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Abstract

The proportion of inverter-connected renewable energy resources (RES) in the grid is
expanding, primarily displacing conventional synchronous generators. This shift signifi-
cantly impacts the objective of maintaining grid stability and reliable operations. The
increased penetration of RESs contributes to the variability of active power supply and
a decrease in the rotational inertia of the grid, resulting in faster system dynamics and
larger, more frequent frequency events.

These emerging challenges could make traditional centralized frequency control strate-
gies ineffective, necessitating the adoption of modern, high-bandwidth control schemes. In
this thesis, we propose a novel hierarchical and coordinated real-time frequency control
scheme. It leverages advancements in grid monitoring and communication infrastructure
to employ local, flexible inverter-based resources for promptly correcting power imbalances
in the system. We solve two research problems that, when combined, yield a practical,
real-time, next-generation frequency control scheme. This scheme blends localized control
with high-bandwidth wide-area coordination.

For the first problem, we propose a layered architecture where control, estimation, and
optimization tasks are efficiently aggregated and decentralized across the system. This
layered control structure, comprising decentralized, distributed, and centralized assets,
enables fast, localized control responses to local power imbalances, integrated with wide-
area coordination.

For the second problem, we propose a data-driven extension to the framework to en-
hance model flexibility. Achieving high accuracy in system models used for control design
is a considerable challenge due to the increasing scale, complexity, and evolving dynamics
of the power system. In our proposed approach, we leverage collected data to provide
direct data-driven controller designs for fast frequency regulation.

The devised scheme ensures swift and effective frequency control for the bulk grid by
accurately re-dispatching inverter-based resources (IBRs) to compensate for unmeasured
net-load changes. These changes are computed in real-time using frequency and area tie
power flow measurements, alongside collected historical data, thus eliminating reliance on
proprietary power system models. Validated through detailed simulations under various
scenarios such as load increase, generation trips, and three-phase faults, the scheme is prac-
tical, provides rapid, localized frequency control, safeguards data privacy, and eliminates
the need for system models of the increasingly complex power system.
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Chapter 1

Introduction

1.1 Motivation

The grid is changing and conventional monitoring and control paradigms will, necessarily,
have to evolve too. The major drivers of this modernization are the need to decarbonize
the power sector, enhance grid visibility, and improve operational e�ciency.

Spurred by climate change concerns, the world is moving towards a low-carbon fu-
ture, and countries have set ambitious climate change targets in order to limit the global
temperature rise [3]. Decarbonizing the power sector is essential in meeting these climate
change goals and requires raising the share of renewables in the world's primary energy
supply from the current 15% to 65% [4]. The increasing penetration of these intermittent
and variable renewable energy sources (RES, mostly inverted-connected wind and solar
plants), which are mostly displacing fossil-fuel-powered conventional synchronous genera-
tors, is signi�cantly a�ecting the goal of maintaining grid stability and reliable operations.

Additionally, the present grid lacks visibility, with the unavailability of real-time high
resolution information necessary to make critical decisions hampering situational awareness
and resulting in blackouts [5]. Improving grid visibility will require advances in remote
sensing with the use of global positioning system (GPS) synchronized phasor measurements
units (PMUs) in the transmission grids[6] and Smart Meters (SMs) and Remote Terminal
Units (RTUs) on the customer-facing side [7].

Furthermore, the current grid has ine�cient power storage resulting in the real-time
matching of supply with demand, leading to high strain on the infrastructure during peak
demand hours and the need for an increasingly fast ramp up of generation [8]. Remedying
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this will require the integration of energy storage and improvements in the ability of util-
ities to adjust customer's load demands along with �ner control over distributed energy
resources.

The increasing penetration of RESs coupled with real-time power demand and supply
matching and lack of grid visibility bring new challenges to traditional frequency control
strategies. These challenges include increased variability of active power supply, reduced
overall inertia, and increased spatial heterogeneity of inertia, leading to faster system
frequency dynamics along with larger and more frequent frequency control events [9, 10,
11, 12].

These aforementioned challenges may render conventional frequency control strategies
ine�ective, necessitating the use of modern, high-bandwidth control schemes. These high-
bandwidth control schemes will become increasingly feasible as the grid modernizes, with
communication infrastructure playing a dominant role [6, 13]. Advances in remote com-
munication and sensing with the use of global positioning system (GPS) synchronized
phasor measurements units (PMUs) will allow for improved monitoring and protection [6],
enabling fast control actions using IBRs to quickly compensate disturbances [13].

In order to fully leverage these technologies, however, power system control will need
to evolve away from the conventional centralized paradigm. The next-generation grid will
contain large numbers of geographically dispersed sensors and actuators that need to be
coordinated in a fast and reliable way, while maintaining data privacy of the multiple actors
involved. Additionally, with the increased integration of information and communication
technology, the cyber-physical system will be vulnerable to cyber-attacks, which will be
exacerbated by a centralized control architecture with only a single point of failure. These
issues highlight the shortcomings of the centralized paradigm. In this work, we propose
a novel hierarchical coordinated real-time frequency control scheme that exploits these
improvements in modern grid monitoring and communication infrastructure by utilizing
local, 
exible inverter-based resources to quickly correct power imbalances arising in the
system.

1.2 Research Objectives

The primary objective of this work is to design and validate a next-generation frequency
control scheme. This scheme would feature decentralized actors granted authority within
smaller, de�ned regions of the broader transmission system. Such a system requires a
hierarchical architecture that decentralizes control and optimization authority further while
integrating new sensors and actuators.
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The design must also incorporate built-in model 
exibility, minimizing the quantity
and the quality of the required system model information. This is crucial because ensuring
high accuracy in the system model is a signi�cant challenge due to the increasing scale,
complexity, and changing dynamics of the power system. Furthermore, the scheme needs
to address emerging issues resulting from the heightened penetration of renewable energy
resources, such as increased spatial heterogeneity of inertia.

These key attributes lead us to the main research objectives of this work, which we will
explore in more detail below.

1. Hierarchical architecture: In modern grids, sensing ability and control authority
is dispersed over many more devices than in the past, making decentralization impor-
tant in managing the information 
ows. In this work, we seek a layered architecture
wherein control, estimation, and optimization tasks are aggregated and decentralized
across the system e�ciently. The candidate layered control architecture would pro-
vide for fast, localized control in response to local power imbalances with wide-area
coordination and would consist of decentralized, distributed, and centralized assets.
The layered architecture results in greater 
exibility in designing the constituent lay-
ers, while the local handling of information allows for faster speed and e�ciency of
control response, greater data privacy, reduced latency and communication payload,
and reduced vulnerability to cyber-attacks.

2. Data-driven modelling: As mentioned earlier, due to the increasing complexity
and scale of the power system, it is very di�cult to obtain su�ciently accurate system
models for control design. Hence, there is a need to minimize the amount of model
information required for design purposes. In this work, in order to overcome this
obstacle, we will pursue a data-driven control framework, whereby measured data is
used in place of any explicit model in our designs. This will improve the adaptability
of the design to realistic system conditions, resulting in faster control actions together
with a reduction in the incidence of parameter tuning.

The research objectives above are complementary and can be combined to provide a prac-
tical, real-time next-generation frequency control scheme.

1.3 Contributions

Based on the research objectives discussed in Section 1.2, we outline our main contributions
in this work.
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1.3.1 Contribution #1: Hierarchical Fast Frequency Control Ar-
chitecture for Transmission Systems

In the �rst part of this work, we propose a layered control architecture, consisting of decen-
tralized, distributed, and centralized asset control, whereby the bulk electricity transmis-
sion system is partitioned into geographically small (e.g., several substations) local control
areas (LCAs), within which high-bandwidth low-latency measurements are available for
local decision making. Within each LCA, adisturbance estimatorprocesses frequency and
area tie power 
ow measurements (using a dynamic model of the LCA) in order to detect
frequency events. The estimator generates a real-time estimate of the net unmeasured ac-
tive power imbalance within the LCA, and an allocation mechanism optimally redispatches
local IBRs to correct the imbalance. In situations where local resources are insu�cient,
a higher-level coordinating controller facilitates the provision of additional power support
from neighboring LCAs. In Section 3.4, our results are extensively validated via simula-
tions on two detailed power system models; several scenarios are examined, including load
increases, generation trips, and three-phase faults.

