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Abstract— The increased penetration of renewables through
converter interfaced generation (CIG) and the associated
displacement of synchronous generators (SGs) can significantly
reduce system strength. Although some network enhancements,
such as the installation of battery energy storage systems (BESS),
can partially counterbalance the reduction in strength, current
network planning methodologies overlook system strength
effects. In this context, this work proposes a new optimization
model for co-optimizing investments in network expansions and
battery systems to meet, at minimum cost, system strength
requirements quantified through short circuit levels (SCL).
Recognizing that SCL needs vary on a case-by-case basis, this
model incorporates a logistic regression analysis trained on
offline time-domain dynamic simulations; this approach
effectively correlates SCL with system stability, providing a
tailored strategy for each power system. To solve the
optimization, we also propose an algorithm to iteratively find the
optimal solution for the co-optimized portfolio of new
transmission and energy storage investments. Through various
case studies, we demonstrate the importance of considering
system strength requirements in planning studies with significant
penetration of CIG.

Index Terms -- Converter interfaced generation, system strength,
system stability, transmission expansion planning, weak grids.

I. INTRODUCTION

A. Motivation

The energy transition toward low-carbon electricity systems
with high shares of converter interfaced generation (CIG), such
as photovoltaic and wind generation is already underway. Since
2013, the total worldwide installed capacity of CIG rose from
1567 GW to 3381 GW by the end of 2022 [1]. This energy
transition is, however, not an easy task. Significant technical
challenges must be first overcome before these newer
generation technologies can be widely adopted in bulk
electricity systems. Although the challenges cover a wide range
of technical issues, several studies and practical experiences
have recognized that those related to system stability are among
key barriers to overcome, especially under weak grid conditions

(2], [3], [4], [3].
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So far, system robustness against contingencies has largely
been ensured by having large amounts of synchronous
generators (SGs) distributed throughout the network. During
contingencies, these rotating machines naturally provide high
short circuit currents and thereby strongly support system
stability and recovery after the fault clearance [4]. Accordingly,
strong areas of power systems are usually found close to SGs,
while weak areas are far from generation centers [3]. Unlike
SGs, the short circuit current contribution from CIG-based
power plants is usually limited to values between 1.0 and 1.2
times their rated current due to the thermal limits of power
electronics converters [2], [6]. These values are significantly
lower than the fault current that SGs can provide, which can be
up to 6 times their rated current [7], [8]. The exact fault current
contribution of CIG varies depending on the fault, its duration,
and pre-fault operating conditions [6]. The control strategy
implemented in the converters also influences the fault current
provided by CIG. This way, the displacement of SGs by CIG
reduces system strength in the area where the SGs are replaced
[2], thereby weakening the power system.

Operational and stability problems in weak power systems
with low short circuit levels (SCLs) can manifest themselves in
a number of different ways, including classical voltage
instability [5], small signal instability [9], and loss of
synchronism of conventional machines [10]. During
contingencies, these systems may experience extremely
depressed voltages over wide network areas, which may
challenge voltage recovery after fault clearance and speed up
the rotors of the nearby SGs. New stability phenomena, such as
converter-driven instability, control instability and unstable fast
control interactions due to dynamic couplings between power
electronic converters and the grid, are also most likely to arise
under weak grid conditions [2], [3], [9]. Consequently, the
reduction of system strength by increasing CIG can
significantly impair the dynamic performance of power
systems, thereby making them more prone to instabilities [3],

[4], [5].

