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Abstract- To support improved performance and a sustainable power supply amid growing
demand, modern power grids increasingly integrate Flexible AC Transmission Systems
(FACTS) together with Distributed Generation (DG). However, planning studies often treat
FACTS and DG independently, overlooking their mutual influence on system optimization. The
work herein presents a bi-level optimization strategy designed to coordinate DG and FACTS
for enhancing ATC, minimizing active losses, and reducing deviations in voltages. The
methodology involves two optimizations: the Inner and Outer (10 and OO). The inner deploys
a hybrid of the active flow Performance Index and PSO to plan Flexible AC Transmission
Systems while Outer leverages Multiple objective variants of particle swarm optimization
(MOPSO) to plan DG within a case study distribution network. The test network includes a
distribution and transmission components, specifically using the Western Systems
Coordinating Council's 9-bus system and the IEEE 16-node model. PV and PQ DG models are
synchronized with two types of FACTS, TCSC and SSSC. Findings indicate notable ATC
improvements, particularly with TCSC - PQbc and SSSC - PQbe combinations, and the Pareto
front curves reveal a non-linear trend, where ATC gains plateau beyond a certain maximum
value as the Pareto slope nears zero.
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1. INTRODUCTION

AC transmission systems popularly known as FACTS are critical in
promoting sustainable energy delivery by enhancing power flow control,
increasing transfer capacity, damping oscillations, and enabling flexible
grid management [1], [2]. Also, recent distribution systems are
accommodating significant capacities of Distributed Generation (DG).
Consequently, maintaining active flows and voltages within limits
requires either upgrades of infrastructure or injection of VARS from
FACTS [3].

The increased penetration of renewable energy-based DG is driven by
the de-carbonisation of the power supply chain [4]. However, the
penetration of DG, particularly into the DN, significantly affects DN
planning and operation, making network planning difficult [5]. One of the
challenges of modern DN is the accurate understanding of their
interaction with the installed compensating devices, such as FACTS in
large power grids [6]. Advantages offered by FACTS devices to power
grids depends on optimal location, sizing, and their coordination with
other system devices, especially at the DN level, which accommodates
load.

While they have become common components of the recent power
grid, in planning studies, FACTS devices and Distributed Generation
(DG) are frequently implemented at high and low voltage levels,
respectively, but often without properly coordinating their effects. In DG
planning, it is typically assumed that the transmission network—with or
without FACTS—are firm, overlooking the influence of FACTS control
operations. Conversely, FACTS planning often models the distribution
network as a passive, fixed-power load. However, the rise of active
distribution networks, driven by greater DG integration, challenges this
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assumption. In such settings, improved active power demand without
coordinated of components such as FACTS and DG can lead to degraded
power system performance. [7], [8]. The magnitude and composite nature
of the power grid, the prerogative of the unbundled companies, and the
need for steadfast process of distinctly planned transmission and
distribution networks also institute the factors in scheduling and
processes of the power grid as a one entity [9]. With the growing
integration of Distributed Generation (DG) and controllable devices like
FACTS in Distribution Networks (DN), traditional methods that treat
transmission and distribution systems as separate entities have become
less effective. [10]. This paper presents as a test network a synthetic
combined transmission and distribution network model, which combines
low and high current networks.

