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Abstract

The transition to a more environmentally-friendly power system, predominantly driven by
Distributed Energy Resources PERS) such as smart loads, Electric VehicleEl's), and
Photovoltaics (PVs) systems, signals a shift towards a new structural paradigm. Signi cant
challenges have emerged as more DERS, particularly those interfaced through inverters, are
integrated into the grid. These challenges include variability in power supply and reduced
rotational inertia, which contribute to more frequent frequency events and grid instabilities
globally. Despite these challenges, DERs o er potential solutions by participating in ancillary
service provision.

This thesis aims to harness the potential of DERs at the distribution network (DN)
as their integration increases. We focus on overcoming coordination challenges between
distribution and transmission networks to integrate DN-DERs in frequency support. To
achieve this goal, we develop a coordination framework for distribution networks to manage
the DERs. Subsequently, we integrate this DN framework with a recently proposed fast
frequency control scheme at the transmission network (TN) level.

In the rst stage, we develop a hierarchical feedback-based control architecture for DN-
DER coordination. This architecture enables DNs to swiftly respond to power set-point
requests from the Transmission System Operator (TSO) while adhering to local operational
constraints and ensuring data privacy. The scheme minimizes inter-area communication
needs by leveraging physically adjacent areas within the DN control hierarchy. Rigorous sta-
bility analysis establishes intuitive closed-loop stability conditions, accompanied by detailed
tuning recommendations. Case studies on multiple feeders, including IEEE-123 and IEEE-
8500, validate the architecture using a custom MATLAB -based application integrated
with OpenDSS’ . Results demonstrate scalability and e ective coordination of DERS in
response to TSO commands while managing local DN disturbances and operational limits.

In the second stage, we integrate the developed DN control framework into a TN
fast frequency control scheme by incorporating a simpli ed linear model of DN dynamics
into the TN control design framework. This integrated approach aims to enhance system
responsiveness and performance. To validate this approach, we conducted case studies
using the IEEE 9-bus TN system, incorporating IEEE-123 DNs structured according to
the hierarchical control framework developed in stage 1. The TN controller, designed with
the integrated DN dynamic model, demonstrated improved performance across various DN
feeder con gurations and tuning scenarios.

Combining these stages yields a comprehensive solution that enhances overall system
stability and performance. By optimally utilizing DN-DERSs to respond to the TN controller,
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which is designed with awareness of DN-DERs dynamics, the integrated solution resulted
in improved response times and reduced oscillations.
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Chapter 1

Introduction

1.1 Motivation

The world is shifting towards renewable energy to combat climate change and achieve a
sustainable energy future. Countries worldwide are striving to reduce their carbon footprints
by relying on renewable energy sources such as solar, wind and hydro. Advancements in
power electronics, manufacturing, and Information and Communication TechnologyQT )

are accelerating the transition from traditional power grids, which are predominantly driven

by fossil-fuel-based synchronous generators, to modern power systems that integrate a
diverse mix of resources [1, 2].

Ontario's Provincial Government Clean Energy Plan for example, outlines ambitious
targets to ensure a reliable, a ordable, and clean energy supply to support economic growth
and the construction of over one million new homes by 2030 [3]. Central to the plan is
the acknowledgment of Ontario's diverse energy mix, which includes hydroelectric, nuclear,
natural gas, solar, wind and bio-energy sources. However, the transition towards clean energy
poses signi cant challenges for grid stability and reliability. The increasing penetration of
Distributed Energy Resources DERS), including smart loads and Electric VehiclesgVs),
introduces complexities that traditional grid infrastructure struggles to accommodate {9].
As the integration of DERSs increases, particularly Inverter-Based ResourceBRs), system
stability is a ected due to decreased overall system inertia, making the grid more sensitive
to load imbalances [8, 10].

In conventional power systems, generators preserve kinetic potential energy in their
rotating parts, which can be utilized in the event of a disturbance, enhancing system



robustness [11]. However, as moRERS replace conventional generators, system robustness
is weakened sinc®ERSs are integrated through inertialess power converters and system
stability is compromised [12]. Various blackout incidents related to voltage instability or
large frequency deviations due to the increased penetration DPERs have been reported
[8,13,14].

The transition to a more environmentally-friendly grid, predominantly driven byDERS,
signals a shift towards a new structural paradigm. This evolution adds complexity to
the operational strategies crucial for the reliable management of the bulk grid. Research
conducted by the California 1ISO (CAISO) highlights the uncertainties and variabilities
associated with theseDERs, emphasizing the need for the implementation of faster and
more exible regulation services to maintain system reliability [15].

Coordinated control of DERs | including battery/thermal storage, distributed genera-
tion, exible load, and EVs | is one of the promising solutions to address these challenges
[16{19]. Indeed,DERs (or aggregations thereof) o er unique advantages for fast regulation
services, including low capital costs, integration within existing load centers, and, depending
on the resource, fast response to commands {16]. AsDERs are primarily distribution-
connected [20, 21], and are owned and operated by a variety of stakeholders (or consumer-
s/individuals), harnessing their full collective exibility for emergency and ancillary services
to the bulk grid requires further advances in Transmission Network{Distribution Network
(TN{DN) coordination [121]. This work aims to develop a hierarchical framework that
enables safe and fast coordination @ERs and DER aggregates behind the substation,
while respecting operational boundaries and stakeholder privacy.

1.2 Power Grid Structure Overview

A general power grid structure incorporate®ERSs integrated at bothTN & DN levels. The
DERs at the TN are usually larger in scale and capacity compared to those at tiEN, and
the Transmission System Operator TSO) can (in principle) directly control and utilize
them for ancillary services [22]. In today's network, modDERSs are integrated through the
DN [22].

If DN-DERSs can be e ectively utilized to respond toTSO requests in a manner similar
to TN-DERs, it would signi cantly enhance grid exibility and reliability. However, this
is challenging due to the decentralized nature @N-DERs. Despite these challenges, the
potential bene ts are substantial. In the US, a rapid expansion oDERSs is projected,
with the DER capacity predicted to reach 387 GW by 2025. This expansion is driven



by a dynamic mix of resources, including PhotovoltaicRV) systems,EV infrastructure
and units, and residential load management (including smart loads) [23, 24]. This example
underscores thatDN-DERSs are not insigni cant when collectively utilized, highlighting the
potential bene ts of an e ective utilization scheme.

As the power system landscape evolves, the traditional boundary between the and
DN is increasingly blurred by the integration ofDERs [25]. Historically, the TN and DN
operated independently, with theTN responsible for large-scale power generation and bulk
energy transmission, while theDN passively delivered power to end-users. However, the
proliferation of DERSs, including distributed generation, exible demand, and energy storage,
is challenging this conventional separation, making th&N-DN boundary more uid and
dynamic [25].

To address the complexities introduced by this shift, various coordination schemes
between the TN and DN have been investigated and proposed [#3]. These schemes
encompass centralized, decentralized, distributed, and hierarchical approaches to e ectively
utilize and control DERs within the DN, ensuring they can contribute to grid stability and
reliability

Figure 1.1: lllustration of a general power grid structure with DERSs integrated at both TN and
DN levels. A hierarchical control structure is applied at the distribution network level.

Figure 1.1 depicts a general power grid structure that integrateSERSs at both the TN
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and DN layers. This work focuses on utilizingON-DERs to provide ancillary services to
the bulk grid by responding quickly to TSO commands. TheTSO would issue requests
to the Distribution System Operator (DSO) to provide or consume power or to track pre-
scheduled set-points, for example. In turn, th®SO would optimally control the available
DERs to satisfy the request while maintaining grid constraints and meeting the reliability
and stability requirements. In our scheme, we maintain the privacy of the DN | there is no
sharing of internal structure, measurements, DER status, or other sensitive information with
the TN | and hence, this structure of coordination falls under decentralized coordination.

In the following subsection, we describe the ancillary services, their types, and their
critical role in maintaining system stability and reliability

1.2.1 Ancillary Services

Ancillary services ensure the operational reliability of the bulk power system. Although these
services represent a relatively small fraction of overall electric power costs, their importance
in maintaining system stability and preventing widespread outages is critical. Di erent
Independent System Operators (ISOs) may have variations in the types and de nitions of
ancillary services they utilize. Ancillary services refer to a variety of functions that support
the transmission of electric power from generators to consumers while maintaining the
quality and reliability of the electricity supply.

As de ned by the Federal Energy Regulatory Commission (FERC)ancillary services
are those services that are necessary to support the transmission of capacity and energy
from resources to loads while maintaining reliable operation of the Transmission Service
Provider's transmission system in accordance with good utility practicg9, 30]. These
services are integral to the stability and e ciency of the power grid. They include various
types of reserves, frequency response services, voltage control, and black start capabilities,
among others [30].

Types of Ancillary Services

(i) Operating Reserves

" Secondary Contingency Reserves : These are reserves that can be activated
to replace primary reserves and restore the system's frequency back to its normal
state after an unexpected loss of generation [30].



(ii)

(iii)

(iv)

(V)

(vi)

Tertiary Contingency Reserves : These reserves come into play after sec-
ondary reserves and are used to manage longer-duration imbalances [30].

Regulating Reserves : These reserves help manage minute-to-minute variations
in load and generation to maintain the balance between power supply and
demand [30].

Flexibility Reserves : These are reserves maintained to accommodate forecast
errors and sudden changes in power demand [30].

Ramping Reserves : These reserves address the need for additional power when
there is a signi cant change in demand over a short period [30].

Inertia Service : Inertia service helps in the initial response to a frequency distur-
bance by slowing down the rate of change of frequency, buying time for other frequency
control services to respond [30].

Frequency Response :

" Primary Frequency Response : This service involves the immediate and
automatic adjustment of active power output to stabilize the frequency following
a disturbance [30].

" Fast Frequency Response : A quicker response service than traditional fre-
guency response, providing immediate support to maintain system frequency
[30].

Voltage Support and Reactive Power  : This service ensures that voltage levels
within the transmission system remain within required limits, which is vital for the
e cient operation of the power grid [30].

Black Start and Restoration Services : These services enable the recovery of the
power grid from a total or partial shutdown without relying on external power sources
[30].

Long-Term Planning Reserves : These reserves ensure that su cient generation
capacity is available in the long term to meet peak demand and provide a bu er
against unforeseen events [30].

