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Abstract

Safe and secure network operation with acceptable voltage level has become a challenging
task for utilities requiring corrective measures to be implemented. Network upgrades using
Flexible Alternating Current Transmission System devices are being considered to serve this
purpose. To this end, static loading margin enhancement by optimal static synchronous
compensator (STATCOM) allocation to enhance the power transfer capability with mini-
mal voltage variation is presented. Maximum loadability is formulated as an optimization
problem, subjected to voltage and small-signal stability constraints. Stability indices are
presented and incorporated with the optimization problem to ensure secure operation under
maximum loading. The scheme is executed with the IEEE system and an Indian utility
network. Improved voltage regulation with different loading condition was achieved for both
test networks, with the service rendered by the optimally placed STATCOM. Moreover, it fa-
cilitates an additional 50% capacity release in both test systems for hosting the active power

and loads.
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1. Introduction

The traditional power grid is compelled to operate at full capacity due to increased load
demands and renewable energy uptake. This in effect creates an unfavourable risk of potential
outages or blackout in the power systems, adversely affecting the voltage stability [1]. Many
incidents of system blackout have been reported which are caused by voltage collapse [1]-[2].
When analyzing the root cause of these problems, the network reactive power imbalance
is identified as the major contributor to voltage instability [2]. Hence, the existing power
system has to be strengthened to accommodate the distributed renewable resources, load
demand and the reactive power imbalance. Conventional system uprating or upgrading
using compensation devices, installing new lines or substations are very expensive procedure
and hence would require to ensure maximum utilization by optimal sizing and placing of the
additional devices [3].

The stability margin of an existing network can be enhanced by employing advanced
power electronics technologies. Flexible Alternating Current Transmission System (FACTS)
devices, in particular, static synchronous compensator (STATCOM) provides technical solu-
tions to such scenarios [1-3]. Additional benefits rendered by power electronic-based FACTS
devices compared to capacitor banks and synchronous compensators (SC) lies in their faster
dynamic response [4-5]. Moreover, with these devices utilities will benefit from a cost-saving
alternative for voltage regulation and enhanced hosting capability. However, for getting supe-
rior operation from these devices, strategic placement of these controllers are crucial [1-3]. To
this end, optimization-based methods are used for deploying FACTS devices in the network
to enhance the loadability and reliability margins [3-4].

Stochastic algorithms based methods were applied for selecting the suitable sizing and
setting of shunt FACTS controllers to enhance the voltage stability [3-9]. Application of
Genetic Algorithm (GA) for solving a range of power system problems has been reported
in the literature [8-11]. Owing to its simplicity in application and satisfactory operation in
identifying global and near-global optimal solutions, GA is used in the controller variable
optimization [9-12]. However, long computational time limits GA’s widespread application
and paved the way for more computationally efficient optimization algorithms [8-9]. This

includes swarm optimization such as particle swarm optimization (PSO), ant colony opti-
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mization (ACO) and harmony search algorithm (HS). These schemes, on the other hand,
suffer from partial optimal solutions and are therefore slow in convergence [7-10]. Alterna-
tively, Artificial Bee Colony (ABC) is proposed to find the optimal STATCOM allocation for
damping low-frequency oscillations [10]. Even though good in performance, they lack in the
convergence rate and a good balance is required between the abilities of the parameter sets for
the successful delivery of optimization solution [11-13]. Evolutionary algorithms have been
proposed for finding the optimal location of STATCOM in a distribution network [11-12].
Even though simple in adaptation, easy to implement with a minimal number of controller
settings and offers faster convergence, they are vulnerable to the premature convergence
and might stuck in sub-optimal solutions [13]. To this end, GA has been selected in this
study owing to its proven all-round performance and simplicity over the other optimization
algorithms.

In addition, the voltage stability margin can be enhanced by using devices like STATCOM,
static synchronous series compensator (SSSC) and thyristor controlled series compensator
(TCSC) [17,18]. However, in most cases, the level of reactive power requirements is not
sufficient to enhance the network static loading and stability limits of the ‘weakest node’ or
‘sensitive bus’ [17]. The weakest bus is one that is ranked highest among other buses as it
has limited capability to withstand load prior to voltage collapse [20-21]. To recognise the
most sensitive bus in a standard IEEE test network, an approach called L — index has been
used, which rely on the sensitivity analysis as discussed in [17, 20, 21].

