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ABSTRACT

Investigating flexibility and stability boosting transmission expansion planning (TEP) methods can increase the
renewable energy (RE) consumption of the power systems. In this study, we propose a bi-level TEP method for
voltage-source-converter-based direct current (VSC-DC), focusing on flexibility and stability enhancement. First,
we established the TEP framework of VSC-DC, by introducing the evaluation indices to quantify the power system
flexibility and stability. Subsequently, we propose a bi-level VSC-DC TEP model: the upper-level model acquires
the optimal VSC-DC planning scheme by using the improved moth flame optimization (IMFO) algorithm, and
the lower-level model evaluates the flexibility through time-series production simulation. Finally, we applied the
proposed VSC-DC TEP method to the modified IEEE-24 and IEEE-39 test systems, and obtained the optimal VSC-
DC planning schemes. The results verified that the proposed method can achieve excellent RE curtailment with
high flexibility and stability. Furthermore, the well-designed IMFO algorithm outperformed the traditional particle
swarm optimization (PSO) and moth flame optimization (MFO) algorithms, confirming the effectiveness of the
proposed approach.
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Nomenclature

Dup
j,node (t) Upward flexibility demands for node j at time t

Ddown
j,node (t) Downward flexibility demands for node j at time t

Pmax
j,RE, Pmin

j,RE Maximum and minimum RE output power at node j
F up

i Upward flexibility carrier capacity for transmission line i
F down

i Downward flexibility carrier capacity for transmission line i
Pmar

i,line (t) Transfer power margin of transmission line i at time t
Pmax

i,line Maximum allowable power of transmission line i at time t
Pi,line(t) Transfer power of transmission line i at time t
Dup

i,line Upward flexibility demands for transmission line i
Ddown

i,line Downward flexibility demands for transmission line i
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Nb, NVSC Number of nodes and number of VSC-DC access nodes
ηins Total IFR of transmission lines
η

up
ins, ηdown

ins Upward and downward IFRs
ηins Average IFR of the overall power system
Mi HMESCR of node i
Sac,i Short circuit capacity of node i
PVSC(i) Capacity of the VSC-DC to be installed at node i
QVSC(j) Reactive power controllable range of the VSC-DC at node j
MIIFj,i Multi-infeed interaction factor between nodes j and i
Zeqj,i Thevenin equivalent mutual-impedance between nodes i and j
Zeqi,i Thevenin equivalent self-impedance of node i
Bj,i Mutual-susceptance between nodes i and j
Bj,j Self-susceptance of node i
Z1, Z2 Objective functions of the upper- and lower-level model
z1, z2, z3 Sub-objective functions
LVSC Actual number of transmission lines for planning
Lmax

VSC Maximum number of transmission lines for planning
Coper Total operation cost
CG Operation cost of the conventional generator
CRE, CLOAD RE curtailment and load shedding penalty cost
Pg(t) Output power of conventional generator g at time t
ag, bg, cg Generation cost coefficients of conventional generator g
cRE, cLOAD Penalty cost factors for RE curtailment and load shedding
W RE,i, W LOAD,i Total energies of RE curtailment and load shedding
PRE,i, PLOAD,i Active powers of RE, and load at node i
QRE,i, QLOAD,i Reactive powers of RE, and load at node i
δ Maximum ramp rate of the conventional generator i
PLine,i Active power at transmission i
Ui Voltage magnitude of node i
NM , NF Numbers of moth and flame populations
dim Dimension of the search space
it, maxit Number of iterations and maximum number of iterations
r Convergence speed coefficient
X 1

moth,max Maximum values of the initially generated moth population
X 1

moth,min Minimum values of the initially generated moth population

1 Introduction

Power system transmission expansion planning (TEP) is an optimization problem aimed at
expanding the existing transmission network by determining the optimal location and capacity of the
transmission lines to match the growing power demands and ensure stable operation [1–3]. The voltage-
source-converter-based direct current (VSC-DC) transmission exhibits great potential in TEP due to
its flexibility and excellent control capabilities. It is considered a promising way to achieve carbon
peaking and carbon neutrality goals by promoting renewable energy (RE) consumption [4]. However,
new challenges emerge with the increasing participation of RE and DC transmission in VSC-DC TEP.

