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Abstract

Voltage stability margins of modernbulk power systems are significantly suffering from renewable ener;
sources (RESs). ‘The intermittency: ose units can constantly move the critical location driving the: isy:
voltage collapse along different coherence regions.: Traditional approaches weren't designed to affect this

scenario, typically providing a centralized actuation supported a system-wide perspective. during this sense, this




paper proposes a completely unique area-based outlook to require advantage Ef’the new possibilities enabled by
power systems distributed controllable resources, e.g. flexible resources, to tackle this critical operational
challenge.: For this sake, a completely unique area-based sensitivity index, exploring both the network- wide
sensitivity and therefore the local characteristics of voltage collapse is proposed to work out the foremost

[ fective buses for voltage support and their res, ective ca abil[t 0 accelemtm the s stem’s load margin.
3 PP P P v g V. g

perspecttves o/ recent power: systems.
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1. Introduction

Securing a secure voltage stability margin is one among the foremost critical aspects in guaranteeing the reliability of
power systems [1]. Traditionally, the specified voltage stability margins were achieved using ompensating devices;
e.g., static VAR compensators (SVC) [2]: These components were typically allocated at the network's most critical nodes
as identified by a system-wide sensitivity analysis [3]: However, this will cause overcompensation in specific system
regions; because the identified critical nodes tend to be on the brink of each other [3]. N
towards an increased penetratlon renewable energy sources (RESs), these approache y 0

iable and unsure gener: ch resources can signiﬁcantly affect the system stz

margin under varying renewable energy sources (RES). :‘The proposed index avoids overcompensanon in specific
system regions, and consequently early saturatlon of the voltage stablhty margm lmprovement capacity, by

present end, fi rsta network wide sensitivity analyS|s is performed to supply a general perspective of ithe system

ility: Next, the local characteristics of voltage collapse are explored, resulting in the calculation of the
proposed area-based sensitivity index. This index can directly determine the foremost efficient locations and their
respective capability to improve the system voltage stability. Flexible resources are then used at these locations to
supply the specified voltage support.

Voltage stability has been continuously under investigation within the facility system industry and academic
community given the magnitude of its consequences and direct association to major blackout events worldwide
[2]: An outsized body of research work has been dedicated to the assessment of power grid voltage stability,
including seminal works as continuation power flow methods related to P-V curve analysis [7], L-index [8],
singular value of the load flow Jacobian [9], tangent vector [10] and voltage collapse proximity indicator (VCPI)
[11]. additionally, new indexes were recently proposed considering the novelpower systems perspectives. The
work developed in [12] presents a replacement voltage stability index supported power flow di- vergence and
decay of voltage magnitude. The study in [13] proposes a replacement P-index ready to indicate the steady- state
distance to voltage col- lapse, also as dynamic voltage stability. Next, in [14] submodular optimization is
explored as a tool to prevent voltage instability. Whilst [15] seeks to mitigate the danger voltage stability taking
advantage of the rise observability provided by PMUs. Based on these works, several methods are proposed
seeking the development of power systems’ voltage stability margins through the insertion of compensation
devices. In [16] a technique supported the bifurcation method is employed to work out the optimal location,
control and appropriate sizes of SVCs and thyristor- controlled series compensation (TCSC) to avoid voltage
collapse.: The add [3] uses the system-wide voltage stability perspective provided by the tangent vector to work
out the foremost critical locations for reactive power compensation.: Heuristic solutions supported genetic
algorithm are explored by [17] and [18] considering transmission lines loadability constraint and therefore the L-
index as optimization criteria. ‘These works seek to adequately determine the locations and capacities for the
installations of flexible AC transmission systems (FACTS). and superconducting magnetic energy storage
(SMES).: Multi-objective programming approaches for static and dynamic (short-term) Voltage stability
improvement were developed in [19] and [2]: These approaches employed VCPI for qua ing the system
voltage stability seeking the adequate placement of static synchronous compensators ( STATCOM) and multi-
stage planning for aged SVC equipment retirement.. More recently, new opportunities thanks to bulk power grid
expansion/modernization are drawing significant attention and motivated important novel studies proposed
within the literature. These works cash in of the many penetration of RESs and expansion of HVDC systems to
enhance power systems voltage stability margin without the requirement of new compensators installation.: In
[20] the reactive power produced by grid-connected variable- speed wind generators was wont to enhance
steady-state voltage stability margin. a replacement perspective considering both active and reactive power
injections of photovoltaic systems was proposed in [21] to supply dynamic voltage support to short-term voltage

steady- state voltage stability. Although interesting and with meaningful results the above- mentioned methods
somewhat de- tract the ﬁrst deslgn of those systems and should not be of great apprecmtlon in actual operatlve

power factor as long as active power production is that the one typically rewarded [23].These possible
limitations are avoidable using power grid flexible resources capacity [5]. These resources can have their
operation adapted to raised accommodate power grid requirements without compromising their core values
design. Moreover, differently from the above-mentioned applications which will have their actions limited by the
wants of the particular site at which the equipment are installed. Flexible resources are widespread within the
network, allowing their use at the foremost effective locations to support various power grid operations and
planning requirements [24-29].In [24] a replacement assessment of probabilistic flexibility is employed to avoid