In summary, ancillary services are vital for the reliable operation of the electric power
system, supporting various functions necessary for maintaining grid stability and preventing
disruptions. With this understanding in place, we now turn our attention to the criteria
for designing control architectures that can e ectively utilizeDERs within the DN layer to
participate in these essential services [31].
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1.3 Candidate Control Architecture Criteria

Following the general power grid architecture considered, we end up with two control layers
that are going to be integrated together to utilizeDN-DERSs for ancillary services. Due to
the fact that multiple stakeholders are present, including variou®SOs and independent
DERs operators, theTSO often lacks detailed visibility and control over theDN and

its resources. Additionally, operational constraints such as authority boundaries between
di erent operators and practical challenges like large delays in communication for extensive
networks, limited communication bandwidth, and restricted computing power make real-
time monitoring and control spanning large distribution feeders infeasible. Therefore, we
consider a decoupled design approach for each control layer, where each controller satis es
and maintains a di erent set of requirements. In Chapter 2, we discuss and elaborate on
these requirements and evaluate recently proposed coordination methodologies against these
criteria.

1.3.1 Distribution Level Controller Criteria

For the goal of providing fast ancillary services to the bulk grid, a robust control architecture
for large-scale real-time coordination dDERs within distribution networks must adhere to
several key criteria:

" Rapid Coordination:  Optimize resource coordination within a time-scale of seconds
or faster, as emphasized by recent studies on fast frequency and voltage regulation
[32{34].

Model Independence: Minimize reliance on detailed system and component models,
preserving data and structural privacy for stakeholders [19], while mitigating the risk
of instability due to model mismatch or unexpected grid events.

" Localized Control:  Prioritize the use of local models, measurements, and communi-
cation channels, with exibility in the amount of measurement feedback utilized. This
adaptability is crucial given the ongoing development and potential cost constraints
associated with distribution-level data acquisition and communication infrastructures.

Circuit Constraints: Ensure that the utilization of DERs does not cause local
imbalances within the distribution network.

These criteria, detailed in Section 2.2 and formulated as requirements, serve as funda-
mental benchmarks for assessing the e cacy of recently proposed coordination schemes.
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1.3.2 Transmission and Distribution Coordination Criteria

The transmission and distribution coordination architecture must meet several essential
criteria to ensure reliable and practical performance. These include:

" Minimal Data Sharing:  Ensure the privacy ofDNs and their DERs is maintained
by avoiding the need for detailed models, measurements, and structures behind the
meter’.

" Autonomous Coordination of  DER s: DN-DERs are managed by thé®N control
structure, independently from the TN controller.

These criteria will be further detailed and formulated as requirements in Section 2.3.

1.4 Research Objectives

The primary goal of this work is to design and validate a control framework that coordinates
DN-DERs to participate in ancillary service provision by responding swiftly tof'SO com-
mands. Additionally, this work aims to integrate the framework with a recently proposed
TN fast frequency control architecture. At rst, a comprehensive list of requirements needs
to be formulated for the DN control layer and its integration with the TN controller follow-

ing the criteria above. Given thatDN feeders potentially could host thousands dDERs
spanning large distances, a decentralized control framework is essential. Each controller
within the framework would have limited visibility over the network while managingDERs
under its authority. This decentralized approach necessitates a hierarchical structure that
ensures e cient control of DERSs.

The decentralized approach requires that each controller within the framework relies on
local measurements and circuit models to optimiZBER utilization, ensuring the protection
of data privacy across diverse control areas managed by di erent stakeholders. To ensure
robustness, the utilization of feedback-based optimization is essential in this framework.
This approach enables the system to respond to real-time data and dynamics, e ectively
mitigating uncertainties and disturbances. This structured approach promotes cooperation

1This is based on the privacy concerns and cyber-threats due to increased data communication within
the grid [35, Sections 3.4 & 9.3]

2Without access to measurements within the DN, the TN controller could cause local imbalances within
the DN.



among controllers to optimizeDERS utilization while adhering to local circuit constraints.
Below, we articulate the research objectives:

()

(ii)

DN Hierarchical Control Structure

The rst objective is to design a fast, reliable, scalable, and exible control structure
that optimally coordinates DN-DERSs in response tal SO requests. This work aims to
establish a hierarchical multi-area control architecture capable of swiftly coordinating
distribution-level DERs (and DER aggregates). A critical aspect of this architecture
IS maintaining data privacy while being highly scalable to manage large distribution
feeders. The hierarchical setup requires cooperative e orts among controllers to meet
TSO commands, optimize resource utilization, and uphold local circuit constraints
(i.e., voltage and current). To ensure stakeholder privacy and enhance communication
e ciency within feeder structures, controller visibility will be restricted primarily

to their respective local authorities, referred to as Control AreasGAs). Each CA
represents a speci c segment of the network over which the controller has oversight
and control. Moreover, minimal information sharing between controllers will facilitate
faster and more e cient communication among CAs.

Integration of The DN Hierarchical Control Structure with fast frequency

TN Controller

The second objective builds directly upon objective (i), focusing on integrating the
developed DN control architecture with a recently proposedN fast frequency con-
troller. Integrating DN dynamics into the TSO controller's decision-making process
enhances robustness and stability, leading to a faster response and improved overall
system performance. To achieve this, we will derive a linear model of the hierarchical
DN control structure, which is then integrated within the TN controller design process.
The simpli ed linear model of DN will be provided by the DSO, ensuring integration
without exposing internal structures or private DERs data within the DN.

1.5 Contributions

Following the research objectives, we outline the main contributions of this work.



1.5.1 Multi-Area Architecture for Real-Time Feedback-Based Op-
timization of Distribution Grids

In Chapter 3, we develop a novel hierarchical multi-area control architecture for coordinat-
ing DN-DERs. The proposed architecture maintains data privacy for stakeholders while
coordinating DERs on a time-scale of seconds or faster to ful TSO requests. The frame-
work utilizes advancements in feedback-based optimization to enhance system robustness
while minimizing the dependency on detailed system and component models. Operational
boundaries and stakeholder privacy are enforced by relying on local measurements and
through the introduction of the concept of Virtual DER (VDER), which acts as an inter-
face between neighboring Control AreasJAs). The proposed architecture enables optimal
coordination of DERs while respecting local operational constraints and minimizing commu-
nication between controllers. The key contribution of this work is the rigorous closed-loop
stability analysis, yielding intuitive and explicit analytical conditions for the stability of

the proposed control structure. Additionally, we lay out a systematic and practical tuning
procedure for the design. The proposed scheme is validated via case studies on several
feeders, including IEEE-123 and IEEE-8500 feeders, and we describe several modi cations
that have been found to improve performance in implementation. The proposed framework
has the following appealing characteristics:

(i) Highly Scalable Multi-Area Control Architecture : The proposed hierarchical
multi-area control architecture provides scalability by dividing theDN into multiple
control areas (CAs). Each CA is managed by a Local-Controllet.C) that uses sen-
sitivity matrices to capture the impact of DERs set-points on measurements such as
voltages, currents, active, and reactive powers. This partitioning allows the control
system to e ectively manage large distribution networks by scaling the control opera-
tions to handle the complexities of extensive networks while preserving local control
and coordination. This approach ensures that each CA can be managed independently
but still contributes to the overall system performance, allowing the system to handle
large-scale networks without a signi cant increase in communication or computational
load.

(i) Local-Controller ( LC) manages local DER s: Within each CA, the LC manages
local DERs and measurements. This approach preserves operational boundaries and
stakeholder privacy, as each LC only has visibility and control over resources within
its designated area, minimizing the communication burden between controllers.

(i) Minimal Coordination Between Controllers : The coordination between the
controllers is minimized due to the hierarchical arrangement. This ensures that most
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communication is local resulting in minimized delays and reduced complexity of the
control system. EachLC communicates with its unique parent and children controllers
(neighboring CAS).

(v) DERMS and DMS Integration : The proposed architecture seamlessly aligns
with the distinct functionalities of Distribution Management System OMS) and
Distributed Energy Resource Management SystenDERMS), facilitating e ective
coordination between these modules for optimal DER management. DERMS manages
DERs directly, utilizing comprehensive insights into their constraints and operational
details, while DMS accesses critical circuit information and coordinates overall grid
operations.

1.5.2 Development of MATDSS for Enhanced Distribution Net-
work Simulation

MATDSS is a user-friendly MATLAB® -based GUI application developed to address speci ¢
challenges encountered during the implementation of complex control architectures in
distribution networks. The integration with OpenDSS facilitates e cient distribution
network simulations, leveraging its power solver engine, while the time-series simulation is
handled by MATLAB ® . The application was conceived to streamline the management of
highly complex system parameters and to enable real-time monitoring and control within
the GUI. This capability became essential as traditional coding approaches struggled to
handle the dynamic nature of simulations and real-time parameter adjustments. MATDSS
0 ers extensive features including running complex simulations, generating and exporting
data, and producing adaptive plots that dynamically update based on user selections.
Additionally, it simpli es the simulation setup process by allowing users to save and recall
initialization con gurations, signi cantly reducing setup time for future simulations. This
application facilitates the research and implementation of advanced control architectures
with user-friendly intuitive navigation.

1.5.3 Enhanced Integration of DN Controller at the TN control
layer

Integrating the DN architecture outlined in Chapter 3 at TN control layer represents a

signi cant step towards leveragingDN-DERSs for ancillary service provision. In Chapter
4, we introduce a method for deriving a simpli ed linear model oDN-DERs dynamics,
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speci cally tailored to capture their closed-loop response t6SO commands. This model
integration is demonstrated within a recently developedN control scheme that focuses on
fast frequency regulation. The key characteristics of the integration with th&N controller
design are:

(i) Simpli ed Linear Model Extraction: We propose a method to extract a simpli ed
linear model that approximates the dynamic behavior ddN-DERSs in response tad SO
requests. This model captures the essential dynamics of DN-DERs while facilitating
e cient integration with the TN control framework, enhancing system stability and
responsiveness.

(i) Enhanced Stability : Incorporating the DN model within the design process of the
TN controller ensures that theTN controller is aware of the anticipated responses from
the DN. Simulation results validate the e cacy of this integrated control approach
in maintaining grid stability and reliability.