Due to the inherent uncertainty of RE, short-term flexible operational characteristics of the power
system should be considered in VSC-DC TEP [5,6]. Tejada-Arango et al. [7] and Dai et al. [8] presented
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the power-based generation expansion planning model with an emphasis on the importance of
appropriately modeling flexibility. They showed that the power-based model can represent flexibility
capabilities accurately and lead to more cost-effective planning. In contrast, if flexibility is incorrectly
modeled or ignored, it may lead to overly optimistic planning. Chen et al. [9] proposed a joint
generation and transmission expansion planning method that leveraged the flexibility of generation
sources, and as a result, achieved superior RE consumption capacity. While the abovementioned
studies offer some helpful techniques for incorporating flexibility into planning problems, they only
consider the flexibility of generation and neglect that of line delivery, which is equally critical to
promoting RE consumption.

On the other hand, it is also necessary to incorporate the impact of VSC-DC integration on
power system stability into TEP, otherwise, the power system may suffer from serious faults under
inappropriate access to VSC-DC. Myasse et al. [10,11] conducted a more detailed analysis of the VSC-
DC control performance and fault ride-through ability. In this article, the static voltage stability is given
special consideration. A widely verified method to investigate static voltage stability of a DC-based
power system is the application of the short-circuit ratio (SCR) index to evaluate the voltage strength:
a power system with a low SCR tends to be unstable when facing disturbances and faults [12,13].
Jin et al. [14] designed the node-system SCR (NSCR) to plan the location and accommodation capacity
of RE by evaluating the static voltage stability. Similarly, Yuan et al. [15] adopted the generalized SCR
(gSCR) to assess the maximal capacity of grid-following converters and demonstrated its suitability for
VSC-DC planning. However, the studies in [14,15] on static voltage stability are not comprehensive
because the SCR indices fail to consider the influence of reactive power. Therefore, Kim et al. [16]
developed the hybrid multi-infeed effective SCR (HMESCR) for the hybrid multi-infeed high voltage
direct current (HVDC) systems with VSC-HVDC. Through steady and dynamic state simulations,
they proved the applicability of HMESCR in determining the static voltage stability of VSC-DC-based
power systems. In a sense, the SCR-based indices have demonstrated promising applicability for static
voltage stability problems. However, these studies modeled the indices only as stability constraints,
which may not fully exploit the static voltage stability. However, considering the SCR-based indices
as optimization targets in VSC-DC TEP is expected to further boost the static voltage stability, which
would be more favorable to the power system.

Aiming at the preceding problems, in this study, we put forward a bi-level planning method
to expand VSC-DC on the existing power corridors, with a goal to improve the RE curtailment
by enhancing line delivery flexibility and static voltage stability of the power system. The main
contributions of this study are summarized as follows:

(1) We developed a TEP framework for VSC-DC from the perspectives of flexibility and stability,
with a particular focus on line delivery flexibility.

(2) We established a bi-level VSC-DC TEP model and designed an improved moth flame
optimization (IMFO) algorithm for the model-solving problem.

(3) We validated the effectiveness of the proposed bi-level TEP method of VSC-DC through case
studies and verified the performance of IMFO algorithm compared to the traditional particle swarm
optimization (PSO) and moth flame optimization (MFO) algorithms.

The remaining sections of this article are organized as follows: Section 2 establishes the proposed
VSC-DC TEP framework, expounding the definitions and formulations of the flexibility and stability
indices; Section 3 describes the bi-level TEP model of VSC-DC, defines the objective function and
constraints of each level, and demonstrates the IMFO-based solution; Section 4 goes through the
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verification case studies based on the IEEE-24 and IEEE-39 test systems. The results are discussed
in Section 5, and finally, the conclusions and future work directions are provided in Section 6.

