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Abstract. Power systems are transitioning from synchronous-machine-dominated grids to inverter-based
and data-rich cyber-physical grids with high levels of renewable penetration. On the other hand, variable
wind and solar energy can decrease of CO2 emissions and operating costs, but also entail several crucial
issues, such as lower system inertia and strength, faster dynamics response demanding higher uncertainty
as well as non-trivial protection–control interaction in weak power networks. These problems contradict
with classical views of frequency control, voltage regulation and fault management. Contemporary
solutions move away from grid-following to grid-forming control, enhance flexibility resources and
explore coordinated hierarchical control strategies spanning device, feeder and system levels. This paper
provides a synthesis that includes taxonomy of renewable integration's challenges utilizing time scale,
comparative analysis of the emerging control strategies and validation roadmap with electromagnetic
transients (EMT) simulation and design, co-simulation and hardware-in-loop. The paper emphasizes the
importance of grid-forming control and flexibility-focused operation for stabilized and resilient
renewable-dominant power systems.
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1 Introduction

Global energy transition-led deployment of wind
power, solar photovoltaics and battery storage is
rapidly expanding across transmission and distribution
systems. As noted by international energy perspectives,
this fast expansion of variable renewable energy has
substantially contributed to the penetration of inverter-
based resources and the replacement of traditional
synchronous generators [1]. This has led to a drop
in the inertia adopted by modern systems, fault current
contribution and strength. Such changes in structure
that have effectively changed the nature of grid
operation are confronting traditional operating
dynamics head-on. At large levels of renewables
penetration, operation of the grid is no longer limited
to traditional steady-state balancing only; rather,
challenges now cover many time scales from sub-
second frequency and voltage stability problems to
multi-hour flexibility management, congestion taking
and market coordination involving uncertainty. In spite
of decades of development in power system control
and protection, the majority of architectures are
developed without widespread presence of DG assets
for predicational grids dominated by
electromechanical elements having a high predictable
short circuit capacity [2]. These assumptions break
down in regions rich in renewable energy sources. In
the case of converters dominated systems, the control
interactions are faster, current limitation in
disturbances is harsher and sensitivity to weak-AC
conditions becomes more severe. As a result,
traditional frequency control, voltage regulation and
protective schemes have limitations in stability and
selectivity. While recent literature and industry
evidence increasingly acknowledge grid-forming
control as a revolutionary solution to set up voltage and
frequency references for low inertia systems, its
widespread installation has yet to be established in a
coherent way [3]. A consolidated resource on
comparative testing, validation methods, compatibility
across vendors and compliance to evolving grid codes
does not exist. In this context, the goal of this paper is
to fill in critical information and action gaps. It offers a
well-organised recapitulation of grid challenges due to
renewable-integrations across operational time-scales,
comprehensive discussion on emerging control
novelties with practice deployment perspective, and a
thorough validation framework featuring high-fidelity
simulation experimental approaches. The article also
provides an operational modernization roadmap to
guide utilities and system operators in the path toward
secure, resilient, and renewable-rich power systems [4].

2 Conceptual Framing: From
Synchronous Grids to Inverter-
Dominated Grids

Traditional large power systems have been based on
the structure that synchronous generators are connected

to each other and lead all loads, as physical nature of
synchronous generator defines them concrete
properties like inertia, short-circuit strength and
high fault current during disturbances. These inherent
characteristics allow for stable frequency response,
strong voltage regulation, and coordinated protection
that is not dependent on complex secondary control
systems. But with grid-scale wind, solar PV and battery
energy storage systems becoming dominant over
synchronous generation, modern grids are transitioning
towards being fundamentally operated in an inverter-
based manner. These are no longer the natural
characteristics of generation assets in these systems, as
they must be emulated, synthesized or externally
supported through advanced control strategies and
ancillary grid equipment (as highlighted in IEA
international renewable integration assessment
initiatives). In this dynamic environment, two different
control paradigms for inverter-based resources have
been developed: grid-following and grid-forming.
Grid-following inverters use PLL (Phase Locked Loop)
to tie their operation with an external voltage wave
shape, acting as a controlled current source [5].
Although this approach is applicable to strong grids
with sufficient synchronous generation, it is sensitive
to weak-grid operation, low fault contribution, and
increased level of control interactions under high
renewable shares as described in CIGRE technical
analyses. In contrast, grid-forming inverters are
intended to set and control their own voltage
magnitude and frequency so that they can act as
sources of voltage support which help stabilize system
dynamics even in low-inertia, low-strength situations.
Recent investigation by NREL and the IEEE Power &
Energy Society has pointed to grid-forming control as
an essential tool in enabling high penetration of
renewables - not only for islanded operation but also
for black starting and resiliency during major
disturbances.