Following this line, it is clear that reactive power compensation is essential to guarantee
stable operation for complex power systems [14-15]. In practical systems, the optimal size of
dynamic compensation rating is considered as 1% of the short-circuit MVA of the optimal
bus location as reported in [15]. The optimization criteria mainly rely on: the overall gen-
eration costs, the investment cost, total losses, the increase in maximum load and transient
stability enhancement of the system [14-15].

To the best of the authors knowledge, most of the research works have been focused
on using FACTS devices on loadability enhancement. Simultaneously, the stable operating
performance in terms of voltage and small-signal stability constraints at heavy system loading

has not received much attention until now. To contribute to these efforts we have performed



the following novel tasks:

1. An algorithm based on GA is presented to enhance the loading margin of the power
system network using STATCOM.

2. Small-signal and voltage stability margins are incorporated to ensure stable grid oper-
ation while increasing the loading margin.

3. A practical case study with the proposed scheme is introduced to evaluate the effec-

tiveness, capacity enhancement and operational benefits.

The remaining sections of the article contain Section 2 highlighting modelling of STATCOM.
The proposed robust controller is introduced in Section 3, with Section 4 defining the opti-
mization problem with associated constraints. The static and dynamic results are presented
in Section 5 along with the description of the case study and Section 6 presents a comparison
of network parameters for different optimization algorithms. Finally, Section 7 discusses the

findings were conclusions are drawn.

2. Modeling of STATCOM Controllers

STATCOM belongs to the family of shunt connected FACTS devices. STATCOM can
manage effectively the network voltage by generating (capacitive) and absorbing (inductive)
reactive power, depending on the behaviour of network voltage levels. This, in turn, allows
the operators to maintain the voltages at Point of common coupling (PCC) to the set-
point level by regulating the magnitude and angle of the internal voltage of the STATCOM,
thanks to its excellent dynamic performance and short-term response [15-17]. STATCOM’s
structural schematic, equivalent representation and dynamic model are shown in Figs. 1(a)-(c)
respectively [15,16,19]. The equivalent representation in Fig. 1(b) uses a controllable voltage
source Vi, LA, and assumes a constant regulator time period. The voltage Vy;, is adjusted
to set the local bus voltage and the power flow control using STATCOM as described in eq
(1) with active power exchange through the DC link with achieved using eq (2). The eq (3)
shows the analytical model of the bus control expression of STATCOM.
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Figure 1: (a) Basic structure of a STATCOM, (b) Equivalent circuit of a STATCOM connected to a local
bus (c) Control scheme.
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Here, V; [, hnd V,j, [@,] represents complex voltages at the i** bus and STATCOM terminal;
Py, + jQgpn is the STATCOM apparent power; Z, is the shunt transformer impedance, and

Vies the bus voltage control reference.

3. Modeling of the proposed robust controller

A novel robust controller powered by GA is proposed in this work. The controller serves
to maximize the loading condition of the system while incorporating stability limits. Fig. 2
shows the block schematic of the control scheme implemented to achieve the objective. The
controller fetches data from the test network, and after processing fed back it as a control
signal to STATCOM. The basic logic of the GA is; the generation of the best individual is to
be carried over to the next generation and further with the best trait propagating upward.
Here, GA is utilized as a tool for optimizing the system and to maximize the objective
function. The notion ‘optimize the system’ is used in the sense that a stable operating
condition without violating any system security or stability limits. This is achieved by
evaluating limit and stability constraints for every offspring (solution) in the population and

disregarding the non-feasible solution. The best trait or the positive trait is the objective,
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Figure 2: Proposed robust controller block schematic.

which for the present scenario is the loadability. The algorithm will always try to use solution
with high loadability as best set of offspring to form the next generation that does not
violate any constraints. This mimics the natural selection found in nature and has been
applied to solve various other optimization problems [23] and its simple nature and ease
of implementation have widespread its popularity. The flowchart proposed using the GA
algorithm to seek the optimal location STATCOM is given in Fig. 3.