2 VSC-DC TEP Framework

The proposed VSC-DC TEP framework is dedicated to improving the RE curtailment by
enhancing the flexibility and stability of the power system. Firstly, the TEP requires flexibility to
deal with the uncertainty caused by the integration of massive RE. Therefore, within the presented
framework, VSC-DC should be appropriately planned to provide flexibility, allowing smoother power
delivery for RE. For this purpose, we define the flexibility carrier capacity (FCC) and insufficient
flexibility ratio (IFR) indices. Furthermore, the stability mentioned in the framework refers to the
power system static voltage stability, which may deteriorate if faced with inappropriate access to VSC-
DC [17]. Therefore, we also define the HMESCR index to quantify the impact of VSC-DC integration
on stability.

2.1 VSC-DC TEP Flexibility Index
First, let us take a brief look at the flexibility demand and supply process of the power system. The

flexibility demand of the power system mainly arises from unexpected power fluctuations of the RE
sources, while its flexibility supply is primarily provided by the peak regulation margin of controllable
units (e.g., thermal units) [18]. For example, when there is a sudden drop in the RE output power,
the thermal units are expected to adjust output power upward to achieve power balance, meeting the
flexibility demand. Hence, the flexibility demand of RE sources can be modeled as⎧⎨
⎩

Dup
j,node (t) = min

[
Pmin

j,RE (t + 1) − Pmax
j,RE (t) , 0

]

Ddown
j,node (t) = max

[
Pmax

j,RE (t + 1) − Pmin
j,RE (t) , 0

] (1)

Note that the flexibility demand will only be met if the system can provide sufficient flexibility
resources and line delivery flexibility. In this study, we particularly focused on the line delivery
flexibility, quantified by the FCC index expressed as [19]⎧⎨
⎩

F up
i (t) = Pmar

i,line (t) − Dup
i,line (t)

F down
i (t) = Pmar

i,line (t) − Ddown
i,line (t)

(2)

where Pmar
i,line (t) = Pmax

i,line − Pi,line (t) is the transfer power margin of transmission line i at time t.

In order to calculate the flexibility demand for transmission lines, we introduce the power
transmission distribution factor (PTDF), hij, between transmission line i and node j as⎧⎪⎪⎪⎨
⎪⎪⎪⎩

Dup
i,line (t) =

Nb∑
j=1

[
hijD

up
j,node (t)

]

Ddown
i,line (t) =

Nb∑
j=1

[
hijDdown

j,node (t)
] (3)

The FCC index in Eq. (2) evaluates the transmission line flexibility: if the FCC index is < (>) 0,
the power system has sufficient (insufficient) line delivery flexibility. However, it is worth noting that
adequate line delivery flexibility does not necessarily satisfy the system flexibility demands as it also
depends on the availability of sufficient flexibility supply resources. Nonetheless, the proposed TEP
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framework is only concerned with line delivery flexibility. Besides, the FCC index will improve as the
VSC-DC installation capacity increases, which will essentially boost the maximum allowable power of
the lines under the same transmission corridor.

To measure the lack of flexibility of transmission lines, we define the IFR and average IFR (AIFR)
indices as

ηins = η
up
ins + ηdown

ins⎧⎪⎪⎪⎨
⎪⎪⎪⎩

η
up
ins = Tup

ins

Tup
suf + Tup

ins

× 100%

ηdown
ins = Tdown

ins

Tdown
suf + Tdown

ins

× 100%

ηins = mean (ηins)

(4)

2.2 VSC-DC TEP Stability Index
The HMESCR index in Eq. (5) is designed to reflect the impact of VSC-DC access on the static

voltage stability of the DC access node. The multi-infeed interaction factor (MIIF) is embedded in the
HMESCR to highlight the interactions between multiple DCs as [20]

Mi =
Sac,i +

NVSC∑
j=1
j �=i

[
MIIFj,iQVSC (j)

]

PVSC (i) +
NVSC∑

j=1
j �=i

[
MIIFj,iPVSC (j)