RES power curtailment. Reference [25] presents the appliance of various emerging flexible re- sources as
sources of scheduled energy reserve within the electricity market. Further, a replacement power grid expansion
planning approach is proposed in [26] considering the participation of flexible resources aimed toward the
reduction of latest assets acquisition. Moreover, flexible resources are especially important to voltage stability
support as modern power grid move toward large integration of variable renewable resources, which may cause
significant reductions within the system voltage stability margin and variations within the critical location liable
for driving the system to voltage collapse. In [27] curtailable loads are considered as active market participants
in heavily loaded systems seeking to make sure power grid voltage stability.: ‘The work developed in [28]
proposes the appliance of DR to support voltage control actions, while considering the system voltage stability
preservation.: Next, the work proposed in [29] expands the attitude presented in [28], featuring optimal voltage
regulation with DR participation for both primary and secondary control levels. :Still, the present state-of-art
falls short within the proposal of a way ready to take advantage of these distributed controllable resources to
ensure secure voltage stability margins. this attitude is depicted in Table 1, presenting a comparison between
available works within the literature and therefore the proposed approach:

3. Proposed Approach

Based on the main opportunities enabled by flexible resources and therefore the new voltage stability
requirements of recent power systems, this paper proposes a completely unique area- based voltage stability
index. The proposed index seeks to supply an immediate measure for flexible resources dispatch, with the target
of guaranteeing reliable voltage stability margins for contemporary bulk power systems with significant
penetration of RES generation. For this, the proposed approach consists of 4 main steps, respectively 1) voltage:




To, perform these steps, knowledge of the system current operating condition, i.e. loading, generation and system
parameters, and forecasted direction of load increase are required: Using this information, first the system voltage stability
margin is assessed employing the continuation method. supported thls result, a system wide- sensmVIty spnng ng

areas are determined and native area-based sensitivities obtained. This mformatlon is employed w1th1n the development of
the proposed sensitivity index, providing an immediate multi-area perspective for flexible resources dispatch. * :
the proposed approach, comparative simulation case studies are administered in Matlab considering the IEEE 118-bus test
system with modifications to reflect the progress of recent power systems toward large penetration of RESs and versatile
resources. during this environment, the proposed approach is stressed with several case studies respectively divided in 1)
Validation and performance evaluation, 2) Sensitivity analysis 3) Comparative analysis between flexible resources and
RESs operation under voltage control for voltage stability support: These case studies showcase the necessity for voltage
stability support in systems with significant penetration of RESs while depicting the superior ability of the proposed
approach to make sure safe operative conditions. the benefits provided by the proposed approach as compared to the state-
of-art are threefold and described as follows::

New outlook for voltage stability support of recent power grid supported flexible resources: the proposed area-based
design enables the distributed potential of flexible resources to satisfy the sounding requirements of recent power systems

prevailing explored system, as e.g

The numbers in Columns represents the fallowing terminology.
1= Static VAR compensation 2= VSC-HVDC
3= Load curtailment
4=RES
5= Flexible resources
6= Voltage control
7= Voltage stability

8= Secure voltage stability margin 9= RES curtailment reduction 10= Expansio
planning

11= Schedule energy reserve
12= Direct system- wide solution method
Table 1.

HVDC, wind and solar-based applications [20-22], flexible resources are meant for this type requirement.

Prevention of early saturation in voltage stability margin improvement:: The identification of critical cores and system
partitioning allows the proposed index to work out the foremost effective buses for voltage stability support along different
coherent areas of the network. This feature enables the system to avoid centralized actions during a single region, which
just in case of a change within the critical location driving the system to voltage collapse would prevent local over-
compensation and therefore the early saturation within the overall system load margin improvement.:

Enhancement of bulk power grid Voltage stability margin range: :The proposed approach above- mentioned ability to stop

of intermittent RESs which may not “be achieved with system wide based solutions, thanks to: :possible overcompensation
during a specific region as large voltage stability support actions yield to changes within the most crucial location
susceptible to voltage collpase.

rea-Based Voltage Stability:




In this section the proposed area-based voltage stability support index is depicted.: It presents the outline of a
generic power grid with flexible resources, the procedure for the system voltage stability margin assessment, and
therefore the respective process to derive the proposed area-based voltage stability support index.

