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Abstract: In this paper, a new approach based on novel heuristic algorithms is used to locate and model multitype
flexible alternating current transmission system (FACTS) devices (series and parallel) in order to improve the total
transfer capability and decrease the line congestion and total power loss. The multitype FACTS devices, including
the static synchronous series compensator, static compensator, and unified power flow controller, have been optimally
sized and located simultaneously through the harmony search algorithm (HSA). To achieve this purpose, a program
in MATLAB code has been developed in order to extend the conventional Newton—Raphson algorithm for multitype
facts applications. Since the optimization is multipurpose, an analytical hierarchy process is used to obtain the priority
vector for each alternative. The HSA, with a good convergence property and more accurate results, can satisfy the
objective function better. The effectiveness of the proposed method is demonstrated using a modified 30-bus IEEE test
system as well as Iranian 230 kV southeast regional grids in normal and contingency conditions. On the other hand, the
optimization performance is compared with a genetic algorithm and particle swarm optimization. The simulation results
illustrate that the proposed algorithm performs better than the other algorithms. Moreover, it is shown that simultaneous

optimizations of multitype FACTS devices have more advantages than the separate optimization of single-type ones.

Key words: FACTS devices, harmony search algorithm, total transfer capability, lines congestion, analytical hierarchy

process, power losses

1. Introduction

In today’s power market, there is overgrowing competition in the production and sale of energy. In transmission
networks, total transfer capability (TTC) enhancement is one of the major requirements of networks in exchange
for increased demand [1,2]. The ability of power systems to provide reliable power transmission can be limited
by many factors, such as thermal constraints, voltage, and stability. Therefore, the TTC amount will be limited
by overloaded lines and busbars with relatively low voltage [3].

On the other hand, congestion on transmission lines, either in collective or single form, should not exist
for more than a few moments, because if the line congestion continues, the power flow equations will diverge.
Therefore, system security and reliability will be degraded, and finally the system will collapse. In power
systems, it is impossible to fully utilize the transmission line because of different factors, such as voltage limit
and stability concerns, that will cause the mitigation of transmittable power to be less than their maximum

transmission power, i.e. their thermal limit.
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For enhancement of the TTC and accurate management of the congestion in transmission lines, the first
option is setting up new transmission lines along with previous transmission lines, but basic barriers ahead
of the development of power networks, such as environmental limitations and restrictions of economic issues,
will cause the impracticability of the proposal. The second option is using modern compensating equipment of
reactive power, i.e. flexible alternating current transmission systems (FACTS) devices [4-6].

FACTS devices, despite minimizing line congestion and maximizing the transfer capability, assure that
contractual constraints and targets are satisfied fairly. These devices, with their unique structure, can facilitate
in networks the control of power flows in transmission lines. Thus, FACTS devices can improve the stability of
transmission lines as well as system security [7].

FACTS devices, compared with conventional approaches such as load shedding and generation reschedul-
ing, seem to be more economical, because these devices, excluding the installation cost, do not impose extra
cost at the time of operation [8]. FACTS devices can deal with the controlling active and reactive power si-
multaneously and they can also monitor the voltage range. Moreover, these devices can lead to a power flow
reduction on the overloaded lines by creating an appropriate voltage level. On the other hand, FACTS devices
can improve the total voltage stability and also reduce power system losses. A single-type FACTS device belongs
to 1 of the 3 groups of FACTS devices, i.e. parallel, series and/or parallel-series devices. Multitype FACTS
devices refer to the employment of 2 or more types of FACTS controllers (e.g., ‘series and shunt’ or ‘shunt and
combined’). Although using multitype FACTS requires a higher installation cost, it has more advantages for
system operating condition improvement than one or more single-type FACTS devices. In addition, multitype
FACTS devices can improve some different system parameters in a multiobjective optimization problem. The
utilized FACTS devices are a reasonable combination of the new generation of FACTS devices, including the
static synchronous series compensator (SSSC) (series), static compensator (STATCOM) (parallel), and unified
power flow controller (UPFC) (parallel-series).

Some papers study heuristic approaches and intelligent algorithms to locate FACTS devices in power
systems, such as the genetic algorithm (GA) [9] and particle swarm optimization (PSO) method [10], but in
most studies carried out in this regard, the locations of the FACTS devices are usually followed up with a single
objective. For example, only the increased percentage of the system security limitations and/or the system
loadability improvement has been taken into consideration, and in some of these studies, special emphasis has
been placed on cost reduction as a main objective [11].

In this paper, through implementing FACTS devices, 3 objectives are followed simultaneously, as follows:
1st objective: increasing total transfer capability, 2nd objective: reducing transmission line congestion, and 3rd
objective: reducing system real power losses. This type of formulation was not considered in previous studies.

Here, an approach based on the harmony search algorithm (HSA) is used as a compromise between the
contradictory objectives. The HSA is an algorithm that has been inspired for the optimization of issues by a
music phenomenon in finding an extraordinary mode from harmony. This algorithm was first presented by Geem
et al. in 2001 [12]. In various studies made in this regard, it has been shown that this algorithm operates faster
than other similar methods in some complicated optimization methods. The HSA has been successfully applied
to various discrete optimization problems such as Sudoku puzzle solving [13] and the traveling salesperson
problem [14]. Since the proposed model is the weighted sum of the individual objective functions, an analytical
hierarchy process is adopted to specify the weights. It is possible to obtain better results using a multiobjective
function, where the improving levels depend on selected weights.