1. RELATED WORK

Although the coordination of multiple FACTS like TCSC, SVC and
UPFC was presented by [11], while the works in [12], [13] present
synchronization of multiple FACTS for ATC enhancement. The
coordination, however, ignores real power generation, which often
characterises DG to meet increased load demand.To take care of DGs in
[14], the focus of optimized DN planning with solar power and DSTACOM was
the extension of a non-dominant sorted genetic algorithm (NSGA Il); hence the
improvement overlooks the impacts of the DGs and DSTATCOM on several
purposes. Similarly, the work in [5] concludes that while DG penetration in power
systems causes stability issues, UPFC, compared to SVC, is better for eliminating
transients and improving voltage profile. Also, UPFC was deployed for stability
improvement of Microgrids (MG) in [15]. The work in [3] acknowledged that
voltage,
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thermal, and fault cument are the limitations to DG
penetration and dem onstrated the capabilities of STATCOM,
SSSC and UPFC m relieving netwoik constraints, thereby
improving DG penetration. Additionally, [16] analysed the
VAR mismatch resulting from integrating DFIG-based DG
units on low voltage netwoiks. It was dem onstrated that TCSC
boosts the collapse boundary, reduce voltage variation to Var
and expandvoltage stabilities. In [17], a method to synchronce
SVC and OLTC with wind-based DG-induced disturbances
was developed to minimise counteraction. From the works i
[11]. [12]. [13]. [14]. [15]. [16]. [17]. although FACTs and
DGs were considered simultaneously, the im pacts caused by
interactions and consequently ther coordination were not
adequately considered.

Accordingly, to enhance active flows i high voltage lines,
the synchronization of DG and UPFC is documented by [18]
In that work, apparent power flows increase, together with the
active power transmitted with UPFC and wind DG
coordination. Nevertheless, the degree of interactions am ongst
were unclear. Similarly, influence of DG in coordination with
SVC is discussed in [19]. Among the issues discussed in [20]
is the combination of wind plants for combined high voltage
expansion planning and TCSC site. The findings indicate that
optimal placement and configuration of a TCSC can
substantially lower load curtailment and enhance the utilization
of wind energy sources. In [19], [20], while the coordination
and investigation of DGs and SVC performance indices were
studied, the test network was limited to only DN.

FACTS DG coordination in a restructured fram ework entaiks
distinct objectives dueto the prerogatives of the TSO and DSO;
hence, a multilevel optimization approach. A two-level
outline is presented in [21] forthe best collaboration of energy
hubs and low voltage networks. In the study, the objectives of
mmnimizing Distribution Network (DN) operating costs and
individual energy hub costs are addressed asupper- and lower-
level targets. However, combining these multiple objectives
into a smgle one can dimmish the interactions between
different energy sources. In this work, a two-level optim ation
strategy for synchronzing FACTS and DG is presented,
thereby improving ATC, reduce active losses, and mmimize
deviations m voltage. Specifically, this work presents the
results of the coordination of two series FACTS devices—
TCSC and SSSC—with DG.

III. METHODOLOGY

For the FACTS-DG coordination an approach called bi-
level optimisation is developed, which is made up of the Inner
Optim ization (I0) and Outer Optimisation (OO). As shown i
Ficure 1,10 implements the mx of PSO and real power flow
(PI —PSO) to optimally plan FACTS [1]. At thesame time, the
OO0 targets DG at DN and mplements a Multiple variant of
PSO called MOPSO.
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Figure (1): Experimental system under study Bi-level
optimisation for FACTS - DG Coordination

A. Thelnner Optimisation (PI — PSO)

The comprehensive description of combmed PI — PSO is
presented m [1], [12]. [13]. The position of a partticle is
expressed by equation (1), such that x and n mdicates the line
and capacity of FACTS, each. Alo, the position as well as
velocity of equations (2) to (3) are augm ented by equation (4).
for a candidate location having an m-dimension vector.
equations(4) express the position update i PI — PSO [1].

X' = [A% 0]

k (1)
‘X; +1 — )(Ik +ij+l (2)
Vo =d rqrdB ;X epd Gl =X)

X(A) if A7 ell
X =10 (randpearm(m,1)) if 7" ¢l
X7 () Jorm, el w

Using the parameterized continuous load flow, ATC is
evaluated at themaximum loading parameter[1]. as described
in equation (5).

