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Abstract

At low net load a cost-based unit commitment keeps few synchronous units
online, as in the hour of the 2025 Iberian blackout. A violation of the upper
voltage limits in a security check is then usually read as an excess of reactive
power to be absorbed. This paper examines that reading with two tools. The
first is an operability test that poses voltage operability under single generation
outages as the minimum-violation problem of a preventive security-constrained
optimal power flow. The second is a diagnostic procedure that, with a few more
solutions of the same problem, finds which limit carries the violation and whether
the state lacks reactive power or has too much. In three test systems and in hours
scheduled by a unit commitment, almost every failed state lacked reactive power.
The diagnostic exposed how an upper-limit violation can come from a lack: an
area without nearby units must be held high to keep a radial load bus within
limits, and the end of a lightly loaded cable rises above the ceiling. Capacitors
at the radial bus reduced the violation, and reactors at the cable end increased
it. With plants at fixed or unity power factor most failures occurred before any
outage, and few did with plant voltage control. Batteries that keep charging after
their plant trips removed about a quarter of the states operable in voltage control
in the largest system. An upper-limit violation is therefore not by itself evidence
of excess reactive power, and the diagnostic tells the two situations apart.

Keywords: Inverter-based resources (IBR), Voltage security, Reactive power support,
Plant voltage control, Unit commitment, Security-constrained optimal power flow,
Co-located battery storage, Low net load, Infeasibility diagnosis



1 Introduction

At low net load, when renewable output covers most of the demand, a cost-based
commitment keeps few synchronous units online, and most of the reactive power that
holds transmission voltages goes with them. The blackout of the Iberian Peninsula
on 28 April 2025, the first large blackout attributed to overvoltage [2, 3], occurred in
such an hour [1]. Since then the concern in those hours has been the upper voltage
limit [1, 2], and a security check that fails on it suggests absorbing reactive power.
This paper shows that such a violation can be the symptom of the opposite need. It
proposes an operability test and a diagnostic procedure that tell the two situations
apart, and applies them to test systems and to hours scheduled by a unit commitment.
Most failures read as overvoltage turn out to be a lack of reactive support, which
inverter-based resources (IBR) can supply through plant voltage control and through
storage that stops charging when its plant trips.

As the share of IBR grows, such hours become more frequent. The synchronous
units they leave offline carry most of the controllable reactive power of a transmission
grid: hierarchical voltage control, as practised in France and Italy, holds the voltage of
each area through the reactive power of a few control plants [30, 31], and operators have
long kept or started units in the areas where voltage support was short [28, 29]. Voltage
ranges, however, are set independently of the commitment, and the commitment rules
in use protect frequency or system strength [36]. Whether a given commitment at low
net load still admits a setting of the voltage controls that keeps every bus within its
range before and after any single generation outage therefore has to be checked for
each state.

Two opposite expectations exist about how such states fail. Lightly loaded lines
produce more reactive power than they consume, so with few synchronous units online
the concern has been overvoltage [40]. Yet in the Spanish system the post-contingency
violations that required committing units were reported to be low voltages [28], and
taking units near the loads out of service increases the electrical distance between
generation and load [31]. The Iberian blackout brought the upper limits to the fore:
the static single-contingency check was fulfilled shortly before the collapse [1, pp. 422—
426], and the investigation recommends both applying the harmonised range of 380
to 420 kV in operation and having converter plants take part in voltage control [1].
Which limit actually binds at low net load, and why, decides which remedy works:
absorbing reactive power, or supplying it where it is missing.

Post-contingency voltage limits are standard in a preventive security-constrained
optimal power flow (SCOPF), including the discrete taps and shunts of large networks
[11, 12, 38], and unit commitment with AC or voltage-stability constraints can choose
units that keep enough reactive capability [13, 14, 32]. Planning studies show that
a high-renewable generation mix can become infeasible once reactive power is mod-
elled and that the location of reactive sources matters [33-35]. In hours of low load,
reactive reserves in absorption become insufficient once generator contingencies are
included [15], countermeasures against sustained voltage rise have been compared for
a 400 kV system with few units online [16], and the mechanisms of overvoltage have
been classified [4, 18]; after the Iberian event, margins to overvoltage-driven collapse
and protection-aware screening have been proposed [2, 17, 19]. When a load flow has no



solution, infeasibility can be located and found to come from local reactive deficiency
[37]. Closest to this paper, Kuhrmann et al. assess the N-1 static voltage security of a
future Nordic system and find that plants in voltage control instead of reactive power
control reduce the insecure cases from 17.4 to 4.1% [9]. These works either fix the
voltage settings and test a case, optimise a cost for a commitment assumed feasible,
or measure loadability margins without single outages. A preventive SCOPF contains
the feasibility question but poses it to find a setting of least cost, and infeasibility
analysis locates where reactive power is missing in a case without solution. Neither
tells an operator whether a violation of the upper limit calls for absorbing reactive
power or for supplying it elsewhere, which is what decides the remedy at low net load.

The operability test and the diagnostic procedure answer that question for low-net-
load states. Each state is defined by the demand and renewable production of an hour
and by the synchronous units that the commitment keeps online. The contributions
are:

1. An operability test that poses voltage operability under single generation outages as
the minimum-violation problem of a preventive SCOPF, and certifies each positive
verdict with load flows at frozen controls.

2. A diagnostic procedure for the states that fail the test. With a few more solutions
of the same problem, it finds which limit carries the violation and whether the state
lacks reactive power or has too much, and hence the kind of remedy. It needs no
knowledge of the structure of the network.

3. A mechanism, exposed by the diagnostic, by which an upper-limit violation comes
from a lack of reactive power. An area without nearby units is held high to support
a radial load bus, and the end of a lightly loaded cable rises above the limit. Read
at face value, the violation points to the opposite remedy.

4. An assessment of inverter-based grid support at low net load. It measures how many
failures already occur before any outage, how much of the gain of plant voltage
control comes from its reactive capability and how much from its closed loop, and
which co-located batteries a requirement on charging after a plant trip must cover.

The results answer four questions:

@1 Why does a low-net-load state fail: which limit carries the violation, and does the
state lack reactive power or have too much?

Q2 Does it fail already before any outage, or only after one?