The results achieved by applying the proposed method on a modified IEEE 30-bus test system and Iranian
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230 kV southeast regional grid (ISERG) are presented and analyzed as follows. Simulation on these 2 systems
has been carried out in both the normal and contingency performance modes. At the end, a comparison of
the obtained results with the PSO and GA methods is used to emphasize the proposed method’s ability. The
results show that the HSA method has significantly increased both the convergence rate and the accuracy of
the answers. Hence, the HSA method outperforms other methods.

2. Problem formulation and objective function
In this study, a multiobjective optimization has been considered to find the best capacity and location of the

UPFC, SSSC, and STATCOM to satisfy the goal function, which includes 3 objectives: the TTC value, line

congestion value, and active power loss value.

2.1. Objective function

As mentioned, the problem is multiobjective optimization, which can be represented as a normalized Eq. (1):

Npgo
o >~ W,.Congestion; P
. cy norma i=1 088
mlnflt—KT' e l +KCNPQL +KP131017 . (]-)
W;.Congestion; normal
1

i=

In Eq. (1), congestion is defined by:
Congestion; = Si/Smax (2)

where the parameters are defined as follows:

Congestion; : Compression of line i.

P55 : Total active power loss.

S; : Apparent power flow in line i.

Siax . Thermal limit of line i.

W; : Scale coefficients for the compression of line i.

In this paper, the lines that directly affect the TTC have a coefficient equal to 1.5, where the influence of
these lines to calculate the total transmission capability is mostly considered. The weighted coefficients of the
other grid lines are considered as 1.

Coefficients K7, K., and Kp are the defined weight coefficients of a combined function, which indicates
the degree of the individual function in relation to the other functions. In this paper, the analytic hierarchy
process (AHP) method is used to obtain these coefficients. To achieve this purpose, Table 1 shows the judge
matrix of the above criteria, which reflects the importance and priority criteria toward the other. Here, it is
assumed that the TTC is more important than the value of the losses, while the losses have priority over the
congestion value.

The final weights of the criteria are obtained using the arithmetic average method [15]. This is as shown
in Table 2.

3. Mathematical modeling

In the next section, a mathematical model including the objective function terms and the generalized power
flow equations for FACTS devices is illustrated.

959



ESMAEILI and ESMAEILI/Turk J Elec Eng & Comp Sci

Table 1. Criteria’s judgeship matrix.

TTC | Loss | Congestion
TTC 1 3 5
Loss 1/3 1 3
Congestion | 1/5 | 1/3 1

Table 2. Criteria’s final weights.

TTC (K1)
0.63

Loss (Kp)
0.25

Congestion (K.)
0.12

3.1. Total transfer capability

A framework to determine an interconnected network available transfer capability (ATC) was established by
the North American Electric Reliability Corporation for commercially wholesale electricity markets. The ATC
consists of the following terms and definitions: the TTC is the maximum transfer power that does not reach
the limits and existing transmission commitment (ETC) is the sum of the available transmission commitment
between 2 areas. The amount of transmission capability that is required to ensure that the interconnected system
is secure under an acceptable range of uncertainty is known as the transmission reliability margin (TRM), and
the amount of transmission that is reserved by the load to ensure access to the generation from interconnected
systems to meet the requirement of the generation reliability is the capacity benefit margin (CBM). We can
then calculate the ATC as:

ATC =TTC —TRM — ETC — CBM (3)

The determination of the TTC is the main key factor to finding the ATC. The TTC is defined as the
maximum increase in the power transfer between the special source/sink areas that transfer without the violation
of any security constraints, under both normal and contingency operating conditions.

To calculate the TTC, it is necessary to consider the system’s thermal, voltage, and stability limits.
Through all of the various methods and algorithms that have been developed, only 3 are applicable for large-
scale realistic applications: the repeated power flow (RPF) method [16], continuation power flow method [17],
and transfer-based security constrained optimal power flow method.

Among the above methods, the RPF method has several advantages, which include ease of implementation
and less convergence time. Hence, in this paper, the RPF method is used to compute the TTC to get reliable

results. The next section illustrates the RPF algorithm.

3.2. RPF algorithm
In RPF calculation, the growth in the transmitted power is measured while the complex power increases with
a uniform power factor in each load bus in the load area (sink) and the injected real power increases at the
generator buses in the generation area (source), step by step, until a violation occurs.

Based on these explanations, the mathematical formulation of the RPF can be used as follows [18]:

Maximize \
Subject to:
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Eq. (4) as equality constraints, which reflects the power flow equations at bus i,

Pgi — Ppi — Zl Vil -1V lyij| cos(8i — 65 — ¢ij) =0
i=

n

Qai — Qpi — X, |Vil- Vil lyijlsin(d; — §; — ¢ij) =0

J=1
Egs. (5) and (6) as inequality constraints, which ensures the system voltage and thermal limitations, respectively.

|‘/l| |‘/7«| S “/i|rnax7 (5)

min S
Sij < Sijmax- (6)

In the above equations, A\ is the scalar parameter, representing the increase in the area’s load or
generation; A = 0 is compatible with no transfer (base case); and A = Apax is compatible with the maximum

transfer.
Pgi, Q¢ : Real and reactive power generation at bus i.