The integration of the two control layers (T & D) enhances grid resilience by leveraging
DN-DERs while safeguarding stakeholder privacy. This integration ensures reliable grid
operation with swift responses tar SO commands and optimize®ERSs for e cient ancillary
service provision. Compatible with existing infrastructure and adaptable to evolving grid
dynamics, this approach minimizes operational costs and ensures long-term sustainability.

1.6 Notation

Throughout this thesis, the following notations and conventions are used:

" Bolded symbols and letters  refer to matrices and column vectors.

()~ denotes the transpose of a matrix or vector.

()" denotes the complex-conjugate transpose (Hermitian transpose).
" For a given vectorx 2 RN, jxj denotes the entry-wise absolute value.

" For a given vectorc 2 CN, ¢ denotes the complex conjugate.

" For a function f (x), we de ne the convex conjugate functiorf (y) as [36]

f(y)=8tipy>x f(x): (1.1)
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. . p—
The ", norm is de ned askck, :=  cHc.

Given a matrix X 2 RM N X .., denotes its (; n)-th entry, and kX k, denotes the
“»-induced matrix norm.

Grouping variables in brackets, such as;(), indicates stacking them as a column
vector. Additionally, col represents stacking variables as a column vector.

diagx) returns an N N matrix with the elements ofx on its diagonal.
blkdiagindicates the block diagonal stacking of vectors or matrices.

For a functionf : RN | R, r ,f (x) returns the gradient vector off (x) with respect
tox 2 RN,

The symbols1l and O denote matrices and vectors (to be inferred from context) of
ones and zeros with appropriate sizes, respectively.

Px (x) denotes the Euclidean projection ok onto the setX, de ned as the closest
point to x in X:
Px (x) 2 argminkx  yko: (1.2)
y2X
P o(x) speci cally denotes the Euclidean projection ok onto the nonnegative or-
thant.

In our di erence equations, ()™ denotes the updated (next time step) value, with the
time step-size inferred from the context.

1.7 Thesis Outline

The remainder of this thesis is organized as follows. Chapter 2 provides a comprehensive
background information and literature review on control architectures for distribution
and transmission networks, focusing on the integration of DN-DERSs. In Chapter 3, we
present a novel multi-area architecture designed for real-time feedback-based optimization
of distribution grids to manageDN-DERs. Chapter 4 introduces a simpli ed linear model

of DN dynamics that encapsulates the hierarchical control structure discussed in Chapter
3, integrated within the TN controller framework, particularly focusing on its application

in fast frequency regulation. Finally, Chapter 5 summarizes the thesis ndings and outlines
future research directions.
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Chapter 2

Background and Literature Review

In this chapter, we rst describe the coordination scheme we aim to develop, and the
mechanism of the interaction between di erent layers of the system. Then, we survey the
literature on the coordination between transmission and distribution systems for e ective
utilization of DN-DERs. We explore various approaches to controllin@N-DERs and
investigate integration and control techniques of these resources at the Transmission Network
(TN) level to provide fast ancillary services to the bulk grid. These services include frequency
and voltage regulation, following a scheduled loading pro le (set-points), emergency load
response and more. Researchers have proposed various control architectures at both the
transmission and distribution layers of the network.

2.1 Transmission & Distribution Coordination Frame-
work

Our coordination framework emphasizes maintaining separate control layers for enhanced
manageability and improved coordination across multiple system operators. Under this
scheme, the Transmission System Operatoif $O) oversees measurements and controls
within the TN. For instance, during frequency disturbances, the TSO monitors network
conditions, estimates required power adjustments, and communicates these needs to Distri-
bution System Operators (DSOs) under its jurisdiction or interfaced with it.

DSOs receive power requests from the TSO and manage controllable resources (i.e.,
DERS), to meet these demands. To streamline TN-DN coordination, we develop a model of
DN-DERs response to TSO requests. This model serves as a cornerstone for TSOs to design
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Figure 2.1: Block diagram illustrating the TN-DN coordination with hierarchical DN control
structure.

TN controllers that are aware of DN dynamics, thereby enhancing system responsiveness
and stability.

Figure 2.1 illustrates the block diagram of the TN-DN coordination framework and
controllers' interactions. The DN control structure is hierarchical, with Control Areas CAS)
nested within parent-child relationships. Each CA is governed by a Local-Controllet.C),
which adjustsDERs contribution based on updated set-points received from its parent CA's
LC.

The TSO's control scheme involves two main stages: disturbance estimator and power
allocator. The disturbance estimator utilizes TN measurements and DNs dynamic models
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provided by DSOs to estimate disturbances. Then, the TN controller issues set-points to
DNs for ancillary services, such as frequency support, without requiring extensive data
sharing of proprietary information such as measurements and detailed structures.

In subsequent sections, we survey the literature on various control and coordination
schemes for utilizing DN-DERSs in ancillary services. We establish evaluation criteria based
on the requirements discussed in Section 1.3 and relying on the coordination scheme
described above, to assess proposed architectures e ectively.

2.2 Distribution Network Control Architectures

As moreDERSs are integrated into theDN, it becomes increasingly essential to design a fast
DN control architecture that enables the full potential of collective responses from numerous
small-scaleDERs. TheseDERs are typically spread across large feeder networks and, when
collectively participating, can provide ancillary services to the bulk grid [19, §B4]. In
Chapter 1, we outlined the criteria for e ective DN control architecture. Here, we formulate
these criteria into detailed requirements to ensure rapid response and e ective large-scale
real-time DER coordination within the DN.

2.2.1 Distribution Level Controller Requirements

(D.R1) Optimal Coordination : The framework must optimally coordinate resources on a
time-scale of seconds or faster.

This requirement is motivated by recent studies [I2B4] emphasizing the need for
rapid frequency and voltage regulation using transmission-connected Inverter-Based
Resources IBRs). E ective DER coordination at this speed is essential for achiev-
ing comparable control performance to transmission-connected resourceJ k-DN
coordination schemes.

(D.R2) Minimal Dependency on Detailed Models: The design should not rely on de-
tailed system and component models.

This is essential, particularly considering thaDN circuit models are often approximate

or aggregated. By minimizing the dependence on detailed models, the architecture
enhances resilience against model inaccuracies and unforeseen events such as grid
changes or disturbances. Moreover, it is critical for preserving data and structural
privacy across di erent stakeholders [37,38].
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Hierarchical

General

(a) Centralized (b) Decentralized

Figure 2.2: Centralized and decentralized control structures illustrations. Decentralized structure
is exempli ed by two variations: a general and a hierarchical strictures.

(D.R3) Utilization of Local Models and Measurements: The framework should pri-
marily utilize local models, measurements, and communication, with exibility on
available measurement feedback.

Flexibility in measurement feedback is important given the ongoing development of
data acquisition and communication infrastructure at the distribution level [19].

(D.R4) Privacy and Operational Integrity: operational boundaries (e.g. DERs, local
models, measurements, etc.) behind the substation and stakeholder privacy must be
maintained'.

This structured approach ensures thaDN control architectures meet stringent perfor-
mance and practicality requirements, enabling the e ective utilization of exibility within
the distribution network to participate in ancillary services. By responding toTSO com-
mands while preserving privacy, optimizing resource coordination, and ensuring rapid re-
sponse, these criteria serve as foundational pillars for achieving seamless integration and
operation of DN-DERSs. In the literature, researchers propose di erent control structures
such as centralized and decentralized.

1This is based on the privacy concerns and cyber-threats due to increased data communication within
the grid [35, Sections 3.4 & 9.3]
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In centralized control structures, the central controller directly manages thBERs by
issuing commands in response f0SO requests, see Figure 2.2a where the purple circles
represent theDER units. In some patrtially decentralized structures, the central controller
can issue incentive signals, which individual DERs respond to accordingly.

In decentralized control structures, no central entity has authority over alDN-DERs.
Instead, the network is partitioned into authority areas, with each area having its own
controller to manage the resources within its jurisdiction. These controllers can commu-
nicate with each other to collectively manage the resources. The decentralized structure
is leveraged when multiple operators are responsible for di erent parts of the network,
requiring coordination while maintaining control over their respective resources.

In the following sections, we provide an overview of recently proposed coordination
methodologies, evaluating them against the requirements (D.R1)-(D.R4), and classify them
into the two categories: centralized and decentralized.

2.2.2 Centralized Control Architectures

In the pursuit of e cient DER coordination for providing fast ancillary services, central-
ized optimization techniques have been extensively studied. Centralized feeder control
approaches leverage various optimization methods to achieve globally optimal coordina-
tion of heterogeneouDERSs. Both [39] and [40] focus on solving the Distribution Optimal
Power Flow (DOPF) problem through a centralized control scheme to maintain voltages
by utilizing the available resources. In [39], two iterative algorithms | based on Linear
Programming (LP) and Second-Order Cone ProgrammingSOCP) | are proposed to solve

the DOPF problem in unbalancedDN. These algorithms signi cantly reduce computation
time while optimizing power ow by minimizing losses, maintaining voltage levels, and in-
tegrating DERSs e ciently. In [40], the voltage support is provided while minimizing DERs
control costs and network losses using Linearized DOPF.

Relying on centralized Model Predictive Control MPC), [41] proposes a control scheme
that addresses the problem of coordinatin§V charging stations to minimize costs while
ensuring stable distribution grid operation. On the other hand, [37] proposes a feedback-
based optimization technique wher®ERS' power set-points are adjusted in real-time based
on available measurements. The centralized controller receives voltage, current and power
measurements from the network and controls the available resources to track a reference
signal from the TSO at the TN-DN interface bus (feeder head bus). Both [41] and [37]
introduce a decentralized implementation of their algorithms, which we also discuss in the
next section.
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While these centralized techniques aim to achieve globally optimal coordination of
heterogeneouPDERSs, they face challenges in meeting all desired criteria (D.R1)-(D.R4)
outlined earlier. Real-time operation on a scale of seconds or less, particularly in large dis-
tribution feeders, may be hindered by limitations in communication infrastructure, thereby
compromising requirement (D.R1). Some centralized techniques, such as in [37], successfully
minimize dependency on detailed models of the network by employing feedback control
and measurements, satisfying (D.R2). However, these approaches still require extensive
data sharing with a central controller, raising concerns about data privacy and potentially
violating requirements (D.R3)-(D.R4).