] (5)

where MIIFj,i can be expressed as

MIIFj,i = Zeqj,i

Zeqi,i

≈ −Bj,i

Bj,j

(6)

The larger the Mi value, the stronger the static voltage stability of node i. More specifically, when
the value of Mi is less than the threshold (set as 3 according to [16]), node i cannot serve as a candidate
node for VSC-DC planning due to insufficient stability. It can also be inferred from Eq. (5) that as the
capacity of installed VSC-DC increases, the HMESCR index becomes progressively worse, reflecting
the increasing impact of VSC-DC on stability.

Since the traditional HMESCR index cannot correctly evaluate the static voltage stability of the
overall power system, which may jeopardize its application in VSC-DC TEP, we adopt an HMESCR-
derived index to evaluate the general static voltage stability, expressed as

Mgeneral = 1
NVSC

NVSC∑
i=1

Mi (7)

Note that the reactive power term of HMESCR enables VSC-DC to boost the static voltage
stability, whereas the line-commutated converter DC (LCC-DC) does not possess this capability.
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3 Bi-Level TEP Model of VSC-DC

In this section, we establish a bi-level TEP model for VSC-DC based on the indices presented,
as displayed in Fig. 1. First, the objective functions and constraints of the upper- and lower-level
models are carefully designed. Then, the exchanged variables between the two models are expatiated.
Additionally, we present the solving method for the upper-level model.

Figure 1: Framework of the proposed bi-level TEP model for VSC-DC

3.1 Upper-Level Model
The upper-level optimization model aims to acquire the optimal VSC-DC planning scheme from

the perspectives of flexibility and stability. Hence, the objective function for the upper-level model can
be expressed as

min Z1 = z1 + z2

⎧⎨
⎩

z1 = ηins

z2 = 1/Mgeneral

(8)

The constraints are guaranteed by the minimum required stability constraint as Eq. (9) and the
maximum number of transmission lines for planning as Eq. (10).

Mi ≥ 3 i = 1, 2, · · · Nb (9)

LVSC ≤ Lmax
VSC (10)
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The variable exchanged from the upper- to the lower-level model, M1, can be defined as the optimal
VSC-DC planning scheme. The upper-level model adopted a novel optimization algorithm, i.e., the
IMFO, whose principle will be described in Section 3.3.

3.2 Lower-Level Model
The lower-level model aims to calculate the flexibility index by conducting time-series production

simulation, where the optimal power flow (OPF) is applied for the VSC-DC system [21]. The objective
function of the OPF involves flexibility and operation costs, Coper, which can be modeled as

min Z2 = z1 + z3

⎧⎨
⎩

z1 = ηins

z3 = Coper = CG + CRE + CLOAD

(11)

CG =
∑
g∈G

∑
t∈T

(
agP2

g (t) + bgPg (t) + cg

)
(12)

CRE =
∑

i∈GRE

cREWRE,i (13)

CLOAD =
∑

i∈L

cLOADWLOAD,i (14)

The constraints of the lower-level model include power balance, Eq. (15), maximum/minimum
output power of conventional/RE generator, Eq. (16), ramp rate of the conventional generator,
Eq. (17), maximum transmission limit, Eq. (18), and node voltage limit, Eq. (19), expressed as⎧⎪⎨
⎪⎩

∑
i∈G

Pi + ∑
i∈GRE

PRE,i = ∑
i∈L

PLOAD,i

∑
i∈G

Qi + ∑
i∈GRE

QRE,i = ∑
i∈L

QLOAD,i

(15)

⎧⎨
⎩

Pmax
i ≤ Pi ≤ Pmin

i

Pmax
RE,i ≤ PRE,i ≤ Pmin

RE,i

(16)

|Pi (t + 1) − Pi (t)| ≤ δi (17)

PLine,i ≤ Pmax
Line,i (18)

Umin
i ≤ Ui ≤ Umax

i (19)

Based on the objective function and constraints mentioned above, the lower-level model conducts
time-series production simulations to obtain the flexibility index, which is also defined as the
exchanged variable M2 to the upper-level model.

