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A B S T R A C T

The main aim of the static Transmission Network Expansion Planning (TNEP) is to determine which and
where new transmission equipment must be installed. The complexity added by the non-linearities leads to
simplifications, which include the DC model. However, most non-linearities are solvable nowadays. Thus,
the new scenario of large non-dispatchable power sources penetration and the several developments in
technologies, e.g, Flexible AC Transmission Systems (FACTS) devices and High Voltage Direct Current (HVDC)
interconnections, motivate the use of the AC model with its non-linearities. Some research works address
the use of some of those technologies for TNEP in an independent fashion, which can lead to sub-optimal
solutions. In this work, Voltage Source Controlled-Multiterminal HVDC (VSC-MTDC) systems, FACTS devices,
and Reactive Power Planning (RPP) are integrated into the same planning optimization process, so that a
unified AC TNEP formulation is proposed. A non-linear mathematical programming technique and a differential
evolution based metaheuristics are chosen to achieve an optimal transmission configuration. To evaluate the
benefits of the proposed approach, two IEEE modified test systems (9 and 118 buses) are used. Results suggest
that more economical solutions can be obtained if different types of reinforcement strategies are taken into
account in a unified approach.
1. Introduction

Constant changes in electric systems introduce new challenges to
the already complex TNEP problem [1,2]. The basic aim of the con-
ventional static TNEP is to determine where and which new trans-
mission reinforcements must be implemented. It is fundamental that
both Kirchhoff’s laws (linear form) in the DC model, presented in [3],
are met throughout the system, which represents a relaxation of a
complicated nonlinear programming problem. As a consequence of
nonlinearity, intermediate models were developed, for example, the
disjunctive linear model [4]. In that method, to overcome the non-
linearity of Kirchhoff’s second law, the nonlinear DC TNEP model is
converted into the MILP (mixed-integer linear) model [5]. Ref. [6]
proposes a resilient-constrained stochastic CGTEP (coordinated gener-
ation and transmission expansion planning) model including natural
disasters, where an approximated linearized AC optimal power flow
is adopted to represent the grid. Although the DC model is widely
studied, its application in a practical system is not feasible [7,8].
Contrarily, using the AC model can produce several benefits, such as
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a simultaneous solution of the Reactive Power Planning (RPP) and the
TNEP problems, high voltage direct current (HVDC) links, and FACTS
devices modeling [9]. Additionally, it enables different studies after the
TNEP step, for example, voltage stability analysis [10]. In [11], a sim-
plified AC-DC TNEP model (disregarding the RPP) targeted to minimize
investments, operational, and load shedding costs is proposed. In [12],
an approximated AC modeling is implemented to simultaneously find
the TNEP and the RPP requirements. A multi-period hybrid AC/DC
TNEP formulation, including converter station equipment losses, and
shunt compensation is proposed in [13].

As a consequence of power electronics advances, the availability
of HVDC links and FACTS (Flexible AC Transmission System) devices
has become a viable option, which demands the TNEP approaches to
include equations in the formulations representing these new types of
reinforcements [14–17]. In [18], a multistage robust TNEP model of
ultrahigh-voltage AC/DC hybrid grids is proposed, incorporating the
𝑁 − 1 security criterion in the constraints. The work presented in [19]
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Nomenclature

Set of

𝛺 AC branches candidates.
𝛤 DC branches candidates.
𝛶 AC buses candidates to receive an SVC

device.
𝛹 AC branches candidates to receive an TCSC

device.
B All system buses (AC and DC).
BAC All AC buses.
BPQ All PQ buses.
BG All generator buses.
BC All AC buses with linked AC/DC converters.
BD All DC buses with linked AC/DC converters.
BSVC All buses with linked SVC device.
R All branches (AC and DC).
RAC All AC branches.
RDC All DC branches.
RTCSC All branches with linked TCSC device.

Parameters

𝑟, 𝑏 Line resistance and reactance, respectively.
𝑐𝑉 𝑆𝐶 Fixed cost to install a new VSC converter.

Functions

𝜈 Total investment of the expansion.
𝜒 Total load shedding costs.
𝐶𝑆𝑉 𝐶 , 𝐶𝑇𝐶𝑆𝐶 Costs associated with SVC and TCSC devices

respectively.

Binary Variables

𝛾, 𝑣 Indicates whether or not a new DC cir-
cuit exists, indicate whether or not a new
converter exists respectively.

Integer Variable

𝜂 Number of new AC lines.

Continuous Variables

𝛼 Active load shedding costs.
𝛽 Reactive load shedding costs.
𝜌 Active load shedding.
𝜚 Reactive load shedding.
𝐺 Conductance matrix.
𝐵 Susceptance matrix.
𝑆 Apparent power.
𝑃𝐴𝐶 , 𝑃𝑔 , 𝑃𝑑 Active power: injection, generation, and

load respectively.
𝑄𝐴𝐶 , 𝑄𝑔 , 𝑄𝑑 Reactive power: injection, generation, and

load respectively.
𝐼𝐶 Converter current (AC side).
𝐼 Electric current.

introduced a strategy to solve the multistage security-constrained TNEP
problem, including AC and HVDC alternatives. Additionally, the model
comprises some modified power flow equations to linearize the prob-
lem, which includes transmission losses using a piecewise linearization.
A multi-objective expansion problem, considering HVDC, is presented
2

𝜃 Voltage phase angle.
𝑈 Voltage magnitude.
𝑈𝐶 , 𝑈𝐷𝐶 Voltage magnitude: at bus C and at DC bus

respectively.
𝑃𝐶 , 𝑃𝐷𝐶 Active power (converter station) — on AC

side and on DC side, respectively.
𝑃𝑙𝑜𝑠𝑠 Losses — converter station.
𝑄𝐶 Reactive power injection (converter station)

— on AC side.
𝐵𝑆𝑉 𝐶 SVC susceptance.
𝑋𝑇𝐶𝑆𝐶 TCSC reactance.
𝑋𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 Effective reactance of the line.
𝑄𝑆𝑉 𝐶 SVC — reactive power generation.
𝑄𝑆 SVC — operating range.
𝑄𝑇 TCSC — operating range.