2.2.3 Decentralized Control Architectures

Several recent studies [{49] have aimed to overcome the limitations of centralizedER co-
ordination methods by leveraging decentralized optimization algorithms. While the specic
DER coordination problems di er in these references, we focus on the proposed coordi-
nation architectures. Both [41] and [42] propose decentralized control structures based
on centralizedMPC, which are then decentralized using Alternating Direction Method of
Multipliers (ADMM ). In [42], a power set-point tracking problem is considered wherein a
pre-scheduled set-point curve is planned through a stochastic optimization problem, and
the central coordinator dispatches theDERs. This however occurs over a timescale of 30s,
and does not consider real-time disturbance regulation. On the other hand, [41] addresses
the problem of coordinating EV charging stations to minimize costs while ensuring stable
distribution grid operation. Similarly, [43] proposes a decentralized voltage control structure
for distribution systems with PV and EV DERs. This structure includes a dynamic net-
work clustering based on network structure, voltage sensitivities and regulation capabilities.
Additionally, each cluster is equipped with aMPC-based voltage controller. In [44] and
[45], aDER coordination scheme is proposed through a distributedlPC framework. This
scheme relies on a method for modeling and quantifying the aggregate power exibility
within the feeder. The primary goal is to maintain the privacy ofDERs by only sharing
information about their exibility. The proposed control structures in [41{45] successfully
limit data sharing with the DSO controller but still involve centralized coordination and

do not use real-time feedback to maintain DN operating constraints.

Steps towards a true hierarchical framework were taken in [46] and [47], which propose
two-level control architectures to coordinate low-voltag®ERSs. In [46], a primary-secondary
(leader-follower) framework using decentralized Integral Model Predictive ControlNIPC)
is introduced, with a focus on maintaining data privacy. This framework serves as an
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interface layer connecting medium-voltage and low-voltage networks for coordinating low-
voltage DERSs. In contrast, [47] proposes a hierarchical distributed structure that centrally
updates the set-points for low-voltagdDERSs. In both architectures, data-sharing between
the layers/controllers is minimized, but both lack the exibility to partition the feeder into
multiple areas, which is essential for preserving stakeholder data privacy and operation
when multiple operators are present in large low-voltage networks.

In [48], a decentralized feedback-based method is proposed for sohig OPF prob-
lems with prosumers. This approach leverages local voltage measurements within a gra-
dient descent method while minimizing communication with a central entity. In [49], a
distributed control structure is introduced, utilizing a Lyapunov Optimization-Based On-
line Distributed (LOOD) algorithmic framework for Active Distribution Networks (ADNSs).
The framework e ectively controls numerousDERs through the ADN operator, acting as
a central coordinator. TheADN operator receives set-point reference signals from thi&O
and tracks them by sending incentive signals to thBERs. EachDER relies on local informa-
tion and measurements to update their power set-points. Similarly, an online feedback-based
algorithm is proposed in [37] to coordinatdDERs within DN while ensuring circuit con-
straints are maintained. The algorithm leverages online projected-gradient methods to track
the solution of a time-varying optimization problem implemented by a centralized controller
to track requested set-points from theTSO. In contrast, [50] proposes a centralized con-
trol scheme, where the controller estimateBDERS' sensitives in real-time using network
measurements. Additionally, the controller update®ERSs set-points to control and track
voltages and powers at network buses, ensuring they remain within limits. However, the
centralized nature in [37,48{50] architectures violates requirements (D.R3)-(D.R4).

Following the overview of various studies that explored centralized and decentralized
structures, we propose a hierarchical and multi-area control architecture in Chapter 3,
leveraging recent advances in control theory, speci cally so-calléebdback-based optimization
[33,37,38,5{58], to optimally coordinateDERSs. Our decentralized control structure, coupled
with feedback-based optimization, promises to ful Il the design requirements (D.R1)-(D.R4)
for distribution networks.

At a macro-level, our control scheme receives active and reactive power set-point com-
mands from theTSO and optimally re-dispatchedDERs within the DN to track the set-point,
leveraging real-time grid feedback to ensure compliance with line current and bus voltage
constraints. The scheme's use of measurement feedback enhances robustness agaihst
grid model inaccuracies. Compared to existing literature, our approach introduces a highly
scalable multi-area control architecture. At a micro-level, thédDN is hierarchically divided
into local control areas, where controllers manageERs andDN measurements to preserve
operational boundaries and stakeholder privacy. Minimal and hierarchical coordination
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between controllers minimizes long-distance communication, addressing multi-stakeholder
challenges and reducing overall communication needs. Additionally, we provide a rigorous
closed-loop stability analysis and a systematic tuning procedure. Case studies, including
IEEE-123 and IEEE-8500 feeders, validate the scheme's performance, with identi ed modi-
cations enhancing implementation e ciency. Simulation results demonstrate our scheme's
ability to achieve fast and highly scalableDER coordination in large multi-stakeholder
DNs.

2.3 Transmission and Distribution Coordination Ar-
chitectures

The goal of the coordination framework is to develop a scheme that facilitates the integration
between transmission and distribution networks. This framework aims to optimally utilize
the exibility of multiple DNSs for fast ancillary services. To achieve this goal, the integration
framework should meet the following performance and practicality requirements:

2.3.1 Transmission & Distribution Coordination Requirements

(T.R1) Minimize data sharing: The framework should minimize data exchange among
di erent stakeholders, controllers, and control layers to protect privacy and streamline
communication.

This simpli es the communication process and reduces the volume of data exchange,
leading to faster decision making and lower communication overhead. In addition, this
ensures that proprietary information including measurements and structures behind
the meter remain con dential, safeguarding the privacy of DN operators.

(T.R2) DN -DER s coordination managed independently from the TN controller:
This requirement ensures the separation of control design, preventii¢y actions from
disrupting DN networks (e.g. causing local imbalances), and vice versa.

Independent coordination is essential for maintaining stability and reliability within
both the TN and DN. It allows local optimization within each DN and ensures that
actions taken by the transmission level do not negatively impact the distribution level,
preventing local imbalances and ine ciencies that could destabilize the network.
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(T.R3) Operate in real-time and coordinate within seconds: The TN coordination
framework with DN control structure should operate in real time and successfully
coordinate to utilize the available exibility within seconds.

Real-time operation is critical for responding to rapid changes in the grid and main-
taining system stability, especially during disturbances.

Next, we focus on theTN control architectures in the literature designed to leverage
DN-DERs for fast ancillary services. Similar tdN control architectures, the objectives of
these proposed architectures vary. Here, our focus is on analyzing their architecture and
assessing their alignment with the requirements outlined above.

In [59] and [60], direct control of DN-DERs by the TSO is proposed for level-3 fre-
quency (or voltage) deviation, wherein ther' SO overrides local controllers to ensure system
stability. However, this method requires extensive monitoring and direct control dPERs
within distribution networks, violating requirement (T.R1). Moreover, it may lead to local
imbalances within the DN, violating requirement (T.R2).

A hierarchical control structure for fast frequency response is introduced in [61], employ-
ing a central supervisor to coordinate local controllers distributed across the network. The
local controllers manage real-time control over thBERS, while the central controller collects
live resource information and identi es optimal resources for Fast Frequency ContrdFfC)
purposes. Despite its potential, the optimization process is not conducted in real time due to
extensive data collection requirements, violating requirement (T.R3). To achieve real-time
optimization, [62,63] propose using multiple Dynamic Virtual Power Plants@VPPs), each
consisting of controllableDERs and uncontrollable devices (e.g. generators, uncontrollable
loads..etc.). The control structure distributes the Multi-Input Multi-Output ( MIMO ) Adap-
tive Dynamic Participation Matrices (ADPMs) among local devices to achieve localized
desired behavior, with each device featuring a local feedback controller that optimally match
the behavior. However, potential circuit instability within the Virtual Power Plant (VPP)
(i.e., DN feeder structure) is not addressed, violating requirement (T.R2).

Controllable packetizedDERs are proposed in [64, 65] to simplifDERs management
and provide synthetic damping for primary control response. While privacy is preserved
in the decentralized scheme, it requires some form of centralized coordination (potentially
through the TSO), which may violate requirements (T.R1) and (T.R2). Active network
management system, acting as a centralized controller, is proposed in [66] aiming to utilize
DN-DERs in power system frequency restoration. However, the proposed system violates
requirements (T.R1)-(T.R2), lacking decentralized coordination and potentially compro-
mising data privacy.
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Following the overview of various studies that explored di erent integration and control
strategies of DN-DERs in TSO control scheme, we propose a novel approach that can
leverage the proposed control structure in Chapter 3 [31]. We obtain a dynamic model
of the distribution feeder that can be utilized inTSO control design, with minimal data
sharing between di erent system operators.
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Chapter 3

Multi-Area Architecture for
Real-Time Feedback-Based
Optimization of Distribution Grids

3.1 Introduction

The coordination of DN-DERS o ers a promising approach to providing ancillary services
to the bulk grid. The Transmission System Operator TSO) provides power set-point
requests (reference signals) to the Distribution Network{N), which DN controllers are
expected to track. We envision a multi-feeder distribution network interconnected with the
Transmission Network TN) at a shared interface bus, as illustrated in Figure 3.1. Here,
a central coordinator receives power set-points requests’ = colP?;Q?) 2 R? from the
TSO and subsequently generates set-poinks,' for each feeder to track

x?—x Xo' (3.1)
- 0. .
i

A simple example of such controller can be obtained by de ning(f)‘ via a set of
participation factors speci c to each distribution feeder

Xo = X7 (3.2)
where ; j=1and ;> 0. These participation factors can either be prede ned or com-
puted through an optimization problem. One approach could be based on the available
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Figure 3.1: Multiple distribution network feeders coordination scheme.

DER powers (reserves) in each feeder. For this implementation, a power estimation problem
can be considered following the approach in [44]. This approach estimates the available
exibility in a feeder, which runs continuously. The exibility estimation updates periodi-
cally (e.g., every 15 minutes), enabling the coordinator to dynamically adjust participation
factors for each feeder based on received information. This process may also integrate cost
functions, assuming di erent operators and di erent costs. In subsequent sections, we delve
into the scenario where a single feeder is situated at the interface bus, simplifying our
analysis by omitting feeder indexing.