The novelty of our methodology lies in the rapid and accurate re-dispatch of fast IBRs
to compensate unmeasured net-load changes, and in the layered control architecture, which
enables fast, localized control in response to local power imbalances with supplementary
wide-area coordination. This hierarchical architecture provides 
exibility in designing the
constituent layers, while local handling of information allows for faster speed and e�ciency
of control response. Our scheme has the following appealing characteristics:

1. Practicality: the design for each LCA is based only on a simple aggregated area
model, although the designer is free to incorporate a more detailed model if one is
available. This is advantageous, since owing to the increasing power system scale,
complexity and changing dynamics, ensuring the accuracy of complex system models
is a major challenge in practice. All controller computations are either linear update
rules or small, simple optimization problems. Furthermore, due to the robustness
against model uncertainty provided by the feedback con�guration, the scheme af-
fords the designer a large margin of error in the accuracy of this model, which is
indispensable in practice as even lumped parameters can be di�cult to estimate; see
Section 3.4.5. Finally, the design can be retro�t onto existing systems.

2. Localized and fast control:The local control loops take into account local communi-
cation delays, inertia, and primary frequency response characteristics, and use only
local measurements of frequency and line power 
ows. An upshot of this localized
use of measurements is the minimization of latency. This use of local measurements

4



together with the more granular partitioning of the system, allows for the quick local-
ization of net power imbalance and redispatch of fast-acting IBRs for its correction,
resulting in fast frequency regulation.

3. Multi-area data privacy: Potentially sensitive information such as device limits, set-
points, and available spare capacity of resources in an LCA are not shared with either
the central controller or the neighboring LCAs. Furthermore, computation of control
actions for the additional power adjustments are donewithin each LCA (3.14), with
the central controller providing minimal coordination between LCAs.

1.3.2 Contribution #2: Data-Driven Extension to Hierarchical
Coordinated Fast Frequency Control Framework

For the initial development of the LCAs in the �rst part of this work, we consider a simpli-
�ed, low-order dynamic model for the controller designs. The model is parameterized by
several coe�cients (such as total inertia, total primary response, and damping constants),
which can be updated in an online fashion if needed. This modeling choice is made based
on the assumption that reliable and highly accurate system models would be too di�cult
to obtain in practice.

Unfortunately, despite these e�orts to minimize the amount and quality of system
model information required, it may be the case that accurate parameter values for use
in the models cannot be easily obtained in practice with reasonable e�ort, or cannot be
accurately updated as system conditions change. Therefore, in the later part of this work,
we provide direct data-driven controller designs which enable the IBRs to participate in
providing geographically localized fast frequency control. The key components in our
approach are novel designs fordata-driven disturbance estimators: dynamic algorithms
which provide online estimates of the net real power imbalance within a speci�ed control
area. Local IBRs are then quickly redispatched within their operating limits to eliminate
the imbalance.

In Section 4.1 we present two data-driven disturbance estimator designs. Both designs
are based directly on recorded system data, and do not require a parametric system model.
The two designs trade o� between simplicity and robustness/performance. The �rst design
uses a simple linear update law to estimate the disturbance, and requires tuning of only
a single parameter; we provide theoretical guarantees supporting this design. The �rst
design serves as a stepping stone to our second approach, which is an optimization-based
estimation procedure. The second design has a higher computational burden, requiring
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the solution of a convex optimization problem at each time-step, but (i) is less sensitive
to noise in the recorded data, (ii) is less sensitive to strong nonlinearity in the system
dynamics (e.g., governor deadbands), and (iii) shows superior performance in simulation
studies. As the formulations are general, we outline speci�cally how these methods are
applied to the frequency control problem under consideration. Compared, for instance,
to the recent data-driven load-frequency controller proposed in [14], we do not make the
strong assumption that a measurement of net load demand is available; our approach is
based only on direct measurements of area frequency and net power 
ow out of the control
area.

In Section 4.2, we extensively validate our designs via simulations on a detailed non-
linear three-area power system. Several scenarios are examined, including load increases,
heavy renewable penetration, generation trips, and three-phase faults. The tests demon-
strate that our approach provides fast and e�ective frequency control for the bulk grid,
and even outperforms our model-based design in Section 3.

1.4 Related Contributions

In references [15, 16], we proposed a measurement-based voltage controller and validated
it through comprehensive simulations. This controller coordinates fast-acting inverter-
based resources (IBRs) and other traditional power sources to prevent voltage violations
and maintain voltages within the desired limits in grids dominated by IBRs. Like the
frequency control architecture mentioned above, this scheme also takes advantage of the
recent advancements in wide-area communication and monitoring by employing real-time,
measurement-based feedback control.

In [17], we outlined detailed integration procedures to combine the novel frequency
controller discussed in this thesis with the voltage controller proposed in references [15, 16]
into a uni�ed control framework. This integration approach allows both controllers to
utilize IBRs simultaneously with minimal con
ict and adverse interactions.

1.5 Thesis Outline

The remainder of this thesis is organized as follows. Chapter 2 presents a brief background
and literature review related to the research objectives. In Chapter 3, we present our novel
hierarchical fast frequency control scheme, which uses a simpli�ed dynamic model of each

6



LCA for controller design purposes. We then provide a data-driven extension to the scheme
in Chapter 4. Finally, Chapter 5 concludes the work, providing a summary of the work
undertaken in this thesis and outlining possible future research directions.
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Chapter 2

Background and Literature Review

Motivated by environmental concerns, the share of renewable energy resources (mostly
inverted-connected wind and solar plants) in the transmission grid is currently rising.
However, this poses signi�cant technical challenges to the goal of maintaining grid sta-
bility and operational constraints. First, the intermittency and variability of renewable
generation can result in increased net load variability in the system [18]. Additionally,
RES are displacing traditional synchronous generators from the power grid, along with the
stored kinetic energy they provide through inertia. The ensuing reduction in the system ro-
tational inertia can signi�cantly impact power system operation and stability, resulting in
large frequency deviations, faster frequency dynamics, and heterogeneous inertia distribu-
tion throughout the system [9, 10, 11, 12]. Low-inertia stability issues are now manifesting
in the real world; for example, the increasing penetration of inverter-connected RES has
been blamed for the recent power system blackout in South Australia [19].

Therefore, to maintain and improve the functionality and operation of the power system
in this more uncertain environment, critical services such as automatic control, estimation,
and optimization systems must be fast and localized, and be increasingly geographically
coordinated using high-bandwidth communications. In what follows, we provide a brief
review of relevant literature for frequency control in transmission grids and discuss some
works relevant to the research problems being considered in this Ph.D. research.

2.1 Frequency Control (Regulation) in Power Systems

Our contemporary electrical grid operates on the principle of real-time energy generation
aligning with real-time consumer demand, as there is limited practical energy storage
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currently available [20]. Central to this power system is the production of electricity at a
stable, synchronized Alternating Current (AC) frequency, measured in cycles per second,
or Hertz (Hz). This speci�c frequency, referred to as the nominal frequency, is vital to the
smooth operation of the power grid. Failure to maintain this nominal frequency can lead
to damaging outcomes such as equipment damage and, in worst-case scenarios, a full-scale
power system collapse [21].

The maintenance of this system frequency, a critical aspect of power system stability, is
typically managed using a blend of inertia response and automatic control [22]. Generators
in the synchronous grid store kinetic energy, primarily due to the rotational momentum
of their rotors. Through their electrical coupling to the power system, these generators
provide a level of inertia to the rotation frequency. As a result, when a disturbance causes
frequency 
uctuations, the initial resistance comes from the inertia of these generators.
This physical response slows the speed of frequency changes, a characteristic referred to as
the Rate of Change of Frequency (RoCoF).

After the initial inertia response, an automatic control system is deployed to restore
and stabilize the frequency. This control system is divided into primary, secondary, and
tertiary stages [20].