Indices

□𝑚𝑎𝑥,□𝑚𝑖𝑛 Maximum and minimum value respectively.
□𝑖 At bus 𝑖.
□𝑖𝑗 Between buses 𝑖 − 𝑗, 𝑖 ≠ 𝑗.

in [20]. In [21], the stochastic TNEP in the presence of wind farms is
proposed. The authors use the AC model and consider uncertain load
and wind source conditions when reliability and N − 1 contingency
is taken into consideration. FACTS devices into the TNEP problem are
considered in [22]; nonetheless, the problem was linearized and mod-
eled as MILP (mixed-integer linear programming). Most of the research
works considered DC lines, FACTS devices, or shunt compensation in
different formulations, which can lead to obtaining sub-optimal solu-
tions. Therefore, by considering the three possibilities simultaneously,
it is possible to achieve the optimal mix of the appropriate technologies,
which represents an important and complex issue not treated in the
literature.

Thus, considering all state-of-art summarized in Table 1, this re-
search work proposes a unified AC-TNEP model, with the follow-
ing transmission elements into the same optimization process: (i)
VSC-MTDC devices, (ii) two different FACTS devices: (a) Static VAR
Compensator (SVC) and (b) Thyristor Controlled Series Compensator
(TCSC), and (iii) reactive power planning. A hybrid mathematical
programming technique is used in conjunction with the differential
evolution technique to solve the static planning model. It is crucial to
highlight that the relevance of this work does not refer to TNEP solution
techniques, but rather to show the feasibility of using a complete AC
model with different system reinforcements possibilities in the same
optimization process.

This work is structured in five sections, including the introduction
and conclusion sections. The second section presents the models refer-
ring to the AC and DC grids, the two different FACTS devices used, in
addition to the model of the VSC converter. In the following section,
the work discusses the mathematical modeling and solution method. In
Section 4, the results are discussed.

2. System modeling

2.1. AC grid

For this grid, the AC power flows are modeled by nonlinear equa-
tions, which are functions of nodal voltages and the system’s topology.
Operating constraints are included to characterize the real conditions
of the grid - e.g., voltage limits for each bus, and power flow limits.
The power injections at node 𝑖 are determined as:

𝑃𝐴𝐶𝑖
= 𝑈𝑖

∑

𝑈𝑚[𝐺𝑖𝑗 cos(𝜃𝑖 − 𝜃𝑗 ) + 𝐵𝑖𝑗 sin(𝜃𝑖 − 𝜃𝑗 )] , (1)

𝑗∈𝑀𝑖
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Table 1
Taxonomy of research works.

Reference Linearized
AC model

Full
AC model

RPP FACTS AC
lines

DC
lines

VSC
converters

[1,2] ✓

[6] ✓ ✓

[9,10] ✓ ✓

[12] ✓ ✓

[13] ✓ ✓ ✓ ✓ ✓

[14] ✓ ✓

[15,17] ✓ ✓ ✓

[20] ✓ ✓ ✓ ✓

[21] ✓ ✓ ✓

[22] ✓ ✓

Proposed
approach

✓ ✓ ✓ ✓ ✓ ✓
Fig. 1. AC/DC grid.

𝑄𝐴𝐶𝑖
= 𝑈𝑖

∑

𝑗∈𝑀𝑖

𝑈𝑚[𝐺𝑖𝑗 sin(𝜃𝑖 − 𝜃𝑗 ) − 𝐵𝑖𝑗 cos(𝜃𝑖 − 𝜃𝑗 )] , (2)

Thus, the power balances at bus 𝑖 are:

𝑃𝐴𝐶𝑖
= 𝑃𝑔𝑒𝑛𝐴𝐶𝑖

− 𝑃𝑙𝑜𝑎𝑑𝐴𝐶𝑖
, (3)

𝑄𝐴𝐶𝑖
= 𝑄𝑔𝑒𝑛𝐴𝐶𝑖

−𝑄𝑙𝑜𝑎𝑑𝐴𝐶𝑖
, (4)

A detailed and complete analysis of these equations is available in [23,
24].

2.2. DC grid

The DC grid presents only resistive components, and the power
injection at node 𝑖 is:

𝑃𝐷𝐶𝑖
= 2𝑈𝐷𝐶𝑖

∑

𝑗∈𝛹𝑖

(𝑈𝐷𝐶𝑖
− 𝑈𝐷𝐶𝑗

)

𝑟𝑖𝑗
, (5)

Thus, the power balance must satisfy:

𝑃𝐷𝐶𝑖
= 𝑃𝑔𝑒𝑛𝐷𝐶𝑖

− 𝑃𝑙𝑜𝑎𝑑𝐷𝐶𝑖
(6)

2.3. VSC converter

In this work, it is considered that 𝑛 VSCs connect one AC grid to
one MTDC grid, Fig. 1. Additionally, each converter has an equivalent
impedance 𝑍𝑒𝑞 , formed by a coupling transformer 𝑍𝑡𝑓 , phase reactors
𝑍𝐶 and a filter 𝑍𝑓𝑖𝑙𝑡𝑒𝑟, illustrated in Fig. 2. Two crucial buses are linked
to each converter (AC side); bus 𝐹 is necessary to connect the AC
filter, and bus 𝐶 is the converter terminal. This work assumes the filter
𝑍𝑓𝑖𝑙𝑡𝑒𝑟 can be omitted when adopting the modular multi-level converter
(MMC) [25].
3

The power balance in each converter is given by:

𝑃𝐶 + 𝑃𝐶
𝐷𝐶 + 𝑃𝑙𝑜𝑠𝑠 = 0 (7)

Power losses are included to ensure the power balance, which is
calculated through a general quadratic function that depends on the
converter current (𝐼𝐶 ), as shown below.