@3 Does plant voltage control keep every state that is operable without it, how much
does it enlarge the set of operable states, and how much of the gain comes from its
reactive capability and how much from its closed loop?

@4 Does a co-located battery that keeps charging after its plant trips change the
answer, and which batteries matter?

Section 2 formulates the test and the diagnostic. Section 3 describes how they
are applied: test systems, low-net-load states, models, scope of the assessment, and
computation and verification. Section 4 gives the results, Section 5 discusses what they
imply for security checks, grid codes and storage, and Section 6 concludes.



2 Voltage operability and its diagnostic
2.1 Voltage operability

In each low-net-load state the operator can still adjust the voltage controls: the set
points of machines and plants, the transformer taps and the switchable shunts. The
question is whether some adjustment keeps every bus within its limits, before and
after any single generation outage. If none does, the state cannot be operated securely
with those controls. The commitment, the plant behaviour or the network equipment
must then change.

Let A be the network buses in service, P the plant-side buses and £ the outages.
The vector u holds the voltage controls, within the set U of available controls, and
Vi&(u) is the voltage of bus k after event e; e = 0 is the pre-event state. A state is
voltage-operable if some u € U gives a load-flow solution for every event, with every
synchronous machine within its reactive limits, and

0.95 < V2(u) < 1.05,  0.95<Vi(u) <1.0875, keN, cc&, (1)
0.90 < V¢ (u) < 1.10, keP, ec{0}UE.  (2)

The network limits (Fig. 1) come from the investigation of the 2025 Iberian blackout:
the harmonised range of 380 to 420 kV, which it recommends for operation, and the
post-outage limit of 435 kV used in the post-contingency check of that system [1,
pp. 422, 457]. They are written in per unit so that they apply at any voltage level,
and kilovolts in the text are per-unit values times 400 kV. We call 0.95 pu the floor,
1.05 pu before the outage the ceiling and 1.0875 pu after it the post-outage limit. The
ceiling and the post-outage limit together are the upper limits. A floor of 0.90 pu, the
lowest value the European guideline admits [8], is studied as a sensitivity. On the plant
side, the range is the band in which inverters are expected to stay connected [7]. The
outages are the loss of any one synchronous machine or producing plant, which is the
generation part of the single contingencies that planning standards ask to study also
off peak [41]. When a unit is offline or trips, its terminal bus and step-up transformer
leave the network.

Two sets of available controls bracket what an operator can do. With a common
set point, every machine and plant regulates to the same voltage, as in a flat voltage
schedule. The admissible set points then form an interval. With an optimal setting, each
machine and plant has its own set point between 0.95 and 1.05 pu, each transformer
its own tap between 0.9 and 1.1, and each shunt its own connection. Plants at constant
reactive power (Section 3.3) get their own reactive power instead of a set point. This
is what a preventive security-constrained optimal power flow would choose [11, 12].
Every state operable with a common set point is operable with an optimal setting,
but not the reverse.

2.2 The operability test

To decide whether an optimal setting exists, we look for the setting u € U that gives
the smallest total violation of the voltage limits over the pre-event state and a subset
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Fig. 1 Voltage limits of the operability test. Top: converter plant, step-up transformer and network
bus. Bottom: limits on the network buses before and after an outage, and on the plant side
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where (y)* = max(y, 0) and V§, V are the limits of (1)-(2). The voltage magnitudes
V¢ and angles 07 of each event solve its AC load flow with the same controls u:

P =V Z vy (sz cos0); + By sin OZJ‘)’
j 3)
06 = Vi X G, — )
J

Here Py and Q) are the net injections at bus k, 03, = 0 — 05, and G° + jB® is the
admittance matrix of the network of event e. The controls u are the set points, the
taps, the shunt connections and, for plants at constant reactive power, their reactive
output. In each outage the tripped machine or plant is removed and the governors
of the units online pick up its active power. Each synchronous machine holds its set
point until its reactive output reaches Qm or Q,,, and then stays at that limit, as in
any load flow. Each plant follows its mode, with the droop (4) in voltage control.
The objective adds, in per unit, how far each bus lies outside its limits in each
event. A value ¢ < 7, with a tolerance 7 = 10~ pu, means that one setting meets
every limit in all those events; Algorithm 1 uses the same tolerance for v, the largest
violation of an event with the controls frozen. If no setting gives a load-flow solution,
(P) has no feasible point; the state then has no load-flow solution and is counted apart.
The pre-event state is always in (P), so a state that already fails before any outage is
rejected without examining the outages. Algorithm 1 builds the subset £ by adding



Algorithm 1 Operability test of a state

Require: state, outages &, available controls I, tolerance 7 = 10™% pu
1: & < all the outages if there are at most 11, otherwise the five with the highest
and the five with the lowest voltage at a common set point of 1 pu
repeat
u* — minimiser of (P) on &’
forec {0} UE do
ve < largest violation of (1)—(2) in the load flow of e with u* frozen (oo
without solution)
end for
A + the five outages of £ \ £ with the largest v, >7; &+ &' UA
until A = ) or ten rounds
return operable if max, v, < 7, and u*

RANE

© @ 3

outages until a load flow with the controls frozen shows no violation, as in contingency
filtering for SCOPF [38]. If only events already in £ exceed 7 in that load flow, the
limits are tightened by 0.2 kV and the round is repeated once. When the state is not
operable, the minimiser of (P) is its best setting.

2.3 The diagnostic procedure

When a state is not operable, its best setting shows where the violation is, but not
why. The largest violation may appear at a bus far from the problem. A simple case
shows how. Take a radial load bus fed from an area without nearby units. Its voltage is
roughly the area voltage minus a drop that grows with the reactive power it imports.
Without local support, the only way to raise it is to raise the voltage of the whole
area. If the area also contains the end of a lightly loaded cable, that bus is already
high because of the cable charging. Raising the area then takes the cable end above
the ceiling before the radial bus reaches the floor. The largest violation appears at the
cable end, but the remedy is reactive support at the radial bus.