The potential solutions to mitigate stability problems in
weak networks with high levels of CIG are system specific. The
solutions cover a broad spectrum of alternatives including
anything from classical network reinforcements to complex
changes in the control system of the converters [2], [3].
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Additional transmission network capacity, line reconductoring,
lower impedance transformers, and incorporation of
synchronous condensers are all (well-known) corrective
measures that can be undertaken to increase SCLs and improve
the dynamic behavior of weak systems [11]. Other converter-
based devices can also be incorporated in weak network areas
to improve system robustness locally [12], [13]. For instance,
Flexible AC Transmission Systems (FACTS) devices, such as
STATCOM and SVCs, as well as Battery Energy Storage
Systems (BESS), can help in controlling system voltages
through fast reactive current support [12], [13]. This helps in
limiting voltage fluctuations in steady state and in improving
the fault ride-through capability of nearby CIGs [14]. Control
changes in CIG power plants and re-tuning of key control
parameters can also reduce the risk of instabilities under weak
grid conditions [2].

Regardless of the alternative chosen, the mitigation of weak
grid conditions for reducing the risk of unstable system
responses will always involve additional costs. Still, timely
decisions can often avoid the need to adopt hasty and expensive
corrective actions—unavoidable once the stability problems
have already arisen.

B. Contributions of this work

Classical transmission network expansion planning (TNEP)
tackles the challenge of determining an optimal expansion plan
by adding new transmission lines and other network
components to serve a growing electricity demand, and/or
changes in the generation portfolio. The optimization
minimizes the total costs of the system (operational and
investment costs) during a study period, subject to a set of
technical constraints. Among the technical constraints usually
considered are those related to the operational limits of the
generation units, load balance, and transmission network
capacity. N-1 security constraints are sometimes also included
in the optimization, normally by using DC power flow
equations [15]. Potential stability issues that may threaten
system security are usually assessed in a second stage of the
planning process once an optimal expansion plan has been
determined. The objective of these studies is to detect hazard
situations that may threaten system stability and define suitable
corrective measures able to avoid unstable behaviors during
critical conditions [16].

While this simple two-stage planning approach has shown
to be suitable in robust networks without major stability
concerns, it will not be tenable in future electricity systems
dominated by CIG. In these cases, several issues such as faster
system dynamics, complex control interactions, and unstable
behaviors due to weak grid conditions, will push the stability of
power systems to their limits. Accordingly, system planers will
need to explore enhanced planning approaches in which the
underlying stability challenges are somehow considered in the
optimization stage. The paradigm shift in energy supply
towards electricity systems dominated by CIG will thus require
a gradual breakaway from the cornerstones that have sustained
power system planning thus far.

In the aforementioned context, in this work we propose a
novel optimization model for TNEP considering system
strength constraints. The optimization model includes a set of
constraints to reduce the probability of unstable behaviors
caused by weak grid conditions. The constraints are formulated
based on a logistic regression model that exploits the
relationship between the SCLs and the dynamic performance of
the system during faults. Specifically, the logistic regression
determines the probability of system instability given a SCL.
The regression model is trained with detailed offline time-
domain dynamic simulations. This unique system strength-
constrained optimization problem is solved iteratively by a two-
stage algorithm. In the first stage, SCLs are ignored, obtaining
a purely economic solution. This solution is then tested in a
second stage, where, given the SCLs, the model determines the
probability of instability. If this probability is higher than a
threshold, we solve again the first stage with an additional
constraint that modifies the search space of the first-stage
problem, removing previous infeasible solutions. Overall, the
model improves short-term voltage and rotor angle stability by
increasing the SCLs in weak network areas. For this, additional
transmission network capacity, BESS or a combination thereof
are considered as investment measures to locally improve the
SCLs. BESS are modelled with voltage support capability, so
that they can support system stability by injecting reactive
current during severe voltage dips.

The remainder of this article is organized as follows:
Section Il presents a literature review. Section Il presents the
BESS control model with voltage support capability used in this
work. Section 1V details the TNEP model by including stability
constraint requirements. Section V presents the case study, and
Section VI, the results obtained. Finally, Section WVII
summarizes the conclusions.

Il. LITERATURE REVIEW

A. BESS in the area of TNEP and system stability

The evaluation of the benefits that BESSs can provide to
power systems with CIG is an active research area that has
drawn significant attention over the last years. These devices do
not only provide the necessary operational flexibility to
integrate CIG in electricity systems [17], but also offer
significant benefits from a stability standpoint [12].