3.3 Model-Solving Method Based on IMFO
To solve the proposed bi-level VSC-DC TEP model, we meticulously improve a population

intelligence optimization algorithm. Note that optimization based on convex relaxation, such as the
second-order cone (SOC), can also be considered in TEP. However, we chose not to employ convex
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optimization methods due to the following reasons: (i) Reformulating the proposed VSC-DC TEP
based on the highly strict requirements on the standard form of the SOC method would be too
complicated; and (ii) the SOC method is less computationally efficient when applied to large-scale
power systems, which may jeopardize the ability to solve the problem to global optimality [22].
Therefore, this paper adopts the IMFO algorithm, and the theory is demonstrated below: Firstly,
the principle of the traditional MFO algorithm is explained. Secondly, the IMFO algorithm, which
is applied to solve the upper-level model, is carefully designed. Finally, the upper-level model-solving
process based on the IMFO algorithm is elaborated.

The traditional MFO algorithm achieves optimization by imitating the behavior of moths tracking
flames [23]. Here, the moths and flames represent candidate solutions and the latest optimal solutions,
respectively, and can be described as⎧⎨
⎩

Xmoth = [
Xmoth,1, Xmoth,2, · · · , Xmoth,NM

]T

Xflame = [
Xflame,1, Xflame,2, · · · , Xflame,NF

]T
(20)

where the ith moth can be expressed as X moth,i = [X moth,i,1, X moth,i,2,..., X moth,i,dim], where dim represents the
dimension of the search space. Similarly, the ith flame can be expressed as X flame,i = [X flame,i,1, X flame,i,2,...,
X flame,i,dim].

The iteration of the moth population can be expressed as

X it+1
moth,i = ∣∣X it

moth,i − X it
flame,i

∣∣ × et × cos (2πt) + X it
flame,i (21)

where t ∈ [r, 1] is the convergence path coefficient; the convergence speed coefficient, r, can be defined
as

r = −1 − it
max it

(22)

which decreases linearly from –1 to –2 over the iterations.

After updating the moth, the flame is appointed based on the optimal moths. The first flame
represents the optimal solution in the contemporary iteration. To ensure global optimization, the
number of flames decreases as

NF = round
(

NM − it
NM − 1
max it

)
(23)

where round (·) represents the rounding-off function.

Although the traditional MFO exhibits excellent optimization capabilities, there remains room
for improvement: (i) MFO generates initial solutions randomly within the feasible region, which may
cause the initial solution to fall into a local optimum, resulting in premature phenomena; and (ii) the
decrease in the number of flames, in Eq. (23) will inevitably cause a loss in population diversity, which
is harmful to the optimization procedure.
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To deal with the first issue, we adopted an initialization method based on logistic chaotic mapping
[24,25], defined as⎧⎪⎪⎪⎨
⎪⎪⎪⎩

X chaos0
moth = (

X 1
moth − X 1

moth,min

)
/
(
X 1

moth,max − X 1
moth,min

)

X chaos1
moth = 4 × X chaos0

moth

(
1 − X chaos0

moth

)

X chaos2
moth = X 1

moth,min + X chaos1
moth

(
X 1

moth,max − X 1
moth,min

)
(24)

For the second issue, we defined a new iteration formula for the number of flames as

NF = round
(

NM − it
NM

2 × max it

)
(25)

For it = maxit, the NF value in Eq. (23) reduces to 1, while it drops only to NM/2 in Eq. (25).

The process of the IMFO algorithm is summarized as follows (Fig. 2): First, we initialize the
moth population based on chaotic mapping and appoint the top NF moths to the flame population.
Subsequently, we update the moth and flame populations according to the new iteration equations.
Finally, the optimal solution is obtained when the stopping criterion is met.