The diagnostic (Algorithm 2) uses problem (P) only. It applies to every state that
is not operable but has a load-flow solution, and solves (P) on a reduced set of outages
&4. The set is empty if the state fails before any outage. Otherwise it holds the two
outages with the largest violations of the upper limits and of the floor, and the five
outages with the highest and the five with the lowest voltage at a common set point of
1 pu. If some setting meets every limit on £, the outages that violate with that setting
frozen are added, as in Algorithm 1, until none does. If a setting then meets every
limit only with switched shunts between steps, the shunts are fixed on their steps, as
in Algorithm 1, and the diagnostic goes on with them fixed. A state that still admits a
setting is left unclassified. The first test finds which limit carries the violation. Problem
(P) is solved twice: once with the floor only, the upper limits being raised to 1.30 pu,
and once with the upper limits only, the floor being lowered to 0.70 pu. Both values
are far from any service range, so this amounts to removing the limit. Table 1 gives
the class from which of the two problems has a solution without violation. The second
test, the probe, finds whether the state lacks reactive power or has too much. It is



Algorithm 2 Diagnostic procedure for a state that is not operable

Require: state not operable with a load-flow solution, reduced set of outages &y,

tolerance T
¢o < minimum violation (P) on &,

2: while ¢9 < 7 and fewer than ten rounds do

add to &; the five outages that most violate with that setting frozen, and
recompute ¢q > if none outside £; violates, tighten the limits by 0.2 kV once
end while

5. if ¢g < 7 only with switched shunts between steps, fix them on their steps as in

Algorithm 1

6: if ¢g < 7 then return unclassified
7: ¢ < minimum violation keeping only the floor, with the upper limits raised to

10:

11:

12:

1.30 pu

¢y < minimum violation keeping only the upper limits, with the floor lowered to
0.70 pu

class «— Table 1, from which of ¢ and ¢y are at most 7

¢+, ¢— < minimum violation with a capacitive and with an inductive susceptance
of 1 Mvar at nominal voltage added at every network bus

direction < lack if the capacitive susceptance gives the smallest violation, ¢ <
min(¢_, ¢p); excess if the inductive one does, ¢_ < min(dy,¢g); otherwise
inconclusive

return class, direction and its kind of remedy: supply reactive power for a lack,
absorb it for an excess

Table 1 Class of a state that is not operable, from the relaxed problems that admit a setting
without violation

Class Feasible with only Feasible with only the
the floor (¢p < 7) upper limits (¢y < 1)

Floor no yes

Upper limits yes no

Conflict yes yes

No equilibrium in the normal range no no

a finite-difference sensitivity of the minimum violation to reactive injection: problem
(P) with both limits is solved again with 1 Mvar of shunt susceptance added at every
network bus, first capacitive and then inductive, and the violation is compared with
the original one. Only the probe decides the remedy: a state whose violation lies only
on the upper limits can still lack reactive power, as in the case above.

The result of the probe gives the kind of remedy:

® lack of reactive power, if the capacitive susceptance reduces the violation most:

supply reactive power in the area, with capacitors, synchronous condensers, plants
in voltage control or a unit committed nearby;



® cxcess of reactive power, if the inductive one does: absorb reactive power, with
reactors or plants that absorb;
® inconclusive, if neither reduces it: the need must be located bus by bus.

The diagnostic needs only about five more solutions of (P) per failed state, so any
tool that minimises the violation of voltage limits can run it, and it does not use the
structure of the network. The probe is a small perturbation, well below the reactive
capability of one plant, and only the sign of the change in violation is read. Because
it acts on all buses at once, it gives the net direction for the whole state; an area that
lacks reactive power and another with too much could cancel out, and locating them
bus by bus would need an infeasibility analysis [37]. A finite difference is used rather
than the multipliers of the voltage constraints because the machines switching at their
reactive limits and the shunt steps make the minimum violation non-smooth, so its
local derivatives are not reliable.

3 Assessment procedure

3.1 Test systems

To answer Q1 to Q4 we need systems where units can be taken offline one at a time in a
known order, where plants and storage sit where a high-renewable system would place
them, and where the hours an operator would schedule can be examined. We use three
open test systems, each for a different reason (Table 2). The 9-bus system of Anderson
and Fouad, a reduced model of the Western Systems Coordinating Council (WSCC)
system generally known as the IEEE 9-bus system [20], is a minimal case to see the
effect of plant mode and battery. The IEEE 39-bus system [21] is a 345 kV meshed
network with long lines and a reference case for voltage stability; it tests whether the
findings hold in a network of realistic structure. The Reliability Test System of the
Grid Modernization Laboratory Consortium, RTS-GMLC [22], has 73 buses in three
areas, radial load buses and a cable, unit costs, and a year of hourly demand and
renewable resource. It is one of the few open systems that allow both a decommitment
sequence and a unit commitment on the same network. As in the published case, a
synchronous unit of the RT'S-GMLC groups the machines of one type at a bus.

3.2 Low-net-load states

Two kinds of state answer different questions. Decommitment sequences isolate the
effect of the commitment. A sequence starts with all units online at their technical
minimum and takes them offline one at a time, the most expensive first, down to the
smallest fleet that can serve the hour. Consecutive states therefore differ by one unit.
The sequences are nodal: each step removes a given unit at its bus. Four scenarios
combine a moderate and a high renewable capacity with the published network and
with a weakened one (Table 2). The weakened network lengthens the electrical distance
between generation and load. It multiplies by 1.6 the resistance and reactance, and
divides by 1.6 the charging susceptance and the thermal rating, of the branches on the
shortest electrical paths between the machines and the two load buses with the largest
demand and no machine. Step-up transformers are not changed. This affects 4 of the



9 branches of the 9-bus system, 29 of 46 in the 39-bus system and 72 of 120 in the
RTS-GMLC. The sequences use the same synthetic design day in every system and
scenario, with a clear-sky solar profile, a wind profile and a parametric demand curve.
From that day we take the hour of least demand and the hour of largest renewable
resource relative to demand; they are the same in every scenario. Both are hours of
low net load, the demand minus the renewable production: the demand is 0.60 and
0.87 of the peak, and at the hour of largest resource the renewable production reaches
1.6 times the demand. Storage charges up to its rating and the rest of the surplus
is curtailed. A DC linear programme then curtails plants, reduces charging or raises
units until every branch is within its rating. Consecutive states of a sequence are not
independent, so results are also given sequence by sequence (Fig. 4).