The primary control stage is often the �rst line of defense after a disturbance. Its rapid
response, typically within seconds, adjusts the power generation in proportion to frequency
changes, providing an immediate stabilizing e�ect on the power system frequency.

The secondary control stage follows, with the primary aim of restoring the system fre-
quency to its nominal value and freeing up resources assigned to primary control. This
secondary control(or secondary regulation) is typically implemented using Automatic Gen-
eration Control (AGC). The AGC involves generating control signals from a centralized
control center. These signals regulate the active power output, modifying it in real-time
to align with projected demand 
uctuations.

Finally, the tertiary control phase aims at long-term system stability. This phase is
geared towards the long-term stability of the system. It replenishes the power reserves
used during the primary and secondary control stages, ensuring that enough capacity is
available for any future disturbances. Tertiary control also corrects the power balance over
larger interconnected areas and assists in minimizing the operating cost by calling on the
most economical generating units �rst.
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2.2 Overview of Inverter-Based Resources in Frequency
Regulation

Introducing Renewable Energy Sources (RESs), particularly at higher penetration levels,
typically results in new challenges in conventional system frequency control operation, as
previously discussed.

The �rst issue arises due to the low or non-existent inertial responses [11] typically
exhibited by inverter-based RESs. These resources are usually connected to the AC grid
by power electronic converters, which e�ectively decouple them. As these Inverter-Based
Resources (IBRs) replace conventional synchronous generators with high rotational inertia,
the inertia of the entire grid decreases. This reduced inertia causes a marked increase in
the Rate of Change of Frequency (RoCoF) of the power system [9], resulting in signi�cant
deviations even for small generation-loading mismatches. Recent advances have been made
in virtual inertia emulation services to address this issue [11, 23]. In these schemes, grid-
forming inverters deliver an inertia-like response proportional to the RoCoF [20].

Secondly, the increased penetration of inverter-based RESs leads to a decrease in the
number of conventional generating units providing reserve power for primary and secondary
control. This results in higher frequency deviations [9], necessitating the involvement of
IBRs in frequency regulation operations. Currently, most standards, such as IEEE1547
and FERC order 842 in the US, require IBRs to include power-frequency droop to support
the grid's primary frequency response. This is expected to become a norm in all new IBR
installations worldwide [24].

For IBRs to participate in secondary frequency regulation, they need to be dispatchable
within speci�ed limits. It's encouraging to note that the technology already exists to make
existing IBRs dispatchable [25, 26]. There is a growing expectation for IBRs to provide
active power ancillary services in the future, especially as energy storage technologies ad-
vance and become more prevalent. This expectation is partly driven by regulations and
requirements imposed by system operators in areas with high renewable energy penetra-
tion. For instance, Denmark's Transmission System Operators (TSOs), Eltra and Elkraft,
require wind plants to track power set points [27].

In some cases, IBRs can be made dispatchable, as seen in direct active power control
(APC) in wind turbines and the co-location of renewable resources with energy storage.
On the individual wind turbine level, this control is achieved through power electronics,
modi�cations to the generator torque, blade pitch angle, or various other patented schemes,
as detailed in [26, 28]. TSO power set-point commands can also be followed collectively
across a wind plant as demonstrated in [29] and in successful �eld tests conducted by
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the Spanish TSO [30]. Finally, IBRs could contribute to active power regulation through
output curtailment [31]. For example, the electricity output of wind farms may be slightly
reduced to provide a quick-access energy reserve. This strategy is often more cost-e�ective
than the alternative, which involves maintaining traditional power plants, such as steam
or combined cycle gas turbines (CCGT), in a partially operational state to provide a
similar reserve. This is because, unlike these conventional power plants, wind farms don't
incur ongoing fuel costs. Furthermore, under certain grid conditions characterized by
minimum generation ("min-gen") requirements, renewable energy output might need to
be reduced to accommodate the power output from these conventional plants, which must
maintain a certain minimum operational level. This scenario is more cost-intensive due to
the signi�cant start-up, shut-down, and minimum load maintenance costs associated with
conventional power plants.

Determining the market mechanisms for such secondary frequency regulation ancillary
services is a current topic of discussion in the literature [26, 32, 33, 34, 35]. One promising
structure, which we have assumed in this work, is to have dedicated IBRs with secondary
frequency reserves available for prompt dispatch. Compensation to the IBRs for providing
these reserves, based on capacity and performance, could be procured through long-term
agreements similar to those for voltage support ancillary services [36].

2.3 Hierarchical Coordinated Fast Frequency Control
for Transmission Systems

A key objective in power system operations is the maintenance of a stable system fre-
quency and the quick restoration of power balance [21]. However, as previously mentioned,
the increasing penetration of inverter-connected renewable energy resources (RESs) [37]
is resulting in adverse e�ects on power system frequency regulation [19], due to its in-
crease net-load variability and the faster frequency dynamics it induces in the system
[18, 9, 10, 11, 12], making it increasingly di�cult for system operators to maintain fre-
quency within acceptable limits, such as the extreme variations noted by the California
Independent System Operator in the so-called 'duck chart' [38].

There has been extensive research into the negative dynamic e�ects of reduced inertia
in the power system due to increased renewables, with suggested solutions such as vir-
tual inertia emulation and services [23, 9, 10, 11, 12]. Equally important to consider is
the problem of maintaining the average frequency close to nominal during normal oper-
ation, with regulation performance being quanti�ed by regulatory authorities in Control
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Performance Standards [39, 40]. This task is getting more di�cult as, due to the faster
frequency dynamics induced by the IBRS, if the load imbalances in the system are not
recti�ed promptly, the faster (and larger) frequency deviations and transient power 
ows
may result in the inadvertent activation of automatic protection devices, hindering the
adherence to the performance standards. To better address this, it is essential to consider
the local system inertia, primary control response, and primary control deadband, as these
have the greatest e�ect on the average frequency deviations [41]. Hence, this fosters the
need for localized fast frequency control strategies, which take into cognizance the local sys-
tem model and parameter information. Traditionally, the Automatic Generation Control
(AGC) system employs a centralized approach to maintain average frequency deviations
within desired limits for each balancing authority area. This is achieved by generating
control signals at a central control center. However, the extensive size of the balancing au-
thority areas can lead to signi�cant time delays for measurements to be sent to the control
center, processed, and then returned to the power-generating stations as actuation signals.
These delays are often exacerbated by the considerable communication delays prevalent in
today's power system communication infrastructure, as noted in [6, 42]. Moreover, the large
geographical size makes maintaining an accurate dynamic system model challenging. As a
result, the AGC system relies on traditional frequency bias constant methods [43], which,
while somewhat e�ective, can limit its speed and usefulness for rapid frequency control.
Hence, conventional frequency control strategies may not be e�ective, necessitating the use
of modern, high-bandwidth control schemes. These high-bandwidth control schemes will
become increasingly feasible as the grid modernizes, with communication infrastructure
playing a dominant role [6, 13]. Advances in remote communication and sensing with the
use of global positioning system (GPS) synchronized phasor measurements units (PMUs)
will allow for improved monitoring and protection [6], enabling fast control actions using
IBRs to quickly compensate disturbances [13].

If parametric models are readily accessible, thenmodern model-based controller design
approaches may be used to facilitate these fast frequency control actions. Approaches
to fast frequency control can be roughly divided into three categories: model predictive
control (MPC), adaptive control, and miscellaneous methods for coordinated dispatch.
Control schemes based on MPC have been proposed in several studies [44, 45, 46, 47]. Al-
though MPC-based approaches have the desirable feature of constraint satisfaction during
transients, this bene�t relies heavily on accuracy of the system model, and the resulting
control laws place a heavy communication burden for real-time implementation. Due to
the increasing power system scale, complexity and changing dynamics, ensuring this high
accuracy in the system model is a major challenge in practice.

Traditional frequency control based on automatic generation control (AGC) [48, 49]
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usually requires extensive tuning of the AGC's PI controllers to obtain good performance
and stable operation. Authors in [50] propose an adaptive controller that seeks to automate
this tuning process by computing and applying a correction in real time. Other adaptive
approaches [51, 52], aim to tackle the frequency control problem by minimizing the need
for a system model by using techniques based on dynamic programming and arti�cial
intelligence. However, it is usually di�cult to assess the stability of these controllers.
There has also been high-pro�le failures of implemented adaptive controllers [53].