𝑃𝑙𝑜𝑠𝑠 = 𝑎 + 𝑏𝐼𝐶 + 𝑐𝐼2𝐶 (8)

The coefficients 𝑎, 𝑏 and 𝑐, and a full discussion of (8) is available
in [26]. The converter current is given by:

𝐼𝐶 =

√

𝑃 2
𝐶 +𝑄2

𝐶
√

3𝑈𝐶

, (9)

The VSC presents the following voltage relationship between the two
sides:

𝑈𝑚𝑎𝑥
𝐶 = 𝑘𝑉 ⋅ 𝑈𝐷𝐶 = 1.1 ⋅ 𝑈𝐷𝐶 (10)

According to [27], 𝑘𝑉 can be set to 1.1 pu (maximum) if no overmod-
ulation is required.

2.4. FACTS devices

Usually, the maximum power transfer through transmission lines
is increased by adding new transmission circuits. However, the instal-
lation of new transmission lines can be undesirable due to planning
constraints. Thus, to avoid major additions to the existing system, it
is possible to use appropriate FACTS devices to increase power trans-
fer. This work uses two FACTS devices: (i) thyristor-controlled series
compensator, and (ii) static VAR compensator. A detailed description
of these two FACTS devices can be found in the Refs. [28–32].

2.4.1. Static VAR Compensator — SVC
Static Var Compensators are devices to compensate for the reactive

power at points in the system, thus regulating the voltage and collab-
orating with the dynamic stability of the grid [28]. Thus, according
to [28,33], if the reactive load is:

(i) capacitive, the SVC will use reactors (generally Thyristor Con-
trolled Reactors) to consume the VARs from the grid, decreasing
the grid voltage;

(ii) inductive, the capacitors are switched in, increasing the grid
voltage.

The SVC can be treated as a variable susceptance, as shown in Fig. 3.
Therefore, the reactive power injection by SVC is defined by (11),

indicating the strong relationship between reactive power flux and
voltage magnitude.

𝑄 = −𝑈2𝐵 , (11)
𝑆𝑉 𝐶 𝑆𝑉 𝐶
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Fig. 2. VSC station model.
Fig. 3. SVC variable susceptance model.

Fig. 4. Model — TCSC in a transmission line.

2.4.2. Thyristor Controlled Series Compensator — TCSC
The TCSC is a capacitive reactance compensator connected in series

with the transmission line. According to [30], the TCSC is incorpo-
rated into the transmission line model by simply adding the variable
reactance 𝑋𝑇𝐶𝑆𝐶 to the base reactance 𝑋𝑖𝑗 of the line. The TCSC
can modify the electrical length of the line by adding inductive or
capacitive reactance. Thus, the changes in line reactance, caused by
the inclusion of the TCSC directly, impact the power flow of the line to
which it is connected. The model of the transmission line with a TCSC
connected between the buses 𝑖 − 𝑗 is illustrated in Fig. 4.

Thus, the TCSC can modify the effective reactance of the line [29,
30]:

𝑋𝑖𝑗𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 = 𝑋𝑖𝑗 +𝑋𝑇𝐶𝑆𝐶 , (12)

where 𝑋𝑇𝐶𝑆𝐶 is defined by

𝑋𝑇𝐶𝑆𝐶 = 𝑘𝑇𝐶𝑆𝐶𝑋𝑖𝑗 (13)

The variable 𝑘𝑇𝐶𝑆𝐶 is the working range of TCSC reactance.

3. Problem formulation

Among the possible investment plans, the one that presents the
lowest cost and meets the operational constraints is considered the
optimal plan. Therefore, it is essential that economic and operational
issues are included in the same problem.

3.1. Operation problem: Constraints

Each possible transmission topology needs to be evaluated and must
satisfy a group of equality and inequality constraints, as follows:
4

3.1.1. Equality constraints
To guarantee the power flow balance, the power flows associated

with the VSC converters are incorporated, as defined in (14) and (15).

(𝑃𝑔𝑖 − 𝑃𝑑𝑖 − 𝑃𝑖) + 𝜌𝑖 + (𝑃𝐶𝑖
− 𝑃𝐷𝐶𝑖

− 𝑃𝑙𝑜𝑠𝑠𝑖 ) = 0 ∀𝑖 ∈ B (14)

(𝑄𝑔𝑖 +𝑄𝑆𝑉 𝐶 𝑖
−𝑄𝑑𝑖 −𝑄𝑖) + 𝜚𝑖 +𝑄𝐶𝑖

= 0 ∀𝑖 ∈ BAC (15)

3.1.2. Inequality constraints
Inequality constraints are represented as follows.

|

|

|

𝑆𝑚𝑖𝑛
𝑔𝑖

|

|

|

≤ |

|

|

𝑆𝑔𝑖
|

|

|

≤ |

|

|

𝑆𝑚𝑎𝑥
𝑔𝑖

|

|

|

∀𝑖 ∈ BG (16)

𝑈𝑖
𝑚𝑖𝑛 ≤ 𝑈𝑖 ≤ 𝑈𝑖

𝑚𝑎𝑥 ∀𝑖 ∈ B (17)
|

|

|

𝑆𝑚𝑖𝑛
𝑖𝑗

|

|

|

≤ |

|

|

𝑆𝑖𝑗
|

|

|

≤ |

|

|

𝑆𝑚𝑎𝑥
𝑖𝑗

|

|

|

∀(𝑖, 𝑗) ∈ R (18)
|

|

|

𝑈𝑚𝑎𝑥
𝐶𝑖

|

|

|

≤ 1.1 ⋅ ||
|

𝑈𝐷𝐶𝑙
|

|

|

∀𝑖 ∈ BC, ∀𝑙 ∈ BD (19)
|

|

|

𝑆𝐶𝑖
|

|

|

=
√

𝑃 2
𝐶𝑖

+𝑄2
𝐶𝑖

≤ |

|

|

𝑈𝐶𝑖𝐼
𝑚𝑎𝑥
𝐶𝑖

|

|

|

∀𝑖 ∈ BC (20)