Ppi,Qp; : Real and reactive loads at bus i.

|Vil,|V;| : Voltage magnitude at bus i and bus j.

|yij|, ¢i; : Magnitude and phase parts of the ijth element of the bus admittance matrix.
d;,0; : Voltage angle of bus i and bus j, respectively.

Simax : Thermal limit of line i.

Vil tain » Vil

Si; + Apparent power flow in line ij.

min * | Vilmax © Lower and upper limits of the voltage magnitude at bus i.

n : Total number of buses.
In the power flow equations, increases in the generation and demand are applied by the following

equations:
Pgi = P2 x (14 X\Kg), (7)
Pp; = PY; x (L4 A\.Kp;), (8)
Qpi = Qp; x (1 + A\.Kpy), (9)
where

P2, : Generated initial real power at bus i in the generation area.
PP.,QY%, : Initial demanded real and reactive power at bus i in the load area.
Kgi, Kp; : Constants used to indicate the change rate in the generation and load as A alters.

Therefore, the TTC is calculated using Eq. (10) in each case (normal or contingency) as follows:

— N Ppi(max) = ~Phi
17TC = Zv’,eSinkArea ZvﬁeéinkArea’ (10)
here 210 i(Amax) represents the sink area total load when A = A and Zpgi represents the sink
w i€SinkArea p w T /imax i€SinkArea p

area total load when A = 0.
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A schematic flowchart of the computational procedure is shown in Figure 1. In this Figure, when i =
1, values of the TTC, line congestion, and losses are calculated in the base case. In the case of i = 2, these

parameters are obtained in the presence of FACTS devices.

Initial condition of
network

 Calculate the losses (i) ‘

N

congestion (i) S

e

/Calculated the loadability limit of network ami‘\,
\ appointment sink area )

,’ICalculate the total load in\‘,
\ sink area /

/” Increase of load in sink area and increase of
. . '
'\ generation in source area J

HS
Algorithm

N
\

Problem constraints
satisfied

.'/ Power system modeling in
' presence of FACTS devices ,f

\

." Normalized the objectives
\ function

‘ Weighing the Objective Function R
Using AHP method ;

Figure 1. Flowchart of the computational procedure for solving the problem.
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4. Modeling of FACTS devices

In this section, we are going to present the useful models of 3 FACTS devices that were used.

4.1. SSSC
The SSSC is a series synchronous voltage type compensator analogous to an ideal electromagnetic generator,
which can produce a set of alternating voltages at the desired fundamental frequency with a controllable
amplitude and phase angle [19].

If such a series-connected voltage source is located between nodes ¢ and j in a power system, the series
voltage source can be modeled with an ideal series voltage Vi, in the series, with a reactance X, as shown in

Figure 2. V; models an ideal voltage source and V; represents a fictitious voltage behind the series reactance.

Busi } Bus
/_\ Vll Xse
e/

Vi Vi

_> <_

|5 Li

Figure 2. Representation of a series voltage source [25].

The series voltage source Vi, is controllable in magnitude and phase, i.e. Vi, = rV;e/7, where 0 < r <
max and 0 < v < 2z. The injection model is obtained by replacing the voltage source by the current source,
Ise = —jbsVse in parallel with the line, where bs. = 1/X;. is shown in Figure 3. The injection model for a

series-connected voltage source converter is shown in Figure 4.

Busi Bus j Bus i Bus j
v bse=1/Xse \% Xse
LYY Y Y Y
Is € Psssc,i +j stsc,i Psssc,i +] stscj

Figure 3. Replacement of voltage source by current Figure 4. Injection model for a series connected VSC

source [25]. [25].
The current source I . corresponds to the injection powers S; g5sc and S; sssc, where
Si7sssc = ‘/;(_Ise)*v (11)

Sj,sssc = ‘/}'(Ise)*7 (12)

The injection power S; sssc and Sj sssc are simplified to:
Si,sssc - Vvi[jbservtiej’y]* - bse"ﬂ‘/i2 Sin’y - ijETVYi2 Ccos 7y, (13)
S ssse = ij[jbserV;ej"’]* = —bsrV;V;sin(b; — 0, + ) + jbserViVj cos(6; — 85 + ), (14)
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P, sssc = by V2 sin(y), (15)
Pjssse = —1bse ViV sin(0; — 05 + ), (16)
Qi ssse = —Tbsc Vi cos(y), (17)
Qjsssc = rbsViVjcos(0; — 0; + ). (18)

4.2. The STATCOM

The STATCOM is a second generation FACTS device used in shunt reactive power compensation. The
STATCOM is a combination of a voltage sourced converter and an inductive reactance and shunt connected to
a power system [20]. The STATCOM circuit is shown in Figure 5. The DC circuit is described by the following

differential equations, in terms of the voltage V. of the capacitor:

P Vie  R(P?+Q?)

Vie = GV " ReC T CVEVG, (19)

The power injection at the AC bus that the STATCOM is connected to has the following form:
Pi starcom = VG — kVaV;G cos(0; — a) — kVy.V; Bsin(0; — a), (20)
Qi,starcom = —ViZB + kVyV;Bcos(0; — o) — kVy V;G sin(6; — ) (21)

where

k= 3/gm.