Table 2 Test systems and low-net-load states

IEEE 9-bus IEEE 39-bus RTS-GMLC
What it shows Plant mode and  Meshed Multi-area system with
battery in a transmission radial buses, and what a unit
minimal case network commitment produces
Network 9 buses, 230 kV 39 buses, 345 kV 73 buses, 138 and 230 kV
Synchronous units 3 10 49, with 96 machines, 3 of
them synchronous condensers
Converter plants 5, one per bus 20 at 14 load 30 at 21 load buses; in the
buses scheduled hours, 21 at their
published buses
Co-located 2 10 15; also 15 in the scheduled
batteries hours
Converter rating, 425 and 8443 and 11543 and 23513 MW in the
plants and 866 MW 17199 MW sequences
batteries, E1/E3
and E2/E4
Battery rating 142 MW 2814 MW 3848 MW in the sequences;
3686 MW in the scheduled
hours
Switchable shunts none none reactors of 100 Mvar at buses

106, 206 and 306

Units online in the 1-3 1-10 1-49
sequences
Units online in the — - 9-22

scheduled hours

Scenarios E1 and E2: renewable capacity of 0.9 and 2.3 times the peak
demand on the published network; E3 and E4: the same on
the weakened network of Section 3.2

Hours of each Largest renewable resource and least demand, one

scenario decommitment sequence each




Test systems Low-net-load states Plant modes Operability test Diagnostic
(" Decommitment sequences: p Share of the 1470 combinations Share of those not operable
4 scenarios x 2 hours,

. . —
(units taken offline one at a time)

|IEEE 9-bus 20 states >
3 units, 5 plants Eelantneces Operable
fixed power factor —>
) 34 % (506)
unity power factor

|IEEE 39-bus 59 states > voltage control
10 units, 20 plants Dia
" gnosed
1470 combinations Azt

9
of state or hour 81% (784)

325 states —»| and plant mode Not operable
RTS-GMLC \ < 66 % (964)
49 units, 30 plants ( ) No solution
Scheduled hours ;‘—J of the load flow
36 unit commitments 19 % (180)
System also scheduled by a | (4 scenarios x 3 days x 3 rules)

Battery at the bus of a
unit commitment »|  Upto 3 hours kept from each Y

(86 hours, 40 distinct hours of
demand and production)

tripped plant: stops or keeps
charging, both computed

Fig. 2 Design of the assessment: test systems, low-net-load states, plant modes, operability test
(Algorithm 1) and diagnostic procedure (Algorithm 2). Shares of all the combinations and, for the
diagnostic, of those not operable

Scheduled hours show what an operator would face. Only the RT'S-GMLC has the
unit costs and hourly series that a unit commitment needs. The day-ahead commit-
ment keeps the published plant siting, limits branch flows under single contingencies,
and limits the rate of change of frequency and the frequency nadir after the largest
outage. It is solved for three days of the published year in each scenario: the day with
the largest ratio of renewable resource to demand, the day with the largest hourly
rise of net load, and the day with the median ratio. It uses three commitment rules:
no rule beyond the frequency limits; at least eight units of 155 MW or more online,
a rule studied for the Irish system [23]; and a frequency constraint evaluated at the
operating point. The rules also show whether a minimum number of large units online
secures voltage operability. The commitment is zonal: it decides how many units of
each type are online in each area, and these are shared among the buses of the area
in proportion to the units each bus has. From each commitment we keep up to three
hours: the hour with fewest units online, the hour of least demand and the hour with
the largest share of renewable production; repeated hours count once. The demand
in those hours is 0.36 to 0.58 of the peak. Different rules often pick the same hour
with a different commitment, so some scheduled hours share demand and production.
Fig. 2 gives the counts. In what follows, a state is a step of a sequence or a scheduled
hour, and a combination is a state with a plant mode. The four sets of states are the
sequences of each system and the scheduled hours of the RT'S-GMLC.

3.3 Plant, machine and outage models

The plants are sited by rule in the 39-bus system, which has no published renewable
siting, and in the RTS-GMLC sequences, whose published siting cannot export its
production at low net load. Solar plants go to the load buses without a machine whose
demand is above the median of those buses, with a rating in proportion to that demand.
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The same number of wind plants of equal rating go to the eligible buses electrically
farthest from any machine, and a battery sits at each solar plant. In the 9-bus system
the five plants sit at buses 4 to 8. The scheduled hours keep the published siting of
the RTS-GMLC. The renewable capacity is 0.9 or 2.3 times the peak demand and the
battery rating 0.45 times the peak demand (Table 2).

Each converter plant connects through step-up transformers with a total reactance
of 14% on the converter rating, 6% for the collector transformers and 8% for the main
transformer, within the range of the guide of the Western Electricity Coordinating
Council [7]. The plant injects at the plant-side bus, where the inverter protections
measure. Plants run in one of three modes. At fized power factor they absorb at 0.98
inductive, a common grid-code setting and the one used by the Iberian plants in April
2025 [1, pp. 91, 96]; this pulls the voltages down before any outage. At unity power
factor they exchange no reactive power. In wvoltage control each plant regulates the
voltage of its network bus with a droop,

Q=0Q0— L (W Vi), QI < Quap = 030 Sy (@

where Qg is the reactive power at the reference voltage Vier and o the slope. The
slope is 3.33%, within the adjustable range of 2 to 7% of the European network code
[6]; 2 and 7% are studied as sensitivities. The capability Qcap is 30% of the converter
rating at any production, as in the Spanish voltage-control procedure revised in 2026
[5]. With a slope of 3.33%, a plant gives its full capability when its bus voltage moves
3.33%, about 13 kV, from its reference.

Two comparators separate what voltage control gains from its capability and from
its closed loop. Plants at constant reactive power inject @ = o Qcap, With a between
—1 and 1 chosen by the optimal setting and kept after the outage; unity power factor
is @ = 0. Voltage control is also computed with capabilities of 15 and 45% of the
converter rating. The 15% case represents plants that offer less capability when they
produce little.