4. Defining Optimization Problem

4.1. Formulation of Optimization Objective

The main purpose of the objective function is to identify a suitable location to place
STATCOM to achieve a safe and maximum loadability at all the buses in a conventional
network. This has to be done fulfilling the system stable operational constraints. The power
demand of loads in terms of real and reactive components are simultaneously uprated in
terms of (A), the loadability factor. The rate at which A changes to the maximum value
from the base case value (1 p.u.) without rendering the system unstable is considered as
the maximum loadability of the system. The final function is a single objective targeting to
maximize the objective by optimally placement of STATCOM with a set of constraints and
can be expressed as [17,19]:

F = Mazx(\)

)\:f(l', y)

(4)
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Figure 3: Flowchart for maximum loadability assessment using robust controller.

Here ) is the loadability factor in p.u. bounded by the security and stability constraints. A
is considered as a function of the dependent (voltage, load, load angle etc.) and independent
variables respectively. The optimization varies these dependent variables to obtain a solution

space. Also, the cost function has an inverse relation with loadability.
4.1.1. Equality constraints:

The equality constraints that bounds the optimization problem in eq (4) are the total

real and reactive power of the generators given in eq (5) in the system used to maintain the



load-generation profile.

Ny

P; = Pg, — Pp, — |Vi| Z Vil 1Y35] cos(0; — 0; — 6;)
(5)
Qi = Qc, — Qp, — |V\Z|VH jlsin(6; — 05 — 0;)

Here P; and );; Pg, and (Qg,; and Pp, and ()p, represents real and reactive power injection;

generation and demand by the load with N, representing the total number of buses.

4.1.2. Inequality constraints:

To ensure stable grid operation limits of minimum and maximum operating regions of
different power system components are required as inequality constraints. These includes:
the generator active and reactive powers ((Pg,) and (Qg,)) limits, voltage and phase angle

((V;) and (9;)) limits which are constrained as follows.

. 3\
Pérzm S PGi S Pénia:p
QE" < Qa, < QB™

V;min S ‘/z S ‘/imaw

6znzn S 51 S (Z(nam)
The line flow limit expressed as a transmission loading constraint (P;;) is given as
| Py < P (7)

The inequality constraint considering the loading factor limit at each bus can be written
as:

L<a<ame (8)
A safe limit is required for the loading factor to facilitate a stable bus loading.

4.1.3. System Stability Depended Constraints

To facilitate a stable loading margin based controller development, the system stability

constraints are incorporated into the optimization problem. This will ensure a stable and



secure system loading enhancement through the appropriate control response rendered by

the proposed algorithm. The stability constraints considered in this study are:

e Small signal stability: To ensure stable operation under small-disturbances such as load
changes, eigenvalue based small-signal stability assessment is utilized [18-19]. Eigen-
value analysis discloses significant relation among state variables of a system as well as
gives an intuition into the electromechanical dynamics of the network. The controllable
generators, loads and associated components in the network are modelled as a set of

algebraic and differential equations (DAE) represented by (9) [19]:

T = f(X7Y)

0= g(x,y)

(9)

Where g, f indicates the vectors of algebraic and differential equations. To perform
small-signal analysis, the state matrix (A,) is determined from the Jacobian matrix
(A.) obtained through the linearisation of DAE equations in (10) at the equilibrium

point.

Ax fo f Ax Ax
- ! = A, (10)

0 9o 9y| DY Ay
Generation of A, is achieved through the process by avoiding the algebraic variables

leading to the generic assumption that g, is not singular resulting in:

As=fo— fy9," 9 (11)

The state matrix is then utilized to calculate the system eigenvalues. For a stable

system, the eigenvalues are located on the left side of the s — domain.

o [ast Voltage Stability Index (FVSI): FVSI is adopted to ensure the safe and stable bus

loading on the test systems under investigation [20-21], and is represented as eq (12).