The fast capability of BESS to inject or consume both active
and reactive power allows these devices to support stability
during contingencies. The type of support provided depends on
the control strategy implemented, as well as on fault type and
system operation conditions. Among the several articles
harnessing BESS for improving stability, a large majority uses
BESS to improve frequency stability through virtual inertia
emulation or fast frequency response [24], [25]. Still, BESS
have also been used to improve rotor angle stability [12], [13],
[26], and voltage stability [27].

Within expansion planning frameworks including BESS,
most of published works include these devices to either
improve grid congestion management or maximize CIG
participation. From these works, it is concluded that the
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flexibility provided by BESS can reduce system investment
costs, especially in the case of high levels of CIG, [18], [19].
System operation costs can also be reduced by incorporating
different storage devices [18]. The extent of cost reduction will
depend on several factors, including market conditions and
characteristics pertaining to the system itself (CIG penetration
and network distribution). In terms of optimal location, two
major trends can be observed: either to locate BESS units
nearby CIG-based power plants [17], or in load busbars [19].
Although previous works provide useful outcomes about
planning of electricity systems with BESS, planning models
considering BESS as a means to improve system strength (and
thus stability) have not been put forward thus far.

B. TNEP considering SCL constraints

Publications about TNEP including SCL or strength
constraints are scarce. In [20] and [21], a model based on a
Mixed-Integer Linear Programming (MILP) is proposed for co-
optimizing transmission and generation expansion. In both
works, the SCLs at different busbars are represented using a
linearized model. Still, they neglect the short circuit current
contribution from new generation units, even though
conventional machines are among the major fault current

where i,, is the BESS nominal current and K the slope of the
line characterizing reactive current injection during failures
(K = 2) [28]. If |AVpee| < 10%, the system is in normal
operation and the BESS operates with power factor control
(block “i, in steady state”). To avoid exceeding the current
limits of the converter during severe voltage dips, a current

limiter is added for limiting i;" according to:
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Figure 1. BESS control scheme for voltage support during contingencies.

sources. In [22], the authors propose a short-circuit constrained!V.PROPOSED TNEP MODEL INCLUDING STRENGTH CONSTRAINTS

model for investment decisions at different stages of the
planning horizon. The model incorporates detailed
representations of voltage levels, alternative bundled conductor
options per line, and short circuit limits. However, the proposed
model focuses on transmission lines without considering
generators or other devices that may also contribute to short-
circuit currents.

The research summarized above provides useful insights
and results about TNEP considering SCL constraints. However,
these planning models solely require a minimum threshold for
SCLs without considering its relationship with system stability.
Moreover, none of them consider BESS as a network
reinforcement alternative to improve SCLs and thereby reduce
the probability of unstable behaviors due to weak grid
conditions.

I1l. MODEL OF BESS WITH VOLTAGE SUPPORT CAPABILITY

As mentioned in the introduction, the proposed TNEP model
improves system dynamic performance during contingencies
by increasing system strength in weak network areas. For this,
the BESS control includes an additional control loop to inject
reactive current during voltage dips. The general block diagram
of the control scheme used is shown in Fig. 1.

The voltage support capability of the BESS is implemented
in block “i; during contingencies”. This control loop is
activated if the voltage deviation at the point of common
coupling (PCC) is such that |AVpcc| = 10%. In this case, the
reference of the reactive current to be injected by the BESS

(i7¢") is calculated according to:

i7 = K |AVpeel iy if [AVpec| = 10%, (M

A. Overview

The proposed TNEP determines the optimal expansion plan
optimizing additional transmission network capacity and
BESS, while satisfying a set of strength constraints. These
constraints are formulated based on a logistic regression model
that exploits the relationship between the SCLs and system
stability during faults. The optimization problem is solved
iteratively in a two-stage algorithmic process, which is first
based on an economic criterion and then on strength
requirements.