3.2 Overview of Proposed Hierarchical Control Struc-
ture

Our focus is on controlling a single-feedddN that has been partitioned into a hierarchy

of areas, as shown in Figure 3.2. The high-level control objective is to leverage controllable
DERs within the DN to achieve the following goals: (i) track an overall power set-point
X5 = (p 5 g5 2 R? at the transmission-distribution (TN-DN) interface bus, which is
provided by the TSO, (ii) maintain operational constraints throughout the DN, and (iii)
optimally utilize these controllable DERs. Additionally | and as the most distinguishing
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feature of this work | the design is subject to the constraint that information and man-
agement boundaries between di erent areas of the DN must be respected. This leads to a
hierarchical area-based control architecture, which will be described next.

Figure 3.2: Single-feedeDN internal structure. Zoomed-in areas illustrate the interaction between
parent and child areas within a feeder. Red and green boxes illustrate the visibility of each Local-
Controller (LC) over the local infrastructure and resources, including local grid measurements
(v;i;p;q) and local DERs.

3.2.1 Feeder Architecture and Local-Controllers (LCs)

We consider the feeder as already partitioned inttN Control Areas (CAs), which are
prede ned segments of the feeder infrastructure. Thes@As may represent contractual
arrangements for managindER resources through aggregators or operational divisions
based on factors such as communication capabilities or having uniform division of control
resources within each area [67,68]. Ea€A is managed by a Local-Controller I(C), which
oversees the local electrical infrastructure and coordinates the operation@ERs. Notably,
the controller will not have visibility of neighboring CAs, and hence the control structure
will be decentralized.
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Figure 3.3: Example of a directed rooted tree graph with 6 control areas (nodes) and 5 edges.

The arrangement of CAs and the communication between the associatddCs is hi-
erarchical, ensuring several key bene ts: (i) any required communication is local, which
minimizes communication delays, (ii) the control architecture is scalable to large numbers
of control areas, and (iii) the majority of local measurements and area data are not shared
to maintain the privacy of stakeholders within the area. We describe the hierarchical ar-
rangement between theCAs with a directed rooted tree graphGea = (Nca; Eca) with

of the feeder; see Figure 3.2. For an@A i 2 N ca, we let P(i) denote the unique parent
CA and C(i) denote the set of childCAs; by conventionP(1) = ; and C(N) = ;. We let
A 2f 0;1g" N denote the adjacency matrix 0fGea, With elementsAj =1 if (i;j) 2 Eca

and 0 otherwise.

To illustrate this hierarchical structure, consider a tree graph with six CAs, as shown in
Figure 3.3. The root node, CAL, is the head of the feeder and acts as the parent to CA2 and
CA3, creating two edges directed from CA1 to these child nodes: (1,2) and (1,3). Further
down the hierarchy, CA2 is the parent of CA4, forming the edge (2,4). Similarly, CA3 is
the parent of CA5 and CAG6, forming the edges (3,5) and (3,6). Within this structure, each
CA is assigned a controller LC, where it manages only local devices and monitors only local
measurements. This structure results in having the adjacency matrik for this directed
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tree graph given by 2

3
0
g : (3.3)

0 0O0O0O

This adjacency matrix represents the parent-child relationships between the control areas,
indicating which ones communicate directly within the hierarchy.

[cNoNeoNoNeoNe
OO OOk
oNoNolNoll
oNeoNol Ne
CoOoOr oo

Each control areai 2 N c5 is connected to its parent areaP(i) through a single bus
which we call theinterface bus see Figure 3.2. From the perspective of the parent ar@4i),
the ith CA is represented as a VirtuaDER (VDER) located at this interface bus. The
VDER is a ctitious DER which will be \dispatched" by the parent areaLC by providing
a power set-pointX ’g' = (p{F; 07%9) to the LC of areai. Recall that the set-point for CA 1
at the head of the feeder is provided by th&@SO. The control costf; and capacity limits
X ; of this VDER (i.e., of the child area) are assumed known by the LC of the parent arga
and may be updated by exception through communication from the child to the parent
area, further discussion on capacity limits and cost functions is deferred to Section 3.3.1.
Within the LC, the objective is then to track this provided set-point at the interface bus
by re-dispatching local DERs, while maintaining local constraints on voltages and currents.
This tracking control will be accomplished through a combination of local optimization and
feedback, to be described in Section 3.3.1.

Remark 3.2.1 (Cost function  f; and Capacity limits  X; of the VDER)

The cost function and capacity limits of the VDER are updated by the child area to re ect
any changes in its DERs and VDERs. An online aggregator algorithm as proposed in [44]
can be employed to update the exibility (i.e. capacity limits) of the VDER.

Remark 3.2.2 (Control Areas Vs. DER Aggregators, VPPs, Microgrids) Within
our framework, the CAs can represent various structures. For example, a small CA can
represent DER aggregator (CA controlling DERs within a building for example). In addition,
a CA can represent a Virtual Power Plant (VPP) with distributed generation, controllable
loads and smart metering. A microgrid that is mainly managed locally can also be represented
by a CA within our structure.

For more information about DER aggregators, VPPs, and Microgrids, see [69, 70].

!For the ith CA and from the parent area P(i) perspective, the VDER cost function is f; (x;) = fi(x;)
and the feasibility set is X; = X, for j 2 Dpgjy.
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3.2.2 Model of a Single Control Area

We now describe the model for the distribution system and thBER components contained
within a speci ¢ control area.

Controllable DERs

Let D; denote the set of controllabldDERSs (including any VDERS) within the CA'i 2 N ca.
The DERSs are assumed to have local controllers which allow them to quickly track set-points
provided by the LC. For any DER j 2 D, we letx; = (pj;q) 2 R? denote its overall active
and reactive power set-points, which are constrained to be within capacity limits speci ed
by the closed, non-empty convex seX; R We let x; = col(x1;:::;Xp,;) 2 R3P1 denote
the stacked vector of alIDER power set-points for theith CA, and is subject to the overall
limits Xi2 Xi, Xq X iDij-

In the literature, DERs are modeled with cost functions and constraint sets that re ect
their operational capabilities. For example, in [37,40], the cost functions for various DERs
are de ned as follows:

() Photovoltaic (PV) Systems: These systems typically have a maximum real power
available, denoted byp;.., . The active and reactive power set-points for a PV system,
X; = (pj;g), must lie within a constraint set that ensures the power output does not
exceed the available capacity. The cost function for these DERs can be expressed as:

(Pav  PB)?+(q)%,  for three-phase PV systems

fi(x)= - (3.4)
&Py B2+ (q)? for single-phase PV systems

wherea, > 0.

(i) Battery Energy Storage System ( BESS): The constraint set of BESS is de ned
following the charging and discharging limits. The cost function for a battery can be
expressed as:

fi(x)=(p)?+(g)? (3.5)

(i) Electric Vehicles (EVs): EVs have specic charging rates, and their power set-
points are constrained by the maximum charging capacityy;max . The cost function
for an EV can be expressed as:

fi(xj)=alp  Pimax )2 (3.6)
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wherea > 0.

For advanced DER modeling, see [71{78].

The DER feasibility setX; models di erent constraints re ecting the type and operation
of the DER. For BESS and EVs, a boxed (rectangular) constraint set represents the limits
on the feasible set-points that are permitted. To account for the dependency between
active and reactive powers (apparent power limits), a semi-circle constraint set can be
considered. In this work, we focus on the hierarchical structure and the interaction between
the controllers, where we consider general DER device models with general cost functions
and boxed constraint sets, which we detail in subsequent sections.

Distribution Network Model

Let N; = fOg [N ; with N; := f1;2;:::;N;g denote the set of buses in thé&th CA, where
the interface bus of theCA is given the node \0"; each bus is potentially multi-phase, with
up to three phases. Not necessarily all buses and lines within tA will be monitored for
control purposes; we leM? N ; denote the set of buses where phase-to-ground voltage
magnitude measurements are available, with the understanding that all phases will be
monitored if the bus is multi-phase, and lev; be the vector of measured voltages. Similarly,
we leti; denote the vector of measured line current magnitudes for a subset of monitored
distribution lines M} N; N;. Finally, we let Pi.0; .o 2 R™ denote the net active and
reactive power injections at the interface bus, wherm; is the number of phases at the
interface bus.

We adopt the distribution network model from [79, 80], which is capable of modeling
both radial and meshed unbalanced networks, as well as wye and delta connections for
loads andDERs. The model provides linearized equations relating tHeERs' powers to the
CA's voltages and currents measurements, and to the interface bus power injections. In the
current work, we have adjusted these equations to combine both wye and delta-connected
DERs, leading to the model

Vi(Xi) = Aixi + &; (3.7a)
i(xi) = Bixj + b;; (3.7b)
Pio(Xi) = Mixi + mj; (3.7¢)
gi.o(Xi) = Hix; + hy; (3.7d)

whereA;, B;, M; and H; are constant matrices which can be computed from the operating
point, the admittance matrix, and the speci cation of DER phase connections. The vectors
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aj, bj, m; and h; are constants. For detailed insights into the linearization process, refer to
Appendix A. Note that the matrices A, Bj, M; and H; can be interpreted as sensitivity
matrices; for instance, A; captures the sensitivity betweenDER set-points and voltage
magnitudes at the measurement points.

Remark 3.2.3 (Vectors of measurements in the ith CA)
Voltage magnitudes at buses (per phase ): vi = col(jVin,, )
Branch current magnitudes between busé&sand | (per phase ): i; = coljlix )

Active power injection at the interface bus (per phase): p;., = colpi;o )

Reactive power injection at the interface bus (per phasg: q;, = cold;o )

Remark 3.2.4 (Nonlinear System Dynamics vs Linear System Model) The use of
an approximate linear model in this work is justi ed by its widespread acceptance in power
systems literature and its computational e ciency, particularly for real-time control appli-
cations. While acknowledging that power systems are inherently nonlinear, the linearization
around the operating point provides a practical balance between accuracy and simplicity. The
model's accuracy under normal operating conditions ensures that stability can be rigorously
analyzed, and the integration of feedback from real-time measurements helps mitigate the
e ects of any inaccuracies introduced by the linear approximation. This approach also fa-
cilitates the establishment of stability conditions for the control structure, with simulations
further validating the robustness of the method under realistic conditions.