Figure 2: Flow of the proposed IMFO algorithm

The model-solving method based on the IMFO involves the following steps (Fig. 3): First, we
acquire solutions, i.e., VSC-DC planning schemes, by using the IMFO algorithm. Then, we obtain the
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sub-functions z1, z2, and z3 from the bi-level VSC-DC TEP model and calculate the objective function
Z1 of the VSC-DC planning scheme. Finally, if the algorithm meets the termination criterion, optimal
solutions are obtained.

Figure 3: Flow of IMFO-based model-solving method

4 Case Study

To verify the effectiveness of the proposed VSC-DC TEP in promoting power system flexibility
and stability, we conducted case studies on the modified IEEE-24 and IEEE-39 test systems using
MATLAB 2022a on a PC with Intel Core i7-12700 CPU @2.10 GHz and 16 G memory. For
comparison with the existing methods, we set up three test cases:

(1) Case 1: Without VSC-DC TEP.

(2) Case 2: VSC-DC TEP considering only flexibility enhancement.

(3) Case 3: Proposed VSC-DC TEP considering both flexibility and stability enhancements.

Note that this study proposes a VSC-DC TEP dedicated to achieving better RE curtailment,
essentially boosting line delivery flexibility, while ensuring the static voltage stability. Most existing
methods based on flexibility do not consider static voltage stability improvements, which may cause
instabilities. Therefore, Case 2 could be recognized as the existing method.
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4.1 Case Study on the Modified IEEE-24 Test System
The modified IEEE-24 test system, as depicted in Fig. 4, consists of 34 transmission corridors

and 10 power plants, including thermal synchronous generators, wind power at Bus 1 and Bus 2, and
photovoltaic power at Bus 18 and Bus 21. To exert pressure on transmission lines, the load capacity
was increased by 150% [26]. The major parameters of the bi-level VSC-DC TEP model and the IMFO
algorithm are listed in Tables 1 and 2, respectively. Table 3 shows the VSC-DC planning scheme under
different cases, including the locations and capacities of VSC-DC along with the flexibility and stability
indices of each planning scheme. Besides, the red dashed lines in Fig. 4 are the planned VSC-DC.

Figure 4: Topology of the modified IEEE-24 test system

Table 1: Major parameters of the bi-level VSC-DC TEP model

Item Value

Short circuit capacity, Sac [20] 50 MVA
Reactive power controllable range of VSC-DC, QVSC 0.2 p.u.
Number of network nodes, Nb 24
Maximum number of transmission lines for planning, Lmax

VSC 5
Penalty cost factors for RE curtailment, cRE [9] 64 $/(MWh)
Maximum ramp rate of conventional generator, δ 10 MW/h
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Table 2: Major parameters of the IMFO algorithm

Item Value

Population size, NM 100
Maximum number of iterations, maxit 50

Table 3: VSC-DC planning results for the modified IEEE-24 test system

Location Capacity/MW Total
capacity/MW

AIFR Mgeneral CRE/$

Case 1 – – – 16.05% – 93, 110

Case 2 I (1, 5) 9.2 36.1 6.29% 5.6 88, 432
II (2, 4) 13.6
III (16, 17) 7.0
IV (20, 23) 6.3

Case 3 I (1, 5) 8.0 27.6 9.80% 6.7 90, 594
II (2, 4) 7.3
III (16, 17) 6.3
IV (20, 23) 6.0

Focusing on the line delivery flexibility, the AIFR of Case 1 was 16.05% (Table 3), suggesting
that the test system possessed insufficient flexibility and required VSC-DC planning. For Case 2, the
AIFR improved from 16.05% to 6.29%. Whereas, for Case 3 with all included considerations, the
AIFR reached 9.80%. We further studied the development trend of line delivery flexibility using the
representative transmission lines (1, 5), (2, 4), (16, 17), and (20, 23), as depicted in Fig. 5.