− 𝑘𝑄𝑆𝑛𝑜𝑚𝑖 ≤ 𝑄𝐶𝑖 ≤ [−𝑏𝐶𝑖 (𝑈
𝑚𝑎𝑥
𝐶𝑖

)2 + 𝑏𝐶𝑖𝑈
𝑚𝑎𝑥
𝐶𝑖

|

|

|

𝑈𝐹𝑖
|

|

|

cos(𝜃𝐶𝑖 − 𝜃𝐹𝑖 )] ∀𝑖 ∈ BC (21)

𝑄𝑚𝑖𝑛
𝑆𝑉 𝐶𝑖

≤ 𝑄𝑆𝑉 𝐶𝑖 ≤ 𝑄𝑚𝑎𝑥
𝑆𝑉 𝐶𝑖

∀𝑖 ∈ BSVC (22)

𝜌𝑚𝑖𝑛𝑖 ≤ 𝜌𝑖 ≤ 𝜌𝑚𝑎𝑥𝑖 ∀𝑖 ∈ BPQ (23)

𝜚𝑚𝑖𝑛𝑖 ≤ 𝜚𝑖 ≤ 𝜚𝑚𝑎𝑥𝑖 ∀𝑖 ∈ BPQ (24)

𝑋𝑚𝑖𝑛
𝑇𝐶𝑆𝐶𝑖𝑗

≤ 𝑋𝑇𝐶𝑆𝐶𝑖𝑗 ≤ 𝑋𝑚𝑎𝑥
𝑇𝐶𝑆𝐶𝑖𝑗

∀(𝑖, 𝑗) ∈ RTCSC (25)

The minimum and maximum apparent power generation limits are
represented by (16). The voltage range in all grid buses is specified in
(17). Eq. (18) corresponds to the transmission line capacity limits. The
voltage relationship between the buses with direct connection to the
VSC converter is defined by (19). The constraint of VSC apparent power
is determined by (20), and it depends on the maximum current limit
through the VSC (𝐼𝑚𝑎𝑥𝐶 ). The upper and lower reactive power limits
for the VSC are shown in (21). Eq. (22) represents the reactive power
generation limits of Static Var Compensator devices.

The idea is to obtain a transmission expansion plan that satisfies all
operational requirements without any load shedding. The inclusion of
active load shedding limits (23) and reactive load shedding limits (24)
constraints is necessary to guarantee the problem is always feasible.
Naturally, any load shedding will be heavily penalized in the objective
function; thus, any plan that involves load shedding will be admitted as
a poor-quality one. Finally, the TCSC reactance limits are represented
in (25).

3.2. Operation problem: Objective function 𝜒

The load shedding cost associated with each topology is defined by:

min𝜒 =
∑

𝑖∈BPQ

(𝛼𝜌𝑖 + 𝛽𝜚𝑖) , (26)

where 𝜚 can be understood as a necessary shunt compensation to the
grid. The load shedding is characterized and modeled by fictitious
generators connected to the PQ buses.
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The result of 𝛽𝜚𝑖 is always positive, independent of the type of
ompensation (inductive or capacitive). Thus, the coefficient 𝛽 must be
odeled according to the type of compensation [9]. Considering the

perational perspective, it is clear that the best investment solution is
he one that does not involve load shedding (𝜒 = 0) and must satisfy
quations defined by (14)–(24). Conversely, a nonzero load shedding
xpresses that the expansion plan (new topology) cannot meet the
peration constraints, which characterizes a non-viable choice.

.3. The economic problem: Objective function 𝜈

It is mandatory to evaluate the cost associated with each possible
nvestment plan in economic terms; that is, the investment cost for
dding the different devices to the grid. This work proposes the function
(26) as a penalty into the objective function 𝜈, as follows

in 𝜈 = {
∑

(𝑖,𝑚)∈𝛺
𝜆𝑖𝑚𝜂𝑖𝑚 +

∑

(𝑟,𝑠)∈𝛤
[(𝜏𝑟𝑠𝛾𝑟𝑠)+

𝑐𝑉 𝑆𝐶 (𝑣𝑟 + 𝑣𝑠)]} + 𝐶𝑆𝑉 𝐶 + 𝐶𝑇𝐶𝑆𝐶 + 𝜒
(27)

𝜂𝑖𝑚, corresponds to the quantity of new AC lines between nodes 𝑖
nd 𝑚. The existence of a new DC circuit between the 𝑟 and 𝑠 buses is
efined by the binary variable 𝛾𝑟𝑠. When a new line is added, 𝛾𝑟𝑠 is equal
o 1, otherwise, 𝛾𝑟𝑠 is 0. The costs related to the new AC and DC lines
re 𝜆𝑖𝑚 and 𝜏𝑟𝑠, respectively. The binary variables 𝑣𝑟 and 𝑣𝑠 indicate
hether a new converter has been added (binary 1) at DC buses 𝑟 or 𝑠.
efs. [34,35] define the terms 𝐶𝑆𝑉 𝐶 and 𝐶𝑇𝐶𝑆𝐶 of (27).