Mw%w=2mm%2ﬁ%%m

(2.x.V,..0,.) iesink iesink

fG.2)=0 ©)
0 < /1 < /’{Iinn'rm' (7)
}?m'n SR‘; S }?"a\' (8)
0,,<0,<0,. ©)

rated

Sy =5, (10)
yrEe <y <y (11)
X;’f&s < Xpucrs SX}“;:.IS (12)
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and angle of voltages. In equations (7) to (11) the terms

Aiimitea » Py Qg Sy, @A Vi qr6 10ading parameter, real,

reactive, apparent power flows, and voltage magnitude,
respectively. FACTS capacities are considered as constraints
described by equation (12), such that the percentage

recompense of TCSC is within —0.8 < X;.,c <0.2 and

injection by SSSC is within 0 < Xge. <0.1. The model

which represent TCSC and SSSC as apparent injection are
discussed by [12].

A. The Outer Optimisation (MOPSO)

Flexible AC system in TN aims to maximise ATC, while DG
targets efficient power delivery by minimising actual real loss

) and voltages away from ideal (V) at DN. Thus, the

( loss
two objectives of DG planning in DN are parallel and conflict
with the ATC enhancement with FACTS at TN. Hence, the
approach adopts a multiple objective variant of PSO referred
to as MOPSO. The MOPSO provides a set of distinct and non-
dominated Parator results. To coordinate DG in DN with the
existing Transmission Network (TN) based FACTS, the
combined transmission distribution system is the test network.

B. Test Network: combined Transmission and
Distribution Network

The test network represents the transmission section by the
Western System Coordinating Council (WSCC) - 9 buses
while the distribution section is represented by IEEE 16 buses
network. As depicted in Figure 2, the test is built in
MATPOWER software and visualised and confirmed using the
Steady-State AC Network Visualization for MATPOWER
case data.
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Figure (2): Integrated Trans. and Dist. Network (iT & DN).
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Since the objectives for the DG and FACTS coordination
involves improving the ATC and reducing the active loss and
deviation of voltages from ideal, the optimization needs to be
transformed into into the same front as either maximisation or
minimisation. Equation (13) defines the minimisation problem
design of FACTS —DG synchronization for 3 purposes.

min f(x; 2) = [f,(x; 1), £,(x 4); f,(% )] (1)

Accordingly, equation (13) is constrained to the constraint's
equations (6) to (12) for FACTS placement and additional
constraints equations (14) and (15), which limit the maximum
apparent power of DG sizes to 2/3 of the load in DN [22], [23].
Two types of DG (PV and PQ models) [4] were separately
synchronized with FATCS such as TCSC and SSSC,
respectively.

0<y& <0.75R:, @)
—0. 75(2Ioad < 7/ dg <0. 75(\?Ioad ©)

A. Evaluation of Fitness in MOPSO

In equation (16) represent the comprehensive fitness vector
of objectives, ATC, active loss and deviations in voltage for
the FACTSDG coordination using MOPSO.

—ATC =-Equation(5)

nl
ploss _ Z gk[\/i2 _|_VJ.2 _ZViVj cos(d, —51- )] @)
k=1

nb
Vo= 1=V
i=1

In equation (16), opposing the ATC term of equation (5)
transforms the entire fitness vector into a minimisation
problem. A run of CPF with the initial or updated particle's
position implement each transaction. Equations (17) and (18)
describe the vector elements that model FACTS and DG sizes.

_|=Ix; -02<x,<08 )
PV, S, 0<V, <01, —7<8 <7
y 7o PVmodel, 0<y? <0.75Rg,
= (6)
*ye, L PQmodel, 0<% <0.75Q%,

B. Dominance Determination in MOPSO
For a general minimisation problem, a vector Ti(x, A) of

objectives produced by a particle with the position P05i°
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dominates any other vector j_j(x, A) of objectives
produced by another particle POS; . scientifically expressed as

E(x, A)=< E(x, A) . according to the equation (19).

Vie{l23}: f(xD<f(xA) and
He{l2.3}): £ D)< f, ()

Due to the conflicting nature of the fitness vector terms of
the equation (16). MOPSO retains all non-dominated results by
equation (19) in a storage [24]. [25]. The storage. also known
as the repository. is limited to 100 non-dominated solution
members to ensure the diversity of the Pareto front. The
repository members are updated during each iteration with a
pressure equal to the selection pressure.

