications between grids [19].The advantages of such
systems within transmission network are highly depend-
ent upon their configuration, scale, number and position
[20]. For allocation, there are two options; (a) Singular
FACTS system allocation (b) Numerous FACTS system
allocation. In the first category; a single system form will
be positioned at a number of optimal selected locations.
The FACTS selection method then continues to deter-
mine the best locations including values for the system
chosen like TCSC [21], STATCOM [22], UPFC [23] and
SVC [24]. Implementing a combination of different forms
of FACTS systems allows the advantages to be considered
for every single type. In the corresponding research; two
or three forms of FACTS systems like TCSC, SVC, and
TCVR etc. are incorporated in synchrony to obtain the
benefits using a soft computational method such as a GA
or bacterial swarm algorithm [25, 26].

The credibility of the proposed method is compared
with existing methods on different power system net-
works. The optimal positioning of multi-DG with existing
techniques are the methods like network reconfiguration
[3], law adjustment factor [8], tabu search [9], mesh con-
nected system [15], frequency domain analysis [35], pat-
tern recognition approval [36], decision tree regression
[37] & many more as shown in [4, 5, 7, 10-14, 17, 18,
20, 21, 24-33]. The estimated THD value is in the range
15-18%, the estimated accuracy and selectivity are in the
range 11-17%, and the estimated MSE is in the range
13-19%. The methods used in [35-37] will be taken as an
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example in Sect. 3 for performance comparison with the
proposed technique.

In [43], a deterministic method is used to find the opti-
mal sizing and location of DGs in two different locations
considering both cost and complexity. Similarly [44]
addressed levied cost and net present cost in estimating
optimal location and sizing. The real power loss estima-
tion is not uptothe mark for selecting the location of DGs
[44]. Different techniques like wind curtailment indexed
OPE, voltage profile analysis based on OPF, Fischer—
Burmeister algorithm, multi-period ACOPEF, sensitiv-
ity analysis, multi-period OPF, clustering and sensitivity
analysis, analytical approaches based on a 2/3 rule, on
differentiation of power losses, with fuzzy logic, based
on reliability indices and based on sensitivity factor are
presented in [41, 42]. All such techniques deal with a
huge amount of data along with complex mathematics
for deciding the optimal location and sizing of DGs. Fur-
thermore, these techniques do not provide proper results
in terms of THD, MSE and accuracy. Our proposed
approach addresses such deficiencies while the reduc-
tion and improvised value of all such parameters with
simpler mathematics is also a novelty of the proposed
scheme. We also note that by doing overall performance
comparison with existing techniques, there is a consid-
erable scope for improvement in optimal DG location
determining parameters such as real power losses, THD,
accuracy, selectivity and MSE for enhanced power system
operations.To improve performance, probability heuris-
tic pdf and ANN are proposed for determining the siz-
ing and location of DGs with improved THD, accuracy,
selectivity and MSE. Initially, the mathematical heuristic
probability distribution method is designed for determin-
ing the optimal location and sizing of multiple DGs ( two
in this study) on standard IEEE 9-bus and IEEE test 57-
bus system. The performance parameters for deciding
the optimal location are the real power losses, accuracy,
selectivity, THD and MSE. A similar kind of performance
analysis for optimal multi-DG location is analysed with
ANN using a feed forward method based back propaga-
tion delay for both standard systems.

Once the positions of multi-DGs are decided, DG siz-
ing in terms of real and reactive power is assessed for
the distribution network. It is found that the ANN gives
better results over heuristic pdf in both IEEE standard
system for deciding the optimal location of multi-DGs,
lower real power losses, improved accuracy and selectiv-
ity, lower THD and lower optimal real & reactive power
of multi-DGs. Placing & sizing of multi FACTS are then
decided in the transmission network. The criteria for
placing the multi-FACTS devices are decided on the basis
of buses having higher THD so that power quality can be
improved. Three types of multi-FACTS devices are used:
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TCSC, TSC and STATCOM. The minimization of THD
is achieved by switching the TCSC and TSC using SPWM
while switching of STATCOM devices is done through
ANFIS. After placing the multi-FACTS at appropriate
positions, then their sizing is estimated in terms of real
and reactive power by considering its respective switch-
ing method. This paper is organized as follows.: Sect. 2
consists of problem statement, while Sect. 3 describes
the structure of the standard IEEE 9 and IEEE 57- bus
systems, Sect. 4 discussed the optimal location and siz-
ing of multi-DGs, while the optimal location and sizing
of multi-FACTS devices are discussed in Sect. 5, Sect. 6
presents the results and Sect. 7 draws the conclusion.

2 Problem statement

In order to meet load demand, DGs are placed at various
locations in the IEEE 9-bus & 57-bus systems to deter-
mine the optimal locations. A heuristic approach and
ANN methodology are proposed to find the real power
losses of the system. Multi-DGs are connected at those
buses such that the real power losses are minimized and
their sizing is evaluated by the proposed two approaches.
The expressive function to find the optimal position and
sizing of multi-DGs is:

J = f (Sioss,accuracy, THD, selectivity, MSE, S;) (1)

where | is the complex power for loss minimization and
S, is the complex power at a particular bus. The detailed
information on these terms will be discussed in Sect. 3.

+ The placing of multi-FACTS is being decided by
THD values. Buses having higher THD values will
be preferred for placing the different devices. Three
FACTS devices are placed i.e. TCSC, TCR, STAT-
COM and then their optimal sizing is resolved by
ANFIS.

3 Structure of IEEE standard bus systems

The optimal location of multi-DGs are realized on IEEE
9—bus and 57-bus systems whose structures are shown
in this section.

3.1 Structure of standard IEEE tested 9 bus system
The effectiveness of the proposed scheme using a con-
ventional approach is tested intially on the standard IEEE
test 9- bus system [35-37]. It consists of 9 lines, 9 buses,
3 generators and 3 loads at bus no. 5, 7 and 9 as shown
in Fig. 1. The internal line parameters of the system are
given in Table 1.

Optimal power flow analysis is performed on the IEEE
9- bus system using the Newton Raphson (NR) method
which is a traditional method for load flow analysis [34].
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Fig. 1 Structure of IEEE 9 bus system [35]

Table 1 Line parameter of standard IEEE test 9 bus system

Linetoline Resistance (pu) Reactance (pu) Susceptance (pu)
-4 0.00 0.0576 0.00

4-5 0.0170 0.0920 0.1580

5-6 0.0390 0.1700 0.3580

3-6 0.000 0.0586 0.0000

6-7 0.0119 0.1008 0.2090

7-8 0.0085 0.0720 0.1490

8-2 0.0000 0.0625 0.0000

8-9 0.0320 0.1610 0.3060

9-4 0.0100 0.0850 0.1760

The performance parameters such as real power loss,
accuracy, THD, MSE and selectivity obtained using the
NR method are shown in Table 2 for a system without
DG. It has high real power loss & poor accuracy, poor
selectivity, high MSE due to load requirement not being
fulfilled effectively.