4.1 Network Description

Consider a bulk AC transmission . ‘The network consists of transmission lines with low /X ratio, synchronous generation

a The network nodes are contained within the set N=G:U£ , where G and £ respectively denote the sets of nodes
with generation and loads, being possible that a node is contained in both sets, respectively: G| : The connection
between two terminals i and j represented by v: ={i, j} €N . The set of transmission lines is denoted by v ={i, J;ENXN.
Loads composition is denoted by a daily non-controllable portion and an aggregated flexibility parcel, respectively denoted
by ki € IR and gi(flex) € R FOR flex generic node i.

Pi(L) = Pi L.(1- gi(flex)), 0 < pi(flex) < 1-Ki (1)
Pi(L) = Pi(L)o [ ai(P) -{| Vi+ViO[}2+Bi(P) {| Vi=ViO[}+Yi(P) (2)

where ai(P) € IR denotes the constant impedance (Z) share for a generic node i, constant current (I) and power (P) shares
are defined by Bi(P) € IR being the participation coefficients subjected to the relation

{( i+ Bi+ Vi) = L[ ai, Bi, Yi] € IRN3IRN=[0, 1]} V i€£

VieC denoted the phase voltage. The interested reader within the process of flexible resources aggregation is
mentioned [30].

.2 Flexible Resourc

Power system flexibility represents the network capacity to capita- lize on the system available resources to reply to net
demand change requests [31], this attitude is out there through different power grid elements [32], out of which this work is
concentrated on three main categories namely demand response dlstnbu generation and electric Vehlcles ‘Demand

Followmg, distributed generation enables the injection of specific controllable contributions of power to the
: hese contrlbutlons are limited by their current dispatching power and respective rated gen- eration

{Pi pG: PG < Pi (DG) < P06 ( Pipg) H(Qi p6) <(5™pe)’} (4)

Where Pi, (DG) and Qi, (DG) represent the unit current active and reactive power generation, P minDG,
and P maxDG denote minimum and maximum active power generation, and S max denotes the DG rated power.
iIn addition, equipment as EVs may perform both above-mentioned flexibility possibilities simultancously [35-
36].: These units may have their charging process interrupted or adjusted representing DR actions. also as,
contributing with power injections during a similar way as a DG thanks to their ESS capacity. during this sense,
these units flexibility is presented as an association of DR and DG.:

Piev)=2 P+ Pik(DG)’{( Pk, Pik(D(})):Os P k< pjk< pik max charges() Pik(DG) < P{* max discharge} (5)

K €EV,

where Pik denotes the EV current charging power, Pik represents the EV reduction of charging power, i.e. DR,

PX(pG,) is the power injection provided by the respective EV, i.e. DG. Pk max charges and pK max discharge are
the EV charger maximum charging and discharging power.

4.3 Voltage Stability Margin:

Let each transmission node contained within the set be classified under one among the three operative modes::
PV, PQ or V6, respectively composed in subsets PV, PQ and V . the facility system network are often
represented by a generic nonlinear model:

0=1f(x, %) (6)



Where f: IR?™IR—IR™ may be a nonlinear function with space dimension n = (| Npy| + 2:| NPQ)), | - | is an

operator that returns the cardinality of a generic set, x: =[ 0i,... 0ijypy) + |NPQ|, Vi,...,VINPQ] ] TeIR"ieN
denotes the system state variables, i EIR represents a generic transmission node A€ IR a particular parameter that
moves the system from one equilibrium point p0 to a different p[t], where T€R represents the continuation

iteration, and OEIR™ represents a vector of all zeros. The system voltage stability are often studied by driving the
system from a known initially stable operating condition up to instability. ‘This instability condition is defined as
bifurcation point and may be divided into two main category groups. the primary group represents instability
conditions thanks to the merging of two equilibrium points resulting in a null eigen value, i.e. characterizing
either a saddle-node (SNB), transcritical (TB) or pitchfork bifurcation (PB); or by the crossing of the imaginary
axis by a pair of complex conjugate eigen values, representing a Hopf bifurcation (HP) [37]: The second group
is said to power system operative limits, especially generators reactive power limits, being defined as limited
induced bifurcations (LIB). this sort of bifurcation occurs thanks to violations in generators' limits, resulting in
changes in these units operating mode from constant active power and voltage mode, i.e.. PV mode, to constant
active and reactive power mode, i.e. PQ mode, [38]. This action results in a replacement set of equations
representing the respective power grid which will not be stable to the present operating condition, i.e. it's going
to cause the merging of two equilibrium points with an abrupt crossing of eigen values from the right-half plane
to the left-half plane side. It should be noted that the literature has consistently demonstrated that voltage
collapse is especially connected to SNBs and LIBs [37-39]. during this perspective, a widely used approach
within the literature to work out power system's voltage stability margin, i.e. the space between the present
operating point to the purpose of voltage collapse, or SNB/LIB point, is predicated on the continuation method.:
This method is split into two steps: predictor and corrector. the primary step is liable for increasing the network
load and generation supported a direction of load increase [Ap|€IR].This direction is assumed to be a known
quantity, which may be a reasonable assumption provided adequate load forecast[39—40]. just in case that a
reliable load forecast isn't available, a worst-case direction are often wont to make sure that the system presents a
satisfactory distance to voltage collapse [41]. Procedures to the determine the worst-case direction are detailed
depicted in [7-42].