3.3 Hierarchical Feedback-Based Optimization of Dis-
tribution Feeders

3.3.1 LC Optimization Problem

The control objectives of theLC for the ith CA will be formulated by specifying an op-
timization problem. The problem aims to re-dispatchDERSs within their limits to track

provided power set-pointsX¢' = (p % &7%) at the interface bus, while maintaining mea-
sured voltagesv; and currentsi; within constraints, and by e ciently using DER resources.
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As described in Section 3.2.1, the set-pointgp and 3 to be tracked will be computed
as VDER set-points by the parent area, which we express as

PIo(Xpy) = TXpqy; G (Xp)) = Ti'Xpgi); (3.8)

for appropriate matricesT,” and T%. Mathematically, we can now express the optimization
problem for theith CA as

X
minimize fi(x;) , fi (X)) (3.9a)

Xi2X; .

j2Dj
subject to

si j1'pio(xi)  Pio(xe@)i  Ei, (3.9b)
s jlTgio(xi)  ofy(xea))i  Ei, (3.9¢)
Vi(Xi) Vi (39d)
Vi o Vi(xi) (3.9¢)
() (3.9f)

The linear inequalities (3.9b){ (3.9c) enforce total active and reactive power tracking
at the interface bus of the provided set-points {§ and g, within speci ed tolerances
Ei,; Ei; > 0. We emphasize that from the perspective of the optimizatio(8.9) for the ith
CA, the parent variablexp() is xed. The xed binary variable s; 2 f 0; 1g can be used to
enable or disable this tracking feature. The inequalitie§3.9d), (3.9¢) enforce upper and
lower limits v; and v; on the voltage magnitudes at the measurement points, wit(B.9f)

limiting the current magnitude along monitored lines below;.

DER Costs and Constraints

The objective function (3.9a) is a separable cost over each DER and VDER which penalizes
its use for control purposes. Our only assumption will be that; in (3.9) is continuously

di erentiable and strongly convex; we letm; > 0 denote the strong convexity parameter,
and by convention, the units of the cost will beW?. For example, in our case studies we
will use quadratic costs of the form

fi (x) = x] C%; + x] C; (3.10)

whereCj00 0 is a diagonal 2 2 matrix and CjO 2 R2. These coe cients can be set to re ect
the preference of using di erent types oDERS; larger costs will lead to lower control usage
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of a given DER. This can be crucial when di erenDERSs with di erent characteristics (e.g.,
capacities or speed dynamics) are controlled together. The power capacity constraint set
X; for DER j 2 D; may simply be the box constraintX; = [X;;X;] specifying independent
active and reactive power limits, or may instead encode more complex apparent power
constraints via intersections of half-planes and semi-circular regions.

VDER Costs and Constraints

As the VDERs of theith CA provides an aggregated representation of &lERs andVDERS
in the child areasC(i), assigning appropriate costs to/DERSs is critical to ensure resources
are appropriately leveraged throughout theDN. To ensure downstreamDERS provide
control action, a VDER should have lower cost compared to othdDERs available within
the sameCA. If j 2 D; is the VDER corresponding to child are& 2 C(i), then a choice
that roughly mimics the allocation obtained from a global centralized optimization is

fij (%) = fo (%), (3.11)

"2D g
where denotes convex conjugate. For instance, with quadratic cost3.10), equation(3.11)
evaluates to

X 1
fi (X)) = (X + &)’ (CH ' g+ W

12D

F)
where « =2 ., (C?) *C° The following example illustrates how(3.11) mimics the
allocation obtained from global centralized optimization.

Example 3.3.1 (lllustrative Example of VDER Cost function) Let theith CA have

N; DERs and only one VDER. Let thekth CA be the corresponding area of the VDER
in area i, with Ny DERs. Each DER has a cost function as ir{3.10), whereCjO: 0. We
show below that the decentralized optimization mimics the centralized global optimization
for active power allocation under certain assumptions. Since the allocation of active and
reactive powers is decoupled, a similar result can be obtained for reactive power.

Let D; D ; indicate the subset of actual DERs (excluding the VDER) within area.
Assuming that all DERs have equal sensitivities, the only factor a ecting their contribution
now is their cost functions. Thus, for the'th DER in area i, the centralized power allocation
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can be expressed as (considering that all DERs belong one CA)

I=c00
p=—P—— pit: (3.12)
j20i[D «
- p p set
F lq;j00+ ¥ J:Cjoo pO;l
j20 j2D

From (3.11), we have
CRer = % : (3.13)

i2Dg
Substituting (3.13) in (3.12) yields
I
= P oet .
p o =g P (3.14)
j2D;
I=coo

1=c00
j
j2Dj

set .
po;i .

Hence, the VDER cost(3.13) represent all DERs within areak when solving the decentral-
ized optimization problem in areai, mimicking the centralized allocation.

One can interpret this formula as akin to an equivalent impedance from a parallel com-
bination of impedances, as all downstream DERs would be used in parallel in a centralized
dispatch. While the proposedVDER cost in (3.11) is developed to emulate centralized
controller implementation, it is worth noting that VDER costs can be con gured in various
ways. In the context of a competitive market, where multiple service providers engage
in competition, setting VDER costs can be structured to adhere to a cost-e ective plan,
allowing di erent stakeholders to compete while delivering services to the grid.

3.3.2 0Oine vs. Online Optimization
The optimization problem (3.9) is convex and could in principle be directly solved. However,

the constantsa;; bj; m;; h; in the distribution system model(3.7) depend on unknown real-
time loading conditions and disturbances throughout the system. Even if the best available
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estimates are used for these quantities ¥{3.9), implementation of the resulting set-points in

the system will likely lead to constraint violation, and the system will not actively respond as
disturbances change. Instead, following [37] and inspired also by recent advances in feedback-
based optimization, we pursue an iterative approach which uses real-time measurement
feedback from the system in place of this model information.

3.3.3 LC Control Algorithm

To introduce the LC controller, we rst re-write the constraints (3.9b)-(3.9¢) as linear
constraints to obtain

X
minimize fi(x;) , fi () (3.15a)
Xi2X i 20,
subject to
si 1'pio(xi) PS(Xe@y)  Ei, (3.15Db)
si Pio(Xp@)  1Tpio(xi)  Ei (3.15¢)
si 1Tdio(Xi) o(Xeh)  Ei (3.15d)
s o (Xeiy)  1Tdio(xi)  Ej, (3.15¢)
Vi(Xi) Vi (315f)
Vi o Vi(xi) (3.150)
ii(Xi) i_i: (315h)
The regularized Lagrangianfunction L of the problem (3.15) is given by
Li(xi;disXpgiy) = fi(xi)
+ s 17pio(xi) pio(xeay)  Ei
S P (Xe@y)  1Tpio(xi)  Ej,
i S 1T i o X Set(x i E;
dio(x)  O5(Xem)  Eiy .16

Si q|0(XP(I)) 1Tq0(x') Elq '
T(V(X) Vi)+ (v vi(x)
i) i

+ Tkxkg  1dTRYd,

+ + + + o+
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whered; = col i; i; i; i; i; i; ;) is the vector ofdual variablesr? 0 is the primal
regularization parameter, and

R = blkdiag(r

are the dual regularization parameters, with some elements being diagonal matrices of
appropriate dimensions. We refer to [37, 81] for extensive discussion on the theoretical
and practical bene ts of including regularization; for our purposes, these will be tuning
parameters of the approach, and a systematic procedure for setting these parameters will be
described in Section 3.4.3. Our proposedA controller will operate online with a sampling
period of T; > 0, and is outlined in Algorithm 1, whereP o denotes Euclidean projection

of the argument onto the nonnegative orthant.

rar

r e Lr e 1) O (3.17)

Algorithm 1 consists of several computationally straightforward steps and involves
hierarchical interaction between theCAs. The dual variablesd; = col i; i; i; i &5 i i)
are internal states of theith LC, and the dual update rules in Step 3 directly use the
measurements \(;; ii; Pi;0; di;0) and the provided set-points pg and g in what can be
interpreted as a measurement-based gradient ascent step to maximize the Lagrangian
(3.16). The update rules in Step 3 are parameterized by the controller gains

i, blkdiag( ,; 5 . . L L) (3.20)

which are tuning parameters; our theoretical results to follow will address the constraints
on these gains, and a systematic tuning procedure will be provided in Section 3.4.3 for
both the regularization parameters and the gains. Next, the new DER set-points” are
computed by the LC by solving the local optimization problem in Step 4. Note that this
local optimization can be equivalently written as

X =argmin fi(x;)+ ;kxik%"'( T D)slTMix
Xi2X i (321)

+( 5 DsitTHixi+( 7 HTAX+( 7)TBix;

and thus requires knowledge of the sensitivity matricesA(; Bi; M ; H;) from (3.7), but
does notrequire the unknown load-dependent constantg(; b;; m;; h;). Finally, the updated
set-points are transmitted to the child areas in Step 5.

Remark 3.3.2 (Unbalanced Per-Phase Implementation) While the current algorithm
(optimization problem) considers overall power tracking constraints, one can modify them
to per-phase set-point tracking. The linear model irf3.7) models unbalanced distribution
networks. Extending the algorithm to multi-phase tracking requires simple modi cation by
expanding active and reactive power tracking i(3.9) to three constraints each (for three-
phase set-points for example).
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Algorithm 1: LC Controller for ith CA
At each sampling time
[Step 1] : Receive set-points from LC of parent are&(i)

PIo(Xpi)) = TPXpay: G5 (Xpay) = Ti'Xpi):

[Step 2] : Collect local measurement®i.o; Qi o; Vi; li; X i:
[Step 3]: LC performs the updates

F=Po i+ |, 1'pio P Ei, i ;
F=Po i+ Py 1'pio Ei, i
F=Po i+ , 1dwo 9% Ei, r,i
F=Po i+ % 1qw0 Ei, r, i
FEP o+ (i Vi),
F=EP ot oV
F=P o o+ o

[Step 4] : LC updates (V)DER set-points

X; = argzr)r:in Li(Xi;d{ ;Xpgy) -
Xi i

[Step 5] : Transmit set-points to LCs of each child area

pfeot(xf) = T,-"XT: CIfeé(XT) = quXiJr; j 2 C(i):

3.3.4 Evaluation of Proposed Controller Against Distribution
Level Controller Requirements

In this section, we summarize the key aspects of the proposed controller and evaluate it
against the Distribution Level Controller requirements (D.R1)-(D.R4) identi ed earlier.
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Key Features and Bene ts of the Controller Architecture

The proposed controller architecture embodies several critical features designed to enhance
the integration of DERs into the distribution network control:

(i)

(ii)

(i)

(iv)

(V)

Feedback-Based Optimization:  The LC controller directly uses real-time local
measurements from th&CA. This use of feedback allows theC to react to unmeasured
disturbances, and confers signi cant robustness against imperfections in knowledge of
the sensitivity matrices (Ai; Bi; Mj;H;). Tuning selections which guarantee stability
will be established in Section 3.4.2.