472Q);

(12)



Where Q; and V; indicates the reactive power and voltage at the i*" bus; Z, X rep-
resenting the system impedance and reactance respectively. A value of FVSI near to
unity renders the system unstable, with FVSI exceeding beyond 1.00 indicates a trend
towards sudden voltage drop at one of the buses connected to the network, potentially
leading to system collapse. Incorporation of FVSI into the proposed controller ensures

system stability under maximum loadability scenarios.

Line Stability Index (LSI): LSI represented by L,,, is developed based on the concept

of power flow through a single line as described [20-21] and can be written as eq (13),

4Q,X

b = TV, Tsin(6 — )12

(13)

Here X is the line reactance, @), is the reactive power at the receiving end, Vj is the
sending end voltage, 6 is the line impedance angle, and ¢ is the angle difference between
the supply voltage and the receiving voltage. The value of L,,,, must be less than 1.00

to maintain a stable system.

Line stability factor (LSF): LSF is used to assess the network stability and is indicated
as (Lgp) represented by eq (14). To preserve system stability the value of Lgp should
be below 1.00 [21].

2
=1 () (58 0)

Here X} is the line reactance, P, and @)y are the real and reactive power, and V}, the

voltage at the £ bus.

5. Test Cases and Simulation Results

5.1. The IEEFE standard 14-bus network

The test system considered is the IEEE-14 bus standard test system as depicted in Fig. 4

and is modified by placing STATCOM at the bus no. 14, which is declared as generation

bus. The system is suited for the proposed analysis as it contains transmission and distri-

bution voltage levels, which allows observing the effect on transmission network by placing
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STATCOM in distribution. In the original system, it is found that bus no. 14 is one of
the weakest buses and accordingly, for base case analysis STATCOM is connected to the
same bus. The selection of weakest bus followed an intuition-based manual placement search
based on assumptions such as there are no generators or compensator’s available in the close
vicinity of the candidate bus that can already provide reactive power support and also on
the choice of the network voltage level to place the STATCOM. For more information on the
selection of weak bus, the readers are referred to [17] and the reference therein.

The power flow analysis is done with the Newton-Raphson algorithm, which is coded in
MATLAB platform. The load level without STATCOM at the base case is compared with
the maximum loading incorporating GA controller as depicted in Fig. 5 and represented by
the bars in blue and with STATCOM at maximum loading are represented by thick dark
blue bars. From the results, it is clear that the load levels excluding load at the bus no. 11

in the test network are maximized and thus satisfying the optimization objective.

Distribution section

YAV

Transmission section I

Figure 4: IEEE 14 bus test system

5.1.1. Simulation of test case for IEEE standard 14-bus network

The static simulation was performed with the modified 14-bus system as the base case
and maximum loading scenarios with the real and reactive power measurements collated in

Table 1. As shown, more load demand can be accommodated with optimal allocation and
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setting of STATCOM, that is an additional active load demand of 1.59 p.u. can be supplied
in the present case without the loss of the system stability, indicating a loading enhancement
of 61.39%. The voltage levels at the buses without and with the inclusion of STATCOM for
maximum loading case are shown in Fig. 7. The results reveal the voltage improvement at
the PV buses with optimal allocation of STATCOM to maximize the loading margin. As
observed, for the maximum loadability scenario, voltage levels at all the buses stay in the
regulatory limits of 0.9 p.u. — 1.1 p.u. The lowest level of voltage dip occurs at the bus. 3
owing to the highest load level on that particular bus.

Table 1: Real and reactive power characteristics at maximum loading

System Loadability Pg(pu.) Qa(pu.) Pr(pu) Qr(p.u.)
Base Scenario 2.72 1.08 2.59 1
Maximum Loading Scenario 4.62 2.74 4.18 1.29
Deviation (MAX - BASE Load) 1.9 1.66 1.59 0.48

The base case load, bus generation, voltage and real power levels with and without STAT-
COM, at the maximum loadability, are represented in Figs. 5-8. Compared to the base case,
the additional load and the generation rise at the slack bus for accommodating the extra
demand with STATCOM can be observed in Figs. 5 and 6 with corresponding voltage varia-
tion shown in Fig. 7. Fig. 8 shows the base case and maximum loadability line flow scenarios
at different lines of the network with and without STATCOM, with optimal placement, in-
creased power flow in all the line can be observed.