The �nal category seeks to provide frequency support to the system by utilizing fast
acting inverter-based resources. Researchers in [11, 54, 55] have utilized IBRs for virtual
inertia and primary frequency control support. Authors in [56] have proposed a load fre-
quency controller which provides frequency control by adjusting the setpoints of distributed
energy resources by means of direct observation of active power generation and consump-
tion. Despite this method's advantages over the traditional AGC, it requires a high degree
of monitoring infrastructure and total grid visibility.

Another approach in the same category is the wide-area monitoring and control scheme
proposed by researchers in [12, 57]. In the scheme, a central authority, operating on
a slow time-scale, coordinates and optimizes geographically dispersed local controllers,
which receive measurements from PMUs and dispatch controllable active power resources
to mitigate the e�ect of disturbances. However, the work does not investigate the stability
or robustness of the scheme. Furthermore, although measurements are collected regionally,
control is still based on a system-wide frequency estimate, which may not e�ectively address
the issue of inertia heterogeneity. Finally, the central authority, as it receives the status
and resource limits of all resources, has system-wide visibility which raises privacy issues
and may limit the distributed implementation.

In this work, we consider a novel, real-time, layered frequency control scheme that
exploits the improvements in modern grid monitoring and communication infrastructure
by utilizing local, 
exible inverter-based resources to quickly correct active power imbal-
ances arising in the system, thereby minimizing the average system frequency deviation.
This scheme addresses the shortcomings of the aforementioned strategies by relying on
simple nominal models of the system, being amenable to standard analytical analysis of
stability and performance, utilizing mostly local information that is easily accessible, and
safeguarding data ownership and privacy.
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2.4 Data-Driven Extension to Hierarchical Coordinated
Fast Frequency Control Framework

As alluded to previously, it is important to build model information 
exibility into the
control scheme in order to improve its adaptability to real-world implementation. Due to
the increasing power system scale, complexity, and changing dynamics, ensuring this high
accuracy in the system model is a major challenge in practice [58]. Additionally, it may be
the case in practice that reliable values for these model parameters cannot be obtained with
reasonable e�ort, or cannot be accurately updated as system conditions change, ultimately
limiting the performance of model-based designs. For example, simulations in 3.10 show
deterioration in control performance (e.g., post- disturbance settling time and overshoot)
when there are parametric mismatches between the true system model and the model used
for design.

Data-driven or data-based controller design methods provide a promising alternative
in this regard. Proposals to address the issue of power system frequency control using
data-driven control can be broadly divided into two categories: indirect and direct. In
an indirect approach, historical data from the power system is used to explicitly identify
a system model, and a controller is then designed based on that model (e.g., [59, 60]).
The indirect approach has the advantage of providing an explicit, interpretable model of
the system, which can aid in understanding the particular frequency response dynamics.
However, even selecting an appropriate parametric model to �t is a di�cult trial-and-
error process, particularly in modern power systems with diverse and quickly evolving
components. Additionally, there is evidence that the intermediate identi�cation step may
lead to poorer closed-loop performance than recent direct approaches [61].

In a direct data-driven or model-free approach, a frequency controller is designed di-
rectly based on recorded or online real-world data, without explicit identi�cation of a
system model. One broad approach in this category is adaptive dynamic programming
or reinforcement learning [62, 63, 64, 65]. Here, control actions are taken to maximize
some form of cumulative reward. However, reinforcement learning approaches are limited
by their sensitivity to hyper-parameter selection, the complex training process required to
determine the weight coe�cients of the trained agent, which in turn relies on a signi�cant
amount of historical sampled data [66, 67].

In contrast with reinforcement learning, a suite of alternative direct data-driven control
approaches have recently appeared [68, 66, 69, 14], and derive from a branch of control
theory called behavioral systems [70, 71]. These techniques allow for direct control while
being sample e�cient, and often come with rigorous performance guarantees. While the
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speci�c controllers di�er between approaches (e.g., model-predictive [66], linear-quadratic,
[69] etc.), these approaches all rely on the so-calledfundamental lemmaof behavioral
systems, which states that a single recorded trajectory is su�cient to capture the underlying
dynamic model of the system if the input signal is rich enough to excite all system modes
[70]. Our proposed data-driven controller is based on this principle.
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Chapter 3

Hierarchical Coordinated Fast
Frequency Control using
Inverter-Based Resources

In this chapter, we delve into the speci�cs of our innovative hierarchical coordinated fast
frequency control scheme that utilizes inverter-based resources. The chapter is structured
as follows:

Section 3.1 provides a concise introduction to our two-layer local-global inverter-based
resource (IBR) control scheme, which o�ers a rapid and localized response to frequency
events.

Section 3.2 discusses the local disturbance estimation and rejection control loop, a
concept loosely grounded on the principle of internal model control. This control loop
processes local measurements to generate a real-time disturbance estimate, signifying the
imbalance of local generation and net load, and swiftly re-dispatches local IBRs to correct
this imbalance. Supporting theoretical analysis for the design procedure is also presented
in this section.

In Section 3.3.1, we frame the local re-dispatching of IBRs, stemming from the produced
disturbance estimate, as a simple optimization problem.

Section 3.3.2 introduces a higher-level central coordinating controller, designed for sit-
uations when local control area (LCA) IBR resources prove insu�cient. This controller
facilitates the transfer of additional power from electrically close neighboring areas on a
slower time scale.
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Finally, Section 3.4 validates our results extensively via simulations conducted on two
detailed power system models. Several scenarios are examined in this section, including
load increases, generation trips, and three-phase faults.

3.1 Introduction

The increasing share of inverter-connected renewable energy resources (RES), which is
mostly displacing conventional synchronous generators, has increased the variability of
active power supply and reduced the rotational inertia in the grid, resulting in faster
system dynamics along with larger and more frequent frequency events.

To mitigate these challenges, a fast, area-based hierarchical control strategy is proposed.
The overall hierarchical IBR control architecture is sketched in Figure 3.1. Our scheme
has the following appealing characteristics: (i) fast local response to local disturbances, (ii)
localized use of measurements to minimize latency, (iii) 
exibility in the �delity of dynamic
model information required for design, (iv) heterogeneity of system inertia and primary
response is directly accounted for by each LCA controller, (v) minimal communication
between control areas, and (vi) no single point of failure, as the majority of control has
been localized. We provide more details below.

3.2 An Internal Model Control Approach for Local
Area-Based Frequency Control

We assume that the power system is partitioned into small local control areas (LCAs),
with the goal being for local resources in each area to correct local net load imbalances.
These areas should ideally have access to, or be near, fast-acting inverter-based resources
(IBRs). The premise is that these IBRs, due to their proximity, can facilitate quick control
measures. These resources are not necessarily large wind or solar plants, they could also be
energy-storage powered installations or other fast-acting and dispatchable resources. This
shrinking of the spatial scale permits increasing decentralization of control actions, and is
enabled by the expected deployment of more sensing and inverter-based resources within
the system. The overall hierarchical IBR control architecture using a three-area power
system is sketched in Figure 3.1. The power system consists of 18 buses, 36 transmission
lines, and 15 generators. The generators consist of 5 conventional synchronous generators,
4 wind generation plants (WT), and 6 generating units representing generic inverter-based
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Figure 3.1: Cyber-physical system illustrating frequency control approach.

resources whose inertias are fully decoupled from the grid. Our design involves a local
controller for each area, which acts on power and frequency measurements and re-dispatches
IBRs to correct local net-load load imbalances. Finally, a central controller coordinates the
activities of all LCA controllers in the system to ensure satisfaction of the global objectives.

In this section, we focus on just one such area. Our goal is to design an area-wise
decentralized controller which uses only local measurements to correct any power imbalance
within the LCA by quickly re-dispatching local IBRs. Our design is based on the idea of
disturbance estimation and rejection, and can be interpreted as an implementation of the
classical internal model control (IMC) paradigm [72] for internally stable systems.