On the first stage, the optimal investment plan for
transmission lines and BESS equipment is identified by a
traditional cost minimization strategy [18]. Once the optimal
expansion plan p‘c’j* (iteration j) and thus the new network setup
is completed, the second stage assesses whether the expansion
plan obtained in the previous stage complies with the strength
constraints. If one of the strength constraints is not met, a new
linear constraint (or “cut”) is generated and added to the first
stage to remove that investment plan from the search space.
Then, Stage 1 is performed again, yet in a limited search space.
The iterative process described above continues until an

optimal expansion plan X fulfilling all strength constraints is
found. The diagram in Fig. 2 shows the iterative process
associated with the proposed TNEP model. Importantly, second
stage constraints represent the probability of the system
remaining stable after a major fault, which is formulated by
using logistic regressions over offline simulation results that
relate the SCLs and the stable/unstable statuses of the system
after a fault. To determine whether a short-circuit simulation is
stable or not, the angular, frequency and voltage stability in the
system are observed. If any of these are unstable, the whole
simulation is determined to be unstable as suggested in [33].
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Figure 2. Overview of proposed TNEP model.

Remarkably, the first stage corresponds to a traditional
mathematical program that optimizes transmission expansion
plans and energy storage facilities. Hence, the key modeling
contribution of this work is twofold. First, the unique
characteristic of the algorithmic process to generate new linear
constraints that can be added in the first stage to remove
solutions that do not meet the strength requirements. And
second, the formulation of second stage’s constrains via logistic
regressions over simulation results relating SCLs and
stable/unstable statuses of the system after a fault. In the
following subsections, the details of both stages are presented.

B. Stage 1

The TNEP model used in this stage can be a traditional
transmission expansion program. For example, we choose to
use a deterministic model that includes an evaluation horizon
of one year—subjected to the classical technical constraints
used in planning studies [15], [29]. The technical constraints are
related to the operational limits of generation units, load
balance, and transmission capacity [18]. The optimization
minimizes the total costs of the system by including operational
and investment costs, as well as the energy not supplied. We
consider time-coupling constraints to capture the effects of
BESS as in [30].

C. Stage 2

1) Set of strength constraints

The TNEP model includes a set of nb strength constraints,
one constraint for each network busbar, where nb is the number
of busbars in the network. To formulate the constraints, a set of
probability cumulative distribution functions p, (SCL,,) is used,
sothatb € {1,2, ..., k, ...,nb}. For busbar b, with a short-circuit
level of SCL,,, function p,, (SCL;,) yields the probability that the
system is stable in case of a three-phase short circuit in busbar
b.

To formulate strength requirements, let SL* be the security
level—in terms of stability—required by the system planner. In
such case, the optimal expansion plan will be that which, for
any three-phase short-circuit happening in a busbar in the
system b € {1,2, ...,nb}, satisfies that the probability of the
system being stable is greater than or equal to SL*. Note SL*can
be understood as a probability threshold, indicating the
minimum requirement over the chances of the system to remain
stable under a fault. This way, if J'c’j* is the expansion plan
obtained in iteration j in Stage 1, the set of nb stability
constraints to be considered in Stage 2 (for said iteration) will
be:

D (SCL,,(J‘E]-*)) > SL*V b € {1,2,..,nb}, 3)

where SCL,(%;") is a function that estimates the value of the
SCL at busbar b given an expansion plan fj*. Function
SCL,(%;") uses Thevenin equivalent (Z},) seen in each busbar
b of the grid, by considering system parameters, such as
transmission line impedances and SGs transient reactance [8].
Additionally, the calculation of the SCL considers that BESS
and CIG have voltage support capability, i.e., they inject
reactive current during short circuits. The support is, however,
limited to 1.1 times their rated current due to the thermal limits
of the converters. Once the Z7, is obtained, the short-circuit

power is calculated as Z2, ", considering a voltage of 1.0 [p.u]
for each busbar.