Fig. 1.Modern Renewable-Rich Power Grid Modernization
Architecture.

Conceptual interconnection frameworks of a grid
with high penetration of renewables is illustrated in
Figure 1, that illustrate the networked hierarchy
between inverter-based resources at distribution levels
feeders and microgrids-level controllers, transmission
level ancillary services, and wide area measurement
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and control systems. This hierarchical architecture
highlights the increasing role of coordinated control
and communication in ensuring stability and reliability
as power systems continue to depart from
synchronous-machine dominance [6].

3 Challenge Taxonomy for High
Renewable Penetration Formatting the
title, authors and affiliations

The rapid evolution of variable VRE has introduced a
new class of operational and planning challenges
across multiple time scales and grid domains, including
generation, transmission, distribution, and endues
systems. In contrast, compared to well-understood
traditional power systems with focus on steady-state
adequacy and slow electromechanical dynamics,
renewables-dominated grids display a plethora of fast
and slow vectors interconnected through the inverter-
based resources. To systematize the capture of these
complex challenges, this section provides a structured
taxonomy of underlying methodological and research
gaps classified based on time scales, dominant
phenomena/symptoms, causes, and system-level
ramifications (see Table 1). This taxonomy offers a
unified framework to explain why renewable
penetration changes grid operations and why control
and planning coordination methods are needed. At less-
than-second to seconds timescales, reduction in the
synchronous inertia of the system leads to a much
faster rate-of-rise of frequency after disturbance and
makes frequency containment more challenging; limits
an opportunity for operators of the system to react.
International energy studies indicate that this increased
RoCoF risk imposes the threat of under-frequency load
shedding or loss-of-supply due to generator tripping, if
not properly managed. Simultaneously, lower system
strength in the weak-grid conditions enhances
converter(a)—converter(b) and converter–grid
interaction, which results in oscillatory phenomena and
voltage instability as indicated by technical reports
from CIGRE. These fast dynamics directly impair
stability margins in inverter-based systems [7].

Table 1. Taxonomy of Challenges in Renewable-Rich Power
Grids
Time Scale Key

Challenge
System
Impact

Mitigatio
n
Approach

Sub-second Low
inertia,
weak grid

High
RoCoF,
voltage
instability

Grid-
forming
control,
FACTS

Seconds–
Minutes

Control
interaction
s

Frequency
nadir,
oscillations

Advanced
droop,
virtual
inertia

Minutes–Hours Flexibility
shortage

Ramping,
congestion

Storage,
demand
response

Hours–Days Resource
adequacy

Reserve
shortfall

Capacity
planning

Cross-cutting Protection Mis- Adaptive

limits coordination
, outages

protection

At the seconds-to-minutes timescale, the complexity
of frequency and voltage regulation is further
compounded by interplay between multiple inverter
control loops. Primary frequency response cannot be
delivered from physical inertia at the short time scale
of tens of seconds, and voltage regulation requires the
coordinated operation across a large number of
distributed resources. During disturbances,
the behaviour of the current-limited inverter further
limits response capability and may lead to mis-
operations of protection: among others poorly damped
oscillations. At the-minute to hour scales, renewable
variability and forecast errors create flexibility needs,
like bi-directional ramps, congestion, and curtailment.
Solving these challenges will require diverse
flexibility portfolios including storage, demand
response, grid reinforcement and flexible operating
practices – an assertion which is echoed in more recent
studies on energy system transition. Finally, on all time
scales protection and fault management also face
nuances of disruption in the era of inverter domination.
More modest fault current magnitudes and non-
sinusoidal waveforms weaken traditional overcurrent
protection and require more adaptive settings,
directional elements, and closer protection–control
coordination as recently emphasized in grid
modernization guidance [8].