Localized Control: The design and online implementation of the controllers uses
only local network information. Measurements of current, voltage, and power, local
grid sensitivity matrices, and DER costs/limits are used locally within eactCA by
the LC; this information is not shared.

Scalability: All coordination betweenCAs occurs through the passing of set-points
down through the feeder, from parent areas to child areas, as described in Section 3.2.1.
This minimal coordination allows the architecture to be scalable to extremely large
distribution systems. While in principle this scalability should result in a decrease in
speed of the overall system compared to a centralized solution, our case studies in
Section 3.6 indicates that this e ect is indeed minor and can be overcome.

Computational Burden:  The computation involved in Algorithm 1 is dominated
by the set-point update in Step 4, which requires the solution of a local convex
optimization problem. This is a centralized optimization problem for theLC to solve,
which scales with the number oDERSs to be controlled, and standard methods can
be applied. For instance, iff; is quadratic and the constraint setX ; is polytopic, then
Step 4 is a quadratic program.

DMS and DERMS Coordination within Our Hierarchical Control Frame-

work: In the evolving landscape of power distribution systems, the proposed hier-
archical structure aligns seamlessly with the distinct functionalities of Distribution
Management System DMS) and Distributed Energy Resource Management Sys-
tem (DERMS). The coordination between these modules is vital for e ective man-
agement ofDERs. The DERMS assumes a critical role in overseeing and managing
DERs under its jurisdiction, responding to power requests from thBMS. Meanwhile,
the DMS module associated with eaclCA accesses essential information such as
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circuit model, measurements, andDER locations. However, detailed internal struc-
tures, operating limits, and speci ¢ models 0DERSs are intentionally withheld from
the DMS. On the other hand, DERMS serves as the communication hub directly
interfacing with DERSs, equipped with comprehensive insights into their constraints,
internal models, and communication requirements.

This collaborative framework enables th®©MS to provide DERMSs with critical data,
including DERs sensitivities and updated dual variables related to power tracking
and circuit constraints. SubsequentlyDERMS, armed with updated duals andDERs
sensitivities received fromDMS (without sharing circuit model or measurements),
issues set-points tdERSs in response. Within the proposed structure, eadBA may
be managed by a distinct stakeholder, equipped with their owBMS and DERMSs.
additionally, DER service providers independent from stakeholders may have their
own DERMS modules integrated with theCA's DMS. For further details on DERMS
and DMS functionalities and their intricate coordination, refer to [82{84].

Evaluation Against Requirements

Now, we evaluate the proposed controller against the Distribution Level Controller Require-
ments described in Section 2.2:

" Optimal Coordination (D.R1): The proposed controller optimally coordinates
DERs on a rapid time-scale, leveraging real-time data processing and localized decision-
making to achieve comparable performance to transmission-connected resources (see
Sections 3.4, 3.6 and 4.5).

Minimal Dependency on Detailed Models (D.R2): By prioritizing local mod-

els and measurements, the controller reduces reliance on detailed system models,
enhancing stability and resilience against model inaccuracies or changes within the
distribution network. Additionally, leveraging feedback-based optimization allows the
controller to dynamically adjust for real-time conditions, thereby increasing its ro-
bustness to model inaccuracies and its ability to e ectively respond to unforeseen
disturbances.

Utilization of Local Models and Measurements (D.R3): The framework pri-
marily utilizes local models, measurements, and communication. Ea€lA operates
independently using local data such as current, voltage, power, grid sensitivity matrices,
and DER costs and limits. This localized approach ensures cost-e ective deployment
and adaptability to varying operational needs and infrastructure capabilities.
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" Privacy and Operational Integrity (D.R4): The design minimizes data sharing
among stakeholders, maintaining privacy and operational integrity. The architecture
does not require sharing detailed information across di erent control areas, thus
preserving data and structural privacy while reducing dependencies on shared models
and data.

The proposed control scheme meets and exceeds the stringent performance and practi-
cality requirements considered for Distribution Level Controllers (D.R1)-(D.R4), providing
an e ective and scalable solution for the integration oDERS into the distribution network
control framework.

3.4 Stability Analysis and Tuning of Proposed Algo-
rithm

In this section, we perform a stability analysis of the proposed design from a control
perspective, employing a state-space method. Speci cally, we analyze the behavior of the
closed-loop system by modeling the local controllers and their interactions within the
distribution network using the linearized models.
To begin, let
Yi = col(po;i; do;i; Vi; i) (3.22)
denote the vector of grid measurements taken by theéh LC, which are used within Algo-

rithm 1. Recall that the linearized distribution system model(3.7) captures thelocal model
of the grid within the ith CA, and the sensitivity matrices

Ki, co(Mi;Hi;A;;Bj) (3.23)

de ned in (3.7) are used within Algorithm 1. This local model ignores the impacts dER
actions in other CAs. In contrast, the measurement$3.22), as they are generated by the
real grid, will include these interactions. To capture this, we introduce a full linearized model

2 3 2 32

3 2
Y1 K K 1
9:6=8: - 63:£+9:

YN K1 Knn XN Kn

3
£ (3.24)



for appropriate matricesK;; and vectorsk;. Note that if the local sensitivity model (3.23)
is accurate, then we expect thaK; K. The closed-loop control system now consists of

For readers interested in a broader discussion of power system stability, including voltage
and frequency stability, we recommend referring to the following resources: [85{88].

3.4.1 Equilibrium Analysis

As the controller of Algorithm 1 was developed beginning from the optimization problem
(3.9), one should expect some relationship between the equilibrium points of the closed-loop
system and the optimal points of the problemg3.9). We will show that the closed-loop
equilibrium can be understood as th&eneralized Nash Equilibrium GNE) of a related set

of game-theoretic optimization problems, one for each CA.

When taking into account the full distribution system model(3.24), the optimization
problems(3.9a) should be expressed together as the setfdecentralized decision problems

inf fi(x)
Pi(x i) : Xi2Xi (3.25)
subject to Cyy;+ b, + DiXp(i) 0

b = OBy, By Eigi Eig Vit Vi),
Ci = blkdiag S;}IT : SiS}lT SR B (3.26)
Di=col sT’;sTP; sT% T 0;0;0):

In (3.25), the decisions of the otheLCsx ; = (Xj);s; are interpreted as xed. AGeneralized

given by i
P(X i) Jnf o fixi) + Lkxik3 + M i(Ciyi + bi + DiXp()) (3.27)

2While the equilibrium is best understood in game-theoretic terms, thisdoes notimply that the CAs
are in competition with one another, and indeedCAs cooperate within our scheme by accepting set-points
from parents and sending set-points to children. The Nash equilibrium concept is the natural one due
purely to the area-wise decentralized nature of the control system.
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where againy; is given by (3.24). Compared to the problemsP;(x ;), in PYx ;) we have (i)
introduced additional convexity into the objective function with the term %kxikz, and (ii)
softenedthe inequality constraints by replacing them with a di erentiable quadratic penalty
function M ;, with penalty weights given by the inverse elements d®?. For instance, the
rst component of M ; is

(

Mi1( 1) = ” e
i1\ i1 %J i;ljz; i1 > 0}

When bothrP and R¢ are small, the problem(3.27) closely approximates the problen(3.25).
While the details are beyond our scope here, i€; = K, then Algorithm 1 is precisely
a measurement-based and decentralized dual gradient algorithm for computings& E of
(3.27); see [8991] for related game-theoretic online optimization concepts. In summary,
and in rough terms, this means that eaclh.C will make the best set-point decision that it
can, given the limited information it has due to the decentralized control architecture.

Remark 3.4.1 (Nash Equilibria Vs. Generalized Nash Equilibria) The distinction
between Nash Equilibria (NE) and Generalized Nash Equilibria (GNE) lies in the depen-
dency of each agent's strategy on the strategies of others. In a standard NE, each agent
optimizes its own objective assuming the strategies of others are xed. In contrast, a GNE
accounts for the fact that each agent's feasible set may also depend on the strategies of
others, making the GNE concept more suitable for problems where agents' decisions are
coupled through shared constraints, as is the case in decentralized control systems [92, 93].

3.4.2 Closed-Loop Stability Analysis

Section 3.4.1 interprets closed-loop equilibrium points as generalized Nash equilibria, but
does not assert that an equilibrium point exists, nor whether it is stable; our main stability
result addresses both of these items.

let A denote an expanded version of this matrix, where each 1 or 0 becomes an identity
matrix or zero matrix of appropriate dimension. Based on these, and on the previously
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de ned control parameters, de ne the constant_ > 0 and the matrix M 2 RN N by

_ kR9%; + KCK + DA TkokK gkokCky

L - b
( MiN;2f 1;::N g(mi + r|p)
v o kRfkp 15k (KD kokCik3KK ko) i = ]
: oy 15 (KCikokCykokK k) Nij; i 6 j;

whereN; = Ajj KDikokCjko=(m; + rjp). We can now succinctly state the main result.