P[i,lrlJrJ-Qei,\r\:( P{}'i,(’)\p(ﬁJ-Qci,lpo)ﬂm, CINPVIHINPQ| TR CINPVIHINPQI (7

P[] = P&i|oo - A, : IR MPVIx IRSIRI MPVI(8)

where PU;, Ql’i, and P8 denote the active and reactive power demands, and active power generation during a
generic transmission node i € IR. The second step could also be performed by solving the facility flow problem
considering the predictor step because the initial guess. :An efficient method to speed-up this problem solution is
achieved by modeling A[t] as an adaptive parameter supported the tangent vector sensitivity [10].:

where Y[t] denotes the tangent vector sensitivity calculated in an equilibrium condition at a generic iteration T,
Dx f ‘p[r] is the Jacobian matrix p € IR, may be a scalar gain wont to control the direction increase and 0f/0R|p[r]
denotes the initially injected reactive and active powers. to scale back the expensive computational effort
because the system approaches voltage collapse, stopping criteria are often included to terminate the
continuation process. ‘The stopping criteria denoted by & may be a voltage collapse index which will anticipate
the vanishing eigen value, tending to zero because the bifurcation is approached. it's directly determined from (8)
for a given operating point having a negligible calculation cost [43]. Reference [43] also addresses that
employing the CRIC method can reduce computational burden, turning the continuation method eligible for load

E= (1Yl Dxflppe 1Y [gll (1)

4.4 Proposed Area-Base Voltage Stability Support

Based on the voltage collapse information the proposed area-based sensitivity index is developed. For this sake,
a completely unique methodology composed of three main stages is proposed: 1) system-wide perspective for



the definition of most crucial buses; :2) area-based sensitivity providing the characterization of critical cores and
coherence areas; and 3) area-based voltage stability index responsible to work out the foremost effective buses
and their respective contribution for voltage stability support.: First, a system-wide sensitivity is obtained
indicating the susceptibility of each bus to steer the system to voltage collapse. ‘This sensitivity is achieved
through the calculation of the tangent vector at the vicinity of the voltage collapse point denoted by Y#: = dx/di
[p—s pi ; reference on his voltage stability technique is out there in [10]. supported this information, the PQ-buses
criticality indexed by YPQ # are extracted from the complete set Y#, and a ranking is performed to spot the
foremost and least effective buses for voltage stability support, respectively denoted by the:

{B17 ..., Ba} SN pq

Y=YV, YT (12)

Y0 = 1Y % .. YOnmans Y1V YV ey, 17 (13)

Y POy rank (abs(Y49)) (14)

Y POy=:[Y POh,..... Y POy T (15)

B = {(B*n): Bru=BiTlYi"C, = YiFC, i€ N[1, 2]|Npql], nEN[1, Q] (16)

where rank|( - ) may be a function that returns the descending rank of a generic vector, Y lP Q# is that the ranked

criticality index, B;"€ corresponds to the buses that structure Y#F€ , and B, denotes the ranked buses. From this

process, the buses classified because the best for voltage stability support are typically contained within the same
neighborhood of the node liable for driving the system to voltage collapse, resulting in a concentrated actuation.
However, bulk power systems usually contain quite one coherence area; i.e., a neighborhood of the

system comprising buses with similar behavior, here denoted by the sets Z, €N, where me [1, U] indicates the

world index and U denotes the entire number of areas. during this sense, bearing in mind that the voltage
collapse may be a local phenomenon, the characterization of the buses sensibility from a system-wide
perspective in bulk power systems environments wouldn't render the expected effect, because the centralized
action within the system most crucial region, Z1, wouldn't produce meaningful improvements in other coherence

system-wide based compensation. to get P-Ve « iZz1i m just in case that the world under analysis isn't the

foremost critical region originally leading the systetﬁ to voltage collapse, i. e: Zmim;ﬁl compensations are

interest. during this perspective, system-wide based approaches would fail just in case that a big 1mprovement

within the system load margin is required. the belief of an outsized compensation would render a considerable

increase within the voltage stability margin of the critical region, : P-Ve «— Z1". However, under a system

perspective, this action would only move the start line of voltage collapse to the next most crucial region, >

m#1, which has not been improved by this compensation.: This results in an early saturation within the actual
improvement capacity of the system voltage stability by the next most critical area voltage collapse condition, i.e

P-Ve <" =P-Vg « Z;"| P-Ve +— Zy "= P-Ve « Z;,

Where P-Ve «a" depicts the particular system P-V curve after system-wide compensatlon
system would presumably not be ready to achieve the specified load margin improvement, Q ‘where the
respective lacking margin is denoted by y: This condition is clearly depicted in Fig. 1. It shows the voltage
stability proﬁle of a bulk power grid with several coherence areas before and after the system—wide

between the _(_)peratlve point and therefore the point of voltage collapse This value is established by specific