Hence, the STATCOM device operates to compensate the reactive power only; there must be no active power
produced by the device. Therefore, P; srarcom = 0.

4.3. UPFC
In Figure 6, the focused model of the UPFC is depicted [21]. In this model, the UPFC is considered as 2 voltage
source converters, which correspond to the fundamental components of the output voltage of the converters and

impedances reflecting the leakage reactances of the 2 coupling transformers.

P+jQ(Lt£] m:1
Busi Bus j
IU X I
\ se Ly
% v, Vi
Xsh
Figure 5. Voltage-source model of STATCOM [26]. Figure 6. Voltage source model of UPFC [27].
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The system voltage is taken as a reference vector V; = |V;| £0 and V] = V. + V;. Both the magnitudes

and phase angles of the voltage sources (Vi., Vin) are controllable. V. is defined as:
Vie = rViel?, (22)

where
0<7<rmax and 0 < v < 27. (23)

The model should be improved by replacing voltage source Vs, by a current source I, parallel to the
transmission line, similar to a SSSC:

Ise = _jbseVSev (24)

where bge = 1/ X, .

Hence, in a similar way, the following equation can be extracted for a series converter:

Py = —rb,V2sin(7), (25)
Pjs = rbV;V;sin(6; — 0; + ), (26)
Qis = —1b V2 cos(7), (27)
Qjs = 1bsV;Vjcos(0; — 0; + ). (28)

It is estimated that the total switching losses of the 2 pulse-width modulation converters is about 2% of
the transmitted power Pseries, Which should be supplied by a shunt voltage source at bus i. Hence, Pspynt is

calculated using Eq. (29):
Pspunt = —1.02Pseries- (29)

In this model converter, 1 is not considered to be a separate controllable shunt reactive source and Qgspyuns can
be assumed to be 0. Based on what was explained, shunt voltage source equivalent power injections can be
derived.

The calculation of Pspqn: can be done using the following formulations:

Seeries = VeI = re”v;(vg);evj)*. (30)
Eq. (30) shows how the active and reactive power supplied by the series converter can be calculated.
Sseries = 1 Vi(ré Vi + Vi = V) /1 Xse)* (31)
Seeries = rVied D ((rVie 1) 4 Vie % — VieT3%) ) — jX ) (32)
Sacries = jbact V2 + jbaerViZelT — jbaerViVel @05 (33)

Sseries = jbse’rQ‘/iQ + jbse’f"/;?(COS’)/ + .7 sin 7) - jbser‘/i‘/j(cos(ei - 9]‘ + FY) + .7 Sin(ei - 0]‘ + ’Y)) (34)

The recent equation can be represented as follows:

Ssem'es = Pseries + ]QS@T"iGS,
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where
Pseries = Tbsevtivrj Sin(ei - ej + ’7) - "nbse‘/i2 Sin’)/a (35)

Qseries = _Tbse‘/ivvj Sin(ei - 9] + ’7) + rbseV;‘Q cosy + TQbSEV;‘Q- (36)

Joining the series and shunt power injections at both bus 7 and bus j constructs the overall UPFC mathematical
model, as shown in Figure 7.

Pi.upfc'*'jQLupfc Pj,upfc +] Qj,upfc

Figure 7. UPFC mathematical model [27].

The elements of the UPFC power injections in Figure 7 are as follows:

Piupfe = Pis — 1.02Pcries = 0.0QTbser siny — 1.02rb,. V;V; sin(0; — 0; + ), (37)
Pj upfe = Pjs = b5 ViVjsin(6; — 05 + ), (38)

Qiupfe =0+ Qs = —7rbs Vi cos, (39)

Qjupfe = Qjs = rbsViVjcos(0; — 6 + ). (40)

5. Power flow including FACTS devices

The discussed model of the UPFC has been implemented in the conventional Newton-Raphson (NR) power
flow algorithm in other references. In this paper, this implementation is generalized for a multitype FACTS
application. Accordingly, the general NR equations are presented as follows:

P=f1(V,0,G,B), (41)
Q= f2(V,0,G,B), (42)
e ) =[5 E L ®

where AP and AQ are the real and reactive power mismatch vectors; AV and A6 are the vectors of incremental
changes in the nodal voltages; H, N, J, and L are the basic elements of the Jacobian matrix; and n is the iteration
number. To include FACTS devices in the above formulation, some additional elements of the Jacobian matrix
((H = H°"9 + H7e¢%) and for the N, J, and L elements) should be extracted, due to the injections of the
FACTS devices at buses iand j. These new additional elements are shown in Table 3.
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Table 3. Additional elements of the Jacobian matrix including FACTS devices.

Hfacts Nfacts Jfacts Lfacts
P i1 i3 @9 07
When t= -7 dpi‘facts V dPi,facts de,fact,s V in,facts
Forbus ¢ 90; L 90, L)
acts acts acts acts
Hlact NTact Jlact Jact
when 1% 7é _7 dP?] dg- ;) l.] d”'
i,facts V i,facts Q'z,facts V Q’L,fCLCtS
00 J oV, 06 J oV
facts facts facts facts
when i = j H; Ny i Li;
de,facts V de,facts de.facts V de,facts
Forbus j ? . J fan Lo J ff"‘;j
acts acts acts acts
when i # j Libt N i L
JP; facts V. I} facts OQj facts JQj facts
90; vt oV; 90; oVv;

Furthermore, the power mismatch equations at bus i and bus j must be changed based on the following

equations:
AP, =Pg— P+ P; tacts — Picais (44)
AP; = Pjc — Pjr + Pj racts — Pjcal, (45)
AQ; = Qig — Qi,r + Qi facts — Qical (46)
AQj = Qjc¢ — QjL + Qj facts — Qjcat- (47)

The general proposed algorithm for solving the power flow problem including FACTS devices is implemented
using MATLAB code. The developed program is referred to as the FACTS devices load flow (FDLF) and is
illustrated by the flowchart depicted in Figure 8. The gray and dashed blocks indicate the modification of the

conventional NR method.