The proposed heuristic pdf is applied to the IEEE
9- bus system to improve the performance parameters
which are shown in Table 3. It can be seen that perfor-
mance parameters obtained with heuristic pdf are bet-
ter than those with the NR method and show lower real
power loss,improved accuracy and selectivity, improved
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Table 2 Performance parameter analysis of standard IEEE-9 bus system without DG using NR method
Line to line Line real power Performance parameter estimation at different buses
losses (pu)
Bus No Accuracy (pu) Selectivi-ty(%) THD (%) MSE (%)
1-4 0.78 1 0.095 0.085 18.97 123% 1078
4-5 0.65 2 0.082 0.098 19.98 211 %107
5-6 0.59 3 0.08 0.095 19.29 279% 10
3-6 0.55 4 0.088 0.095 18.95 336x 107
6-7 0.63 5 0.098 0.087 17.98 444 %107
7-8 0.66 6 0.095 0.078 18.98 516x 107
8-2 0.65 7 0.093 0.083 19.99 782x 1078
8-9 0.7 8 0.091 0.079 20.01 653x 107
9-4 0.71 9 0.089 0.078 21.62 879x10°
Table 3 Performance parameter analysis of standard IEEE-9 bus system using heuristic pdf method
Line to line line real power Performance parameter estimation at different buses
losses (pu)
Bus No Accuracy (pu) Selectivity (%) THD (%) of real MSE (%)
power
1-4 0.68 1 0.092 0.08 17.85 998108
4-5 0.55 2 0.079 0.093 18.86 1954 x 1077
5-6 049 3 0.077 0.091 18.17 109 % 107
3-6 045 4 0.085 0.091 17.83 11.6x 107
6-7 0.53 5 0.095 0.082 16.86 3056 x 107
7-8 0.56 6 0.092 0.073 17.86 456 %1077
8-2 0.55 7 0.09 0.078 18.87 413% 1078
8-9 0.59 8 0.088 0.074 18.89 357107
9-4 0.61 9 0.086 0.073 205 579% 107

THD and MSE. Similar results are also obtained in the
IEEE 57-bus sytsem for heuristic pdf over NR The design
aspect of obtaining the performance parameters using
heuristic pdf is discussed in Sect. 4. The comparative
results as dicussed further are sufficient to show the
superiority of the proposed heuristic pdf method over
the others.

3.2 Structure of IEEE 57 bus system

The layout of the modified IEEE 57- bus system is
shown in Fig. 2 and contains 25 control variables
including 7 generators at the buses 1,2,3,6,8,9 and
12; 15 tap changing transformers and 3 shunt VAR
compensators installed at buses 18, 25 and 53 and
80 transmission lines. The total demand of the sys-
tem with respect to [38-40] are P, 4=1250 MW
and Q,,q=3364MVAR. The initial total gen-
erations and power losses are Pp;=1279.26 MW,
Qg =34545MVAR, D e=28.462 MW  and
Qposs= — 124.27MVAR. The real power estimation for

the IEEE 57- bus system is shown in Table 4 and the
performance analysis is shown in Table 5.

After considering the internal parameters of the IEEE
57- bus system [40], a multi-objective function has
to be decided which is a function of real power loss,
accuracy, sensitivity, THD and MSE for deciding the
location and sizing of multi-DGs under heuristic prob-
ability distribution method. The design aspects and
performance parameter are discussed in Sect. 4.1.1. By
considering these aspects, the real power loss estima-
tion is shown in Table 4 and performance parametric
analysis is. carried out as shown in Table 5. It can be
seen from Table 6 that the heuristic pdf methodol-
ogy for IEEE-9 bus system gives better results than the
existing methods such as the frequency domain [35],
pattern recognisition approaches [36] and decision
tree regression approaches [37]. A few samples of the
IEEE 57- bus system have been taken for the perfor-
mance parameter comparison with existing techniques
[38—40] as shown in Table 7. It can be seen that the
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Fig. 2 Structure of [EEE 57 bus system [40]

proposed heuristic pdf technique gives better results
than existing ones.

4 Optimal location and sizing of multi-DG
After deciding the structure and internal parameters of the
modified IEEE 9—bus system, optimal location and sizing
of multi-DGs are decided considering that different DG’s
have to be connected to meet the load demand.

In this section, strategies for optimal location and sizing
(2 DGs in this paper) will be discussed.

4.1 Optimal location of multi-DG

Initially, the main target is to place multi- DGs at particular
buses to fulfil the load demand. Since load demand is fixed
for all buses, selection of buses for DG placing are assessed
in terms of minimum real power loss, improved accuracy
and selectivity,Jower THD and MSE. The selection of DG’s
location is analysed by heuristic pdf and ANN.

4.1.1 Heuristic probability distribution method (pdf)

The location of DGs decided by the heuristic probability
distribution method given as:

33 33
J = min <Z Xi|S,'—Sref|2 +[9df(/1) (Z Sloss))

i=1 i=1
2)
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33

Sloss = Zsi_sload (3)
i=1

Substituting Eq. (3) into Eq. (2)

33 33

J = min (Z XilSi—Syef|* + pdf (1) (Z Si—szoqd>>
=1 =1

(4)

The measured and reference values of complex power
are:

Si = P; +jQ; (5)

Sref = Pref +jQref (6)

In Eq. (5), the undefined empirical formulas are:

_ Srated -
TGS + Gy P @
22
e 22
pdf () = —— (8)

o2
where A = §; — Sref

1 =Syef 1>
37 202
Af(S; — S, ) = -~ )
p f( L ref) O'\/E

Substituting Egs. (7), (8), (9) into Eq. (4)

Sy (Zs smd>)

(10)
where C1 1s the accuracy of real power measurement
given as P Pi which is usually in range of 0.02-0.04.

whereas C; i 1s the accuracy of reactive power measure-
ment given as Q Qi which is usually in range of 0.03-0.05.
Power flow errors at bus ‘1’ are given as:

. 3 mted'sl - Sre |
J = min Z S
2 1CiSi+ oSy

AP =P; — Py (11)

AQ = Qi — Qpy (12)
where P; and Q; are the respective real and reactive power

flow between 2 buses given as:

33 33
Pi=Pj =% ViVi(Gjicos(; +6; — 6) + Bjj sin(8; + 6; — 6)))
i=1 j=1

(13)
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Table 4 Real power estimation of standard IEEE-57 bus system using heuristic pdf method