If the expansion plan obtained in iteration j (a'c’j*) meets all

constraints defined in (3), then plan a?j* is the optimal plan X
and the optimization process ends. On the contrary, if one or
more of the constraints defined in (3) are not met, plan 9?,-* is
removed from the search space by incorporating a
supplementary linear constraint in Stage 1. Then, j=j + 1, and
Stage 1 is performed again, but now considering a limited
search space due to the extra linear constraint (or cut).

2) Determination of cumulative distribution functions

Functions p, () in (3) relate the probability that the system
is stable in case of a three-phase short circuit with the SCLs of
the network at busbar b. These functions are built based on a
logistic regression model that exploits the relationship between
the SCLs and the dynamic performance of the system during
faults. Considering that different types of grid busbars have
different characteristics in terms of strength, the cumulative
distribution functions are calculated for 3 types of busbars:
generation, load, and HV-transmission.

To formulate the logistic regression model, a dataset should
first be generated to establish the relationship between SCLs
and system dynamic response. For this, we use a simulation-
based approach considering time domain simulations. To cover
a wide spectrum of scenarios, the simulation process must
include several operating points and contingencies in several
busbars distributed throughout the grid. The simulated faults
are three-phase short circuits cleared by opening the pertinent
line circuit.

To establish the relationship between the SCLs and the
stability of the system, the matrix R™ is defined for each
simulation of an operating point m. To determine matrix R™, in
each simulation, the following is logged: (i) the SCL of the
busbar in which the fault occurs and (ii) “1” if the system is
stable or “0” if it is not (because of this binary outcome we use
a logistic regression). Equation (4) illustrates R™ for the system
operation point m.

(SCcLT, 10r0)

R = | (SCL?, 10r0) [. (4)

(scLyt,10r0)
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From the dataset (SCL}}, 1 or 0) for a given type of busbar
(data corresponding to an R™ subset), it is possible to obtain a
sigmoid curve. This curve describes the relation between the
probability that the system is stable during a short circuit in
busbar b with SCL,. These probabilities are modelled properly
by means of curves as follow [31]:

1
PO = I Gorim )

where p(x) is the function of probability cumulative
distribution functions, x is the independent variable, and 3, and
B, are coefficients which characterize the curve determined
from certain input data by using the logistic regression
technique [31]. Fig. 3 shows the sigmoid curve (5) obtained in
the case of a load busbar. The blue dots are the data (SCLY',
or 0) obtained in the dynamic simulations for the different
operation points m. For example, the green dot in the figure
(1300, 0.89) means that if there is a short circuit near load
busbar with a SCL of 1300 MVA, the probability that the
system is stable is 89%. In fact, the higher the SCL in the
busbar, the greater the probability that the system will remain
stable after a short circuit.
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Figure 3. Sigmoid curve for load busbars.

3) Generation of linear constraints or “cuts”

As mentioned earlier, if one of the strength constraints in (3)
is not met by the investment plan 9?]-*, a linear constraint is
defined to eliminate that solution of the search space in the first
stage. For this, let X* be the optimal solution from the last
iteration or point of the investment plan that must be removed.
To cut this point from the search space, we can write:

in+2(1—xj)gn—1, (6)

icA jEB
where ¥ = (xq, %y, ...,%;) represents the vector of binary
decision variables in the new iteration, A is the set of indices
with ones in X* (solution of the last iteration) that will be cut
from the search space, B is the set of indices with zeros in x*,
and n is the cardinality or length of ¥*. Note that this constraint
will only remove x*from the search space.

This constraint is sent to Stage 1 each time the solution
x* found does not meet the stability requirements defined in (3).
This way, the economic problem is solved again, but without
considering the solution discarded in Stage 2.