6. Harmony search algorithm

The HSA originally was inspired by the analogy between music improvisation and the optimization process.
Just as musical instruments are played with certain discrete musical notes based on a musician’s experiences
or the randomness in an improvisation process, so can the design variables be assigned with certain discrete
values based on computational intelligence or by randomness in the optimization process [22]. Just as musicians
improve their experiences based on an aesthetic standard, the design variables in a computer’s memory can
be improved based on the fitness function. The original HSA performs based on 5 steps to consider the

computational intelligence or randomness as follows:
Stepl: Initializing the algorithm parameters.
Step2: Providing the harmony memory (HM).
Step3: Improvising a new harmony.
Step4: Updating the HM.
Step5: Checking the stopping criterion.
The optimum design algorithm using the HSA is sketched basically as shown in Figure 9.
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Read all input
data

v

Form system admittance matrix

v

Initialize voltages and angles at all
busbars

v

Form conventional Jacobian matrix

Modify Jacobian matrix and
calculate power mismatches
considering FACTS injections

S e .

Solve Jacobian equations and
update voltages and angles

Is convergence
obtained?

Output load flow results

Figure 8. Flow diagram of FDLF.

Initialization of an optimization problem and algorithm parameters
For minimizing objective function f(x)

Specification of each decision variable, a possible value range in each

decision variable, harmony memory size (HMS), harmony memory

Initialization of
harmony memory (HM)
Generation of initial

considering rate (HMCR), pitch adjusting rate (PAR), termination E i harmony i

criterion (maximum number of search) | el I ;
CUniform random number) i Sorted by values of |
i objective function |
i f(x) i
Lo [

HMCR, PAR
A new harmony is e A T
Termination Y Improvisation of a new
oo . better than a stored
criterion satisfied?

i harmony from HM E
i basedon3rules: | gtep3

Memory considering,

" ijl;é;gn'é of HM & 1 pitch adjusting and
! i 1 random choosing

Figure 9. Basic flowchart diagram for the HS algorithm.
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Initializing the algorithm parameters and the problem is based on the following problem description:
min(f ()] € X),

where f(x) is the main function and x is the set of variables that has the upper bound and lower bound as
] < x; < xy . The algorithm parameters that consist of the following parameters are initialized in Stepl: the
HM size (HMS), or the number of solution vectors in the harmony memory; HM considering rate (HMCR);
pitch adjusting rate (PAR); number of decision variables (N); and the number of improvisations (NI) or stopping
criterion. The HM is a memory location where all of the solution vectors (sets of decision variables) are stored.

In Step2, to initialize the harmony memory, the HM matrix is filled with as many randomly generated
solution vectors as the HMS:

i 3 y, f@h)
at a3 e ap f(@?)
HM = . . . (48)
GHMS  pHMS . pHMS  p( HMS)

In Step3, to improvise a new harmony, 3 rules must be considered, i.e. Rulel: memory consideration,
Rule2: pitch adjustment, and Rule3: random selection. To implement Rulel, the value of the first decision
variable z for the new vector is selected from any of the values in the specified HM range (zi — 2M9). For
other variables, we have the same method. The HMCR, which varies between 0 and 1, is defined as the rate
of selecting one value from the historical values stored in the HM. Each component obtained by the memory
consideration is tested to determine if it should be pitch-adjusted. This operation applies the PAR parameter,
which is the rate of the pitch adjustment.

/
€T, <

{ w; € {x}h, 22 23, .. xIMS  with probability HMCR} (49)

x; € X; with probablity (1 — HMCR)

For example, an HMCR = 0.8 indicates that the HSA will choose the decision variable value from historically
stored values in the HM, with an 80% probability, or from the entire possible range, with a 20% probability.
This operation uses the parameter PAR as follows:

/ . .7
7 { x; £ ranaE(O, 1).bw with probability PAR (50)

@ with probablity (1 — PAR)

where bw is the regularly distributed random number between 0 and 1. Clearly, Step3 is responsible for gener-
ating the new potential variation in the algorithm and is comparable to the mutation in standard evolutionary
algorithms. Thus, either the decision variable is perturbed with a random number between 0 and bw, it is left
unaltered with a probability PAR, or it is left unchanged with probability (1 — PAR).

In Stepd4, if the new harmony vector, =’ = (x}, 25, ...,z ), has a better fitness function than the worst
harmony in the HM, the new harmony is included in the HM and the existing worst harmony is excluded from
the HM. In Step5, the HS algorithm is stopped when the stopping condition (e.g., the maximum number of
improvisations) has been satisfied.