Line to line Real power losses (pu)  Line to line Real power losses (pu) Line to line Real power
losses (pu)
1-2 0.51 14-15 0.79 41-42 0.86
2-3 0.5 18-19 0.74 41-43 067
3-4 0.52 19-20 0.65 38-44 0.66
4-5 0.51 21-20 0.98 15-45 0.66
4-6 0.53 21-22 0.71 14-46 0.87
6-7 0.54 22-23 0.72 46-47 0.87
6-8 0.55 23-24 0.69 47-48 0.75
8-9 0.54 24-25 0.62 48-49 0.58
9-10 0.57 24-26 063 49-50 0.71
9-11 0.55 26-27 0.65 50-51 0.87
9-12 0.59 27-28 0.6 10-51 0.8
9-13 06 28-29 0.62 13-49 0.81
13-14 0.71 7-29 061 29-52 0.82
13-15 0.72 25-30 0.75 52-53 0.85
1-15 0.75 30-31 0.73 53-54 0.84
1-16 061 31-32 0.71 54-55 0.87
1-17 0.62 32-33 0.72 11-43 0.84
3-15 0.54 34-32 0.75 44-45 0.72
4-18 0.56 34-35 0.76 40-56 0.72
5-6 0.54 35-36 0.77 56-41 0.75
7-8 061 36-37 0.78 56-42 0.65
10-12 0.62 37-38 0.79 39-57 0.57
11-13 0.72 38-39 0.81 57-56 0.58
12-13 0.81 36-40 0.59 38-39 0.57
12-16 0.85 22-38 0.58 38-48 0.59
12-17 0.78 11-41 0.87 9-55 0.66
33 33 9
Q=Qj=)_ Y ViVi(Gjcos(s: +6; — 6) — Bysin(5; +6; — 6))) > (Si—S)?
== MSE="=1  in p.u (18)
(14) n

where conductance (Gij) and susceptance (Bij) are given
as:

THD =
G R B — Xij
7= Y 15 19
R+ X2 R+ x2 (15) o\ (19)
— l
.. - rms,fundamental 1
The accuracy;, selectivity, MSE and THD are defined as: S;
Accuracy = §; — S,¢r in p.u. (16)
4.1.1.1 Performance parameter evaluation using heuris-
) tic pdf 'The optimal performance parameter for posi-
selectivity = in % (17)

a(S:)
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Table 5 Performance parameter analysis of standard IEEE-57 bus
system using heuristic pdf method

Bus No Accuracy (pu) Selectivi-ty (%) THD (%) of MSE (%)

real power
1 0.101 0.095 16.59 21%x107°
2 0.088 0.093 17.61 54x 107
3 0.086 0.093 16.91 3.1%x107°
4 0.094 0.084 16.57 45x107°
5 0.104 0.075 15.62 51x107™*
6 0.101 0.081 16.62 65x 107
7 0.099 0.076 17.61 76x107°
8 0.097 0.075 17.63 87x 107
9 0.095 0.068 19.24 78%x107
10 0.081 0.069 1857 46x1078
11 0.082 0.071 19.58 55%x107
12 0.091 0.073 18.89 6.1x107*
13 0.0.93 0074 1855 76 %1077
14 0.094 0.081 1758 56x 107
15 0.082 0.087 18.58 62x107°
16 0.089 0.088 19.59 7.2%x 1077
17 0.087 0.089 1961 81x107°
18 0.1 0.091 2122 7.7 %107
19 0.099 0.091 19.99 81x107
20 0.098 0.09 18.65 99x 107
21 0.097 0.088 17.98 89x 107
22 0.096 0.087 16.55 9.1x107
23 0.09 0.088 17.12 84x107°
24 0.064 0.08 18.15 7.7x107
25 0.051 0.093 19.16 89x 107
26 0.049 0.091 1847 9.1x10°
27 0.057 0.091 18.13 88x107°
28 0.067 0.082 17.16 74 %107
29 0.064 0.073 18.16 81x10°
30 0.062 0078 19.17 96x107°
31 0.06 0.074 19.19 109x107°
32 0.058 0.073 208 116x 107
33 0.076 0.109 20.13 30.56 x 107
34 0.063 0.122 21.14 456 %1077
35 0.061 0.099 2045 413%x 1078
36 0.069 0.084 20.11 357107
37 0.079 0.111 19.14 579% 107
38 0.076 0.079 20.14 9.1x10™
39 0.074 0.107 21.15 56x 107
40 0.072 0.087 21.17 75% 107
41 0.07 0.102 2278 82x107°
42 0.084 0.098 2088 95x%x107°
43 0.071 0.087 19.88 98x 1077
44 0.069 0.079 18.99 9.1x107®
45 0.077 0.081 19.87 97x107
46 0.087 0.123 1887 6.5x107°
47 0.084 0.114 17.99 7.1 %107
48 0.078 0.119 1844 86x 1077
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Table 5 (continued)
Bus No Accuracy (pu) Selectivi-ty (%) THD (%) of MSE (%)
real power
49 0.096 0.115 1897 9.x10°
50 0.083 0.114 19.85 82x 107
51 0.081 0.136 19.84 87x 107
52 0.089 0.149 18.98 88x 107
53 0.099 0.147 19.55 89x107°
54 0.096 0.147 19.87 9.1x10°
55 0.094 0.138 18.99 99x10°
56 0.092 0.129 17.88 66x107°
57 0.099 0.134 18.99 5.7 x10-6

tioning the multi-DGs is the total real power loss in the
transmission lines. The optimal placing of DG is pre-
ferred where minimal real power lossof thewhole trans-
mission line network measured from Eq. (10) is achieved
while meeting the load requirement. In addition to real
power loss other parameters, e.g.accuracy, selectiv-
ityy, MSE and THD are also measured from Eq. (16),
(17), (18) and (19). The lower values of these additional
parameters also affect the positioning of multi-DGs as
the multi-objective function comprises real power loss,
accuracy, selectivity, MSE and THD.The performance of
IEEE 9- bus and IEEE 57- bus system are evaluated using
the heuristic pdf method. There is significant scope for
the improvement of results. This will be analysed using
ANN in the next section.

4.1.2 Artificial neural network (ANN)
This section also uses the IEEE 9- bus and IEEE 57-
bus systems for placing the DGs. ANN is used to train
the weights in the relevant mathematical expressions,
where the weights are the controller being continuously
trained with the help of feed forward method using
back propagation.