Figure 1.(P-V curve for wide approach system)

In this perspective, the event of voltage stability support strategies supported system-wide approaches may not
be efficient to make sure safe operating conditions, as power systems move toward me voltage stability
requirements thanks to the increasing penetration of RESs. This new perspective requires a big capacity for
voltage stability margin improvement and skill to effectively tackle constant shifts within the start line of voltage
collapse across different regions of the system. :Seeking to accomplish these challenges and avoid the previously
mentioned limitations, a second stage is developed supported the previous system-wide sensitivity: he
proposed approach identifies local critical cores for voltage collapse and: divide the isystem into coherence areas
denoted by the sets Zy)©N:.. the utilization of coherence areas is proven as an efficient solution to enhance
voltage related actions thanks to these phenomena local characteristics, e.g. disturbance propagation and security
regions applications [44-45], however the proposed perspective and application haven't yet been explored.::‘The
definition of critical cores avoids the centralized compensation performed by the system-wide approach,
allowing a greater range for the system voltage stability margin improvement, {.: Moreover, as compensation
becomes distributed throughout the network, it's possible to repeatedly tackle the event of voltage collapse even
when a change within the region conducive to the present incidence is imposed. This feature is clearly shown in
Fig. 2. The proposed area-based strategy can improve all coherence areas voltage stability margin, i.e. P-Ve «—

Z" 1 # P-Ve — Z, ¥ meN 1, O].

Therefore, allowing the achievement of the required/desired voltage stability margin improvement, (EIR|y=0,
even for scenarios demanding large improvements within the system loading margin. ‘The system responses after

the proposed area-based voltage stability support are denoted by the superscript++ respectively P-Ve «—a

‘Figure.2: (P-V Curve for area base approach):

The initial step to divide the system into coherence areas is that the definition of the primary critical core,

Following, supported the foremost critical

which is given by the system's most crucial PQ-bus, i.e.

connection 2 between the candidate bus and the previously associated buses contained within the same area.
Discussions about the determination of the partitioning parameter are omitted thanks to space constraints, the
reader is mentioned [10] where a comprehensive analysis is developed indicating that ¢ should be set within the

the set of obtainable buses for network partitioning and therefore the process repeated. After completing the
primary area division, subsequent critical core, m  , is decided because the best PQ-bus that's not contained
within the previous area(s) division then on. This procedure is repeated until each bus is allocated during a



respective area. the method that identifies the coherence areas { Z,, ¥ meN [1, U]} around their respective

critical cores {B,"" ¥ mEN [1, U]} is described as follows:

Y@ [0 .. YO vin" QYoo YV Q1T ¥ i€ ™2 (17)
Y s smax(abs(Y %)) (18)

Ziy= {(B ) B = BT Y 4= Y 1 i€ N [1, 2.]|Npg} (19)
Zun={(Biy: Yig/Y s> 6. i€0 |z, i€ N1, 1] (20)
Nn+1 = NmZp (21)

Ni1= N Ny (22)

where N,,, N°@p, and Y,,P9y respectively denote the sets of all buses, PQ buses and criticality index of flexible

icality index of the critical core

PQ-buses that aren't associated to any area. " # represents the crit

collecting all critical cores is defined by

={B1*,..., P T} ENPQ. By using the critical cores and coherence areas knowledge, a completely unique
area-based voltage stability index is obtained for every bus. This index, denoted by Pi; V consists of two terms.
the primary term represents the area's contribution supported the density of critical spots, while the second term
denotes the respective contribution from the bus supported its criticality information. this suggests that if one
area features a very critical location susceptible to voltage collapse but possesses a coffee density of critical
buses, the entire compensation during this area won't be performed in excess, as compensating this very critical
spot renders an overall improvement of the area's voltage stability. On the contrary, if a neighborhood features a
high density of critical points, additional compensation are going to be required, because the compensation of
the only most crucial location won't cause an actual improvement of the world voltage stability profile. The

proposed index \Pi++(V)a and therefore the flexibility contribution of every bus, denoted by the set ¥(y), are
represented by the subsequent equations

Y, ) ={Yiv)): Yigy= Yis/Y " 1n, Bi€Zp, i€ N [1,Iy)], meN [1, 0]} (23)



Figure: 3. (Proposed Methodology)

Y@= (T m): Uit oy =1y w)ll - vi, 7/M=10|yM,v I=1TMyi(v))
Yi,(v) €Y, (v), iEN[1, I'gp], MEN[1, O]} (24)

l}’(v): = {q"++m(v)- A,....... q',++();(v)-A}- meN|[1, 0] (25)

Where Y (y) represents the criticality of generic bus m€IR, I'm is that the number of buses used for
compensation in area m€lIR, Ygp (v) and \I’++§m,(|7) are sets containing the buses criticality and proposed index of
a respective area m€IR, and A represents the entire system flexibility usage, i.e. Yiea Pipry+ PipGyt Piev) =A

. The depth description of the method to get the proposed area based voltage stability index is illustrated in Fig.
3.32.