Each harmony vector consists of a type of FACTS devices, their values, and locations with specified
real numbers. In this structure, FACTS devices including the STATCOM, SSSC, and UPFC can be optimally

allocated among specific line/bus candidate locations.

969



ESMAEILI and ESMAEILI/Turk J Elec Eng & Comp Sci

7. Case study and solution results

7.1. IEEE 30 bus test systems

A modified IEEE 30-bus system [23] has been used in this paper to show the effectiveness of the proposed
technique to TTC improvement beside congestion disrate at low loss. The test system diagram is shown in
Figure 10. The system data are in a per-unit system, where the base MVA value is assumed to be 100 MVA.
Three inequality constraints are considered in these studies: the voltage limit, line thermal limit, and reactive
power generation limit. The voltage magnitude limit of each bus is assumed to be within 0.95 pu and 1.05 pu.
The simulations studies were carried out running on a 2.66 GHz system in a MATLAB 2010a environment.

:,fg AREA 1

26

AREA3

Figure 10. Single diagram of the modified IEEE 30-bus system.

The system has 6 generators and 21 load buses. Bus 1 is the slack bus, and buses 2, 13, 22, 23, and 27 are
the real power and voltage magnitude (PV) buses. The system is simulated under normal operating conditions
when A = 0, to result in the base case value. The RPF is used to make a step increase in the power transfer.
The TTC, line congestion, and losses are calculated for the normal and contingency cases.

To calculate the TTC, the low bus and the sink area must be delineating. The network calculations of
loadability limit is done using the RPF method. Bus 8 is the weakest system bus, and next buses 7 and 28 are
the weakest buses. A diagram of the PV for the weakest buses is shown in Figure 11. In order to effectuate the
TTC studies, the system is divided into 3 areas. Bus 8 is in area 1. Thus, area 1 will be considered as the sink

area and areas 2 and 3 are the source areas. The TTC for areas 2 to 1 and areas 3 to 1 is computed.

e
o

o
)

—— P-V diagram for bus 7
—— P-V diagram for bus 8
—— P-V diagram for bus 28

Voltage (P.U.)
o
~1

<
>

0.5¢

0/! 1 1 1 1 1 1 1
100 200 300 400 500 600 700 800 900
P(MW)

Figure 11. PV diagram for the weakest buses.
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The system was tested using 2 FACTS devices installation scenarios: single-type and multitype FACTS
devices. The system is simulated in 2 cases: normal operation (without a contingency) and with a contingency,
taking into consideration a line outage. To demonstrate the effectiveness of the proposed algorithm and avoid
a long computation, only in the case of the multi-FACTS are the HSA results compared to the GA and PSO
algorithms. Table 4 displays the HSA, PSO, and GA parameters used for the simulation purposes.

Table 4. Parameters set for the HSA, PSO, and GA.

HS bw PAR HMCR HMS NI
1 0.3 0.9 25 100
Swarm cl=c2 Xmin X max Iterations
PSO 5 5 0.5 1 100
GA Population | Crossover | Mutation rate | Iterations
150 0.8 0.001 100

7.1.1. Case 1: normal operating conditions

The TTC between areas 2 to 1 and areas 3 to 1 under normal operating conditions without a contingency is
39.38 MW. The total line congestion and total active power loss under normal operating conditions are 8.69
and 2.44 MW, respectively. The simulation results for this stage are shown in Table 5 and the FACTS location

and size results are shown in Table 6.

Table 5. Results for the modified IEEE 30-bus system under normal operating conditions.

State Method TTC \ Congestiop \ Loss
Improvement in %
STATCOM HSA 37.05 6.2 94
SSSC HSA 24.36 8.1 10.6
UPFC HSA 42.13 11.35 12.2
Multitype HSA 54.8 13.7 13.5
Multitype PSO 52.3 13.1 13.3
Multitype GA 50.1 12.3 12.9

Table 6. FACTS location and size results.

STATCOM SSSC UPFC
State Method | Location Q Location r vy Location T vy
(bus) (MVAr) | (branch) | (p.u.) | (degree) | (branch) | (p.u.) | (degree)

STATCOM | HSA 8 39.1 - - - - - -
SSSC HSA - - 8-28 0.93 18 - - -
UPFC HSA - - - - - 68 0.73 27
Multitype HSA 17 28.2 12-16 0.84 15 6-8 0.58 24
Multitype PSO 19 28.6 12-16 0.87 17 68 0.56 25
Multitype GA 8 27.8 12-16 0.86 14 8-28 0.55 21

In single-type devices, it has been shown that the STATCOM, SSSC, and UPFC can be used for TTC
enhancement, decreasing line congestion, and minimizing losses. However, compared to the percentage of
improvements, the UPFC shows the best performance using the proposed technique. Next to the UPFC, the
STATCOM shows better results, because it has a greater impact on improving the voltage profile, which is
the main limitation when increasing the TTC. Therefore, the STATCOM can increase the TTC more than the
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SSSC. The SSSC has more impact on the power loss and the line congestion also decreases quicker than with
the STATCOM, because there is a straightforward relation to improving the line congestion and power loss
reductions. Comparing the cost, the STATCOM and SSSC are the best options. Even though the UPFC shows
good performance in improving the fitness function, it is more expensive than the STATCOM and SSSC. In
multitype FACTS devices, improvement of the fitness function is much better than in single-type devices. In
Figures 12 and 13, the bus voltage profile and line congestion profile have been depicted when FACTS devices
are present in the system.
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Figure 12. Voltage profiles for different scenarios under normal operating conditions.
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Figure 13. Congestion lines profiles for different scenarios under normal operating conditions.