Small-signal stability incorporating optimal results characterized by the stability indices
and eigenvalues are indicated in Figs. 9 and 10. It can be assured that with the inclusion of
stability constraints to the optimization problem, for the best solution the system stability is
preserved and represented by the location of eigenvalues as seen from Fig. 9. Fig. 10 shows
the stability constrained map for each line evidencing the system stability is maintained at
maximum loading with the aid of STATCOM and controller. These characteristics validate
the performance of the proposed controller in maintaining the grid stability under maximum
loading conditions and ensures no bus or line overloading occurs with it. Table 2 gives the
eigenvalues of IEEE standard 14 - bus network at different loading conditions. The table

shows that as load increases, there is a tendency for the eigenvalues to shift to the right-hand
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side of s-plane, evidenced by damping ratio as well.

5.2. Central Travancore-15 bus practical system

The Central Travancore system (CTS) is a practical Indian utility power system located

at Southern Kerala, India. The system as shown in Fig. 11 extends over four districts and

is operated by the Kerala State Electricity Board (KSEB). There are 15 buses in the system

including multiple hydropower generations located at bus no. 6 and 14, representing Idukki

and Sabarigiri. Further, there are 18 lines, 1 Thermal power plant at Kayamkulam (bus

no. 7) and 2 transformers. The hydro plants at Idukki and Sabarigiri are represented as slack
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Table 2: Eigenvalues of IEEE 14 bus network at various loading condition.

Loading Condition Without STATCOM With With STATCOM
& Controller STATCOM & GA Controller
513+ 50 518+ j0 ~7.40 + 50
(0.193) (0.187) (0.217)
Light Load ~3.82 + j8.29 4,16 + j6.74 44592
(0.162) (0.174) (0.170)
~1.90 + j5.22 190+ 5541 —1.2+441.2
(0.093) (0.097) (0.076)
—0.71 £ 50 —0.71 £+ 50.11 —-0.9 £ 50
(0.034) (0.032) (0.057)
—4.55 + 39.95 —4.87 + 39.44 —7.40 £ 50
(0.218) (0.196) (0.456)
Normal Load ~3.41 +59.12 —3.57 £ j9.03 ~3.8+ 49
(0.211) (0.221) (0.210)
—1.01 £ 40 —1.28 + 50.20 —1.28 + 50.20
(0.151) (0.166) (0.158)
—0.61 + 50.74 ~0.82 4 50 ~0.82 4 50
(0.053) (0.075) (0.081)
-3 +756.14 —3.16 + 57.72 —3.49 + 51.33
(0.144) (0.134) (0.1768)
Heavy Load —1.08 + 51.47 —1.124751.28 —1.23 4+ 350
(0.110) (0.113) (0.115)
—0.65 4+ 50.35 —0.86 +0 -1+ 350
(0.083) (0.081) (0.10)
—0.18+ j0 019440 —0.29 4 j9.22
(0.023) (0.025) (0.032)

buses [24-25]. A 40 MVAR shunt compensator is connected at Pallom substation (bus no.11)
for reactive power support. At the Pallom substation, the 220 £V high voltage is stepped
down to 110 £V to link the system with the distribution side. Static load modelling is used
with a constant power factor (constant PQ) to represent the loads in the network. The
system is one of the oldest system and hence it almost operating at its maximum capacity.
This is the main scope of this study, which will be useful in for KSEB to find safe loading
limit of the system and scope for retrofitting. The analysis of the system during the off-peak
period is performed without considering thermal generation at the bus no. 11. The scheme
is performed in multiple steps. The suitable location of STATCOM is identified in the first
step followed by the computation of maximum loadability in all buses in the system. The

best location of STATCOM to enhance loadability satisfying the constraints is found to be

14
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Figure 11: Practical system of Central Travancore network.