Synchronous machines regulate their terminal voltage and switch to fixed reactive
output at a limit. In the 39-bus system the published minima are mostly zero or
positive, so every machine is allowed to absorb down to 0.30 times its active power
rating. Each synchronous machine trips on its own, even where a unit groups several
machines, and so does each producing plant. The active power lost in a plant outage
is limited to 400 MW in the 39-bus system and the RTS-GMLC, the largest machine
of the RTS-GMLC, and to 247.5 MW in the 9-bus system, its largest machine, even
if the plant produces more. A tripped plant takes its share of the converter capability
of its bus, and the governors of the units online pick up the power lost in proportion
to their rating. A battery at the bus of the tripped plant either stops charging, as
when the plant controller or a protection acts on it, or keeps charging on its market
schedule. Which one happens depends on its control and protection, so both cases are
computed for every state.
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3.4 Scope of the assessment
The assessment rests on four modelling choices:

® Fach outage is assessed at the quasi-static equilibrium reached seconds after it,
before tap changers or relay timers act, as in static security assessment [4, 25].
Phenomena within the protection window [17] and the later action of tap changers
[24] are not covered. Every plant mode is assessed with the same model.

® Only generation outages are studied: each synchronous machine and each producing
plant, with the limit on the power lost of Section 3.3. Every comparison uses this
same set.

® The floor is 0.95 pu before and after the outage, while the upper limit rises to the
post-outage limit after it. The setting is preventive: no corrective action follows the
outage. A floor of 0.90 pu before and after the outage is studied as a sensitivity; the
plant side keeps its range of 0.90 to 1.10 pu.

® The classes and the probe of the diagnostic are computed with the switched shunts
treated as continuous. A test with only one limit could therefore admit a setting
with shunts between steps that it would not admit with the shunts on their steps.

3.5 Computation and verification

The common set point is swept from 380 to 420 kV in steps of 5 kV, refined to 1.25 kV
where the interval is narrower than a step, with a load flow of every event at each
set point. The sweeps drawn in Figs. 9 and 11 use a step of 2.5 kV. Problem (P)
is solved with IPOPT [26] through CasADi [27] from four starting points, and the
best solution is kept. The violations (y)* are written as non-negative slack variables.
The switching of each machine at its reactive limits is written as complementarity
conditions, relaxed by a small tolerance. In both algorithms the switched shunts are
first treated as continuous between 0 and 1, which can only widen the feasible region,
and are then fixed on their steps: rounded and, if the rounding fails, with each of
the three closest to 0.5 switched in turn. In 508 of the 784 combinations diagnosed,
Algorithm 2 was run from two starting points instead of four, and the probe was
applied only to the classes in which at least one limit can be met on its own.

IPOPT is a local solver, and overvoltage limits can split the feasible region into
separate parts [10]. For this reason, every state found operable is confirmed by load
flows with the controls frozen, so it is operable whatever the solver. A state found not
operable rests on the best of four starting points, so the counts of operable states are
lower bounds. With the floor of 0.90 pu, the diagnostic found one such state, with a
setting that the load flows with the controls frozen confirm; it is left in the counts
as Algorithm 1 gave it. A lower floor can only add admissible settings, so every state
operable with a floor of 0.95 pu must stay operable with 0.90 pu; all of them do.

The diagnostic was validated on states with a known cause. We took the 118
operable states of the 9-bus and 39-bus systems at unity power factor and in voltage
control. To create an excess, the charging susceptance of every line was multiplied by
2 to 8 until the pre-event state had no admissible setting; to create a lack, the reactive
demand of every load was multiplied in the same way. Some states lost their load-flow
solution before reaching that point, and the rest were diagnosed. With the created
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excess, the probe found excess in all 93 states diagnosed. With the created lack, it
found lack in 81 of 96. The other 15 were conflicts of a few kilovolts in the 39-bus
system in voltage control, where the net direction over all buses came out the other
way.

The remedy indicated by the diagnostic was assessed on the 20 remedy hours: the
scheduled hours at unity power factor with no admissible setting before any outage
and with the largest violation on the upper limits. In each, problem (P) for the pre-
event state was solved again twice: with 50 Mvar of capacitors at bus 307, the radial
load bus of area 3 of the RT'S-GMLC, and with 50 Mvar of reactors at bus 306, the end
of the 306-310 cable. The reactors are the remedy that the largest violation suggests.

4 Results

Section 4.1 gives what the diagnostic finds in the failed states (Q1). Section 4.2 explains
the mechanism behind upper-limit violations. Section 4.3 shows how many failures
occur before any outage (Q2). Sections 4.4 and 4.5 show how plant voltage control
and co-located storage change the results (Q3 and Q4). Section 4.6 summarises the
answers.

4.1 Diagnosis of the failed states

Almost every failed state lacks reactive power, whatever limit carries its violation
(Fig. 3a). Fig. 2 shows how many combinations reach each step of the diagnostic. The
probe was run in every class; in the class without equilibrium in the normal range it
covered 54 of its 99 combinations (Section 3.5), and 52 of them lacked reactive power.
In that class the relaxations already show that no setting meets the floor or the upper
limits, even on their own.

In 99% of the combinations probed, a capacitor at every network bus reduces the
violation more than a reactor. Only 2 of the 739 combinations probed show an excess,
and 2 are inconclusive. The lack appears in every class. Conflicts are the largest class,
with 63% of the combinations diagnosed: the floor and the upper limits can each be
met, but not both at once. Fewer fail on the floor alone, and only a few on the upper
limits alone. With a floor of 0.90 pu the result is the same: 99% of the combinations
probed lack reactive power.

This contradicts the usual reading of the largest violation. With plants at fixed
or unity power factor, the largest violation of the best setting often lies on the upper
limits, which suggests absorbing reactive power. Yet in these combinations a capacitor
reduced the violation in 98% of those probed, and a reactor increased it in 93%. With
plants in voltage control the largest violation almost never lies on the upper limits.
Fig. 4 shows the RTS-GMLC sequences state by state; with 49 units they have enough
steps to show where the failures start, which the 9-bus and 39-bus systems, with 3
and 10 units, do not. Almost every failure is a lack of reactive support, and the upper
limits alone bind only in a few states with few units online.
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(a) Probe: lack or excess of reactive power (b) When the violation occurs
M Lack: capacitive reduces it Bl Excess: inductive reduces it
Inconclusive Not probed M Before any outage After an outage

Floor 100 % n =129 54 % 46 % n =129
Conflict between .flovor 100 % N =496 67 % 339 = 496
and upper limits
Upper fimits I n-eo o8 % 2 n-eo
No equilibrium in 53 % 5% n=99 89 % n=99
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Fig. 3 Diagnostic of the combinations that are not operable, by class, over the four sets of states
and the three plant modes: (a) result of the probe; (b) violation before or after an outage. Bars give
shares of each class; n, combinations in the class