In all of the cases, it is observed that FACTS devices improve the line power flow to close to its thermal

limits and at the same time improve the bus voltage profiles.

7.1.2. Case 2: contingency operating conditions

For a contingency case, the branch line outage between buses 27 and 28 is considered. Thus, the power transfer
between areas 1 and 3 is only through the line between buses 9 and 10. At this stage, the TTC without the
installation of any FACTS devices is 27.44 MW and bus 8 is the first violated bus. The total line congestion and

total active power loss under normal operating conditions is 9.64 and 2.98 MW, respectively. The simulation
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results for this stage are shown in Table 7 and the FACTS location and size results are shown in Table 8. The
effects of the FACTS devices on the fitness function improvement are more considerable during the contingency
case. Using the proposed technique, all of the types of FACTS devices, the STATCOM, SSSC, and UPFC,
can be used for TTC enhancement, congestion reduction, and loss reduction. In addition, the fitness function
improvement in the contingency case is almost better than that in normal conditions. This shows that in the
case of fault conditions, FACTS devices can be used effectively. For the multitype FACTS devices stage, the
HSA output is compared with those of the PSO and GA in terms of the objective function for both the normal
and contingency cases. However, it is shown that in the contingency case, the UPFC is the best choice for the
fitness function improvement. Figures 14 and 15 show the bus voltage and line congestion profile as well.

Table 7. Results for the modified IEEE 30-bus system under contingency operating conditions.

TTC ‘ Congestion ‘ Loss

State Method -
Improvement in %

STATCOM HSA 27.9 2.66 9.3
SSSC HSA 15.88 5.56 11.7
UPFC HSA 43.2 9.2 134

Multitype HSA 68.36 10.4 15.4
Multitype PSO 63.29 10.2 15.24
Multitype GA 63.84 10.24 15.27

Table 8. FACTS location and size results.

STATCOM SSSC UPFC
State Method | Location Q Location r ~ Location r ¥
(bus) (MVAr) | (branch) | (p.u.) | (degree) | (branch) | (p.u.) | (degree)
STATCOM HSA 8 43.3 - - - - - -
SSSC HSA - - 8-28 0.54 31 - - -
UPFC HSA - - - - - 6-8 0. 72 24
Multitype HSA 24 32.7 8-28 0.49 34 6-10 0.48 37
Multitype PSO 8 34.1 8-28 0.44 29 6-8 0.41 35
Multitype GA 8 33.9 8-28 0.44 30 6-10 0.44 31
B Normal BSTATCOM mSSSC mUPFC ®Multitype
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Figure 14. Voltage profiles for different scenarios under contingency operation conditions.
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Figure 15. Congestion lines profiles for different scenarios under contingency operation conditions.

7.2. Iranian 230 kV southeast regional grid (2011, operating conditions)

In order to explain the applicability of the proposed algorithm for a real application in a system, a version of
Tranian southeast regional grids (ISERG) is used. The systems include 50 buses, 84 lines, and 10 generators,
which cover 3 main provinces of Iran. The system total load is about 2344 MW, 1196 MVAr, and the system
losses at the base case are 145.8 MW. This network suffers from poor voltage support and line power flow under
normal and contingency operating conditions. The diagram of the test system is shown in Figure 16. The
solutions for the optimal location of the FACTS devices to maximize the TTC, minimize line congestion, and
minimize power losses subject to the voltage limits, line flow limits, and the FACTS device operation limits for

this network have been obtained and are discussed below.
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Figure 16. Single-line diagram of Iranian 230 kV southeast regional grid.

This system is also tested in 2 FACTS devices implementation scenarios: single-type and multitype
FACTS devices. The system is simulated in 2 cases: normal operating conditions (without a contingency) and

with a contingency, taking into consideration the line outage.
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Bus 11 is the weakest system bus and the next buses are 12 and 13. The PV diagram for these weakest
buses is shown in Figure 17. In order to effectuate the TTC studies, the system is divided into 3 areas. Bus 11
is in area 1. This area will be considered as the sink area, and areas 2 and 3 are the source areas. The TTC for
areas 2 to 1 and areas 3 to 1 is computed.

0.95¢}
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08 —P-V diagram for bus 11
-l —P-V diagram for bus 12
—P-V diagram for bus 13
0.75 . . . . . .
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Figure 17. PV diagram for weakest buses.

7.2.1. Case 1: normal operating conditions

The TTC between areas 2 to 1 and areas 3 to 1 under normal operating conditions without any contingency is
268.2 MW, in which bus 11 is the first violated bus. The total line congestion and total active power loss under
normal operating conditions is 18.1 and 145.8 MW, respectively. The simulation results for this stage are shown
in Table 9 and the FACTS location and size results are shown in Table 10. In the case of the single-type devices,
it has been shown that the STATCOM, SSSC, and UPFC have advantages for TTC enhancement, decreasing
lines congestion, and minimizing losses. Like the previous test system, the UPFC shows the best performance
using the proposed technique. For multitype cases, improvement of the fitness function is much better than in
single-type cases. Figures 18 and 19 show the improvement of a bus voltage profile and line congestion profile
when FACTS devices are installed in the system. In the ISERG, bus 11 was the weakest bus, and this caused
some problems for the downstream 63 kV distribution network. Accordingly, the downstream 63 kV network
had low voltage support and high power losses. As is illustrated in Figure 18, the voltage of bus 11 after the
installation of the FACTS devices is improved significantly and this problem has been resolved well.
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Figure 18. Voltage profiles for different scenarios under

normal operating conditions.