The design of the ANN is done by further extending
Eq. (10) by taking log on both side as:

log] = lOg(Srated) + 210g(5i - Sref) - 2[0g(C1Si + CZSref)

2
Si— Sre [
+ % + log(S; — Sref) — log(ov/2m)
(20)
Equation (20) can be further arranged as:
log] = log<Smed> + 21og(S;i — Srer)
o 21 ' o
3 (21)
’Si - Sref|
+ 221 4 2 10g(CiS; + CaS)
20
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Fig. 3 Structure of the used ANN delay

The popular expansion of logarithmic series is given
as:

2
Si—S
10g(Si — Syef) = (Si — Sref) — (St = Swg)” 5 ) (22)
Substituting Eq. (22) into Eq. (21) leads to:
lOg] :lOg <SML‘&1> +2(S; — Sref);
o+/2m
1 (23)
2
+(Si— Sref) |:202 - 1:|
— 2log(C1S; + CaSrer)
Writing Eq. (23) in the form of ANN yields:
Y=XiW1 +XoWr +X3sW3+b (24)
where
S
b=lo rated >
8 (o\/ 2w
X1 =2
X = ! 1
27\ 202

X3 =2

W1 =(Si — Syer), Wa = (Si_ref)z’
W3 =log (C1Si + CoSper ), ] =Y

The structure of ANN is shown in Fig. 3 from Eq. (24).
Figure 3 is the open loop structure for determining the
optimal location of DGs. In this case; a proper solution
is not obtained while the parameters used in this struc-
ture are shown in Table 8.
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Table 8 Initial value of Weight

S.No Weight Value

1 W1 26

2 W2 39

3 W3 58

4 b 7.7

The design of ANN is extended using a feed forward
method based on back propagation delay for better out-
put as shown in Fig. 4. To elaborate the mathematics
of the feed forward mechanism of the ANN using back
propagation delay, it is clear from Fig. 4 that the output
of ANN is compared with the reference value of output
to give an error which is analysed through the feed for-
ward method using back propagation delay.

The mechanism of estimating the error is done by
using steepest descent algorithm given as:

oE

(Vyi)new = UTVVL

i(old) — (25)
whereas i=1,2 and 3 and n=0.8.
From the steepest descent algorithm, the error is given
as:
2
E= (Y —Yy) (26)
After using the feed forward method, weights are also
upgraded. These further modify the output. The processes
of upgrading the weight are shown as:

o0E

(Wl)new = Wl(old) - 7787‘)V1 (27)
oE

W2 pew = Waolay — "W, (28)
oE

W3)yew = W3(otd) — UT% (29)

The rate of changes of error with weights are shown as:

JoE
W, = (Y — Yer)Xa (30)
£ = (Y — Y,er)X:
8W2 = ref )2 (31)
JoE

=Y — Ye) X3 (32)

oWs3
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Fig. 4 Feed forward mechanism of ANN

Substituting Eq. (30), (31), (32) into Eq. (27), (28), (29),
the followings are obtained

(Wl)new = Wl(old) - n — Yref)Xl (33)
(WZ)new = WZ(Old) - n¥ — Yref)X2 (34')
(WS)new = WB(old) - n — Yref)X?: (35)

(W)pew are the upgraded value of weights which are
shown in Table 11 while (W),,4 are the previous values of
the weights.

The process of attaining the performance parameters
for the proposed and existing methods is explained in the
flowchart in Fig. 5

4.1.2.1 Performance  parameter  evaluation  using
ANN After applying ANN for estimating the different
parameters of the IEEE 9- bus system, it is seen that real
power loss, accuracy, MSE, selectivity and THD have been
improved in comparison to the heuristic pdf method. The
comparison between ANN and heuristic method is shown
in Table 9. The best value of MSE for bus 8 is 9 x 1071°.
This is obtained after testing, training and validation of
the ANN system at 25 epochs where epoch refers to a kind
of iterative value. It can be seen that output is converging
faster towards the regression line. Performance param-
eters of the IEEE 9- bus system with ANN are better than
heuristic pdf in terms of lower real power loss, accuracy,
THD. Real power loss is a minimum in buses 8 and 9 and
consequently the two DG’s are preferably placed at buses
8 and 9 so the load requirement can be met while these
buses also have minimum MSE and THD. The compara-
tive performances among ANN, heuristic pdf for the IEEE
9- bus system and NR method (without DG) in terms of
multi-objective parameters such as real power loss, THD,
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accuracy, selectivity are shown in Table 2 and 9 in deter-
mining the optimal location of multi-DGs. The perfor-
mance parameters show better results with placement of
multi-DGs under ANN than with heuristic pdf.

In a similar way, the best location of placing the multi-
DGs in the IEEE 57- bus system can befound using heu-
ristic pdf discussed in Sect. 4.1.1 and ANN in Sect. 4.1.2.

The parametric analysis for estimating the best loca-
tion of multi-DGs in the IEEE 57—bus system using both
methods is shown in Table 10. The upgraded values of
the weights are depicted in Table 11. The performance
parameters have improved with ANN over the heuristic
pdf method. The real power loss has been greatly reduced
with ANN which shows its effectiveness over heuristic
pdf. Buses 13 and 15 are the best places to locate the two
DG’s because this leads to minimum real power loss and
other improved parameters in comparison to other buses.
This can be seen from Table 8 by considering only a few
selected samples of the IEEE 57- bus system because of
space considerations though realisation and performance
analysis for all the parameters have been assessed at all
buses.

4.2 Optimal sizing of multi-DG

The optimal sizing of DGs is the next objective after
selecting the optimal locations. The sizes of DG are
expressed in terms of real and reactive power while the
expression for estimating the real and reactive power is
obtained from Eq. (10) under heuristic pdf and Eq. (20)
under ANN by minimizing the real power loss in per
unit term. The comparative performance in terms of DG
size under both techniquesfor the IEEE 9- bus system is
shown in Table 12.

It can be concluded from Table 12 that sizes of multiple
DG’s are minimum when placed at buses 8 and 9. From
the above discussion, it can be concluded that buses 8
and 9 are the best locationsfor the multiple DGs.The con-
cise information for D@ sizes at buses 8 and 9 is shown in
Table 13.

In the similar way sizing of DG’s is decided for the IEEE
57- bus system using Eq. (10) and (20). The testing for the
performance analysis is assessed at all the buses which is
shown in Table 14.

From Table 14, it can be seen that buses. 13 and 15
have the minimum demands of real and reactive power
and thus sizes of the DG’s can be kept minimum at those
locations. Thus, buses 13 and 15 are the best sites for
placing the DG’s in the IEEE 57-bus system in terms of
sizing and location.