4 Control Innovations: Principles,
Mechanisms, and Trade-Offs

The shift to inverter-dominated power systems has
spurred a rethinking of control philosophies, away
from incremental revisions of legacy methods and
toward strategies tailored for the generation mix found
on today’s renewable-rich grids. Based on all these
literatures, we summarize some influential control
paradigms while discussing their principles of
operation and deployment scope as well as their trade-
offs at the end (the comparison list in Table 2 help
guide this synthesis process) with reference to the
comparative survey structure summarized in Table 2
and its conceptual hierarchy shown details are given
from multiple points of view. Grid-forming inverter
control families are Growth trends One of the
important developments is growth of grid forming
family. The first of the three phenotypes is based on
grid-forming control (GFC), which is also a relatively
mature and broadly utilized form of grid-following
control with active power–frequency (P–f) and reactive
power–voltage (Q–V) droop characteristics that
support decentralized power sharing and
autonomous voltage-frequency regulation. As reported
by NREL technical reports [2], the droop characteristic
of grid-forming inverters is able to generate stable
references even under weak-grid and islanded
circumstances, making them applicable to black-start
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support and microgrid operations. Nevertheless, their
behaviour is extremely parameter dependent and
incorrect droop values may cause overshoot,
underdamping and even power sharing error, especially
in case of systems with different populations for the
inverters. In addition to traditional droop techniques,
virtual synchronous machine and virtual oscillator
controls attempt to mimic the electromechanical
response of a generator or utilize nonlinear principles
of synchronization in oscillators. The approaches
dynamic aspects are emphasised that these methods
improve the system level damping and frequency
response, by virtue of virtual inertia induction and time
matching in low-inertia systems as documented in
IEEE Power & Energy Society Studies. However,
these techniques can be sensitive to the choice of
parameters and model assumptions which may impede
their wide-scale application in practice in the absence
of validated procedures for using them [9].

Fig. 2. Hierarchical Control Architecture for Renewable-
Rich Power Grids

In addition to grid-forming methods, impedance
shaping has been introduced as an essential stability
improvement approach for converter-dense and weak-
grid situations. Interaction-induced oscillations are
suppressed by clever adjusting output
impedance seems of inverters via virtual impedance
and current-limiting approaches. The NREL research
showed that at the distribution level, impedance tuning
that considers interaction can be very effective,
although it relies on fairly accurate grid models and
concerted device coordination.

Table 2. Control Innovations for High Inverter-Based
Resource Systems
Innovatio
n

Primary Function Best
Application

Key
Trade-

offs
Grid-
forming
droop

Voltage–
frequency
reference

Weak grids,
islanding

Tuning
sensitivit
y, current
limits

VSM /
oscillator
-based

Synchronous-
like dynamics

Low-inertia
systems

Paramete
r
sensitivit
y

Impedanc
e shaping

Stability
enhancement

Converter-
dense feeders

Model
accuracy
needed

SynCon /
FACTS

System strength
support

Transmission
nodes

Cost,
siting
constraint
s

Wide-
area
damping

Oscillation
suppression

Large
interconnectio
ns

Latency,
cyber risk

At the system level, wide-area monitoring and
damping control is becoming increasingly significant.
For example, PMUs enable high-resolution
observability of inter-area oscillations [3], while
coordinated control actions hierarchical or
distributed structures may be employed to provide
additional damping throughout large area
interconnections. Although conceptually attractive,
these mechanisms rely on communication between
endpoints and provoke cybersecurity concerns that
need to be taken into account during system design.
Advanced voltage control significantly improves
operation robustness in renewable-dominant grids.
Volt/VAR optimization at the distribution level,
coordinated inverter-based reactive power support, and
hierarchical control of voltage significantly tighten the
control of voltage on feeders and at substations [10].
Lastly, protection-aware and adaptive control provides
a vital bridging layer to ensure compatibility of inverter
control actions with protection needs including fault
support rider through ride-through) capability, current-
limiting and dynamic set -point constraints. Altogether,
these advancements constitute a multi-level control
system (Figure 2) that reconciles fast local response
with coordinated system-wide aims while
acknowledging the trade-offs listed in Table 2.