5.2.1. Static Simulation of Central Travancore System.:

The maximum bus loading and generation scenario with and without STATCOM in-
stallation for CTS are illustrated in Figs. 12-13. Base case loading levels at buses without
STATCOM in operation is compared with the maximum loading case with the inclusion of
STATCOM. The plots reveal evidently that loading of different buses in the CTS system is
almost at their maximum level, however, with STATCOM it can still be extended to allow
more hosting. This amount of capacity enhancement is greatly appreciated by utilities as it
gives more breathing area for the system operators. The total increase in capacity sums up-to
50% of the current system load. Additionally bus no. 2 (Brahmapuram bus) is the highest
load carrying bus in CTS. Fig. 14 depicts voltage levels at multiple buses for the maximum
loading scenario and the base case without STATCOM. Optimal location slightly adjusts the
voltage levels of the PV buses for maximizing the loading margin as depicted by the results.
Moreover, it is demonstrated that the variations in voltage levels at the measured buses are
well preserved within the regulatory limits of 0.95 p.u.—1.05 p.u. at maximum system loading
with STATCOM. Fig. 15 presents the line flows in various lines of the system at peak load-
ing through without and with STATCOM in operation. As observed, there is an increased
capacity release after the incorporation of STATCOM at the bus no. 1, the optimal site.
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STATCOM.

Table 3 shows that additional load demand that can be attained in the CTS with optimal

location and setting of STATCOM. That means a capacity enhancement of 2.04 p.u. without

the violation of stability constraints corresponding to an increase of 51.27% real power level.

Bus no. 2 shows a higher dip in voltage level due to the highest load. The generation in bus

no. 6 (Idukki bus) is more than that in bus no. 14 (Sabarigiri bus).

Table 3: Real and reactive power characteristics at maximum loading

System Loadability Pg(pu.) Qa(pu.) Pr(pu.) Qr(p.u.)
Base Scenario 4.04 1.74 3.94 1.43
Maximum Loading Scenario 6.19 3.78 5.96 2.36
Deviation (MAX - BASE Load) 2.15 2.04 2.02 0.93

The power system stability constraints and indices during optimal placement are indicated

in Figs. 16 and 17. As evidenced in Fig. 16 with the association of stability constraints to

the optimization problem, for the best solution the system stability is preserved determined

by the location of eigenvalues. Moreover, the stability indices act within the satisfactory
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limits, as seen from Fig. 17. These characteristics validate the performance of the proposed
controller in maintaining the grid stability under maximum loading conditions and ensures
no bus and line overloading under various network operation. Further, the inclusion of the
stability indices will increase the confidence of system operators to utilize the study presented

here during a future retrofit.
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Figure 16: Eigenvalues of the CTS test system. Figure 17: Stability indices FVSI, LSI, LQP of CTS.

The eigenvalues of the CTS at different loading conditions are shown in Table 4. The
eigenvalues tend to move closer to the right half of s - plane due to the increase in load. The
introduction of STATCOM, as well as controller, regulates the eigenvalues to maintain the

stable limit of the system.

5.2.2. Dynamic Simulation of Central Travancore System:

Further to check the transient behaviour of STATCOM, dynamic simulations are per-
formed. A fault case is studied with fault occurring at ¢ = 1s in bus no: 8 for a duration of
0.1s, considering a fault impedance = 0.24 p.u in the practical test system. The fault impacts
the security, energy quality as well as the reliability of the system and is fault impedance
reliant. Fault impedance serves as the low resistant passage between ground or phase faults.
To retain the original state, different shunt compensators, for instance, the static capacitor,
SC, SVC and STATCOM are placed at the bus no. 1 which is found to be the optimal
location.

Fig. 18 indicates the voltage at nearby buses 1, 5 and 8 with a static capacitor at bus
no.l. The oscillations developed in the system are due to the presence of two synchronous
generators. The action of the static capacitor helps to retain the bus voltage and requires a

few seconds to settle. Fig. 19 shows the voltages for the case with SVC at bus no.1 in the
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Table 4: Eigenvalues of CTS 15 bus system at different system loading.