V. CASE STUDY

The network used to test the proposed TNEP model
corresponds to a reduced version of the Northern
Interconnected System of Chile (NIS) of the year 2021. The
model includes 20 busbars and 23 transmission lines at 220 kV
(14 double circuit and 9 single circuit lines). The generation mix
is composed of 45 SGs and 21 CIG-based power plants
distributed in different network busbars. The installed capacity
of photovoltaic and wind power is 3580 MW and 1350 MW,
respectively, which translates into 27% CIG penetration of the
total installed capacity of the system. The system demand
throughout the year is approximately constant with a peak value
of 3022 MW. We use Gurobi 9.1.2.

Fig. 4 shows the one-line diagram of the NIS. Red lines
represent candidate circuits for transmission expansion, while
blue bars illustrate candidate busbars to install BESS.
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.2 &,
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Figure 4. Simplified NIS including candidate line circuits and candidate
busbars to install BESS.

Fig. 5 summarizes the analyzed scenarios. Two cases are

included for planning:
Case studies

‘ Proposed TNEP with BESS

| | Proposed TNEP without BESS

Base

Base
casepgss

caseg
84%
0

84%
—— CAaSeéggpss

0,
— Casegéé’s

——— case,

0
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0,
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0

0,
— Caseggfs

93%
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Figure 5. Scenarios under study.

——— case,

where casefrs (with strength constraints), for example,

denotes that the probability that the system is stable during a
short circuit must be SL* > 87% (security level > 87%). In
addition, the analysis includes two base cases: case£¢, which
includes a traditional TNEP without strength constraints and
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without BESS, and casef%¢ , which includes a traditional
TNEP without strength constraints while including BESS.

The model is executed for the year 2021, allowing for up to
five BESS modules per candidate busbar, with each BESS
module having a capacity of 50 MW.. All pertinent data,
including costs, as well as generation and demand profiles, have
been derived and adapted from the context of Chile, as
documented in [34]. Regarding the sigmoid curves used, Fig. 6
shows the curves obtained following the logistic regression
technique presented in Section IV. The curves show the
probability that the power system is stable during a short circuit
as a function of the SCL of each type of grid bushar. As
expected, the figure reveals that the curves obtained for both
HV-transmission and load busbars are relatively similar,
whereas the curves for generation busbars show more distinct
differences.

— HV-transmission busbars
— Load busbars
— Generation busbars

o
3

> >
> >
T T

Probability of having a stable network
(=]
¥}

500 1000 1500 2000 2500 3000 3500 4000 4500 5000
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Figure 6. Sigmoid curves according to type of busbar.

o
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VI. RESULTS

Table I shows the results obtained with the proposed TNEP
considering BESS for different security levels (SL*). Operation
costs, investment costs, and total costs in millions of dollars
(MMUSD) are included for all case studies.

TABLE I. Summary of obtained results. Case TNEP with BESS.

(MUSD] | caseltss | caselfly | caselfts | caselty | caseli
|nv§§;rtr;ent 98 19.8 24.1 246 258
Opggttéon 826.2 816.2 812.6 812.9 812.3
Total costs 836.0 836.0 836.7 837.5 838.1

Table | shows that when the planning includes BESS
devices, the total cost of the system remains relatively constant,
regardless of the security level SL* required. This is observed
when comparing the total costs of the case without strength
constraints (casej2s¢; 836.0 MMUSD), with the costs of case
SL* = 93% (casegsr., 838.1 MMUSD). The comparison
shows that the increase in the total costs due to the strength
requirements is marginal (0.24%). This proves that reinforcing
weak areas of the network for improving system dynamic
performance during contingencies does not imply a significant
penalty in economic terms, at least not when it comes to total

costs. It is worth mentioning that the increase in the total costs
is accompanied by a higher security level associated with a
lower probability of energy not supplied and blackout events,
benefits that are not explicitly acknowledged in the
optimization. Unfortunately, the costs of power interruptions in
real electricity systems are extremely difficult to quantify or
estimate, so they are usually not explicitly considered in the
planning stage. Despite this, these benefits could counteract the
cost increase observed in Table I.