(D

4. Selection of Leader

In the case of contradictory objectives. a single universal
best solution is often intricate. From the storage of non-
dominated solutions, a leader is designated to guide other
particles towards better regions within the search space. Here,
selection of leader is based on Roulette wheel technique.

Thus, the chance of selecting the i solution from the
storage is given by equation (20). Pr is described by equation
(21). where T denoted pressure of selecting a particle. N is the
number of particles in the storage.

; P
P =—— 2)
2F
R :e—fN (3)

The cumulative chance of picking particles from the
storage is given by equation (22), while r;.e(O, l) of

equation (23) is a uniformly generated between 0 and 1.

N

g=>PFP. foi=lioN 4
=)

v, =rand() 5)

Using equations (22) and (23), equation (24) describes the
criteria to obtain the catalog of the chosen participant of the
storage to serve as a leader.

leader, , = find(r; <q,) (6)
With the personal best update. the leader selection. the
position and velocity in the OO are updated in the same as
equations (2) and (3).
B.  Mutation Operation in MOPSO

The mutation operator is applied to any jth randomly
selected element of the particle position of the equation
according to equation (25) [26. 27. 28]. such that ¥~ is a

randomly chosen between the minor bound X, and higher
E%ﬂfﬁl a‘)& & of the control variable. which includes the size of
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FACTS as well as location and sice of DG selected for
mutation.

Posi™ (N =y (X, (D) —X,: () (7)
In addition to limitations imposed on the minor and
greater bound of the control variables. X, the greater bound

X, is described by equation (26). where Pas*k( j) is the

position of the particle at kth iteration and equation (27) defines
Ax.

X, =Pos™(j)—x
X, =Pos"(j)+x
A= E(X™ — X)) 9)

Equation (27) X" and X™ are vectors stipulating the
least and extreme limits of decision variables of the particle

)

position Pos”™ ( j) . In contrast, equation (28) describes the

mutation scaling factor E [26]. Where
it, Max it, and mui, are the current iteration. maximum
iteration and mutation rate. respectively.
(1)
ir—1

mzg. )
S I D
g [ MEvc_ff—J

Figure 3 depicts the flow chart of the two-level approach
for FACTS DG coordination. Plotting the Pareto front of ATC
versus active loss and ATC wversus deviation in voltage,
establishes the correlation among the various objectives.

(10)
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Figure (3): Flow Chart of the Bi-level optimisation

Table (1): ATC values with TCSC - DG coordination

Trans. Transactions ATC [MW] T CSC - PVpg Solution T CSC - PQpoc Solution
D. Source | Sink TCSC | TCSC TCSC Plos VD TCSC | DGsjze | Plos VD TCSC DGgize
Only | —=PVbg | =PQpc | [MW] | [p.u.] | % Comp [MW] [MW] | [p.u] | % Comp | [MW, MVAI]
Ta 1&3 5 155 169 196 6.2 3.8 80 4.0 4.4 3.1 80 [11.24&13]
Ts 1&2 | 5&8 153 154 155 4.7 3.0 49 8.7 4.7 2.4 47 [0&13]
Tec 1,2 &3 | 5&6 172 172 174 4.8 3.8 80 10.2 4.6 3.3 69 [0&12.95]
To 12 &3 | 6&8 178 179 183 5.0 4.2 26 215 4.9 3.8 41 [0&12.99]

IV. RESULTS AND DISCUSSION

Different scenarios of power transactions were considered,
as outlined in Table I. The power transfers consist of bilateral
(T-A) and multilateral (T-B, T-C and T-D) transactions with
the transfer directions described by the source and sink
columns in Table (1).