5 Flexibility and Operational
Modernization

High penetration of renewables fundamentally changes
the operational needs of power systems by introducing
variability, uncertainty and short to long term ramping
needs. As is underlined in global energy system
transition research, flexibility has come forward as a
key characteristic of stable and robust renewable-rich
grids alongside the development of control and
protection. Flexibility comes not from one technology,
but from an integrated portfolio across generation,
networks, demand and operation. The mix of flexibility
in a typical portfolio is: battery energy storage,
flexible conventional generation, demand response and
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targeted expansion of transmission and distribution.
Firm energy provides fast-responding balancing
resource, such as ramping support, frequency
containment and congestion relief and the demand
response offers flexibility in load-side to respond to
system state. Flexible generation, such as hydro and
gas peaking plants with fast ramp rates, remain
important in a transition role, especially when
renewable output is low for extended periods. Network
strengthening and reformation also contribute to
greater flexibility by minimizing congestion and
sharing of resources through regions. Taken together,
these measures facilitate the effective integration
of variable renewable energy as emphasized by IEA in
its renewable integration frameworks. Prediction and
uncertainty can be seen as complementary components
of operational modernization. When combined with
uncertainty found in loads and weather, probabilistic
prediction of wind and solar generation enables the
system operator to progress from deterministic
planning into risk-informed decision making. Such
predictions are used in reserve planning, emergency
preparedness, and security-limited dispatch to ensure
power adequacy for a broad operating spectrum. The
inclusion of probabilistic estimates in real-time tools
increase reliability and avoids acquiring excessive
reserves or curtailment. Market and grid code
integration is the institutional pillar of flexibility
applications. Contemporary classifications of ancillary
services include also the capabilities of fast frequency
response, synthetic inertia and dynamic voltage support
from inverter-based resources. Transparent and well-
defined grid-code requirements are much needed to
achieve a predictable behaviour of the grid-forming
converters, consistent testing procedures and inter-
vendor compatibility. System operators can leverage
these incentives to align markets with technical
requirements, and consolidate performance
requirements-as-needed through their system models-
unlocking inverter-rich power systems’ full potential
for flexibility while ensuring that they remain secure
and transparent.

6 Planning for System Strength and
Inertia Adequacy

System strength and inertia sufficiency have been
identified as major planning issues on power
systems with a large penetration of inverter-based
resources. The system strength that is commonly
described online as a short-circuit ratio, indicates the
capability of the grid to keep the voltage stable and
support synchronous operation of adjacent converters.
When operating in weak systems having low short-
circuit power, the control of inverters becomes more
vulnerable for disturbance that risk to result into
oscillations, loss of synchronism and voltage collapse.
Likewise, a reduction in synchronous inertia weakens
the natural resilience of the system to fast frequency
deviations and increases the chance of occurrence of
high rates of change in frequency after disturbances.
Insufficient system strength and inertia presents

fundamental challenges to the secure operation of
renewable-rich systems. Hence planning frameworks
need to go beyond the classical capacity adequacy
metrics, and explicitly consider strength and inertia
needs. Screening indices enable to perform a first
vulnerability assessment which is based on identifying
network locations with inverter penetration that
exceeds stability thresholds. It also involves scenario-
based analysis to assess system condition under
plausible future situations characterized by high
renewable generation, low availability of
synchronous generation, and the most severe
contingencies. These analyses guide system-level
improvement strategies specific to local needs. The
available mitigation techniques can be either network-
centric or device-centric. The contribution of fault
current and voltage stiffening increase to many-
impacting nodes with synchronous condensers, flexible
AC transmission system (FACTS) devices, thus
improving directly the strength of a system. Upgrades
in the network, such as circuit upgrades and topology
reconfiguration can enhance electrical proximity
between generation and demand. Concurrently, control
needs of inverter-based resources—namely grid-
forming capability and fault ride-through response—
are increasingly relied on for stability support.
Research and planning studies published by the IEEE
Power & Energy Society as well as recent technical
literature demonstrate that an optimal physical
reinforcement and inverter control integration is the
most cost-effective, scalable, and reliable means to
provide system strength and inertia for longer-term
system stability adequacy in future power systems [11-
12].

7 Protection Modernization for
Converter-Dominated Grids

7.1 Why Protection Needs Redesign

The conventional protection systems whose
development are the result of synchronous-machine-
dominant power grids necessarily have fundamental
weaknesses in converter- dominant network. Inverter-
based resources tend to have low-fault current which
may be barely above the rated current, and their wave
shapes are generally not of sinusoidal or slowly-
changing type during disturbances. These features
lessen the efficiency of traditional overcurrent
protection and insult selectivity and sense, especially
in weak networks. Technical reviews from
international working groups conclude that these
situations can heighten the likelihood that out-of-step
faults are not identified in time, or results in
unnecessary trips or unsuccessful fault clearing which
may cause subsequent cascading outages.
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7.2 Candidate Solutions

In response to these challenges, protection
modernization tends towards adaptive and multi-
criteria methods. Directional overcurrent relays and
discriminatory protection schemes offer better
selectivity for low fault current. Relay settings are
adjustable to streamline the response of relay
parameters based on historic network topology,
conditions as well as renewable penetration. The use of
emerging techniques, such as travel-wave-based
protection, which can detect faults using time rather
than the fault current magnitude appear promising for
fast detection of a fault in a wide-area system powered
by inverters, but they are presently purely conceptual.
Importantly protection strategies need to be co-
developed with inverter control algorithms satisfying
fault ride-through (FRT) needs, current limits and
dynamic setpoint modifications (see table 3).