Figure 5: IFR under different cases for the modified IEEE-24 test system

All representative transmission lines suffered a severe lack of flexibility in Case 1 (ηins > 100%;
Fig. 5). For Case 2, the ηins of the transmission lines (1, 5), (2, 4), (16, 17), and (20, 23) decreased
by 30.43%, 54.16%, 87.1%, and 92.59%, respectively, compared to Case 1, whereas, for Case 3, they
decreased respectively by 4.35%, 8.34%, 25.81%, and 14.81%, compared to Case 1, i.e., relatively lower
than those under Case 2. From these results, we can infer that the planning of VSC-DC helps improve
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line delivery flexibility, as the IFRs in Cases 2 and 3 show a decreasing trend compared to Case 1.
However, the induced effect of VSC-DC TEP on improving the line delivery flexibility is mainly related
to the total capacity of VSC-DC, which explains the larger IFRs in Case 3 compared to Case 2.

Further, we analyzed the CRE values for Cases 1, 2, and 3 (Table 3). Although the CRE in Case 3
was larger than that in Case 2, they were both smaller than that in Case 1. Although the proposed
method did not directly regard RE curtailment as the optimization objective, the ability to alleviate
it was favorably improved. This validated the effectiveness of the proposed method in promoting RE
consumption.

To analyze the static voltage stability, we computed the HMESCR of VSC-DC access nodes
(Fig. 6). For Case 2, the HMESCR of nodes 1 and 2 were lower than the threshold value (Mi = 3).
This indicated an excessive access of VSC-DC in Case 2, resulting in lower stability, which may cause
security and stability issues. In Case 3, the HMESCR of all nodes was larger than that of Case 2, and
well within the constraint margin. Particularly, the Mgeneral value for Case 3 (6.7) was larger than that
of Case 2 (5.6). This indicated that the proposed VSC-DC TEP method in Case 3 not only enabled
flexibility improvements, but also ensured better stability. Although Case 2 was better at boosting
flexibility, the stability was favorably improved in Case 3. Therefore, the efficacy of the proposed
method in balancing flexibility and stability was affirmed.

Figure 6: HMESCR under Cases 2 and 3 for the modified IEEE-24 test system

Furthermore, to validate its convergence superiority, the proposed IMFO algorithm was com-
pared with the MFO and PSO algorithms (PSO parameters can be referred from [27]). For the objective
function Z1 in Eq. (8), the convergence curves for the different algorithms were computed (Fig. 7;
Table 4). These results revealed that IMFO exhibited the best convergence iteration and value among
the three algorithms. Generally speaking, the IMFO algorithm outperformed the MFO and PSO
algorithms.

4.2 Case Study on the Modified IEEE-39 Test System
To test the effectiveness and suitability of the proposed VSC-DC TEP method for more complex

power systems, we built a modified IEEE-39 test system on MATLAB, as shown in Fig. 8, with wind
power at Bus 30 and Bus 37, and photovoltaic power at Bus 33 and Bus 35. To put pressure on
the transmission lines, the load capacity was increased by 200% and the line delivery capacity was
decreased by 30%.

Analogously, we computed the planning results under Cases 1, 2, and 3 for the IEEE-39 system,
including flexibility and stability indices as well as the RE curtailment penalty cost (Table 5). The
AIFR of Case 3 was slightly larger than that of Case 2, but 20.28% lower than that of Case 1.
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Figure 7: Convergence curves of the PSO, MFO, and IMFO algorithms

Table 4: Convergence comparison of the PSO, MFO, and IMFO algorithms

Algorithm Convergence iteration Convergence value

PSO 40 10.29
MFO 43 10.15
IMFO 40 9.94

Figure 8: Topology of the modified IEEE-39 test system
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Table 5: VSC-DC planning results for modified IEEE-39 test system

Location Capacity/MW Total
capacity/MW

AIFR Mgeneral CRE/$

Case 1 – – – 24.60% – 34, 697

Case 2 I (1, 2) 13.9 67.4 15.86% 3.4 25, 215
II (3, 4) 15.0
III (16, 19) 13.2
IV (22, 35) 12.0
V (25, 37) 13.3

Case 3 I (1, 2) 5.2 36.6 19.61% 6.3 27, 737
II (3, 4) 8.0
III (16, 19) 7.4
IV (22, 35) 8.0
V (25, 37) 8.0

Choosing representative transmission lines (1, 2), (3, 4), (16, 19), (22, 35), and (25, 37), the IFRs
under the three cases were computed (Fig. 9). A similar development trend was observed for this
parameter as well: the IFRs of Case 3 were slightly larger than those in Case 2, but still better than
those in Case 1.