𝑆𝑉 𝐶 =
∑

𝑖∈𝛶
(0.0003𝑄2

𝑆𝑖
− 0.305𝑄𝑆𝑖

+ 127.38) (28)

𝐶𝑇𝐶𝑆𝐶 =
∑

(𝑖,𝑗)∈𝛹
(0.0015𝑄2

𝑇𝑖𝑗
− 0.713𝑄𝑇𝑖𝑗 + 153.75) (29)

𝐶𝑆𝑉 𝐶 and 𝐶𝑇𝐶𝑆𝐶 are in $/kVAr.
The constraints associated with the economic problem are given by:

0 ≤ 𝜂𝑖𝑚 ≤ 𝜂𝑚𝑎𝑥 𝜂𝑖𝑚, 𝜂𝑚𝑎𝑥 integer
𝛾𝑟𝑠 binary

𝑣𝑟, 𝑣𝑠 binary

.4. Solution method

It is essential to highlight that the core focus of this work is directly
elated to the AC TNEP formulation incorporating VSC-MTDC, FACTS
evices, and reactive power planning. Thus, different optimization
rocedures can be considered suited to solving problems of this type
fficiently. Therefore, this work uses one of these techniques, named
ifferential Evolution (DE). This technique has been shown to obtain

uccessful results for combinatorial, complex problems [36]. In the
ower systems area, there are quite a few research works published
n top journals, where DE was successfully applied [37,38].

.4.1. Differential evolution
DE consists in the manipulation of an initial set of individuals

epresenting candidate solutions (topologies). Over the generations
iterations), the candidate solutions undergo mutation and cross mod-
fications, generating new candidate solutions. In the next step, a
election is performed, and the cycle is repeated. In this work, the
mplementation of DE followed precisely the steps and parameters
mutation factor is set to 0.7 and crossover rate to 0.6) adopted by
he authors in [39]. The only difference is the decision vector, where
𝑚𝑖𝑛 and 𝑥𝑚𝑎𝑥 incorporate AC lines, DC links, and FACTS devices. The
ecision vector initialization is performed exactly as described in [39],
here an initial population of 𝑁𝑝 vectors (individuals) 𝑥𝑗,𝑖 is randomly

generated. Each vector has dimension 𝑛 and uses the following rule:
5

𝑥𝑗,𝑖,0 = 𝑥𝑗,𝑚𝑖𝑛 + (𝑥𝑗,𝑚𝑎𝑥 − 𝑥𝑗,𝑚𝑖𝑛)𝑟𝑎𝑛𝑑𝑖,𝑗 [0, 1] (30)
where 𝑥𝑗,𝑚𝑖𝑛 and 𝑥𝑗,𝑚𝑎𝑥 represents the initial electric grid topology,
and the maximum number of reinforcements (including the existent
circuits) for the 𝑗th component, respectively, and 𝑟𝑎𝑛𝑑 is a uniform
random number between 0 and 1. In this work, 𝑥𝑚𝑖𝑛 and 𝑥𝑚𝑎𝑥 are
efined by:

𝑚𝑖𝑛 = [𝑥𝑚𝑖𝑛𝐿 𝑥𝑚𝑖𝑛𝑆𝑉 𝐶
𝑥𝑚𝑖𝑛𝑇𝐶𝑆𝐶

] 𝑥𝑚𝑎𝑥 = [𝑥𝑚𝑎𝑥𝐿 𝑥𝑚𝑎𝑥𝑆𝑉 𝐶
𝑥𝑚𝑎𝑥𝑇𝐶𝑆𝐶

]

here 𝑥𝑚𝑖𝑛𝐿 represents the initial AC-DC circuits, 𝑥𝑚𝑖𝑛𝑆𝑉 𝐶
and 𝑥𝑚𝑖𝑛𝑇𝐶𝑆𝐶

epresents the initial SVC and TCSC devices connected to the network.
𝑚𝑎𝑥𝐿 are the maximum number of AC-DC circuits, 𝑥𝑚𝑎𝑥𝑆𝑉 𝐶

corresponds
o the maximum number of SVCs in each bus, and 𝑥𝑚𝑎𝑥𝑇𝐶𝑆𝐶

indicates
he maximum number of TCSCs on each branch.

Fig. 5(a) shows a hypothetical grid, in which there are two available
ight-of-ways to add AC circuits: (1–2), and (2–3); one alternative to
reate DC circuits: (2–3); one possibility to add a TCSC: (1–3); and
ne SVC can be connected to bus 3. Thus, 𝑥𝑚𝑖𝑛 is [1, 1, 1, 0, 0, 0],
hich means that there is an initial line between buses 1–2, buses 1–
, and nodes 2–3. 𝑥𝑚𝑎𝑥 is [2, 1, 2, 1, 1, 1], indicating the maximum
einforcements allowed in the system. Fig. 5(b) illustrates the vectors
𝑚𝑖𝑛 and 𝑥𝑚𝑎𝑥.

.4.2. Implementation issues
Three computational tools are used to solve the TNEP problem. The

ATLAB software [40] is used for data preparation and implementation
f the differential evolution algorithm. For the operational problem, the
AMPL) environment [41], and the KNITRO package [42] are used for
olving the nonlinear optimization formulation.

To guarantee good performance in the convergence process, the pro-
osed TNEP problem is performed in specific steps. Initially, through
he optimization technique DE, a random set of solution plans is created
onsidering the specific aspects of the grid, for example, the possibility
o include a TCSC between two buses. All solutions of the set are
valuated to verify the operational feasibility and obtain the total
nvestment 𝜈 (Eq. (27)), which is used as a deciding element in the
election step of the DE. Subsequently, two operators, named mutation
nd crossover, are applied to generate new topologies. In the selection
tep, based on the 𝜈 values, all new topologies are compared with the
orresponding ones from the previous set. This procedure is repeated
ntil the stopping criterion has been satisfied. Thus, the solution of the
pdated set with the lowest cost 𝜈 is considered as the final plan. The
implified process is illustrated in Fig. 6.