Our local controller design is based on the block diagram shown in Figure 3.2. The local
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Figure 3.2: Block diagram of area control structure for each LCA. Black dashed lines
denote sampled signals.

frequency controller consists of the disturbance estimator, optional detuning �lters, and
a power allocator. The disturbance estimator processes system measurements to produce
an estimate � bPu of the unmeasured net active power change in the LCA, relative to the
current dispatch point. This imbalance is then allocated to IBRs within the area. We
detail the design of disturbance estimator and detuning �lter here, while covering optimal
power allocation in the next section.

3.2.1 Local Disturbance Estimator for the LCA

The starting point for disturbance estimation is a nominal (small-signal) dynamic model
of the LCA dynamics at the current dispatch point. As each LCA represents a very small
part of the overall interconnection, it is reasonable that a dynamic model can be locally
built and maintained; the accuracy of this nominal model may vary based on the level of
detailed system component models available, and one may even wish to �t this model from
historical or experimental data. For practical reasons, it is desirable to use the simplest
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model which captures the primary frequency response dynamics for design purposes, and
as such, we restrict our attention tolumped LCA models, where all power injections are
assumed to occur at a single electrical point. We generically express the lumped small-
signal model of the LCA as

� _x = ~A� x + ~B1� P c
ibr ;tot + ~B2(� Ptie + � Pu) (3.1)

where ~A is a Hurwitz stable matrix. In (3.1), � x is the internal state vector of the area,
which could model, for example, generator, load, and IBR dynamics. The control input
� P c

ibr ;tot is the sum of all command changes to IBRs. The measurable disturbance �Ptie is
the sum of all deviations in LCA tie 
ows, and � Pu is the net unmeasurable active power
imbalance in the LCA. The model (3.1) is a general state-space representation of any LCA
model that can be used fordesign purposes, as illustrated in Figure 3.2, and is distinct
from the detailed models of the test power systems used in validating the proposed scheme,
which are discussed in Section 3.4. We discretize (3.1) using the zero-order-hold method
with a chosen sampling periodTs, yielding a discrete-time model

� xk+1 = A� xk + B1� P c;k
ibr ;tot + B2(� P k

tie + � P k
u ); (3.2)

whereA is Schur stable andk is the sampling instant index. The IBR commands �P c;k
ibr ;tot

are subject to communication delays, which for modelling purposes we assume are �xed
at � c sample periods. This can be integrated directly into the model by appending extra
states � � c governed by

� � k+1
c = Ac� � k

c + Bc� r k
ibr ;tot ; � P c;k

ibr ;tot = Cc� � k
c ; (3.3)

where (Ac; Bc; Cc) is a state-space realization of a� c-step delay. The unknown net active
power imbalance is modelled via a di�erence equation with unknown initial condition
[73, 74]. The simplest choice is the constant disturbance model

� P k+1
u = � P k

u : (3.4)

More complex versions of (3.4) require only minor extensions. Moreover, if some load
changes are measurable in real-time, this can also be incorporated by adding appropriate
feedforward signals to the IBR commands; the details are omitted. The vector of system
measurements that we can use for estimation are

�� yk = C� xk : (3.5)
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These measurements should include frequency deviation, but may include other variables
such as power outputs and voltages, if available. Measurement delays are again incorpo-
rated by appending extra states �� m as

� � k+1
m = Am � � k

m + Bm �� yk ; � yk = Cm � � k
m (3.6)

where (Am; Bm; Cm) is a state-space realization of a� m-step delay for each measurement.
Combining (3.2){(3.6), the overall model of the LCA with states � � = (� x; � Pu; � � c; � � m),
inputs � v = (� r ibr ;tot ; � Ptie ), and delayed measurements �y is given by

� � k+1 = A � � k + B� vk ; � yk = C� � k (3.7)

whereC = [ 0 0 0 Cm ] and

A =

2

6
6
4

A B 2 B1Cc 0
0 1 0 0
0 0 Ac 0

BmC 0 BmCc Am

3

7
7
5 ; B =

2

6
6
4

0 B2

0 0
Bc 0
0 Bm

3

7
7
5 :

The following result (proof in Appendix A.1) establishes that this extended model is de-
tectable.

Proposition 3.2.1 (Detectability of Area Model (3.7)). Assume thatA is Schur stable
and that

�
A� I B 2

C 0

�
has full column rank. Then(C; A) is detectable.

The rank condition in Proposition 3.2.1 stipulates that the transfer matrix from � Pu to
�� y has no transmission zeros atz = 1; this will hold as long as a frequency deviation from
within the LCA is one of the measured variables. It follows from linear systems theory
that we can design a dynamic state estimator [75] for (3.7):

� �̂ k+1 = A � �̂ k+1 + B� vk + L(C� �̂ k � � yk)

� bP k
u = [ 0 1 0 0 ] � �̂ k ;

(3.8)

whereL is the estimator gain matrix which can be designed by, e.g., linear-quadratic opti-
mal methods. The estimator produces the desired running estimate �bP k

u of the unknown
net active power imbalance, which can now be allocated to the IBRs.

Remark 3.2.2 (Detuning for Robust Stability) . In the presence of signi�cant model un-
certainty, one may wish to \slow down" the overall control loop to ensure robust closed-loop
stability at the cost of decreased controller bandwidth. This can be achieved by passing the
estimated unmeasured net active power change� bP k

u through a discrete low-pass �lter

Fdetune [z] =
1 � e� Ts=� f

z � e� Ts=� f
(3.9)

with �lter time constant � f > 0, and then allocating the result to IBRs. �
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3.2.2 System Frequency Response LCA Modelling

For design purposes, a simple and e�ective model for the LCA dynamics is the following
two-state system frequency response(SFR) model proposed in [76, 77], which describes the
machine mechanical and turbine-governor response. The frequency model represents the
averaged system frequency response when all generating units and frequency-responsive
loads are viewed as a single aggregate unit. The model, which can be easily put into the
general form (3.1), is1

2H � _! = � (D + 1
R I

)� ! + � Pm � � Pu � � Ptie + � P c
ibr ;tot

TR � _Pm = � � Pm � R� 1
g (� ! + TRFH � _! );

(3.10)

where � ! [p.u.] is the area frequency deviation, �Pm [p.u.] is the mechanical power
change,H [s] is the inertia constant,TR [s] is the reheat time constant,D [p.u.] is the load
damping, FH the fraction of total power generated by the high pressure turbine,Rg; RI

[p.u.] are the generator and IBRs primary droop constants respectively, where we have
simpli�ed the IBRs drop control scheme by eliminating the time constants, since they are
signi�cantly faster than the ones of the conventional generators [78].

3.2.3 Nominal Stability and Perfect Disturbance Rejection

From Section 3.2.1, the controller for each LCA embeds a dynamic model of the LCA
in order to produce a running estimate � bP k

u for the local unmeasured disturbance. It
follows by more-or-less standard observer-based control theory that if the total IBR power
� P c;k

ibr ;tot in (3.2) is set equal to the disturbance estimate �bP k
u produced by (3.8), then the

closed-loop system (3.2){(3.8) will be internally stable and any constant disturbance will
be eliminated, i.e., � bP k

u ! � Pu as k ! 1 . In other words, the design always achieves
nominal stability and asymptotically eliminates any load net-load imbalance.

Perhaps surprisingly, the net-load mismatch will still be eliminated even when the LCAs
are interconnected as in Figure 3.1 | and will occur irrespective of the model mismatch
between the true system and the model used in designing the estimator | as long as the
interconnected closed-loop system is stable. To demonstrate this, suppose that the linear

1We have assumed that most of the generating units are reheat steam turbine units and that the
dominant time constants are the reheater time constant and the inertia constant; these assumptions can
be easily modi�ed.
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time-invariant (LTI) model

� xk+1
p = Ap� xk

p +
X

j
Bp;j (� P k

ibr ;tot ;j � � P k
u;j )

� qi = (� Ptie ;i ; �� yi )

describes thetrue linearized and discretized multi-area power system with measurements
qi for LCA i , whereAp is Schur stable. The aggregated IBR inputs �P k

ibr ;tot ;i to this model
are set equal to the estimates produced by the LCA disturbance estimators (3.8), which
are themselves designed usingany approximate model (e.g., the SFR model (3.10)) of the
LCA. We can then show the following; the proof is in Appendix A.1.