We note that a few buses have higher THD which give
rise to power quality issues. To improve power quality
and minimise the THD, FACTS devices are positioned
at transmission locations of the IEEE 9-bus and IEEE
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Selection of IEEE Bus system

Optimal power flow using
Newton Raphson method

NO

NO

Fig. 5 Flowchartillustrating the process of selection of optimal location and sizing of DGs

57- bus systems. The location& sizing of multi FACTS
devices are discussed in the next section.

5 Positioning and sizing of multi FACTS device

The positioning and sizing of multi FACTS devices in the
IEEE-9 bus and 57-bus system have to be assessed in a
transmission network if the power quality performance
parameters are to be improved. The three different types
of FACTS devices are considered, i.e., TCSC, TSC and
STATCOM. The devices can improve the power qual-
ity at selected buses having a high THD value. TCSC is
a series type FACTS device while TSC and STATCOM
are shunt types. Four nearby terminals of buses are
required to connect these three FACTS devices. As per
the requirements from Table 7, buses 4-5-6 and 7 are
selected for the TCSC, TSC and STATCOM for the IEEE
9-bus system. From Table 8, buses 9, 10, 12 and 16 have
the worst THD in the IEEE 57-bus system. Thus they are
selected for allocation of the devices.

5.1 Optimal location and sizing of TCSC

TCSC is a thyristor-controlled series compensator and
preferably is connected to the transmission network
nearby buses 5 and 6 for the IEEE 9-bus system, as shown
in Fig. 6.

Similarly, TCSC is preferred to be connected to the
transmission networks between bus 9 and 10 for the IEEE
57-bus system. The structure of the TCSC shows the
connection of anti-parallel thyristors with an inductor
and the complete combination in parallel with a capaci-
tor. The inductor and capacitor combined act as filter to
remove the harmonics. The switching of the anti-parallel
thyristor is doneusing theSPWM technique as shown in
Fig. 7. This switching process predominantly minimises
the harmonics. The process of controlling the thyristor is
the same for both IEEE systems. The performance com-
parison of THD and real power flow between buses 5 and
6 is shown in Tables 15 and 16, respectively.

From Fig. 7, the real power (P5;;) and reactive power
(Qse) flow from buses 5 to 6 is measured, andcompared
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Table 11 Modified value of Weight

S.No Weight Value
1 W1 58
2 W2 79
3 W3 106
4 b 9.8

Table 12 DG size comparison under ANN and heuristic pdf for
IEEE 9 -bus system

Bus No Heuristic pdf ANN
P (p.u) Q (p.u) P (p.u) Q (p.u)

1 1.10 1.01 1.02 0.99
2 1.06 0.99 1.05 0.82
3 1.10 0.85 1.04 0.83
4 133 0.99 1.30 0.81
5 1.40 1.01 1.25 0.95
6 1.03 0.94 1.00 0.82
7 112 0.99 1.01 0.91
8 0.95 0.95 092 091
9 0.97 0.85 0.90 0.80

Table 13 DG size comparison under ANN and heuristic pdf at
buses 8 and 9

Bus No Heuristic pdf ANN

P (p.u) Q(p.w) P (p.u) Q(p.w)
8 0.95 095 092 091
9 0.97 0.85 0.90 0.80

with its reference value in SPWM. Thecompared results
of active power passed through the PI controller to gen-
erate firing angle (a) while the compared results of reac-
tive power is passed through PI controller to a generate
modulation index (m):

Ki
o= <I<p1 + S) (P23 — Pref) (36)

Kip
m = <I<p2 + S) (Q23 — Qref) (37)
The PI parameters are decided by trial and error, and
are given as K; =2.9, K;; =9.65, K, =13.65, K;, = 17.21.
The comparative graphical analysis of real power
flow between buses 5 and 6 with and without TCSC is
shown in Figs. 8 and 9, respectively. It can be seen that
the harmonics level/THD in the real power flow has
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Table 14 DG size comparison under ANN and heuristic pdf for
|EEE 57- bus system

Bus No Heuristic pdf ANN
P (p.u) Q (p.u) P (p.u) Q (p.u)

1 1.51 1.55 1.1 1.3
2 147 1.26 1.06 1.01
3 1.51 141 1.1 1.16
4 1.74 153 133 1.28
5 1.81 1.6 14 1.35
6 144 1.23 1.03 098
7 1.53 132 112 1.07
8 1.36 1.36 0.95 0.99
9 1.38 1.26 097 1.01
10 1.39 1.37 0.98 1.12
I 1.35 149 0.94 1.24
12 1.39 131 0.98 1.06
13 1.31 1.28 0.89 0.85
14 1.69 148 1.28 1.23
15 1.32 1.29 0.88 1.04
16 141 14 1 1.15
17 1.54 135 1.13 091
18 1.61 136 1.2 094
19 1.65 1.44 1.24 1.19
20 1.61 14 12 1.15
21 1.65 1.44 1.24 1.19
22 1.88 1.67 147 142
23 1.95 1.74 1.54 149
24 1.58 137 117 1.12
25 1.67 1.46 1.26 1.21
26 15 149 1.09 1.24
27 152 1.51 .11 1.26
28 1.53 152 1.12 1.27
29 1.49 148 1.08 1.23
30 1.53 152 1.12 127
31 1.76 1.75 135 15
32 1.83 1.82 142 157
33 146 1.45 1.05 12
34 1.55 154 1.14 1.29
35 1.38 1.37 0.97 112
36 14 139 0.99 1.14
37 143 142 1.02 117
38 152 1.51 .11 1.26
39 1.39 1.34 0.98 1.09
40 145 1.36 1.04 111
41 1.76 1.75 135 15
42 1.72 1.71 131 146
43 1.76 1.75 1.35 15
44 1.99 1.98 1.58 1.73
45 2.06 1.91 1.65 1.66
46 1.69 1.68 1.28 143
47 1.78 1.77 137 1.52
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Table 14 (continued)

Bus No Heuristic pdf ANN
P (p.u) Q(p.w) P (p.u) Q(p.w)

48 161 1.6 12 1.35
49 1.63 1.62 1.22 137
50 1.64 1.63 1.23 1.38
51 16 1.59 1.19 134
52 1.64 1.63 1.23 138
53 1.87 1.86 1.46 1.61
54 1.94 1.93 1.53 1.68
55 157 1.56 1.16 131
56 1.66 1.65 1.25 14
57 149 1.48 1.08 1.23

A

Pret! oref

Fig. 7 Switching structure of thyristor in TCSC for IEEE 9 bus system

been improved with the TCSC. The detailed analysis of
THD improvement is shown in Table 17. With the same
mathematical analysis, comparisons of real and reactive
power between buses 5 and 6 with and without the TCSC
are shown in Table 18. It is seen there that power flow
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between buses 5 and 6 with TCSC is reducedcompared
to the heuristic pdf and ANN (without TCSC).