Loading Condition Without STATCOM With With STATCOM
& Controller STATCOM & GA Controller
—13.21 £+ 350 —12.55 4+ 350 —12 4350
(0.890) (0.822) (0.788)
Light Load ~1.14 + jO ~1.15 + jO ~1.15 + jO
(0.140) (0.144) (0.147)
—0.77 + 55.98 —0.80 + 55.87 —0.81 + 55.3
(0.112) (0.121) (0.120)
—0.33 + 50.33 —0.33 + 50.34 —0.33 + 50.40
(0.069) (0.072) (0.068)
—13.21 £+ 50 —13.55 £+ 50 —11.3 £ 50
(0.651) (0.611) (0.662)
Normal Load —1.05 £ 350 —1.15+£ 50 —1.10 £ 40
(0.172) (0.177) (0.117)
—0.77 + 55.9 —0.63 + j6.24 —0.8 +355.3
(0.13) (0.127) (0.137)
—0.33 4+ 50.32 —0.33 £ 50.41 —0.33 +50.41
(0.053) (0.047) (0.055)
—1.13 4+ 350 —1.12 4+ 350 —1.36 £ 50
(0.183) (0.181) (0.220)
Heavy Load —0.65+ 6.1 ~0.65 =+ j6.1 —0.65 + 6.1
(0.131) (0.127) (0.139)
—0.33 + 50.44 —0.331 + j0.45 —0.36 + 58.18
(0.053) (0.049) (0.051)
—0.28 + 50.93 —0.28 + 50.94 —0.29 + j9.22
(0.016) (0.018) (0.017)

CTS, the post fault voltage recovers within milliseconds, however, takes a few seconds to

reaches steady-state. The voltages with SC at the bus no. 1 are shown in Fig. 20. Similar to
previous cases the SC maintains the pre-fault voltage after the 100 ms of fault duration, with
an oscillation of lesser magnitude compared to the previous two cases. Fig. 21 shows the
voltages at the three buses after the installation of a STATCOM at the bus no. 1. It provides
compensation for bus voltages and helps to damp the oscillations generated in the system
during a fault condition within a few cycles compared to other shunt devices. Figs. 18 to 21
prove that the dynamic behaviour of STATCOM is better than other shunt compensators
as it can maintain the voltage at a fast rate during the fault condition. On the other hand,

the peak of post-fault voltage is large for the case with STATCOM, however, most of the

equipment connected to the power system is designed to operate for larger voltage variation
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Figure 18: Voltages profile after the installation of Figure 19: Voltages profile after the installation of

Capacitor at bus no. 1. SVC at bus no. 1.
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Figure 21: Voltages profile with installation of STAT-
Figure 20: Voltages profile with SC at bus no. 1. COM at bus no. 1.

for a shorter period, thus minimizing the impact for this case.

6. Algorithm Comparison

Table 5 and 6 draws a comparison of the base-case without STATCOM and GA controller
and controller equipped with different algorithms. The case study has been performed for
both IEEE 14 bus and CTS system. The network parameters such as total generation, power
losses, voltage limits, loadability and location were used for comparative study. In addition,
the computational time for different algorithms to solve the optimal placement problem is also
considered. As shown, in general GA outperforms other methods and is therefore selected
for this work. Moreover, the results evidences effective performance of proposed algorithm
in finding better location of STATCOM while achieving maximum loadability. Besides, the

controller is capable for reducing system’s power loss from 23.28% to 11.32%.
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Table 5: Different algorithms comparison for IEEE- 14 bus test system.

Base Compensated
Parameter Unit C Total Iteration 50 Population Size 30
¢ TABC  ACOR DE GA S PSO
Total kKW 2725 5.48 5685 5472 5599 5701  5.66
Generation
Total Active pu 0135 0469 0507 0471 0489 0535  0.499
Losses
Minimum Bus
p.u .01 0.93 0.910 0937  0.900  0.939  0.9082
Voltage
Maximum Bus pu  1.00 1.09 1077 1.065  1.065  1.090  1.06
Voltage
Maximum
Loadability p.u 250 5.014 51779 5000 5110  5.166  5.1656
FACTS Bus No. 14 14 14 14 14 14
Location
No. of Function 9530 2530 1530 1580 2030 1530
Evaluations
%li?;thm Run g0 2917.11 2923.56 1734.97 1637.85 2150.17 1595.05
Table 6: Different algorithms comparison for CTS test system.
B Compensated
Parameter Unit Ci: Total Iteration 50 Population Size 30
ABC  ACOR DE GA  HS PSO
Total KW 4.001 4.885 488 488  4.88 4.893  4.890
Generation
Total Active pau 0063 0135 013 0129 0.128 0.132  0.132
Losses
Minimum Bus
pu 0955 0909 0912 091 090 0912  0.916
Voltage
Maximum Bus pu 101 1.004 1070 1.094 1.05 1.0974 1.091
Voltage
Maximum
Loadability pu  3.938 4750  4.760 4760 475  4.760  4.758
FACTS Bus No. 1 1 1 1 1 1
Location
No. of Function 9530 2530 1530 1580 2030 1530
Evaluations
Algorithm Run ¢ 1077.62 1078.7 647.36 743.1 877.41  663.29