Theorem 3.2.3 (Perfect Disturbance Rejection). Consider the closed-loop system de-
scribed above, and assume that the system is internally stable. Then for any constant un-
measured net-load disturbancesf � Pu;j g, it holds for each LCAi that � P k

ibr ;tot ;i = � bP k
u;i !

� Pu;i as k ! 1 .

Given Theorem 3.2.3, the key issue becomes whether closed-loopdynamic stability and
performance is maintained in the presence of model uncertainty, i.e., robust stability and
performance. We make two comments. First, robust closed-loop stability can always be
achieved by lowering the controller bandwidth as described in Remark 3.2.2; see, e.g., [72].
This will guarantee stability at the possible cost of decreased control performance. Second,
while we omit the details, we have used modern robust control tools [79] to examine stability
robustness of the design without controller detuning, when the estimator is designed based
on an SFR-type model (3.10). We have observed guaranteed stability and acceptable
performance under up to 10% joint variation inH , TR, and Rg. Robust control analysis
typically results in conservative guarantees, meaning that much more variation can be
tolerated in practice before lowering the control bandwidth becomes necessary. We verify
these conclusions on a detailed test system in Section 3.4.5.

Remark 3.2.4 (Key di�erences with AGC). There are several key di�erences between
our proposed approach and the traditional power system frequency control (primary control
plus the AGC).

Spatial scale In contrast to the large traditional balancing authority areas considered in
AGC, which typically contain hundreds of buses and generation sites, the LCAs we consider
can be considerably smaller. Many LCAs would be contained within a single balancing
authority area, each LCA containing, for instance, several substations. This smaller spatial
scale permits further localization of control actions.
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Model information While maintaining an accurate dynamic model would be prohibitively
di�cult to do for an entire balancing authority area, the small scale of LCAs permits
estimation and continued maintenance of at least a crude dynamic LCA model, accounting
for aggregate inertial and primary control/turbine-governor e�ects. Incorporation of this
model (3.2) into the LCA controller design enables substantially faster estimation of net
imbalances compared to the classical frequency bias constant methods used in AGC.

Temporal scale The improved local model information described above enables faster and
more accurate estimation of local net active power imbalances than is possible in AGC. By
combining this fast estimation with fast-acting IBRs as the primary source of compensating
power, our scheme is capable of providing fast frequency control within seconds, as opposed
to the traditional AGC time scale of minutes.

Inter-LCA coordination The AGC is balancing-authority-wise decentralized; no com-
munication occurs during online operation between balancing authorities. As the LCAs
considered in our scheme are much smaller than balancing authority areas, it becomes
more important to coordinate and share resources between areas when required. The second
layer in our proposed control hierarchy achieves this in a fashion that preserves information
privacy between areas. We note that this higher coordination layer of our controller isnot
itself conceptually analogous to AGC, as the objective is explicitly to procure power from
adjacent LCAs in an e�cient and privacy-preserving manner.

As a �nal point, we wish to emphasize that the proposed scheme is fully backward-
compatible with AGC; both can be implemented on the same system | even if IBRs are
integrated into AGC | as they operate on very di�erent spatial and temporal scales.

�

3.3 Mathematical Formulation for Optimal Power Al-
location

We now design a power allocation mechanism for the IBRs, completing the frequency
controller design from Section 3.2. The net power imbalance estimate �bP k

u from the
disturbance estimator is used to compute the active power reference for the IBRs in an
LCA, subject to the device limits. In Section 3.3.1 we formulate this re-dispatch via a simple
optimization problem, which is solved locally at each time step by the LCA controller; we
call this stage one of the redispatch. If a very large disturbance occurs however, local
resources may not be su�cient to maintain power balance. For this situation, in Section
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3.3.2 we design a privacy-preserving higher-level coordination control layer to optimally
coordinate IBR responses from nearby LCAs; we call this stage two of the redispatch.

3.3.1 Stage 1: Local Redispatch of IBRs

In stage one, at each sampling instant, the local resources are re-dispatched to compensate
for the current net disturbance estimate in each LCA. LetA = f 1; : : : ; Ng index the
LCAs, and let I i = f 1; : : : ; mi g index the resources in LCAi . Let Pij = [ P ij ; P ij ] denote
the power set-point limits for resourcej in area i . The new optimal power set-points
f P �

ij gj 2I i for the resources in areai are computed at time stepk via

argmin
Pij 2P ij

f (Pi 1; : : : ; Pim i ; ' i )

subject to
X

j 2 I i
(Pij � P ref

ij ) + ' i = � bP k
u;i

(3.11)

where P ref
ij denotes the nominal dispatch set-point for thej th resource in areai . The

equality constraint models local power balance. The slack variable' i ensures feasibility,
and its optimal value ' �

i represents the remaining power mismatch within the LCA after
local redispatch, which will be used in Section 3.3. The objective functionf captures the
cost associated with utilizing the resources in the LCA for disturbance rejection; this may
be a monetary cost, or may be designed for operational convenience. As our focus is not
on economic or market aspects, for this work, we have selected the following cost function

f (Pi 1; : : : ; PiM ; ' i ) =
X

j 2 I i

1
2

�
Pij � P ref

ij

P ij � P ref
ij

� 2
+ � j' i j:

Minimization of f allocates power to the resources in proportion to their available
headroom. When set large enough, the penalty parameter� > 0 ensures that' �

i is zero
when local resources are su�cient to balance the local disturbance. Note that the limits
of the devices and the current dispatch set-points are assumed to be available to the LCA
controllers. Hence, resources at their maximum operating range and with no available
headroom will not be dispatched. The optimization problem (3.11) can be solved very
quickly and reliably at each sampling instant.

3.3.2 Stage 2: Coordination Layer for Inter-Area IBR Response

If local resources in LCAi 2 A are insu�cient, then from Section 3.3.1, the local mismatch
variable ' �

i will be non-zero. The variables' �
i are communicated to a centralized controller
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(Figure 3.1), which is tasked with computing anaggregateddispatch adjustment a�
i 2 R

for each LCA via the quadratic program (QP)

min
f ai gi 2 A

X

i 2 A
qi a2

i (3.12a)

s.t. 0 =
X

i 2 A
(ai � ' �

i ) (3.12b)

0 � ai � sign
� X

i 2 A
' �

i

�
; i 2 A (3.12c)

ai +
X

j 2I i
P �

ij 2 P i ; i 2 A n f 1g: (3.12d)

The weight qi in the objective is designed as

qi :=
X

j 2 A
jZ ij jwj ; wj :=

j� bPu;j j

� +
P

k2 A j� bPu;k j
; (3.13)

where Z ij is the e�ective impedance[80] between LCAsi and j , with Z ii � 0 and where
� > 0 is small to prevent division by zero. The intuition is thatqi is a weighted average
of the distance from LCA i to LCAs where disturbances are signi�cant; a small distance
encourages power procurement from LCAi . In essence, areas that are electrically close
to the load disturbance will be sourced for additional power. The e�ective impedance is
computed based on a per-phase, per-unit equivalent of the connections between LCAs; see,
e.g., [80]. The constraint (3.12b) ensures global power balance, while (3.12c) ensures all
adjustments are made in the same direction. Finally, (3.12d) enforces aggregate power
limits for each LCA, with the aggregate area constraint setPi de�ned as

Pi =
hX

j 2I i
P ij ;

X

j 2I i
P ij

i
:

To ensure feasibility of (3.12), the �rst LCA is treated as a slack area. Once (3.12) is
solved, the aggregate IBR dispatch adjustmentsa�

i for each LCA are disaggregated by
each LCA by locally re-solving (3.11) with � bPu;i replaced by � bPu;i + a�

i .