A similar performance analysis is carried out for the
IEEE 57-bus system using switching of TCSC based on
Eq. (36) and (37). The TCSC is connected between buses
9 and 10.

The power quality improvement (in terms of THD) for
the real power between buses 9 and 10 with and without
the TCSC is shown in Table 17. THD has been improved
with the TCSC between these buses. However, power
flow between buses 9 and 10withthe TCSC is lower in
comparison than the heuristic pdf and ANN (without
TCSC) which is shown in Table 18. The real power flows
without and with TCSC are shown in Figs. 10 and 11,
respectively.

The size of the TCSC is also optimally minimized while
satisfying its requirement for reducing the harmonics. A
smaller size of FACTS device also makes the systemmore
economical.

5.2 Optimal location and sizing of TSC

The TSC is thyristor switched capacitor which is of a
shunt type. TSC is preferably connected to bus 4 of the
IEEE 9-bus system because of the high value of the THD
at the bus. The TSC contains two anti-parallel thyristors
with a capacitor as shown in Fig. 12.

The capacitor can act as a filter to remove the harmon-
ics. Further, switching of the anti-parallel thyristor is
done using the SPWM technique. It minimises the har-
monics as shown in Fig. 13.

From Fig. 13, the real power (P,) and reactive power
(Q,) flow towards bus 4 of IEEE 9-bus system is meas-
ured, and compared with its reference value in SPWM.
The results passed through PI controllersto produce the
firing angle (a) and modulation index (m) as:

K3
a = <I(p3 + S) (Py — Pref) (38)

Kia
m = <Kp4 + s) (Qa — Qref) (39)

Similarly, the PI parameters are decided by trial and
error, and are taken as K3 =5.97, K;;=12.67, K, =15.71,
K, =18.91.

The comparative graph of real power at bus 4 with and
without the TSC is shown in Figs. 14 and 15, respectively.
The harmonics level/THD in real power flow has been
improved with the involvement of the TSC. The detailed
analysis of THD improvement is shown in Table 19.

It has already beenshown that the THD is lower with
ANN then the heuristic pdf without TSC. The useof the
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Table 15 THD of real power flow with and without TCSC for IEEE
9- bus system at bus 5 &6

Bus No THD (%) without TCSC THD (%)
with
Heuristic pdf ANN TCSC
5 21.65 12.65 539
6 22.07 17.65 722

L
0 001 002 003 004
time(sec)

1
005 006 007 008 009 01

Fig. 9 Real power flow between buses 5 and 6 without TCSC for IEEE
9 bus system

TSCfurther helps to reduce the THD level comparedto
without TSC.With the same mathematical analysis,
comparison of real and reactive power at bus 4 with
and without TSC is shown in Table 20. Power flow at
bus 4 due to TSC is reducedcompared with the heuris-
tic pdf and ANN (without TSC).

The placing of the TSC in the IEEE 57-bus system
has also been assessed and it is preferable to connect
it at bus 12. The effect of connecting the TSC therein
improving the THD real power flow at the bus is shown
in Tables 21 and 22 respectively.

Similarly, the TSC size is optimally minimized while
satisfying it’s requirement to reduceharmonics.

5.3 Optimal location and sizing of STATCOM
The STATCOM is a static compensator which is also a
shunt FACTS device. It is preferable to connect it at bus
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power

real

k I i
0 001 002 003 o004 005 006 007 o008 009 01
time(sec)

Fig. 8 Real power flow between buses 5 and 6 with SPWM switching
of TCSC for IEEE 9 bus system

7 of the IEEE 9- bus system because of high THD. The
structure of the STATCOM is shown in Fig. 16.

The structure shows the connection of anti-parallel
thyristor with the capacitor. The capacitor sometimes
acts as a source to ignite the anti-parallel convert-
ers. The process of switching the thyristor is shown in
Fig. 17.

To improve the power quality performance, the
STATCOM is controlled using ANFIS in which weights
of the system are trained by employing a fuzzy logic
controller. In this paper; the STATCOM is connected to
the bus with the highest harmonic distortion.

From Fig. 17 the measured real power and reactive
power is compared with respective reference values and
the errors are passed through PID controllersto gener-
ate outputs E1 and E2 as:

Kis .
Ey = (Kps + T + sKis | (Ps — Pref) (40)
Kig ,
Ey = | Kps + - + sKig | (Qe — Qref) (41)
The parameters of the PID controller are.
Kp;5=798, K;=1199, Ky=687, Kps=35.14,

K, =38.65, Kdg=35.91.
From Fig. 17 it is clear that the inputs to ANFIS are E,
and E, and the output is the overlap angle a.

Table 16 Power flow comparison with and without presence of TCSC between the buses no. 5 and 6 for IEEE 9- bus system

Bus No Without TCSC With TCSC

Heuristic pdf ANN

P (p.u) Q (p.u) P (p.u) Q (p.u) P (p.u) Q (p.u)
5 140 101 125 0.95 0.91 0.78
6 1.03 0.94 1.00 0.82 0.92 0.76
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Table 17 THD of real power flow with and without TCSC for IEEE Bus 4
57- bus system at buses 9 and 10
Bus No THD (%) without TCSC THD (%)
with
heuristic pdf ANN TCSC
9 1924 1659 899 §7 Z<
10 1857 15.92 9.87 B R
L
E : 3 Fig. 12 Structure of TSC
% A
Bus 4
Fig. 11 Real power flow between buses 9 and 10 with TCSC for IEEE Q4
57 bus system Pa
3 : 3
m o
ol RRET | I | P | | P | e L (| SR | v L
SPWM .
.............................................. "
Pref Qref —
Fig. 13 Switching structure of thyristor in TSC
3 i i h
0 0.02 0.04 0.06 0.08 01
time(sec) The real power and reactive power exchanges

Fig. 10 Real power flow between buses 9 and 10 without TCSC for
IEEE 57 bus system

Considering the particular converter topology, the
generated voltage of the STATCOM V| is given as:

2V,,/C
v, = “rd =08 ﬂos(“) (42)

between the STATCOM and bus 7 can be inferredfrom
Eq. (13) and (14). Thus, change in the a of the converter
output voltage Vo will result in the change of measured
real and reactive power from bus 7. The closed loop
system of the ANFIS structure is shown in Fig. 18.

As can be seen, from the inputs E1 and E2, the sam-
plings are done from Al, A2, A3 and A4 to generate the
outputs pl, u2, u3 and p4, which further gives weights
W1 and W2.