Voltage control,
Unity power factor Voltage control battery keeps charging

Units at bus 207 go offline <— Operable Units at bus 207 go offline <— Operable Units at bus 207 go offline <— Operable
E1, largest resource = 10/34 - _ 10/34 - _ 10/34
E1, least demand — 10/34 - 1 34/34 - ] 34/34
E2, largest resource | 10/49 - . 44/49 4 — 9/49
E2, least demand ~ - ! 46/46 - ! 46/46
E3, largest resource = - — 0/34 - — 0/34
E3, least demand — - 0 33/33 - U 33/33
E4, largest resource - —II 26/49 _ 0/49
E4, least demand ~ - i 45/46 - i 45/46
1 1 1 1 1 1 1 1 1 I| 1 1 1 1 1 I| 1
1 10 20 30 40 49 17 10 20 30 40 49 17 10 20 30 40 49
Synchronous units online Synchronous units online Synchronous units online
Operable N Upper limits I Operable only if the battery stops charging

B Lack of reactive support (floor, conflict, no equilibrium) B No load-flow solution

Fig. 4 Limit that carries the violation in each state of the RTS-GMLC decommitment sequences,
at unity power factor and in voltage control with the battery that stops or keeps charging. Rows:
sequences by scenario and hour. Right: operable states over states. Dashed line: units at bus 207 go
offline

4.2 Upper-limit violations from a lack of reactive power

In the scheduled hours the largest violation lies mostly on the upper limits. The
diagnostic traces it to a lack of support in the south of area 3 of the RTS-GMLC
(Fig. 5a). Bus 307 is a radial load bus fed only through bus 308. To keep its voltage
up, the best setting raises the whole area, and bus 306, at the end of the 306-310
cable, goes above the ceiling. In the 5 remedy hours whose best setting gives a load
flow with the controls frozen, the highest voltage is always at bus 306.

Fig. 5b shows one remedy hour: hour 12 of the high net-load ramp day of E1,
scheduled with the frequency constraint at the operating point, with 14 units online
and plants at unity power factor. Without local support, bus 307 is below the floor
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(a) South of area 3 in the scheduled hours (b) Pre-event profile, E1, hour 12
307 114 =8— No local support: 307 below the floor,

Radial load bus ’ 1094 306 above the ceiling
== 50 Mvar at 307: the area enters the band
Rest of area 3 ceiling 1.05

and areas 1and 2 > 1.05 =
Cable end 314

=)
=
Condenser o

o 17
E
o
i 318 >

xR X 095

floor 0.95 \ 0955

X No unit online

0.9 A

T T T T
306 310 308 307 Bus

Fig. 5 Lack of reactive power in the south of area 3 of the RTS-GMLC: (a) network around the
radial load bus 307 and the 306-310 cable; (b) pre-event voltage profile along buses 306, 310, 308 and
307 in one remedy hour, without and with 50 Mvar of capacitors at bus 307

Nuclear Coal Coal Coal CcC CT CT Oil
400 MW 350 MW 155 MW 76 MW 355MW 55MW 20 MW 12 MW

Area 1 JCORZM 29 % |G 15 % 0% 0% 0% 0%

Area 2 19 % O3 34 % 4 % Mm% 0%

Area 3 36 % 2% 0% 0% 0%

Fig. 6 Share of the 864 committed hours with at least one unit of each type online, by area of the
RTS-GMLC. CC: combined cycle; CT: combustion turbine. Hatched: no unit of that type in the area

and bus 306 above the ceiling; with 50 Mvar of capacitors at bus 307 the whole area
enters the band. Capacitors at bus 307 reduced the violation in every remedy hour
that kept a solution and removed it before the outage in 4 of the 20 hours. Reactors
at bus 306, the remedy that the largest violation suggests, increased the violation or
left the hour without a solution in all of them. The high voltage at the cable end was
a symptom of the lack at the radial load bus.

The lack comes from the commitment (Fig. 6). In the south of area 3, buses 301, 302
and 307 have only combustion turbines and bus 313 a combined cycle. With abundant
renewable energy, a cost-based commitment leaves these units offline in almost every
hour, while areas 1 and 2 keep coal and nuclear units online. Since these types are
offline in the whole area, no unit is ever online at bus 307, whatever the allotment
among buses. A rule on the number of units does not help: with at least eight large
units online, 65% of the scheduled hours are operable in voltage control, against 77%
without any rule.
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In the sequences, location shows up as a single unit deciding operability (Fig. 4).
In E1, with moderate renewable capacity on the published network, the sequence of
largest resource loses operability in voltage control when the combustion turbines at
bus 207 go offline. Bus 207 is the radial load bus of area 2, fed only through bus
208. Below that step, the outage of the plant at bus 208 or 308 takes the lowest
voltage below the floor, and voltage control gains nothing over unity power factor. The
sequence of least demand of the same scenario stays operable down to its smallest fleet.
On the weakened network, E3, the sequence of largest resource is not operable even
with all units online. With high renewable capacity, E2 and E4, the plants have larger
converters and therefore more reactive capability, and the sequence keeps operable
states with very few units online.

4.3 Failures before any outage

Without plant voltage control, most failures occur before any outage. At fixed or
unity power factor, 60% of the combinations that are not operable already fail in the
pre-event state; in voltage control only 15% do, all of them in the scheduled hours.
Fig. 3b gives the same split by class. The RTS-GMLC sequences show the contrast
most clearly. At unity power factor 71% of the failed states fail before the outage,
and at fixed power factor 60%, because another 34% have no load-flow solution. In
voltage control none fails before the outage, and the post-outage check becomes the
limit. This answers Q2.

4.4 Plant voltage control

Plant voltage control is the remedy the diagnostic points to among inverter-based
resources. It made no operable state inoperable: in every set of states and with both
battery behaviours, every state operable at fixed or unity power factor is also operable
in voltage control. It raised the share of operable states from 9% at unity power factor
to 73% in the RTS-GMLC sequences, and from 23% to 72% in the scheduled hours
(Figs. 7 and 8, Table 3). In the sequences a common set point already gives most of
the gain, 95% of the states operable with the optimal setting. The scheduled hours
need individual set points, taps and shunts; there a common set point reaches only
35% of them.