5 Result and Discussions

This section depicts the need for area-based voltage stability support as power systems move toward large
penetration of RESs. Here comparative case studies are developed to showcase the improvements provided by

system-wide strategies and successive applied mathematics (SLP).:

106 108 101 79 78 118 43 35 37

Table. 2 (RESs Placement or allocation)

‘For this purpose, case studies are developed employing the IEEE 118-bus system modified to represent grid
developments, where power systems are likely to experience operating conditions on the brink of their limits
with a rise in RESs penetration. The system load is doubled as compared with the bottom case,and a complete of
20 p.u. of additional wind power are evenly distributed on buses as described in Table 2. during this analysis, a
conservative case study is used . Loads are modeled as constant power in order that voltage reductions wouldn't
improve the system voltage stability capacity, and a unity power factor is assumed for flexible resources such the
reactive power consumption is maintained at nominal level. during this configuration, the system operates with a
voltage stability margin of 108% surpassing the Western Electricity Coordinating Council (WECC) minimum
requirement of 105% [1]. during this standard, the present system operative condition denoted by S op represents
the system loading margin at 100%. the need for a further 5% stability margin, € = 5%, is an industrial standard
that seeks to accommodate possible unpredicted load variations adopted by several system operators worldwide.
due to RESs lack of guaranteed power contribution, scenarios with low generation states can meaningfully affect

limit: This scenario requires effective voltage support actions to make sure a reliable system operation, which is

expldred by the performed case studies considering flexible resources usage to ensuresecure voltage stability
margins within the absence of RESs contribution. during this perspective, three main case studies are developed

to demonstrate the proposed approach effectiveness: 1) Validation and performance evaluation; 2) Sensitivity
analysis; and 3) Comparative analysis between flexible resources and RESs operating under voltage:

‘control for voltage stability support.:

5.1 Performance Evaluation and Validation

The first case study highlights modern power systems significant need for voltage stability support and therefore
the superior ability of the proposed area-based approach to affect the new system operative reality and
requirements. For this, comparisons with a standard direct system-wide approach and SLP [46] are performed.
The comparative system-wide approach is predicated on the sensitivity of the tangent vector.

This technique was proposed in [10] and employed in [3] to work out the set of candidate buses for voltage
stability support. For this, four sub-cases are developed, respectively: Case 1 - System behavior without voltage
stability support; Case 2 - System behavior with flexible resources supported traditional direct system-wide
strategy; Case 3- System behavior with flexible resources support supported the proposed direct area-based
voltage stability index; Case 4 - System behavior with flexible resources support supported successive applied
mathematics . The respective voltage stability profile of the system for Cases 1-3 are depicted in Fig. 4(a)-(b)
where P-Ve « e depicts the particular system P-V curve, P-Ve « z,, are representations of the system voltage



stability when each respective coherence area z;, assume the condition to drive the system to voltage collapse.

‘The system responses without voltage stability support (Case 1) are denoted by the representations without
superscript, while the system behavior after the supply of voltage stability support supported system-wide (Case

indicates the system operating condition, { describes the required improvement within the system
argin and y represents the residual voltage stability margin to make sure the system operation within
the established limits by regulation. during this system, nine buses are used for flexible resource support and
three coherence areas are defined. Fig. 4(a) depicts the system behavior for Cases 1-2. supported this figure one
can conclude about the system requirement for voltage stability support, changes within the critical region that
lead the system to voltage collapse and therefore the consequent inability of the system-wide approach to realize
large improvements within the system load margin. Analyzing Fig. 4(a), one may observe that the foremost
critical region P-V curve for Case 1, i.e. when the dispatchable generators provide the network's expected RES
eneration and no action is taken to enhance the system voltage stability margin, P-Ve « z: represents the
particular overall system voltage stability margin, P-Ve «— ¢ = P-Ve « z:. during this scenario, although the
power/demand balance are often achieved, the system would experience voltage collapse, because the system
loading margin denoted by S S =0.98 | P-Ve «— g, is less than the particular demand requirement, o

the voltage stability margin of the originally most crucial region of the system to 1.11 |[P-Ve «

however, this improvement wasn't translated to the general system stability margin expressed by P-Ve «—
The centralized actuation within the most crucial buses isn't ready to improve other regions voltage stability, P-