Table 18 Power flow comparison with and without presence of TCSC between the buses no. 9 and 10 for IEEE 57- bus system

Bus No Without TCSC With TCSC

Heuristic pdf ANN

P (p.u) Q (p.u) P (p.u) Q (p.u) P (p.u) Q (p.u)
9 1.38 1.26 0.97 1.01 0.95 0.88
10 139 1.37 0.98 1.12 0.90 0.86
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Fig. 14 Real power flow at bus 4 of IEEE 9- bus system with SPWM
switching of TSC
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Fig. 15 Real power flow at bus 4 without TSC

Table 19 THD of real power flow with and without TSC for IEEE 9
-bus system at bus 4

Bus No THD (%) without TSC THD (%) with TSC
Heuristic pdf ANN
4 20.66 19.98 9.85

The samples are triangular in nature, and the selection
of weights from samples is shown in Fig. 19. The empiri-
cal mathematical relationship between weights and sam-
ples are given as:

1A1 2A2
nl 4 p2
1B1 + u2B2
W, = Koo T HEPE (44)
ul+p2

The outputs of the weights are shown in weighted
average value form because it is in the middle of the
sample as shown in Fig. 20.
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Since all samples are taken in triangular form, the
mathematical representation of sample output (u) is
given as:

1, X<-
pi=pp={ A% —a <X <o (45)
0, X >
1-%2 X~ <q
= = C1 -
S {0, X —cl > a (46)

The sample outputs are chosen to be triangular
in shape in order to have precise results with good
accuracy.

In Table 23, the mapping between inputs and output
is shown with inputs W1 and W2, and the output is a.
The mapping between inputs and output is applied in
order to train the weights in the closed loop structure.
Again, the steepest descent algorithm is used to check
the error sampling from Fig. 19. Once the output is
obtained, a feed-forward method using back propaga-
tion delay is applied. Training the weights using ANFIS,
starts with the first weight W1.

The error due to first weight W1 is E1 which is shown
as:

Pg — Pryp)?
El— P6 — Pref)” (47)
2
The upgraded weight is given as:
d(E1)
Wlhew = Wloy — UT (48)
o

P, is the real power flow at bus 7 and is dependent on
a as:

P; = ki cos®(a) (49)

Substituting Eq. (49) into Eq. (47) and differentiating
it, yield:
d(E1)
da

= —2(P; — Prp)kiSin(@) (50)

For the second weight W2, training is by using the
steepest descent algorithm for which error E2 is given
as:

_ (@ -Qy)’

5 (51)

E2

Q; is the reactive power flow at bus 7 given as:

Q7 = ky cos(a)Sin(«)
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Table 20 Power flow comparison with and without presence of TSC at bus 4 of IEEE 9- bus system
Bus No Without TSC With TSC

Heuristic pdf ANN

P (p.u) Q (p.u) P (p.u) Q (p.u) P (p.u) Q (p.u)
4 1.33 0.99 1.30 0.81 1.05 0.75
Table 21 THD of real power flow with and without TSC for IEEE Bus 7

57 -bus system at bus 12

Bus No THD (%) without TCSC THD (%) with TCSC
heuristic pdf ANN
12 19.58 16.93 9.11

Substituting Eq. (52) into Eq. (51) and differentiating it,
yields:

d(E2)

o = Q- Qref)kaCos(2a) (53)

The old and new values of weights cannot be absolute
values because they are trained through a fuzzy logic
controller and thus, they are fuzzy variables which show
in membership form in Table 23. These uncertain varia-
bles are trained in closed loop as shown earlier in Fig. 18.

After designing the ANFIS for switching the STAT-
COM, real power flow at bus 7 of IEEE 9-bus system is
shown in Fig. 21. For comparison, real power at bus 7
with and without the STATCOM is shown in Fig. 22. It is
evident that harmonics level or THD in real power flow
has been improved with the involvement of the STAT-
COM. The detailed analysis of THD improvement is
shown in Table 24.

Table 25 further compares realand reactive power at
bus 7 with and without the STATCOM with the heuristic
pdf and ANN. As shown, the power flow at bus 7 due to
the STATCOM is lowerthan the heuristic pdf and ANN
(without STATCOM).

The placing of the STATCOM in the IEEE 57-bus sys-
tem has also been assessed and it is preferable to connect

X

e

Fig. 16 Structure of STATCOM

Bus 7

Fig. 17 Switching structure of STATCOM

Table 22 Power flow comparison with and without TSC in IEEE 57- bus system at bus 12

Bus No Without TSC With TSC

Heuristic pdf ANN

P (p.u) Q (p.u) P (p.u) Q (p.u) P (p.u) Q(p.u)
12 1.39 1.31 0.98 1.06 0.95 1.00
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E2

Fig. 18 Closed loop ANFIS structure
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Time Time

B1
B2

Time Time

Fig. 19 Selection of weights through sampling

it at bus 16. The effects of connecting the STATCOM at
bus in improving the THD and real power flow at the bus
are shown in Tables 26 and 27, respectively. The flows of
real power without and with STATCOM are shown in

(2022) 7:9
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=C

G

Fig. 20 Membership function of sample output

0 0.02

0.04 0.08
time(sec)

0.08 01

Fig. 21 Real power flow at bus 7 with ANFIS switching of STATCOM
of IEEE 9 -bus system
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Fig. 22 Real power flow at bus 7 without STATCOM of IEEE 9- bus

Figs. 23 and 24, respectively. In both systems, the sizes of =~ *YSt€™

Table 23 Mapping between inputs and output of ANFIS

Wiw2 NB NM NS zs PS PM PB
NB NB NM NS ZS PS PM PB
NM NM NM NS ZS PS NM NM
NS NS NS NS 7S NS NS NS
ZS ZS ZS ZS ZS ZS ZS ZS
PS PS PS PS ZS PS PS PS
PM PM PM NS ZS PS PM PM
PB PB NM NS ZS PS PM PB
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Table 24 THD of real power flow with and without STATCOM of
IEEE 9- bus system at bus 7

Bus No THD (%) without STATCOM  THD (%) with STATCOM
heuristic pdf ANN
7 23.01 13.71 8.99
g
6
4
; ~ 2
T z9
g8 0
-2
-4
-6
-8

Fig. 23 Real power flow at bus 16 with ANFIS switching of STATCOM
of IEEE 57- bus system

the STATCOM are optimally minimized while satisfying
the requirements for reducing the harmonics.