Table 3. Evaluation Metrics for Renewable-Rich Grid
Control and Protection
Category Metric Test Scenario Acceptance

Criteria
Frequency
Stability

RoCoF,
nadir

N-1 generation
loss

RoCoF
within limits

Voltage
Stability

Recovery
time

Weak-grid fault Meets grid-
code
envelope

Small-
Signal
Stability

Damping
ratio

Inter-area
oscillation

Damping ≥
threshold

Protection Selectivity Low fault
current

No false
tripping

Resilience Restoration
time

Islanding/black-
start

Stable
reconnection

8 Methodology, Validation Blueprint,
and Implementation Implications

The methodological basis of the work is intended to
provide transparent and repeatable validation of control
innovations for renewable-dominated power systems.
The study is based on a reference transmission-
distribution co-simulation test system including both
fast inverters-dominated dynamics and slower
network-level interactions. A number of cases are
defined in order to capture realistic transitions, which
include gradual penetrations from moderate up to very
high levels of penetration of ICA resources; systematic
grid strength variations, and a standard set of
contingencies, such as generation trip events, line
faults and islanding. This approach provides
consistency for the evaluation of stability margins and
operational robustness as penetration levels rise.
The validation is based on a multi-layer simulation
toolchain. EMT simulation to model the fast dynamics
of converters, current limiting phenomena and
protection interactions and RMS (or phasor domain)
simulation for longer-term operation studies such as
reserve deployment, voltage recovery etc. Co-
simulation adds collaboration techniques between

layers to achieve consistency over time scales.
Stability performance is compared in different
scenarios with standardized metrics such as frequency,
voltage and oscillatory indicators. Sensitivity analyses
are also carried out to investigate the effect of grid
strength fluctuation, communication delay and
measurement noise on the control performance.
Protection-related performance measures, such as mis-
trip rates, fault clearing times and selectivity under
low fault-current conditions are presented in an explicit
numerical format. These findings are then translated
into practical deployment implications, such as
achievable tuning ranges or interoperability between
heterogenous inverter fleets/limitations by existing
protection schemes. Based on the above findings, the
paper interprets why certain control schemes always
achieve better results under weak grid/ low inertia
conditions. Grid-forming techniques are prevalent not
because of better energy balancing, but from their fast
capability to deliver voltage and frequency references
that stabilize the system at sub-second times. In the
future, the objective is an “IBR-native” power system
concept consisting of reference benchmarks,
established validation pipelines and robust restoration
strategies based on grid-forming control and energy
storage. Overall, this integrated methodology and
roadmap offers a structured approach towards
transforming experimental prototypes to reliable, large-
scale implementation within renewable-dominant
power systems.

9 Conclusion

High shares of renewables are a structural change to
power systems not just as replacement of
generation technologies. Renewable-rich grids must be
designed with stable, secure and flexible operation in
mind from the perspective of global energy
organizations as well as industry leading power
engineering societies, while renewable technologies
penetrate a grid becoming increasingly rich in
renewables, mechanisms for stability, protection
systems and operational flexibility will necessarily co-
evolve. Reduced inertia, weaker systems and
influence of converters violate classical assumptions
and require new methods to control and plan for the
future. This paper constitutes a systematic roadmap to
tackle these issues. Through a time-scale structured
classification of renewable integration challenges, a
comparative summary of recent control breakthroughs
and an inclusive validation process consisting both
simulation and experimental tests, the work links
theory with deployment. We believe that these
ingredients make a unified ground to researchers,
utilities and system operators for assessing, adapting
and standardizing solutions on inverter-dominated
grids. In the end, it's necessary to integrate the grid-
forming control, adaptive protection and flexibility-
based operation together to make sure that power
systems with higher renewable penetrations can be
operated stably, reliably and sustainably.
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