A participant of the non-dominated result is chosen as
optimum conciliation of the three objectives based on two-
level norms. Firstly, the ATC improvement is accorded
precedence, such that all storages' members with bigger ATC
than FACTS constitute a feasible result. The second condition
is based on domination, and a storage member with greater
than two higher objectives related to FACTS only equally
constitutes a feasible result. Accordingly, an optimal solution

21|Page

is obtained from the list of feasible solutions by applying the
first-level norms again. The best coordination results for
TCSC-DG and SSSC — DG are recorded in Table (1) and
Table (2), respectively.

Table (1) shows that higher ATC for T-A is attained under
TCSC placed at line 8 with 80% compensation. DG was best
planed at node 18 with active and VAR injections of 11.24 MW
and 13 MVATr, each.

In Table (2), the best ATC for T-C is achieved with SSSC
optimally placed at line 3 having series injection Vse of
0.094p.us2.14rad , with best DG location at node 13

having active and VAR of 5.59 MW and 13 MVAr each.
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ATC PMW] SSSC — PVbe Solution SSSC — PQpc Solution
5 | sssc| sssc | sssc | Plos| VD | Ve | de| DGsize | Plos | VD | Ve | dee Dlﬁa‘;ze
' Only | —PVpe | —PQOpec | IMWI]| [pul] | [pul] | [radl| [MW] MW]| [pul| [pul] | [rad] MV AF
T 148 156 101 57 | 40 | 007 | 31 38 58 | 49 | 010 | 14 |[515&1286]
T= |12 15 152 39 | 21 [ o010 | 25| 215 39 | 36 | 010 | 26 [0&13]
To 1At 178 195 12 | 43 [oo0s [ 21| 215 30 | 38 (0008 | 21 | [5.59&13]
T [ 177 78 180 50 [ 24 [ 006 | 11| 193 35 | 35 [ 0066 | 02 [0&13]

The Pareto front plots for transactions T-A and T-B are
depicted in Figures (4) and (5). The distinct and non-dominated
front of TCSC — DG and SSSC — DG is demonstrated for both
PV and PQ models of DG. The portions of the Pareto front
plots provide further relationship between objectives.

Consequently, from the combined 3D Pareto front plots of
Figures (4) and (5), the Pareto plot's portions of ATC versus to
active power loss (Ploss) and ATC versus voltage deviation
(VD) are obtained and as shown in Figures (6) and (7).

@ ATC [MW]

< &
2, & |

(b) T-4 with T CSC — PQOpc
Figwure (4): Pareto Front for TCSC — DG Coordination.
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%/ - - -
T-B with SSSC — PVpc
T ——_@_ATC[MW]
o
%o

(b) T-A with SSSC — PQpc

9 ATC[MW]

Figure (5): Pareto Front for SSSC — DG Coordination.
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Figure (6): Portions of Pareto plot for transactions T-A
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Figure (7): Portions of Pareto plot for transactions T-B
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For the TCSC —PQpg coordination. observe from Figures 6a
and 6b improvement of ATC to about 200 MW at Ploss and
VD of about 4.49 MW and 3 .2 p. u, separately. The gradient of
the Pareto front in Figure (6)b is nearly persistent. In contrast,
the parabolic-like shapes of Figure (6)a depict a non-linear
gradient imminent zero after an ATC of 200 MW and imply an
increasing Ploss with approximately constant ATC. Similarly.
Figures (7)a and (7)b depicts a non-linear gradient imminent
zero above an ATC of 152 MW.

V. CONCLUSIONS

In this work. a novel bi-level approach to coordinate FACTS
devices (TCSC and SSSC) with different types of DG (PV and
PQ) is presented. The proposed framework addresses multiple
objectives. including maximizing ATC. minimizing power
losses. and maintaining voltage quality in both transmission
and distribution systems. The Pareto front analysis illustrates
the trade-offs between these objectives. with a diminishing
marginal return on ATC beyond a certain threshold. The
TCSC-PQpc and SSSC-PQpe combinations exhibit the best
performance in terms of ATC and loss reduction. while also
effectively managing voltage deviations.
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