3.3.3 Privacy-Preserving Distributed Implementation of Stage 2

If all data in (3.12) is available to the central controller, then (3.12) can be directly solved.
Information privacy of local IBR information may be an important factor however, and we
therefore consider a distributed method solution in which more information is kept local
to each LCA. De�ne the closed convex constraint sets

Cbal := f (a1; : : : ; aN ) j (3.12b) holdsg

26



Ci := f ai j (3.12c) and (3.12d) holdg;

and let IC(x) denote theindicator function of a closed convex setC, which is +1 if x 2 C
and zero otherwise. The problem (3.12) can be equivalently written as

min
f ai gi 2 A

X

i 2 A

[qi a2
i + I Ci (ai )] + I Cbal (z1; : : : ; zN )

subject to zi = ai ; i 2 A ;

where dummy variableszi have been introduced. When written in this form, the problem
now admits an iterative distributed solution via the alternating direction method of mul-
tipliers (ADMM) [81]. Each LCA receives the scalar computation variables (zk

k ; uk
i ) from

the central controller, and locally computes a scalar update via the local optimization

ak+1
i = argmin

ai 2 R
qi a2

i + ICi (ai ) + �
2 jai � zk

i + uk
i j2; (3.14)

where � > 0 is a penalty parameter. The valueak+1
i is returned to the central controller,

which performs the vectorized coordination update

zk+1 = Proj Cbal
(ak+1 + uk)

uk+1 = uk + ak+1 � zk+1 ;
(3.15)

where Proj denotes the Euclidean projection onto the constraint set. The update (3.14)
is a small convex quadratic program, while (3.15) is just a linear update; both can be
solved quickly and reliably, and the iteratesak

i will converge to the optimizer of (3.12).
The following parameters are communicated from the LCAs to the central controller: (i)
the power mismatch' i in the LCA, (ii) the estimate � bP k

u;i of the net power imbalance in
the LCA, and (iii) the current power adjustment from the LCA ak+1

i during the ADMM
loop iteration process. The central controller in turn sends a weight vector ([wj ]), which is
computed from the estimated load imbalances, a control 
ag indicating convergence, and
the iteration variables (zk+1

i ; uk+1
i ). Communication occurs only between each LCA and the

central coordinating control; LCAs do not communicate directly with one another. Hence,
potentially sensitive information such as unit operating status, device limits, set-points,
and available spare capacity of resources in an LCA are not shared with either the central
controller or the LCA neighbors.

Remark 3.3.1 (IBR Energy Sources and Markets). In this work we have not focused
on the speci�c energy sources behind the dc links of the IBRs, but have considered a generic
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source, which could be dispatchable integrated battery + inverter-based resource solutions
[82], or dispatchable active power controlled wind farms [34, 26, 30], photovoltaic (PV)
systems [83, 84], or a combination. For our purposes, the key feature is that the source is
dispatchable within speci�ed limits, which may themselves change over time. It is pertinent
to note that the technology already exists for these IBRs to be dispatchable [25, 26].

The controllers we design for each LCA require the IBRs to follow power set-point
commands with limits. In the language of the current system, this is most similar to the
concept of secondary frequency response reserves. We have assumed that these reserves
can be quickly deployed, and have modelled a ramp time constant of 0.3 seconds for the
IBRs used in our case studies. Determining the speci�c regulatory or market mechanism
for providing such an ancillary service is outside the scope of this work, but is a topic of
current consideration in the literature [26, 32, 33, 34, 35, 25]. Instead, we have assumed
that dedicated IBRs with secondary frequency reserves are available in each LCA, and
that these IBRs send their current set-points and device information, including limits, to
the LCA controller. The capacity and performance-based compensation to the IBRs for
providing these reserves could be procured through long term agreements similar to those
for voltage support ancillary service [36]. Finally, we remark that we do not envisage that
these dedicated IBRs will be providing power inde�nitely after a frequency event. On a
longer time-scale, generators can be ramped up through the usual AGC system and IBR
injections can be correspondingly ramped down to pre-event values, freeing up fast resources
for future frequency events. �

3.4 Simulation Studies

We illustrate our designs by applying them to the 3-LCA 9-machine power system shown
in Figure 3.1 and the 5-LCA 68-bus system shown in Figure 3.13, both implemented in
Simscape Electrical. Each LCA of the interconnected system in Figure 3.1 is based on
the IEEE 3-machine 9-bus system [21], with the areas interconnected through identical
tie-lines, whose parameters are given in Table 3.1.

In total, four out of the initial nine synchronous generators in the 3-LCA system have
been replaced with an equal number of lower-inertia wind power farms, with the majority of
the active power in the modi�ed system now being supplied by renewable power generation.
The larger power system in Figure 3.13 is the 5-area 68-bus IEEE benchmark model, with
16 synchronous generators and 86 transmission lines from [85]. All of the conventional
power plants were modelled with sixth-order synchronous generators and includes detailed
turbine-governor, excitation, and power system stabilizer (PSS) models, while the wind
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Table 3.1: Tie-line parameters for 3-area system; 100 megavolts ampere (MVA) base.

Node 1 Node 2 R (p.u.) X (p.u.) B (p.u.)
1 15 0.05 0.20 0.15
5 9 0.05 0.20 0.15
7 17 0.05 0.20 0.15

power was modelled using Type 3, doubly-fed induction generator (DFIG) wind turbine
systems. Two converter-based units, with droop control schemes, are present in each
LCA for fast control, and include current limiters; system data is shown in Table 3.2. In
selecting suitable test systems for this work, we have modi�ed the 3-LCA 9-machine system
to better represent the low-inertia, green next-generation power grid, while the larger 5-
LCA system represents a more conventional grid with slower frequency dynamics owing to
the predominance of SGs over inverter-based power resources.

Table 3.2: Generator and IBR Data.

Node Gen. ID (and type) Rating (MVA) Dispatch (MW)
1,13 G1, G7 (Hydro) 247.50 72.24

1 IBR2 (Inverter-based resource) 50 15
3 G2 (Fossil-based) 192 126
3 IBR1 (Inverter-based resource) 50 25

5, 11, 17 G3, G6, G9 (Fossil-based) 128 85
7 G4 (Hydro) 247.5 71.99
7 IBR4 (Inverter-based resource) 50 20
9 G5 (Fossil-based) 192 133
11 IBR3 (Inverter-based resource) 50 10
13 IBR6 (inverter-based resource) 50 5
15 G8 (Fossil-based) 192 128
17 IBR5 (Inverter-based resource) 50 30

Each LCA disturbance estimator was designed based on the SFR model (3.10), with
raw parameters taken from [21] and SFR parameters set based on the method in [76]. For
the estimator design itself, time delays for both measurement and control signals were �xed
at 200ms, and the estimator gainL was tuned using standard linear-quadratic methods.
Simulation tests were performed with measurement and control signal delays of 300ms and
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500ms. The selection of 300 to 500ms delays is a somewhat pessimistic choice, based on
worst-case delays for wide-area communication via high-speed Ethernet.

Both the LCA controllers in Section 3.2 and the central controller in Section 3.3 operate
continuously with a �xed sampling period Ts = 25ms, which was selected based on what
can be expected based on continued deployment of PMUs. At each sampling period the
LCA controllers send the power mismatch' �

i to the central controller, which computes
the total power mismatch

P
i 2 A ' �

i . If this is within a pre-de�ned tolerance (� 5% of the
spare capacity available in each area), then no further action is taken. When

P
i 2 A ' �

i
exceeds the set tolerance, a 
ag is triggered and the centralized optimization in Section
3.3 is executed, either by directly solving (3.12) when information is centralized, or by
beginning the iterations (3.14){(3.15) when information privacy must be preserved.

Table 3.3: SFR model parameters for LCA estimator design.