Most of the gain comes from the reactive capability; the closed loop adds the
rest (Table 3). Plants holding an optimised constant reactive power with the same
capability make fewer states operable than plants in voltage control. The difference
is the states where no fixed reactive output suits both the pre-event state and every
outage. Voltage control with half the capability, 15%, does at least as well as constant
reactive power with 30%: better in the 39-bus system, the RTS-GMLC sequences and
the scheduled hours, and equal in the 9-bus system, where every state is operable.
Raising the capability to 45% adds little, and in the 9-bus and 39-bus systems the
capability does not change the result.

Fig. 9 shows how voltage control acts, by sweeping the common set point in four
states of the RTS-GMLC. At unity power factor, the lack shows at the bottom of the
voltage profile. One state is operable only near 404 kV, where the floor after the outage
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Fig. 7 Voltage-operable states of the RTS-GMLC with the optimal setting, by plant mode, in its
decommitment sequences and scheduled hours. Constant Q: optimised constant reactive power within
a capability of 30%. Unless stated, the battery stops charging when its plant trips
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Fig. 8 Share of voltage-operable states against the synchronous units online, with the optimal
setting, by plant mode. In the RTS-GMLC, units are grouped in fives in the sequences and in threes

in the scheduled hours; numbers above points, states or hours per group. Dashed lines: battery that
keeps charging

meets the ceiling before it. In the other three there is no admissible set point: in one
the lowest voltage after the outage stays below 380 kV even at 420 kV; in another an
outage has no solution at any set point; in the last the pre-event state has no solution
below about 410 kV and exceeds the ceiling above it. With plants in voltage control,
the lowest voltage after the outage rises in all four states, every outage has a solution,
and three states have an admissible interval 10 to 22.5 kV wide.

The advantage of voltage control remains with a lower floor and with other droop
slopes. A floor of 0.90 pu makes many more states operable at fixed and unity power
factor (Fig. 10). Many of them are states that the plants pull down before any outage,
which voltage control had already made operable. Voltage control still leads: in the
RTS-GMLC sequences, 79% of the states are operable, against 31% at unity power
factor. A droop slope of 2 or 7% instead of 3.33% changes the operable states far
less than the control mode does. A smaller slope gives more reactive power for the
same voltage change after the outage, and widens the interval of admissible set points
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Table 3 Voltage-operable states with the optimal setting, by plant mode, reactive capability and
battery behaviour. Const. Q: constant reactive power; VC: voltage control

Battery keeps

Battery stops charging charging
Const. vC

Set of states States Fixed Unity Q 15% 30% 45% Fixed Unity VC
9-bus, 20 16 18 20 20 20 20 15 15 18
sequences

39-bus, 59 9 21 54 59 59 59 9 19 59
sequences

RTS-GMLC, 325 10 30 183 211 238 250 10 20 177
sequences

RTS-GMLC, 86 3 20 54 58 62 63 3 20 47
scheduled

hours

(Fig. 11). For an operator, that width is the margin left to choose the voltage schedule:
a slope of 2% widens it by 2.5 kV, and one of 7% narrows it by up to 7.5 kV. The
slope matters more in the 39-bus system, but with every slope voltage control keeps
more states operable than unity power factor.

4.5 Co-located storage

A battery that keeps charging after the plant at its bus trips adds to the loss of
injection in that area. It never made a state operable, and it removed operability from
19% of the combinations operable with the battery that stops, most of them in voltage
control (Fig. 7, Table 3). In voltage control it removed 26% of the operable states in
the RTS-GMLC sequences, 24% in the scheduled hours and none in the 39-bus system.
In the RTS-GMLC sequences the losses occur where the batteries charge most: at the
hour of largest resource with high renewable capacity, E2 and E4, the batteries charge
at almost their full rating, a median of 3.8 GW before the outage. The sequences of
least demand, with 1.6 GW, lose none (right panel of Fig. 4). This answers Q4.

To find which battery matters, each battery was left charging in turn while the
others stopped. In every state that lost operability, a single battery was enough. In
the 9-bus and 39-bus systems and in the scheduled hours, it is the battery at the
bus of the outage with the largest violation, and stopping that battery alone restores
operability. In the RTS-GMLC sequences, the batteries at buses 208 and 308 are each
enough on their own. Both charge heavily and each feeds a radial load bus, 207 or 307.
The outage of their own plant decides operability even when another outage has the
largest violation. Stopping only the battery at the bus of that other outage restores
operability in just 4% of the states that lost it and keep a load-flow solution. The
batteries at buses 108 and 119 rarely mattered.
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Fig. 9 Network voltages against the common set point in four states of the RTS-GMLC, at unity
power factor (top) and in voltage control (bottom). Solid lines: after the worst outage; dashed lines:
before it. Horizontal lines: 380, 420 and 435 kV. Crosses and circles: pre-event state or some outage

without solution

4.6 Summary and Online Resource

The answers to Q1 to Q4, with the figures that show them and the tables of Online

Resource 1 that give the counts, are:

® 1, why a state fails. Almost every failed state lacks reactive power, whatever limit

carries its violation: a capacitor reduces the violation in 99% of the combinations
probed. Conflicts between the floor and the upper limits are 63% of those diagnosed.
Fig. 3a shows it, and Tables S2 and S3 give the counts.

Q1, upper limits. Where the largest violation lies on the upper limits, a capacitor
still reduces it in 98% of the combinations probed. In the scheduled hours, a cable
end rises above the ceiling because an area without units is raised to support a
radial load bus. Figs. 5 and 6 show it, and Tables S2 and S9 give the counts.

Q2, before or after an outage. At fixed or unity power factor, 60% of the failed
combinations fail before any outage, and in voltage control 15%. Fig. 3b shows it
by class, and Table S3 gives the counts.

Q3, plant voltage control. No operable state becomes inoperable. The operable states
rise from 9% to 73% in the RTS-GMLC sequences and from 23% to 72% in the
scheduled hours, mostly through the reactive capability. With half the capability,
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voltage control does at least as well as constant reactive power. The lead holds with
a floor of 0.90 pu and with droop slopes of 2 and 7%. Figs. 7 to 11 and Table 3 show
it, and Tables S1, S4, S5 and S8 give the counts.