6 Results and discussion

Location and sizing of multi-DGs using an ANN and the
heuristic pdf method are studied and two DGs are con-
nected to the respective IEEE 9-bus and IEEE 57-bus sys-
tems to also minimize losses as well improving accuracy,
selectivity, THD and MSE. The following parts are ana-
lysed in the system:

«+ Initially the optimal power flow is assessed with
the IEEE 9 bus system using the NR method and
poor quality of performance parameters, e.g., THD,
MSE, accuracy, selectivity and real power loss, are
attained as shown in Table 2 due to a load require-
ment that is not met. Similar results for perfor-

real
power

(p.u)
- B S R~ S N S

004
time(sec)

Fig. 24 Real power flow at bus 16 without STATCOM of IEEE 57- bus
system

tive performance analysis for optimal location of
multi-DGs is assessed in terms of multi-objective
parameters such as line real power loss, accuracy,
selectivity, THD and MSE. It is seen that perfor-
mance parameters are improved with the ANN
when compared to the heuristic pdf for deciding
the optimum solution for multi-DGs in the IEEE
9-bus system discussed in Table 9. It is also seen
that after determining of buses 8 and 9 as the best
optimal positions for the two DG’s; optimal siz-
ing for multi-DGs has been determined among
all buses and the optimum solution comes out to
be at buses 8 and 9 in terms of minimum real and
reactive power. It is found that determination of
DG sizes is more satisfactory under an ANN than
with a heuristic pdf as illustrated in Table 6. A
similar type of behaviour is obtained for the IEEE
57-bus system in Table 7 in which buses 13 and 15
are selected for allocation of multi-DGs and the
optimal minimum sizes in terms of real and reac-
tive power are observed with buses 13 and 15.The

Table 26 THD of real power flow with and without STATCOM of
|EEE 57 -bus system at bus 16

mance parameters have also been obtained with  BusNo THD (%) without STATCOM  THD (%) with STATCOM

existing methods.

heuristic pdf ANN

o The multi-DGs are placed in the standard IEEE

9-bus and 57-bus systems in which compara- 10

19.59 16.94 9.01

Table 25 Power flow comparison with and without presence of STATCOM at bus 7 of IEEE 9 -bus system

Bus No Without STATCOM With STATCOM

Heuristic pdf ANN

P (p.u) Q (p.u) P (p.u) Q (p.u) P (p.u) Q (p.u)
7 112 0.99 101 0.91 0.92 0.74
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Table 27 Power flow comparison with and without presence of STATCOM at bus 16 of IEEE 57- bus system
Bus No Without STATCOM With STATCOM

Heuristic pdf ANN

P (p.u) Q (p.u) P (p.u) Q (p.u) P (p.u) Q (p.u)
16 1.41 14 1 1.15 0.98 1.10

real and reactive power has distortions and thus
multi-FACTS are located. Here, three FACTS
devices are used, namely, TCSC, TSC, and STAT-
COM, and their positioning on the IEEE-9 and
IEEE 57-bus systems are assessed as they are con-
nected to the buses that have the worst THD per-
formance. Thus, a transmission network nearby to
buses 4,5,6, and 7 are found to be the most suitable
for locating the multi-FACTS devices in the IEEE
9-bus system. The TCSC is connected to between
buses 5 and 6, the TSC is connected to bus 4 and
the STATCOM is connected to bus 7. In order to
improve the THD, switching of the TCSC and TSC
is done using SPWM while switching of the STAT-
COM is done using ANFIS. The worst THD levels
at buses 4,5,6, and 7 have improved by using multi-
FACTS devices as shown in Tables 15, 19, and 24.
The requirement of real and reactive power at a
particular bus where FACTS devices are connected
reduces effectively in comparison with when there
are no FACTS devices connected on the same bus
as analysed through Tables 16, 20 and 25. Similarly,
for the IEEE 57-bus system, buses 9,10,12, and 16
are found to be suitable for locating the multi-
FACTS devices. Hence the TCSC is connected
between buses 9 and 10, the TSC is connected at
bus 12 and the STATCOM is connected at bus
16. The THD levels at the relevant buses have
been improved by using multi-FACTS devices as
shown in Tables 17, 21 and 26. Also, the require-
ment of real and reactive power at a particular bus
where FACTS devices are connected minimizes
effectively in comparison with when there are no
FACTS devices connected on the same bus as ana-
lysed through Tables 18, 22 and 27.

7 Conclusion

This paper presents the optimal location and sizing of
multi-DGs (two DGs) in the IEEE 9- bus and IEEE 57- bus
system with the heuristic pdf and ANN method which are
used because fixed load demand is not fulfilled satisfacto-
rily with the NR method (without-DG) while giving poor

performance parameters. Accordingly, associated distrib-
uted bus locations are examined for analysis of the impact
of multi-DGs optimum positioning and sizing. The optimal
location of multi-DG’s is measured in terms of multi-objec-
tive parameters such as line power loss, accuracy, selectiv-
ity, THD and MSE while sizing of DG is measured in terms
of real & reactive power. It is evident that the deployment
of the ANN leads to better quality parameter such as line
real power loss, accuracy, THD, MSE and selectivity com-
pared to the heuristic pdf method and other existing meth-
ods. Determination of multi-DG sizing is resolved quite
satisfactorily under the ANN with lower real and reac-
tive power than the heuristic pdf. Further positioning of
multi-FACTS devices including the TCSC,TSC and STAT-
COM in the transmission network of the IEEE-9 and IEEE
57- bus system is being decided on the basis of high THD
associated with particular buses. It is found that connec-
tion of multi-FACTS devices to transmission line near to
respective determined buses improves the THD in com-
parison to without these devices. The application of intel-
ligent techniques like SPWM and ANFIS for controlling
the converters also helps to obtain the minimal optimal size
of multi- FACTS while improving the power quality in the
most economic manner.

List of symbols

8i: Load angle; DG: Distributed generation; SPWM: Sinusoidal pulse width
modulation; 8;: Impedance angle at i bus; ANFIS; Adaptive neuro fuzzy inter-
ference system; 9]': Impedance angle at'j'bus; TCS: Thyristor controlled series
compensator; & Tolerance limit; STATCOM: Static Compensator; TSC: Thyristor
switch capacitorThyristor switch capacitor; THD: Total harmonic distortion; E:
Error; PDF: Probability distribution method; PWM: Pulse width modulation;

S;: Complex power between 2 buses i and j; NB: Negative big; P;: Real power
between 2 buses i and j; NM: Negative medium; Q;: Reactive powerbetween
2 buses i and j; NS: Negative small; S,,.: Complex power loss; ZS: Zero; A: Differ-
ence between measure & ref. power; PB: Positive big; 0 Standard deviation;
PS: Positive small; GU: Conductance between i and j bus; PM: Positive medium;
Bj: Susceptance between i'and j'bus; MSE: Mean square error; G: Distortion
Factor; J: Objective function for loss minimization.
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