Quantity Value Comment
H Varies Normalized area inertia constant
TR 10 s Reheat time constant

Rg; RI 5% Speed regulation
FH 0.64 Frac. of power generated by high pressure turb.
D 0 Load damping coe�cient
Ts 25 ms Estimator sampling period
� 10� 9 Avoids division by zero in (3.13)
� 100 Penalty coe�cient in (3.11)
� 1 Penalty coe�cient in (3.14)

In total we consider seven scenarios, where the �rst six scenarios are simulated on
the three-LCA power system shown in Figure 3.1 and the last scenario involving two
cases is validated on a larger �ve-LCA power system shown in Figure 3.13. The scenarios
considered include: (i) a step load change in one LCA of the three-LCA system that can
be fully compensated with only local resources, (ii) a larger step load change in the same
LCA, where support from the other areas will be required, (iii) a symmetric three phase-
to-ground fault, (iv) the loss of a generator, (v) the intentional introduction of extreme
variations in the parameters used in the LCA estimator designs for all three LCAs, (vi)
the redispatching of both synchronous generators and IBRs in response to a load change,
and (vii) the re-simulation of scenarios I and II on the larger �ve-LCA power system.

All scenarios are compared against a baseline case without our supplementary control
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scheme, wherein frequency support is provided only by conventional generators' inertia
and by primary droop control action of both generators and IBRs. We emphasize that our
scheme does not aim to supplant the primary control actions of the active power generating
resources (which are mandated by regulations from system operators), nor does our scheme
attempt to emulate conventional generator inertia. Instead, our scheme is an alternative
proposal for how IBRs can enable fast frequency control.

3.4.1 Scenario #1: Disturbance with Su�cient Local Resources

In this scenario, a 63 megawatts (MW) load change is applied at bus 8 in area two at
t = 2s. The disturbance is su�ciently small such that it can be compensated locally
without coordination with other areas. The frequency response and IBR power setpoints
are plotted in Figure 3.3, where we additionally compare the response to that obtained
by augmenting the conventional droop-only with an aggressively-tuned AGC-type control
which redispatches the IBRs. This AGC-style control is implemented individually for each
Local Control Area (LCA). For example, in our system with three LCAs, we would have
three distinct AGC schemes operating concurrently, instead of the traditional approach
that uses a single AGC system for the whole system.

Figure 3.3: Response to 63 MW load change at bus 8; the IBR power plots correspond to
the case of 300ms delay.

The frequency nadir and settling time with our controller are signi�cantly improved
compared to a conventional AGC + droop strategy, with similar performance observed up
to 600ms of delay. The IBRs in area 2 quickly ramp up to compensate for the disturbance,
while the IBRs in areas 1 and 3 do not signi�cantly respond; the control action is fast
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Figure 3.4: Tie-line power 
ow deviations following a 63 MW load change at bus 8 in area
two.

and localized. As one would expect, the closed-loop performance of the scheme degrades
slightly with increasing delay; since however we have explicitly included an expectation of
200ms of delay in the design phase (Section 3.2.1), the typical destabilizing e�ect of delays
is largely mitigated.

Recall from Section 3.2.1 that each LCA controller is designed and implemented in
an area-by-area decentralized fashion. In Figure 3.3, one can observe a slight increase in
inter -area oscillations in the presence of our controller. A small-signal stability analysis
was performed on the interconnected system, and we have observed a trade-o� between the
speed of the controller response and a degradation of the damping ration of this particular
inter-area mode. This is perhaps not surprising, as the generator PSS units were tuned in
the absence of our retro�t control scheme. If desired, this mode can be further damped
by (i) re-tuning the PSS loops, or (ii) lowering the bandwidth of our control scheme, as
described in Remark 3.2.2.

In Figure 3.4, we observe that the proposed scheme reduces the inadvertent power
exchange from adjacent areas following the disturbance compared to the classical AGC-
balancing mechanism. In this scenario where the contingent area has su�cient resources
to correct the local imbalance, the proposed scheme results in signi�cantly less energy
borrowed from adjacent areas, thereby minimizing any incurred penalty and providing
additional value to the operator.
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3.4.2 Scenario #2: Disturbance with Insu�cient Local Resources

This scenario is identical to the self-su�cient case, but a 130 MW load change is applied
instead, which is su�ciently large to activate both stage one and stage two of our redispatch
scheme. The dynamic responses for this case are shown in Figure 3.5.

Figure 3.5: Response to 130 MW load change at bus 8.

Figure 3.6: Plot of net tie-line 
ows following a 130 MW load change at bus 8.

Following the disturbance, the controller in the contingent area reacts and maxes out
its IBR resources, which both have limits of 50 MW; as expected, the controllers in other
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areas do not initially respond. Stage two activates after the total mismatch exceeds the
speci�ed tolerance of 20 MW; we plot the responses for both the centralized and distributed
implementations of stage two (Section 3.3.3). As can be seen in Figure 3.5, the non-
contingent areas supply additional active power to compensate for the disturbance, and
the system frequency is eventually brought back to nominal value. We have considered
a communication delay of 300 ms for the centralized implementation and both 300 ms
and 500 ms delays for the distributed implementation. As the distributed implementation
requires many iterations, each of which is subject to communication delays, it is noticeably
slower than the centralized implementation. The responses therefore illustrate the speed-
privacy trade-o� between the centralized and distributed implementations. The net tie-line
deviations from pre-disturbance values are plotted in Figure 3.6; a comparison with an
AGC-type control has not been included in this case since, due to the insu�cient IBRs'
capacity in the contingent area, it will be impossible for the integral control of the AGC
to restore the tie-line 
ows to their scheduled values.

3.4.3 Scenario #3: Symmetric Three-Phase Fault

For this scenario, a three-phase line-to-ground fault was introduced at bus 10 in area 2 at
t = 2s; the fault was cleared after 0.1 secs. Figures 3.7 and 3.8 show the dynamic response
of the system following the introduction of the fault.

Figure 3.7: Frequency response to three-phase fault.
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Figure 3.8: Plots of load estimate and IBR outputs following a three-phase line-to-ground
fault at bus 8 in area 2.

From Figure 3.7, we see that our design does not alter the transient frequency be-
haviour of the system following the fault compared to the base case. As can be seen from
Figure 3.8, the load estimates in the non-contingent areas are negligible, and the IBRs do
not signi�cantly respond. In the contingent area, there is a small transient disturbance
estimate, which smoothly returns to zero with minimal IBR response. We conclude that
the control strategy is able to detect `frequency events' and ignore `non-frequency events',
which are desirable properties of fast frequency response schemes [12].

3.4.4 Scenario #4: Loss of Generator

In this scenario, we have simulated a loss of generator G2 in area 2 att = 2s. The
lost generator had a pre-fault dispatch of� 72 MW. The response is plotted in Figure
3.9. Similar to Scenario #2, the controller in the contingent area maxes out its IBR
resources following the generator loss, which resulted in a load imbalance of� 72 MW.
Controllers in other areas however do not provide additional support via stage two, as
the remaining power mismatch does not exceed the speci�ed tolerance of 20 MW. This
scenario additional illustrates the robustness of the method, as the LCA controller for area
2 is designed assuming that the inertia and primary response of generator G2 are present.
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Figure 3.9: Response to loss of generator G2.

Despite this signi�cant parameter variation, the control action is similar to that in Scenario
#1.

3.4.5 Scenario #5: Parameter Variation

In this scenario we assess the controller's performance in the presence of extreme variations
in the parameters used in the LCA estimator designs for all three areas; see Table 3.4. The
disturbance is as in Scenario #1, with a communication delay of 300ms. The response is
shown in Figure 3.10.

It can be seen from Figure 3.10 that the system remains stable despite these signi�cant
parameter variations, although the frequency response is degraded. Case 1 produces a
more oscillatory response due to the underestimated turbine time constant, while Case 2
produces a larger overshoot due to the overestimated turbine constant. Consequently, this
scenario illustrates the margin of error we are a�orded in the model used for the LCA
estimator design.
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Table 3.4: SFR model parameters for Scenario #5.

Case Quantity Value

Base Case

H nominal
TR nominal
Rg nominal
RI nominal
FH nominal

Case 1

H 50% decrease from nominal
TR 80% decrease from nominal
Rg 50% decrease from nominal
RI 50% decrease from nominal
FH Same as nominal

Case 2

H 50% decrease from nominal
TR 60% increase over nominal
Rg 10% increase over nominal
RI 10% increase over nominal
FH 65% decrease from nominal

Figure 3.10: Response with variations in model parameters.
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