® (4, co-located battery. A battery that keeps charging removes 26% of the states
operable in voltage control in the RTS-GMLC sequences and 24% in the scheduled
hours. One battery is enough, and in the RTS-GMLC sequences it is usually not
the one at the bus of the outage with the largest violation. Figs. 4 and 7 show it,
and Tables S6 and S7 give the counts.

Table S1 gives the operable states per sequence, also with plants at constant
reactive power. Tables S2 and S3 give the location of the largest violation and the
diagnostic per set of states and plant mode. Tables S4 and S5 give the operable states
with a floor of 0.90 pu and with droop slopes of 2 and 7%. Tables S6 and S7 give the
effect of the battery that keeps charging, per set of states and plant mode and with
one battery at a time. Table S8 gives the states that only voltage control makes oper-
able, compared with constant reactive power, and Table S9 the scheduled hours per
commitment rule.

5 Discussion

The main practical consequence is that, at low net load, the largest violation of a
failed security check was not a reliable guide to the remedy. In the systems studied,
the failures were mostly a lack of reactive power where it was needed. This held in
the three systems, in the scheduled hours, and with plants in voltage control, which
do supply reactive power. In long, lightly loaded 400 kV networks, such as those of
Greece or the Iberian Peninsula, line charging can make an excess of reactive power
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against the droop slope of the plants in voltage control, in the four states of Fig. 9. Dotted line:
3.33%. Top axis: voltage deviation at full capability

the binding problem [2, 16]. The diagnostic tells the two situations apart in a given
network.

The upper limits do bind in some states, but where the largest violation lay on
them it was almost always a symptom. The best setting had to raise a whole area to
keep the voltage up in a weak part of it. In the scheduled hours of the RTS-GMLC,
the bus that crossed the ceiling, a cable end, was not the bus that failed. This is the
local reactive deficiency that infeasibility analysis finds in collapsed load pockets [37],
areas that network limits isolate from the rest of the system [39]. It also matches the
operating experience that voltage violations were removed by committing nearby units
[28]. An operator, or an optimisation, that reads the largest violation at face value
may apply the opposite remedy: reactors at the cable end did not relieve any remedy
hour and made the violation worse. The diagnostic costs about five more solutions of
the same problem per state and gave a clear direction in almost every case.

Most failures at fixed or unity power factor came before any outage, and this
matters for how security is checked at low net load. Contingency screening and a
preventive SCOPF assume that the pre-outage state has an admissible voltage setting.
At low net load, with few units online and plants that do not control voltage, that
setting may not exist. The operating point itself then fails, not its response to an
outage. Plant voltage control removed most of these failures, which is one more reason
to require it.

Where support was missing depended on the commitment. In the E1 sequence of
largest resource, the units at one radial load bus decided operability. In the scheduled
hours, requiring at least eight large units online lowered the share of operable hours
in voltage control. Planning studies reach the same conclusion from the other side:
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the location of reactive sources shapes what can be built and retired [33-35]. For
operation, the results point to remedies for areas left without a synchronous unit:
plants in voltage control, synchronous condensers, retired units kept as condensers,
and switched capacitors.

Of those remedies, this paper assesses plant voltage control. Most of its effect came
from the reactive capability itself. Even so, plants in voltage control with half the
capability did at least as well as plants holding the full capability at an optimised
constant value. A requirement of capability alone, without voltage control, leaves part
of the benefit unused. This agrees with the Nordic study of Kuhrmann et al. [9] and
illustrates in numbers the recommendation of the Iberian investigation [1]. Grid codes
differ widely in the capability they require, and in whether they require it at low
production [40, 42]. A capability of 15% represents the weaker codes and still keeps
most of the advantage.

Storage needs a requirement of its own. Guidance asks batteries to keep controlling
voltage while charging [40], and local capacity studies treat their charging as load to
be served under contingencies [43]. What matters here is what a battery does when the
plant beside it trips. If it keeps charging, the outage of the plant becomes a larger loss
of injection in an area that may already lack support. In the RTS-GMLC sequences,
the battery that removed operability was usually not the one at the bus of the outage
with the largest violation. A requirement set only for that outage is therefore not
enough: every battery that shares a bus with a plant should stop charging when its
plant trips.

The results hold for the assessment of Section 3.4 and for test systems. Three
extensions would test them further. Dynamic simulation with relay timing and tap
changers would check the states found operable within the protection window. Branch
outages, especially of cables and long lines, would add the events most likely to cause
an excess of reactive power. Corrective actions after the outage would enlarge the set
of operable states.

6 Conclusions

This paper offers two tools for the security assessment of low-net-load states. The
first, an operability test, poses voltage operability under single generation outages as
the minimum-violation problem of a preventive SCOPF. Any tool that solves that
problem can decide whether a state has a valid setting of the voltage controls, and
load flows at frozen controls certify each positive verdict. The second is a diagnostic
procedure that needs about five more solutions of the same problem. It tells which
limit carries the violation of a failed state and whether the state lacks reactive power
or has too much, and therefore which remedy applies. It does not use the structure of
the network, so it can be applied to other systems as they are.

Applied to three test systems and to hours scheduled by a unit commitment, the
two tools showed that:

1. A violation of the upper limits was mostly a symptom of lack of reactive support.
It appears when an area without nearby units must be raised to keep the voltage
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up at a radial load bus. Absorbing reactive power, the remedy that the largest
violation suggests, made those states worse.

2. With plants at fixed or unity power factor, 60% of the combinations that could
not be operated failed before any outage. A security check at low net load cannot
assume that the pre-outage state is admissible.

3. Plant voltage control made no operable state inoperable. Compared with unity
power factor, it raised the share of operable states from 9% to 73% in the RTS-
GMLC sequences and from 23% to 72% in the scheduled hours, mostly through
its reactive capability. With half the capability it did at least as well as the full
capability held constant.

4. A battery that kept charging after its plant tripped removed 26% of the opera-
ble states in voltage control in the RTS-GMLC sequences. The decisive battery
was usually not the one at the bus of the outage with the largest violation, so a
requirement must cover every co-located battery.

Applying the diagnostic to long 400 kV networks, where an excess of reactive power
may bind, would show whether it identifies that situation and its remedy as well.
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