.4.3. Load shedding
Each possible topology created in the DE process is evaluated

hrough the optimization process of the operational problem. This
esults in different active and reactive load shedding values for each
opology, which makes feasible each transmission configuration. Addi-
ionally, it can expedite the convergence in situations with or without
edispatch. Fictitious generators connected to PQ buses represent the
oad shedding. Thus, the following scenarios must be understood:

(i) If 𝛼𝜌𝑘 > 0 in the final plan, indicates that at least one con-
straint has not been satisfied. In this case, fictitious generators
generate active power (𝜌𝑘 > 0), and the cost 𝜈 of the current
topology increases resulting in a not very attractive transmission
configuration.

(ii) If 𝛽𝜚𝑘 > 0 in the final solution, the cost 𝜈 increases as a result of re-
active power demand to meet the constraints, and the associated
buses need reactive power compensation.

(iii) If 𝛼𝜌𝑘 = 0 in the final solution, indicates that the current topology
is feasible even without the help of active load shedding.

(iv) If 𝛽𝜚𝑘 = 0 in the final solution, the topology does not need reactive

power compensation in the load buses.
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Fig. 5. Example — Three buses system.
Fig. 6. Flowchart of the proposed solution method.
3.4.4. Stopping criteria
The stopping criteria are a maximum number of iterations (50 for

this work), and a non-improved objective function by more than 5% in
the last ten iterations.

4. Test and results

A modified version of the WSCC test case (System 1), documented
in [43,44], and an IEEE system version with 118 buses (System 2),
available in [45,46], are used to test the proposed approach. The base
power used in both systems is |

|

𝑆𝑏𝑎𝑠𝑒
|

|

= 100 MVA. In addition, loads are
considered constant power injections.
6

The initial setup for the DE is 100 possible topologies for System 1
system, and 500 possible topologies for System 2. For both systems the
values for 𝛼 and 𝛽 are $1 ⋅ 109/MW and $10 ⋅ 103/MVAr, respectively.
Since active load shedding is not desired, the cost 𝛼 is set by a high
value, forcing the solution method to find a plan where 𝜌 = 0.

4.1. Modified WSCC system — System 1

In the base AC topology, 9 AC lines connect the 9 AC buses. The
system has three generators and three loads. The SVC at bus 9 is
modeled as a reactive power injection, with limits 0.50 pu (upper) and
0 pu (lower). Five buses, four DC lines, and up to four converter stations
can form the MTDC system. The MTDC grid can be linked to the AC
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Table 2
Generator Data — System 1.

Gen. Bus No. Type 𝑃𝑚𝑖𝑛 (pu) 𝑃𝑚𝑎𝑥 (pu) 𝑄𝑚𝑖𝑛 (pu) 𝑄𝑚𝑎𝑥 (pu)

Gen1 01 3 0.10 4.00 −4.00 4.00
Gen2 02 2 0.10 4.00 −3.00 4.00
Gen3 03 2 0.10 4.00 −3.00 4.00

Type 3 = Slack; Type 2 = PV.

Table 3
Base case load data — System 1.

Load Bus No. 𝑃𝑙𝑜𝑎𝑑 (pu) 𝑄𝑙𝑜𝑎𝑑 (pu)

Ld1 5 1.90 0.80
Ld2 7 0.50 0.25
Ld3 9 1.25 0.50

Table 4
AC line data — System 1.

Branch name From bus To bus 𝑟 (pu) 𝑥 (pu) Capacity (pu) Cost (M$)

BAC1 1 4 0.0000 0.0576 2.00 55
BAC2 4 5 0.0170 0.0920 2.00 40
BAC3 5 6 0.0390 0.1700 2.00 20
BAC4 3 6 0.0000 0.0586 2.00 35
BAC5 6 7 0.0119 0.1008 2.00 60
BAC6 7 8 0.0085 0.0720 2.00 35
BAC7 8 2 0.0000 0.0625 2.00 85
BAC8 8 9 0.0032 0.1610 2.00 40
BAC9 9 4 0.0100 0.0850 2.00 50
aBAC10 3 7 0.0390 0.1700 1.50 25
aBAC11 2 9 0.0100 0.0850 1.50 65
aBAC12 5 1 0.0320 0.1610 1.50 75

aNew potential AC lines.

Table 5
DC branches — System 1.

Branch path From bus To bus 𝑟 (pu) Capacity (pu) Cost (M$)

BDC1 10 11 0.0073 2.76 20
BDC2 11 14 0.0109 2.76 35
BDC3 14 12 0.0091 2.76 25
BDC4 14 13 0.0065 2.76 30

Table 6
FACTS devices — System 1.

SVC (Bus) TCSC (Branch)

2 BAC2
5 BAC8
6 BAC9

system at buses 5, 6, 7, and 9 through VSC converters. Refs. [26,27]
contain the parameters and data of the VSC stations. The generators
and loads data are shown in Tables 2 and 3, respectively.

Tables 4 and 5 show the AC and DC branches data, respectively.
Fig. 7 illustrates the candidate MTDC topology.
Two maximum AC lines are allowed per right-of-way. Each new

VSC increases the price of a new DC branch by $50,000. The AC buses
and AC branches that can be connected to FACTS devices are shown in
Table 6.

The 𝑄𝑆𝑉 𝐶 limits (in pu) for each SVC are:

0.10 ≤ 𝑄𝑆𝑉 𝐶 ≤ 3.50 and

The 𝑘𝑇𝐶𝑆𝐶 limits are:

0.7 ≤ 𝑘𝑇𝐶𝑆𝐶 ≤ 0.2

As part of this work, adding a TCSC device and new parallel AC lines
to the same branch is not allowed. The results correspond to a 100%
7

of load increase to show the benefits of the proposed model.
Table 7
Results — AC and DC lines allowed.