Ve« Z,"*=P-Ve <7y, ¥ m#1| meN [1, 3]. In contrast, it results in the overcompensation of the previously
most crucial region of the system, Zj, resulting in the change of the situation responsible to drive the system to
voltage collapse to subsequent most crucial region, i.e. Zy. Therefore, limiting the system voltage stability

margin improvement by the next most crucial area voltage collapse condition, P-Ve « ¢"=P-Ve « Z,", which

didn't have its load margin significantly suffering from the performed compensation, i.e. P-Ve «— Z, "= P-Ve «
Zj;. During this perspective, the system improved stability margin after voltage stability support supported

system-wide perspective is denoted by 4 = 1.01 [P-Ve «— &™. The obtained condition remains less than the
WECC safe operating margin criteria of 105%, remaining 4% of the specified voltage stability margin to be
fulfilled, i.e. x = 4%. This result would inevitably demand costly system expansions and installation of latest
infrastructures to succeed in the regulation criteria [1]. Seeking to satisfy the secure voltage stability margin
requirement and avoid costly system upgrades, the proposed area-based voltage stability index is used , being the
results depicted in Fig. 4(b). From Fig. 4(b) one can observe that the flexible resources usage supported the
proposed area-based approach results in an overall improvement within the system voltage stability margin.
during this scenario, all system coherence areas have achieved the voltage stability margin requirement by

WECC, i.e. 221.05[P-Ve « Z,,"" ¥ meN[1, 3]. ‘As well, after performed the proposed area-based voltage

stability support, the system most crucial region was shifted to the coherence area Z3, P-Ve « ¢t™=P-Ve «—

Z3**. However, differently from the system-wide strategy, the proposed approach distributed action within the
network critical cores can satisfactorily address this issue, overcoming the first saturation faced by the system-

wide strategies and resulting in a system voltage stability margin of: 1.05 [P-Ve «—
results are thanks to the distributed actions within the network most crucial cores, which allows for a greater
range of improvement to the system voltage stability margin, ensuring the specified load margin improvement of
C=7%|y, = 0 with a flexibility usage of A =2.5 p.u.. Following, a replacement case study is developed secking to
verify the proposed direct approach ability to work out the system most adequate allocation for flexible
resources support as compared with SLP.

Figure 4(a): (before and after curve for system voltage stability based on system wide strategy)




‘Figure 4(b): (before and after curve for system voltage stability based on proposed area based index)

The obtained results present significant similarity between the proposed direct approach and SLP, i.e: 67% of the
chosen buses for flexible resources usage are common for both methods. Moreover, an equivalent level of
voltage stability margin improvement is achieve by both methods using the same amount of flexibility, i.e.:
1.05 for both Case 3 and Case 4 with a flexibility usage of A = 2.5 p.u..These results showcase the proposed
direct approach ability to meaningfully improve the system load margin at a significantly reduced computational
cost.: Eliminating the computational burn imposed by the successive iterations necessary for gathering feedback
information required by optimization technics.: A summary of the system voltage stability margin for Cases 1-4
is presented in Table 3. ‘The respectively selected buses and their flexibility usage for Cases 2—4 are shown in
Table 4, where the entering of all buses’ flexibility usage for every case study in Table 4 must be adequate to the
total amount of flexibility usage defined by A.

5.2 Analysis for Sensitivity

In this section sensitivity analyses are performed to research the influence of loads uncertainty and versatile
resources usage impact on the system voltage stability margin. The performed case studies present global system
sensitivities, seeking to spotlight the proposed method capability to satisfy secure voltage stability margins,
prevent early saturg:tion and significantly improve the system voltage stability margin range: First, the impact of
load uncertainty is addressed featuring load scenarios extracted from [28].. These case-studies denoted as S1, S2,
and S3 represent the system loading for 98%, 100% and 102%, respectively. iObtained results indicate that the
proposed approach is in a position to satisfactorily address loads uncertainty without prejudice to the guarantee
of secure voltage stability margin. altogether analyzed case studies, the required range of improvement is met,
i.e. there's no remaining voltage stability margin to be fulfilled, y = 0%. the pliability usage for every scenario

i :=5%]| =1.5p. u; S2: (= 5%| = 2.5 p. u; and S3: {=5%| =4.0 p. u.. an in depth description
on is presented in Table




Figure. 5 (sensitivity of voltage stability margin using different flexibility usage level)

Next, the sensitivity of voltage stability margin with reference to flexible resources usage are investigated and

successive variations within the use of flexibility are performed and therefore the voltage stability margin of the
system is analyzed. together may observe, the proposed approach sustains significant improvements within the
system voltage stability margin with the increasing usage of flexibility. Moreover, an outsized improvement
within the operational range is verified. This results is predicted given the proposed area-based index distributed
action within the network critical cores. during this perspective, all system coherence areas are compensated
considering the criticality of the respective region, therefore avoiding the overcompensation during a single
region and therefore the consequent inefficiency within the overall improvement of system voltage stability
margin. For comparison sake, a standard system-wide approach is presented, where one can observe a rapidly
saturation with a flexibility usage of A= 0.4 thanks to its centralized compensation within the most crucial
nodes. additionally , it should be noted that local voltage stability sensitivity metrics are embedded within the
proposed approach to define the respective candidate buses. during this sense, the chosen buses for flexible
resource usage depicted in Table 4, represent the system most locally sensible buses under voltage stability