Figure 9: IFR under different cases for the modified IEEE-39 test system

Furthermore, the CRE of Cases 2 and 3 were 27.33% and 20.06% smaller than that of Case 1
(Table 5), emphasizing the effects of VSC-DC planning on improving the RE curtailment.

As for the static voltage stability, the HMESCR of nodes 2 and 25 for Case 2 went beyond the
threshold (Fig. 10). For Case 3, the HMESCR values of all nodes were within the limit, while being
larger than those of Case 2, showing better static voltage stability. Therefore, the proposed method
exhibited favorable performance in improving flexibility and stability, thereby ensuring better RE
curtailment. In general, the suitability of the proposed VSC-DC TEP method for the modified IEEE-
39 system revealed that it can be applied to complex power systems.
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Figure 10: HMESCR under Cases 2 and 3 for the modified IEEE-39 test system

5 Discussion

The major findings of this study are summarized as follows:

(1) The proposed VSC-DC TEP method decreases the AIFR by 38.94% and 20.28% in the
modified IEEE-24 and IEEE-39 systems, respectively. While considering only flexibility in VSC-DC
TEP, the planning results suggest that the static voltage stability may exceed the limit. Note that the
flexibility boosting function of the proposed approach in the IEEE-39 system is weaker than that in
the IEEE-24 system, which may be potentially related to the increase in the flexibility demand of the
power system. We plan to further investigate this in follow-up works.

(2) Judging from the CRE development trend in the modified IEEE-24 and IEEE-39 test systems,
the proposed method seems to exhibit the ability to improve RE curtailment. This is achieved through
reasonable planning of VSC-DC, essentially enhancing the line delivery flexibility while ensuring the
static voltage stability of the power system. Although the proposed approach does not directly treat it
as the optimization objective, it well alleviates RE curtailment.

(3) The proposed IMFO algorithm shows better convergence speed and accuracy than the MFO
and PSO algorithms for the VSC-DC TEP. Specifically, the IMFO, MFO, and PSO algorithms
converged at the 40th, 43rd, and 40th iterations, with fitness values of 9.94, 10.15, and 10.29. Compared
to PSO, MFO has better optimization capabilities because of the spiral optimization path of the moth
[23]. However, MFO converges slower than the PSO, which is addressed by introducing the logistic
chaotic mapping to construct the IMFO. As a result, the IMFO outperforms MFO and PSO in the
first iteration and eventually exhibits the best convergence speed and fitness value.

6 Conclusions

In this study, we propose a bi-level TEP of VSC-DC to improve the RE curtailment by enhancing
the flexibility and stability of the power system. We selected appropriate evaluation indices from the
perspective of flexibility and static voltage stability to serve as the optimization target of the VSC-DC
TEP. The IMFO algorithm was developed to solve the proposed VSC-DC TEP model efficiently. Case
studies conducted on the IEEE-24 and IEEE-39 systems verified the advancement and effectiveness of
the proposed method. The results show that the proposed VSC-DC TEP method can comprehensively
enhance the flexibility and stability of the power system, thereby improving the RE curtailment.

This primary shortcoming of the proposed bi-level TEP method is that it can be used only for
VSC-DC planning and does not include LCC-DC planning. Nonetheless, the present method can
serve as a guideline for VSC-DC planning and is expected to contribute to RE consumption. In the
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future, we plan to expand the proposed method for LCC-DC planning and apply it to a real power
system with multi-region alternating and direct current interconnection to test its RE consumption
boosting effect. The research findings will be reported in the latest articles.
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