Branch name VSC converter
AC bus

Total cost (M$)

BAC2, BAC4, BDC1, BDC3, BDC4 5, 6, 7, 9 150.2

Table 8
Results — AC, DC lines and shunt compensation.

New branch Shunt compensation Total cost (M$)

[MVAr] Bus

BAC4, BDC3, BDC4
69.7 5

92.5226.6 7
146.1 9

Table 9
Results — AC lines, DC lines and FACTS devices.

New branch FACTS Total cost (M$)

Branch TCSC Bus SVC

BAC4, BDC3, BDC4 BAC9 4, 5 90.41

(SC1) AC and DC lines allowed
Without grid reinforcements, the system presents limit violations

(voltage profile and transmission line capacity). Thus, adding new AC
and DC lines is the most viable way to meet all constraints. Table 7
presents the transmission additions and final cost.

In this scenario, AC buses 5–6 are interconnecting through the
choice of the BDC3 and BDC4 lines. The BDC1 branch connects the AC
buses 7–9. This DC grid consists of 5 new DC buses; however, only 4
VSC converters are installed, since DC bus 14 is not a connection bus to
the AC grid. The four installed converters supply reactive power to the
AC grid. The DC grid receives active power injection from the AC grid
through AC bus 6 and returns it (discounting losses) through AC bus 5.
With the new BC4 branch, the generator connected to bus 3 increases
the power supply delivered to the system, initially limited to 200 MVA.
Two relevant aspects are associated with the MTDC system, namely: (a)
increased system transmission capacity and (b) reactive power control
through VSC converter stations. Each converter adds an extra cost;
nevertheless, this is a more viable strategy to satisfy all constraints.

(SC2) shunt compensation, AC lines, and DC lines
The results show that DC transmission lines additions are not nec-

essary when reactive sources are available, which makes the solution
more economical, as depicted in Table 8.

The results reveal that the system presents a voltage limit violation
in bus 5, which could be solved by adding converter stations (DC lines)
or reactive power sources at similar costs. The SVC injects 50 MVAr of
reactive power at bus 9, which is the upper limit for this SVC device.

(SC3) AC and DC lines and FACTS devices
This scenario allows the combination of three alternatives: AC, DC

lines, and FACTS devices. SVC devices can be added to buses 1, 4, 5
and 6. TCSC devices can be included at branches BAC2, BAC3, BAC8
and BAC9. Table 9 shows the final additions and cost.

The plan obtained is complementary to the previous scenarios.
In other words, the proposed model creates alternatives to meet all
operational constraints, mainly in the neighborhood of bus 5. It is
interesting to note that the new circuits are the same as in the previous
plan, Table 8. However, the FACTS devices produce the same effect
as shunt compensation at a lower cost. Thus, the proposed approach
proved to be beneficial when all the transmission options are integrated
into the same optimization process. Fig. 8 illustrates the expanded
system.
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Fig. 7. System 1 — Candidate DC lines.
Fig. 8. Final topology — scenario 3.
(SC4) AC/DC lines, FACTS devices and shunt compensation
All possibilities of reinforcements are allowed in this scenario. The

results are shown in the Table 10.
The new branch BAC12 and the TCSC connected in series with the

branch BAC2, are correlated with the higher load (bus 5). The TCSC im-
proves power transfer capability by regulating BAC2 transmission line
reactance. The line BAC12 allows the Gen1 increase in the generation,
previously limited by branch BAC1 to 200 MVA. These grid changes
lead the Ld1 load to be essentially served by the Gen1. The TCSC
in line BAC8 has contributed to supplying the load Ld3. The active
8

Table 10
Results — AC/DC lines, FACTS devices and shunt compensation.

New branch FACTS Shunt Comp. Total cost (M$)

Branch TCSC [MVAr] Bus

BAC12 BAC2, BAC8
183.98 5

82.9565.65 7
43.93 9
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Table 11
AC/DC lines allowed — Dispatchable and non-dispatchable generation.

Scenario Branch Gen2 (pu) Gen3 (pu) Cost M$

𝑃𝑔 𝑄𝑔 𝑃𝑔 𝑄𝑔

Dispatchable
generation

BAC2, BAC4,
BDC1, BDC3,
BDC4

1.99 0.01 3.57 0.12 150.2

Non-
dispatchable
generation

BAC1, BAC3,
BAC10, BAC11,
BDC2, BDC3

2.0 1.00 2.00 1.00 285.1

Table 12
Output of generation G1.

Scenario 𝑃𝑔 (pu) 𝑄𝑔 (pu)

Dispatchable generation 1.95 0.15
Non-dispatchable generation (Gen2 and Gen3) 3.51 0,01

Table 13
New CA lines allowed — System 2.

Branch name From bus To bus Branch name From bus To bus

BAC3 4 5 BAC4 3 5
BAC14 3 12 BAC30 23 24
BAC44 15 33 BAC45 19 34
BAC54 30 38 BAC99 49 66
BAC106 49 69 BAC115 70 75
BAC127 81 80 BAC140 90 91
BAC149 82 96 BAC159 99 100
BAC176 110 111 BAC180 32 114

load shedding costs present a high value ($1 ⋅ 109/MW); therefore, the
einforcements’ priority is to supply the active power load, considering
he minimum investment costs. Thus, to achieve this objective, the
esult contains shunt compensation. This fact is a direct consequence of
he lower reactive load shedding costs ($10⋅103/MVAr) compared to the
ther reinforcements directly related to reactive power, e.g., converter
tation. The results elucidate the advantage of a flexible model.

SC5) AC/DC lines with non-dispatchable generation
The proposed approach allows considering dispatchable and non-

ispatchable generation. For a non-dispatchable scenario, generators
en2 and Gen3 were assumed with a fixed generation equal to 𝑃𝑔 = 2

pu and 𝑄𝑔 = 1 pu. Table 11 presents a comparison with scenario SC1.
This plan is almost 90% more expensive than the one obtained using
dispatchable generation. The total active power generation is increased
in the Gen1 generator, compensating for the limitations of Gen3, as
shown in Table 12. Also, new paths from generators are created to
meet the demand. Additionally, the two VSC converters (close to the
loads) provide part of the reactive power to the grid, minimizing the
generation of reactive power in generator Gen1.