Figure 19. Congestion lines profiles for different scenarios

under normal operating conditions.
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Table 9. Results for the ISERG under normal operating conditions.

TTC \ Congestion \ Loss

State Method Improvement in %

STATCOM | HSA | 25.37 2.23 6.65
SSSC HSA | 18.28 5.01 131
UPFC HSA | 30.97 8.28 174

Multitype | HSA | 37.68 10.4 21.6
Multitype | PSO | 36.57 10.3 198
Multitype GA | 35.08 10.28 19.84

Table 10. FACTS location and size results.

STATCOM SSSC UPFC
State Method | Location Q Location T y Location r ¥
(bus) (MVAr) | (branch) | (p.u.) | (degree) | (branch) | (p.u.) | (degree)

STATCOM | HSA 11 87.4 - - - - - -

SSSC HSA - - 12-50 0.82 19 - - -

UPFC HSA - - - - - 15-17 0.59 43
Multitype HSA 12 69.3 3-11 0.62 41 15-17 0.48 34
Multitype PSO 12 67.2 3-11 0.64 37 12-50 0.46 31
Multitype GA 12 66.9 12-50 0.61 36 12-50 0.47 29

7.2.2. Case 2: contingency operating conditions

For a contingency case, the line outage between buses 12 and 43 is considered. At this stage, the TTC without
the installation of any FACTS devices is 198.4 MW and it shows that bus 11 is the first violated bus. The total
line congestion and total active power loss under this operating condition are 18.21 and 150.9 MW, respectively.
In this step, the results are almost the same as those in the 30-bus test system, which is shown in Table 11, and
the FACTS location and size results are shown in Table 12.

Table 11. Results for the ISERG under contingency operating conditions.

TTC \ Congestion \ Loss

State Method -
Improvement in %

STATCOM | HSA | 233 3.31 11.19
SSSC HSA | 19.4 7.18 177
UPFC HSA | 27.6 8.39 20.01

Multitype | HSA | 35.6 11.34 24.08
Multitype | PSO | 34.2 11.17 24.12
Multitype GA | 328 11.04 23.67

However, the effect of the FACTS devices is more considerable for the improvement of the objective
functions. In Figures 20 and 21, the voltage and congestion are depicted for different stages, including single-
and multitype FACTS devices. For validation of the optimization algorithm, the results obtained by the HSA
are compared with the results of other algorithms such as the GA and PSO, in the case of multitype devices.
It is obvious that the HSA has a better overall performance than the other 2 methods. It is worth mentioning
that the HSA has better computational efficiency than the other methods. To prove this, Figure 22 shows

the convergence diagram for the 3 heuristic approaches. It can be seen that the HSA converges in about 37
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iterations, while the GA and PSO iterate at 54 and 73, respectively, for convergence to be achieved. This

advantage makes a significant reduction in the simulation time for the HSA.

Table 12. FACTS location and size results.

STATCOM SSSC UPFC
State Method | Location Q Location T vy Location T o
(bus) (MVAr) | (branch) | (p.u.) | (degree) | (branch) | (p.u.) | (degree)

STATCOM | HSA 11 92.3 - - - - - -

SSSC HSA - - 12-50 0.89 48 - - -

UPFC HSA - - - - - 24-25 0.54 44
Multitype HSA 12 7.2 2-3 0.84 26 20-25 0.51 39
Multitype PSO 11 73.1 12-50 0.87 24 20-25 0.47 40
Multitype GA 11 71.9 2-3 0.81 27 20-25 0.45 42
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Figure 20. Voltage profiles for different scenarios under  Figure 21. Congestion lines profiles for different scenarios
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Figure 22. Convergence characteristics of the GA, PSO, and HSA for the best solutions in the placement of multitype
FACTS devices stages in the lines outage state.

8. Conclusion

This paper presents an effective method for multitype FACTS device sizing and locating based on a multiob-
jective function to improve the system operating conditions. Voltage source converter-based FACTS devices,
including the STATCOM, SSSC, and UPFC that are discussed here, have parallel, series, and series-parallel
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performances, respectively. A perfect multiobjective function consists of increasing the TTC, decreasing line

congestion, and minimizing losses, which are formulated for the optimization problem. To achieve this purpose,

the AHP makes it possible to rank the objectives in a comparative manner. The optimization of the developed

fitness function is performed using a well-known heuristic algorithm named HSA. The proposed algorithms have

been implemented on a modified IEEE 30-bus test system and a version of ISERG. The results for normal and

contingency operating conditions indicates that the simultaneous allocation and sizing of multitype FACTS de-

vices has more advantages than single-type FACTS to improve the defined terms of the objective functions. To

verify the performances of the HSA, some of its results are compared with those obtained using other heuristic

methods such as the PSO and GA. The results show better accuracy and convergence characteristics for the
HSA in comparison with the GA and PSO.
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