Table Il shows the same results as Table I, but for the
planning case without BESS.

TABLE Il. Summary of obtained results. Case TNEP without BESS.

Costs

[MMUSD] casef®e | casel* | casel’™” | cased®” | cased’”
Invce;;rtr;ent 73 43 43 5.7 7.0
Opce(;:tts'on 834.3 857.7 857.7 857.7 857.8
Total costs 841.6 862.0 862.0 863.4 864.8

When comparing Tables I and 11, it can be seen that although
incorporating BESS devices into the planning always leads to
a significant increase in investment costs, it also produces a
considerable reduction in operating costs. The net result of
both effects is that by including BESS, the total costs of the
system decrease, regardless of the level of security required.

Tables 111 and IV show the planning results obtained in terms
of BESS devices and line circuits that were installed in each
case. Table 11l shows the total number of BESS modules and
line circuits installed in the case of the proposed TNEP
including BESS. Table IV shows the same information in the
case where planning does not consider BESS.

TABLE Ill. Total installed BESS modules and line circuits. Case TNEP with

BESS.
Element caseB%s | caselyls | casedzis | casedyés | casejiis
BESS 2 4 5 5 5
Line circuit 1 3 3 4 5

TABLE IV. Total installed line circuits. Case TNEP without BESS.

Element case§®e | cased*” | case§’” | casel®” | cased®”
Line circuit 4 5 5 7 8

When the planning considers BESS, the results show that as
the strength constraints become more stringent (higher SL*),
the optimization model tends to install more line circuits and/or
BESS equipment in the less robust areas of the system. This is
the case of the weak busbars {1, 2, 3,4, 5} and {10, 11, 12} (see
Fig. 4), all of them characterized by low SCLs. In fact, while
in the base case with BESS (case£&¢), 2 BESS and only 1 line
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circuit are installed, in the case SL* = 93%, a total of 5 line-
circuits and 5 BESS modules must be installed (see Table I11).

On the other hand, the results show that when the planning
does not include BESS equipment, increasing the SL* also leads
to mesh more the weak areas of the network. However, since in
this case the planning only includes new line circuits, the result
is less efficient compared to the case in which BESS are
considered. In fact, even in the least demanding case in terms
of security (case8*”), 5 additional line circuits are installed,
while in case SL* = 93%, 8 line-circuits are installed. What is
more, Table IV shows that in cases SL* = 84% and SL* = 87%,
the same expansion plan is obtained (5 additional line circuits)
despite having different strength requirements. This reflects an
inefficiency in the case SL* = 84%, since the optimal plan in
that case raises the SCLs to values higher than the minimum
required.

To see the dynamic validation of the above plans, the readers
are addressed to the Online Appendix [32].

VI1.CONCLUSIONS

We introduce a transmission expansion planning model that
incorporates system strength constraints quantified through
SCL. This model optimally determines network expansions,
including battery systems, in light of the rising penetration of
converter interfaced generation. Using a master-slave algorithm
to solve the introduced planning problem, we identify various
investment strategies that incorporate additional circuits and/or
battery equipment, tailored to specific security levels (strength
requirements). Importantly, our findings indicate that a
transmission plan employing simplified stability criteria via
strength constraints can substantially enhance a power system's
dynamic response during short circuits. As security
requirements intensify, there's a discernible trend towards
improved system dynamics during short circuits. While the
integration of battery devices into planning does escalate initial
investment costs, the consequent reduction in operational
expenses plus the contribution towards the stipulated security
level (strength requirements), invariably lead to overall cost
savings.

Dynamic validation of the proposed investment strategies
underscores the enhanced dynamic system performance during
faults when an optimal mix of battery and new lines is
prioritized. This emphasizes the imperative of factoring in
battery systems in future transmission expansion strategies.
Crucially, these battery systems should encompass a reactive
current injection control to truly bolster system stability during
faults.
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