4.2. IEEE 118-bus — System 2

The VSC parameters are the same as those exploited for System 1,
including the cost associated with the shunt compensation. However,
the installation cost for each new VSC converter for this system was
set to M$1. This scenario allows 16 new AC line branches, Table 13,
with no more than two lines per right-of-way. The results are obtained
for a load 2.5 times higher than its nominal value. The system data are
available in the Refs. [45,46]. The costs of the new lines are shown
in [46]. The DC data are shown in Table 14.

The 𝑄𝑆𝑉 𝐶 limits (in pu) for each SVC are:

−0.1 ≤ 𝑄𝑆𝑉 𝐶 ≤ 3.3

The range of 𝑘𝑇𝐶𝑆𝐶 is:

−0.8 ≤ 𝑘 ≤ 0.2
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𝑇𝐶𝑆𝐶
Table 14
DC paths for System 2.

Branch path From AC bus To AC bus 𝑟 (pu) Capacity (pu) Cost (M$)

BDC1 27 115 0.005 1.00 8.892
BDC2 32 114 0.005 1.00 7.344
BDC3 30 38 0.005 1.00 6.480
BDC4 49 66 0.005 1.00 11.028
BDC5 49 69 0.005 1.00 32.400
BDC6 83 85 0.005 1.00 17.300

Table 15
Possibilities of FACTS devices.

TCSC — Branch SVC — Bus

BAC9, BAC18, BAC34, BAC39, BAC66, BAC109 3, 12, 27, 42, 59, 90

Table 15 shows the possible FACTS devices additions to the system.
Two case studies are conducted: (i) allowing all grid reinforcement

options and (ii) allowing AC paths, DC links, and shunt compensation.
Table 16 presents the final plan for the first case study. The total

cost for this plan is M$54.96. The small number of lines (AC or DC)
occurs due to the higher cost of lines compared to shunt compensation
and FACTS devices costs.

A more expensive solution is obtained by not allowing FACTS
devices (second case study), Table 17.

The total shunt compensation investment, and the BDC4 branch
make the solution plan more expensive compared to that obtained
including FACTS devices, as expected.

Obviously, it is not always necessary to consider all possible alter-
natives for transmission expansion planning. However, it is interesting
to provide a complete model that allows easily extending the planning
study to several situations.

The algorithm’s robustness is measured by its capability of converg-
ing and reaching the same solution for each trial. In this work, ten trials
are performed for each test scenario (both systems), and the algorithm
always converges and reaches the same solution. Fig. 9 illustrates
the convergence process for System 2 (AC-DC lines, shunt compensa-
tion, and FACTS devices are allowed), considering 50 interactions as
stopping criteria.

Even when it is difficult to compare the results with other ap-
proaches due to their differences in the problem formulation, network
model, and test systems, it is possible to validate the results through the
AC optimal power flow (AC-OPF). For this purpose, the final expansion
plans are all feasible. In all the test scenarios, the optimal power flow
convergence validated the feasibility of the solutions.

5. Conclusions

There is a need to use a better representation of the network and its
elements for the TNEP problem. Although appropriate in several situa-
tions, considering only AC and DC circuits options could be not the best
mix for expansion, in particular, where the system complexity grows
with new system conditions. Thus, this research work proposes a uni-
fied AC TNEP model, allowing different types of reinforcements in the
same expansion process (AC lines, shunt compensation, FACTS devices,
and MTDC system). The results show that the model and approach are
promising, allowing greater flexibility in the TNEP process. For exam-
ple, the installation of an HVDC link creates an alternative power flow
route and the VSC converter allows also some reactive power control.
Therefore, the formulation is considerably flexible, allowing the TNEP
problem to be solved, considering a variety of expansion scenarios. It
is also possible to include other device models and consider multistage
planning. In addition, the benefits of the proposed approach can include
both dispatchable and non-dispatchable generation scenarios. Even
when renewable sources are best modeled using uncertainty, the non-
dispatchable generation model already creates a very difficult scenario
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Table 16
Results System 2 — AC paths, DC links, shunt compensation and FACTS devices.

New line SVC TCSC branch Shunt. Comp. Total cost (M$)

Branch VSC AC bus Bus 𝑄𝑆𝑉 𝐶 (pu) Branch 𝑋𝑇𝐶𝑆𝐶 (pu) Bus Total 𝑄𝑆ℎ𝑢𝑛𝑡 (pu)

BAC30, BDC5 49, 69

3 0.22 BAC34 −0.005 13, 20, 21, 33, 43,

6.67 54.96
39 0.10

BAC39 −0.020 44, 45, 50, 51, 52,

BAC109 −0.053 53, 67, 74, 76, 78,
82, 83, 95, 96, 117, 118
Table 17
Results System 2 — AC paths, DC links and shunt compensation.

New line Shunt. Comp. Total cost (M$)

Branch VSC AC bus Bus Total 𝑄𝑆ℎ𝑢𝑛𝑡 (pu)

BAC30, BDC4, BDC5 49, 66, 69 1, 2, 3, 13, 15, 16, 18,19, 20, 21, 22, 33, 34,
35, 36, 43, 44, 45, 49, 50, 51, 52, 53, 57, 58,
59, 66, 67, 74, 76, 78, 79, 84, 95, 96, 117, 118

17.30 72.60
Fig. 9. Convergence process for System 2 (result — Table 16).
to solve. More work should be carried out to consider uncertainty in
some TNEP variables and to develop more efficient solution methods
for a dynamic TNEP approach.
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