Time
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7. Conclusion

A direct relation between the safe loading margin and stability limits in power systems has
been demonstrated in this paper with the help of static and dynamic simulations. A place-
ment methodology based on GA has been implemented to maximize the transmission system
loadability through identifying the best location of STATCOM controllers. GA is utilized
owing to its simplicity and effectiveness to solve non-linear optimization problems. The pro-
posed algorithm presented in this work helped to detect the optimal solutions efficiently with
an improvement in the overall system capabilities. Moreover, the paper demonstrated the
capability of adequately supporting the network voltage by properly placing shunt FACTS
devices. The effectiveness has been proved through a practical system application. Results

of the present investigation revealed that:

1. With the introduction of STATCOM an improvement in the system loadability with
stable voltage profile has been achieved for both IEEE 14 bus and CTS.

2. An additional 61% capacity is released with the proposed scheme in the IEEE 14 bus
network, compared to 51% in the CTS to host the increased renewable resources.

3. Small signal stability, FVSI, LSI and LQP based indexes incorporated in the optimiza-
tion guarantees stable network operation under varying loading margins and contributes
to improved operator confidence for STATCOM integration.

4. The requirement for selecting the weakest and strongest bus for the placement of STAT-
COM for stable grid operation is highlighted and studied with theoretical (eigenanaly-

sis) and simulation approaches.

The study is considered as a preliminary technical analysis for FACTS device placement in
Kerala grid and will be followed by a techno-economic feasibility study and detailed math-
ematical modelling of the FACTS devices to be considered as a future work alongside the

application of multi-objective optimization approach for placement of FACTS devices.

8. Appendix

Table 7 provides the current-injection STATCOM parameters.
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Table 7: Parameters of STATCOM current-injection model

Variable Description Value Unit
K, Gain constant of regulator 50 p.au./p.u.
e Peak current 0.2 D.U.
jmin Minimum current -0.2 ..
T Time constant of regulator 0.1 S
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Table 8

Nomenclature

Indices and sets
i, J

A

b

I 9

FVSI

LST (Lyn)

LQP

Data and Parameters
PG and QG

Psh and Qsh

PL and QL

Ven<Osn

]sh

Vi <0

0

Zsh

‘/Tef

C
Ny

C

<N s

Abbreviation
STATCOM
SC

TCSC
SSSC

SVC
FACTS
CTS

AVR
KSEB
ABC
ACOR

DE

HS

GA

PSO

Index of i** and j** generator
Index for loading margin
Index for number of buses

Index for the vector of differential equations and the vector of algebraic equations.

Fast voltage stability index
Line stability index
Line stability factor

Real and reactive power delivered to the system by substation generator

Real and reactive power through STATCOM
Real and reactive power demand by the load
STATCOM terminal complex voltage
STATCOM terminal current

Bus-i complex voltage

Phase angle

Shunt transformer impedance

The bus voltage control reference

Cost Function

Number of buses

State Matrix

Complete Jacobian Matrix

Total impedance of the system

Total reactance of the system

Static Synchronous Compensator
Synchronous Compensators

Thyristor controlled Series Compensator
Static synchronous Series Compensator
Static Var Compensator

Flexible Alternating Current Transmission System
Central Travancore System

Automatic Voltage Regulator

Kerala State Electricity Board

Artificial Bee Colony

Continuous Ant Colony Optimization
Differential Evolution

Harmony Search

Genetic Algorithm

Particle Swarm Optimization
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