5.3 RES Operating under voltage Control and Flexible Resources

mathsize="6pt"This section seeks to assess flexible resources ability to enhance voltage stability as compared ,

including dispatchable DGs of rated power {15,8,10,14}MVA connected in buses {109,108,41,33}; EVs with

level 2 chargers presenting charging/discharging capacity of 11 kW associated within the respective amounts, i.e.

number of EVs, {250, 250, 380; 330, 460, 290, 150, 240, 190} at selected buses for flexibility support, i.e. buses
{109, 108, 106, 41, 39, 44 33, 35 117}; also as DR capacity as necessary. The dispatch of flexible resources is




predicated on priority rank seeking to maximise demand supplying, i.e. DGs are the primary to be used, followed
by EVs, and just in case that additional flexibility is important DR is applied. Given the paper goal of improving
power systems voltage stability, renewables operating under voltage control have their reactive power focused

on load margin enhancement [47], i.e. f= A-Cy [ Yyi max(0, |Vi |- V%) + ¥ max(0, [Vjl-V™in)] where each
unit has the subsequent local setting Qi = Constr(Q"; +aAP;, Simax2 - (Pi” + APi) )[V;< V™ Constr(x,
XMaX)={x | |x|<xMaX; (x/|x[)-xM3X | otherwise} where f denotes the target function, Cv is that the penalty term for
voltage violation, V" and V™Ml denote the utmost and minimum operational voltage limits, SimX is that the
unit rated power capacity, o; is that the slope coefficient and QiA and Pi" are reactive and active power set points.

Here three comparative case studies are presented: 1) RESs operating under voltage control, ¢*; 2) Sole use of

flexible resources, ¢*; 3) Combined use of flexible resources and RESs operating under voltage control, &
The respective results are depicted in Fig. 6. together may observe, RESs operation under voltage control are
able to improve the system load margin up to 103% employing a combined total of 8.3 p.u.. Still, their
contribution isn't sufficient for ensuring the required secure load margin established by WECC regulation, i.e.
105%. this attitude is significantly enhanced considering the utilization of flexible resources. As depicted by P-

V<« ¢ in Fig. 6, with an equivalent 8.3 p.u. of flexible resources usage, one are able to do a system voltage
stability margin of 110%. This result significantly surpass WECC operational requirements and represents an
improvement of 42% in comparison with RESs support. Demonstrating that flexible resources are simpler than
RESs operating under voltage control to enhance the system voltage stability. These results are expected as
flexible resources dispatch are performed from the system most crucial nodes under voltage stability perspective,
whereas RESs contribution are conditioned to the situation of the unit installation.; ‘These locations are typically
subjected to the supply of potential capacity for the respective development, e.g. wind generators, and should not
be the foremost adequate location for voltage stability support.: Still, a operation of RESs under voltage control
and flexible resources can significantly improve the system voltage stability and cause a more efficient use of
flexible resources. during this case, RESs action take priority over flexible resources, which are wont to fulfill
the remaining gap to make sure secure voltage stability margins. This operation results in meaningful benefits as
flexible resources usage is significantly reduced. A comparison with Case 2 in Section 4.1 indicates that by
combining the utilization of flexible resources and RESs under voltage control, a discount of 56% within the
total application of flexible resources is achieved. Moreover, this reduction represents a decrease of 73% in DR
usage when considering multiple sources of flexibility, which can significantly avoid possible curtailments

group is depicted in Table 6.

Figure 6. (Comparative analysis of flexible resources and voltage stability margin considering renewable
operation under voltage control)

Traditional methods may not be efficient for securing safe voltage stability margin for power systems moving
toward large penetration of intermittent RESs. during this paper, a completely unique area-based outlook using
flexible resources is proposed to tackle this new power grid perspective. The proposed approach can overcome
the first saturation within the improvement of power grid voltage stability margin faced by traditional centralized
strategies which will endanger the achievement of secure operative conditions for contemporary power systems.
For this, the system most crucial cores and their respective coherence areas are identified. supported this
information a completely unique distributed voltage stability index is developed. The results indicate that the
appliance of the proposed index to spot effective buses for voltage support and their respective ability of
accelerating the system load margin, in association with flexible resources, is in a position to greatly improve
and secure safe static voltage stability margins. the most contributions of this work are often summarized as
follows:

« Proposal of a completely unique area-based voltage stability index considering bulk power grid coherence
areas and important cores;

* Development of a replacement outlook for voltage stability support of modern power grid supported flexible
resources;

« Prevention of early saturation in improving the general system voltage stability margin thanks to centralized
overcompensating;

« Significant enhancement of bulk power grid voltage stability margin range, a critical condition for an influence
system with large penetration of intermittent RESs generation.
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