Theorem 3.4.2 (Closed-Loop Stability) Consider the closed-loop system consisting of

and the equilibrium is globally exponentially stable for all gain selections= blkdiag( 1;:::; n)
satisfying max( )%= min( ) < min(M+ MT)=L2,

Proof of Theorem 3.4.2: After eliminating the power set-points using(3.8), the dual update
laws in Step 3 of Algorithm 1 for theith CA can be compactly expressed as

df =P o di+ i Ciyi+bi+Dixpp Ridi ; (3.28)

the stacked vector of all dual variables for alCAs, we can express all updates together in
vector form as

d* =P, d+ (Cy+DATx Rid+ X5, (3.29)
Where = col(l,;0) (mapping feeder set-point to the rst control area). Proceeding
similarly, and using (3.23), the DER set-point update (3.21) can be compactly written as
x = argmin f;(x;) + %kxik§+(di+)TCiKixi: (3.30)
Xi2X

The update (3.30) can be equivalently expressed as [94]
x{ =1 F( K{C{dl); (3.31)
whereFi( ;)= fi( )+ %k ika + Ix.( i), with 1x.( ;) being the indicator function of the

constraint set X; and denoting convex conjugation. By assumptions in Sections 3.2.2,
3.3.1 & 3.4,F; is (m; + rP)-strongly convex, and hence~; is continuously di erentiable
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and —X-strongly smooth [94]. WithK 4 = blkdiag(K 1;:::;Ky), the stacked vector of all

mi+r;

set-point updates for all areas can then be written as
x*=rF ( KjCTd"); (3.32)

P
where F( ) = iN:1 Fi( i). The closed-loop system is now described by the controller
(3.29),(3.32) with the grid model (3.24). Eliminating y and x, we obtain the simpli ed
representation

d*=Pod G (d)+ (Ck+ X3 ; (3.33a)
G(d), R (CK + DA™ F ( KICTd): (3.33b)
Let Ej = K  Kj. Then we may write
2 3
Ei Kin
K:Kd'*'g E,Kd"'
KN1 ENN

P
Now we write G (d) = ﬁzl G(d), where G,(d) = R% and

Go(d)= CKgr F ( KiCTd);
Ga(d)= C r F ( KiC'd);
Gud)= DATr F ( KjCTd):

Let d; d°be two dual vectors, and let ;(d;d)=(d d9T(Gi(d) G;(d9). SinceR? 0
andr F is monotone [94], we immediately have the bounds

X
2(d: d9 kROkkdi  d%%  (d;d) O

i=1
For G3 and G4, using strong smoothness d¥; one quickly obtains the bounds
. . XN o
j 3(d;d9j -1 Qi kdi dbkekdj  dPks;

X

. . N
J 4(d; d(bj =1 Qij kd, dlokzkdj djokz;
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whereQ;Q 2 RV, "N are de ned element-wise as

( kCj kokDjkokKjkz . (lJ ) 2 ECA

Q__ — m,—+rj
ij = ..
80 (I!J ) zECA
< kCik%kKii KikokKiks Lo
L= mi+r? ! =
QIJ T . KCik2kCj kokK jj kokK k2 , | 6 -
) mj+rP ! J:

I

Putting things together, we obtain the lower bound

(d,d() Mij kd, dlokzkdj dlokz,

ihj =1
whereM is as de ned in the theorem statement. Sincé1+ MT 0, it therefore holds that

(d;d) I mn(M+ MNkd  d%3;

so we conclude thatG is strongly monotone. One quickly observes thab is also Lipschitz

continuous, with Lipschitz constant bounded byl as given in the theorem statement. By
Theorem 12.1.2 in [95], it now follows tha{3.33) possess a unique equilibrium poird® 0

and the equilibrium is globally exponentially stable if nax( )?= min( ) < min (M+ MT)=L2,

which completes the proof.

The diagonal elements of the matrixM can be interpreted as capturing the margin
of \local" closed-loop stability for eachCA, while the o -diagonal elements capture any
potentially negative e ects of interaction between theCAs. The stability condition M+ M"

0 then has the elegant interpretation that local stability should outweigh inter-area coupling.
It is clear that this condition can alwaysbe satis ed by selecting su ciently large values
for the dual and primal regularization parametersR¢ and r’, and that smaller values for
these parameters are permissible if the local sensitivity mismaté# ; Kk, and the cross-
area couplingkK j k; are small. The gain restriction max( 2= min( ) < min(M+ MT)=L2
states that one can obtain a stable tuning by starting small and slowly increasing. Further
details on tuning will be presented next.

Remark 3.4.3 (Nonlinear System Dynamics & Stability) Theorem 3.4.2 is based on
the linearized system mode(3.24), which may lose accuracy in heavily loaded feeders due
to power ow and load non-linearity. For such cases, low controller gains are recommended
to mitigate the impact of these non-linearities. A nonlinear stability analysis using robust
control tools from [96] appears feasible and is considered for future work.
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3.4.3 Practical Tuning Guidelines

Before moving to our case studies, we provide practical guidelines for tuning the parameters
in Algorithm 1. Each LC must set the following parameters, which can be systematically
tuned, as follows:

Sampling period Tg

The sampling period is mainly constrained by the quality and speed of the communication
infrastructure; see [97,98] for discussion on communication technologies and standards. As
is the case in all digital control systems, lower sampling periods are preferred.

Cost functions  fj; (j)

The DERs andVDERSs cost functions will determine the relative steady-state allocation of
control actions to DERs by the LC. The LC manager can set these costs to preferentially
use or discourage certaiDERs based on any desired operational criteria, e.g., speed of
response, or to introduce di erent marginal costs for high vs. low utilization of DER.
As mentioned previously, forVDERSs the selection(3.11) will mimic the case of a single
grid-wide centralized dispatch.

Tracking Tolerances E;, and E;,

These tolerances should be set based on desired set-point tracking accuracy at the feeder
head. Due to the constraint-softening e ects of regularization (Section 3.4.1), tightening of
these tolerances may be bene cial.

Regularization parameters rP and R ¢

From the result of Theorem 3.4.2, larger values of regularization parameters help ensure
closed-loop stability. Conversely though, from the discussion in Section 3.4.1, larger regular-
ization parameters lead to softer enforcement of voltage, current, and tracking constraints.
Thus, there is a trade-o ; these parameters should be large enough to ensure stability, but
small enough to ensure minimal or no constraint violation. Fronf3.17), setting RY means
setting 7 parameters for eaclCA. To simplify this, we express these 7 parameters as multi-
ples of a single constantf! > 0, as shown in the third column of Table 3.1; the constants
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(c.;c,;:::) are unit conversions and are shown in the third column of Table 3.2. For each
LC, the only regularization parameters to set are now and r’; these values can always
be initialized for stability based on Theorem 3.4.2 and then decreased if voltage/current
constraint violation is observed.

Dual Step Sizes

The step sizes control how aggressively eaclhC reacts to constraint violations, and

can be thought of as integral control gains. Frong3.20), eachLC has 7 such gains to set,

and it is again helpful to express all gains as multiples of a single dimensionless constant
i > 0, as shown in the second column of Table 3.1; the constants;(;a. ;:::) are shown

in the second column of Table 3.2. This reduces the gain tuning to a single parametey

following Theorem 3.4.2, we recommend that one slowly increasgsto ensure stability.

The constants @ ;a, ;:::) are xed based on unit conversions, but are further adjusted

to re ect the relative dynamic importance of voltage/current limits, and power tracking

constraints in implementation (see Sections 3.6.1-3.6.3). In particular

(i) the constants @ ., a ;i) associated with voltage constraints have been made larger
compared to constant & ) associated with current constraints; this ensures voltage
constraints are quickly maintained, as transient violation of currents above their
steady-state limits is acceptable over time-frames of 10 20s.

(i) the constants @ , a. ) associated with active power tracking have been made larger
compared to the constants 4. , a ) associated with reactive power tracking. This
prioritizes fast active power tracking, and minimizes transient voltage uctuations,
particularly in CAs deeper within the network.

3.5 MATDSS

MATDSS Application is a MATLAB ® -based tool that seamlessly integrates with OpenDSS
[99], a specialized standalone application for distribution network simulatioAsOpenDSS

30penDSS is an established electric power distribution system simulation tool. It supports multi-phase
unbalanced simulations, uses a nonlinear power ow solver, and includes nonlinear load models, making it
particularly suitable for realistic distribution network simulation [99].
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Table 3.1: Dual variables step-sizes and regularization parameters; units of the scaling coe cients
can be inferred from Algorithm 1.

Controller State (unit) Gain Regularization
i (W) isai i ri =cirf
i (W) i=a; i Iy =ci i
i (Var) io=ay i =¢C; “.ﬂ
i (Var) i =a; i ri =ciFf
|(WTZ) i=ai M C;ilgid
i (WTZ) i=ai r C ;iF"id
i(WTZ) i= i ri=c,r

Table 3.2: Default con gurations for LC controllers.

Parameter Value \Parameter VaIue\Parameter Value

i 0:002 a; 103 Cii 10 3
rf 10 4 a, 108 C 10 3
Fid 10 ® a; 10° Ci 10 3
Eip 100w ai 10° Ci 10 3
Ei, 100Var| a 102W2 ¢y 10 122
Vi 1:05p.u. a 1012\/\\//—22 C i 10 12\\//T22
Vv, 0:95p.u. a 107\’%22 C i 10 76\722

provides an engine that interfaces with MATLAB® via a COMnterface [99], enabling e cient
communication between the two platforms.

The development of MATDSS was driven by two main challenges. Firstly, the control
framework developed for this research resulted in a highly complex system with numerous
parameters to manage. Handling these parameters within the code proved di cult, and
monitoring the system's performance during simulations was nearly impossible. MATDSS
addresses this by providing a graphical user interface (GUI) that allows for live monitoring,
parameters management, and the ability to enable di erent components (such as low-
pass lters, PD control and disturbances). In addition, MATDSS allows for modifying
control parameters, and plotting outputs for control areas and DERs directly within the
application. A standout feature of MATDSS is its ability to partition a feeder without
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altering the simulation les of OpenDSS , thereby managing control actions and time-
series simulations from within the same application.

Secondly, while OpenDSS%is recognized as a standard solver for distribution systems,
it lacks built-in time-series simulations for controlled structures like the ones proposed
in this research. Integrating OpenDS8with MATLAB ® was essential to conduct these
simulations and verify the presented work. This integration allows the framework to be
easily adapted for di erent circuits and scales to control multiple areas within a feeder, as
demonstrated with the IEEE-8500 simulation involving 49 control areas (see Section 3.6).

MATDSS serves as a core platform available for researchers to link MATLABand
Simulink with OpenDSS’ , providing a foundation for further development and integration
of advanced control structures with distribution networks. The Application primarily focuses
on modeling distribution network feeders within MATLAB® using OpenDSS solver engine.
It manages the dynamics and time-series simulations, transmitting updates to OpenD5fr
circuit components as they occur. The simulations presented in this thesis utilize MATDSS
Application V0.92 and V0.94 with OpenDSS Vv9.6.1.3.

MATDSS facilitates the import of existing OpenDSS distribution feeders or the creation
of new feeders through OpenDSSscripts. The software is available at [100]. In the following
subsections, we outline the key functionalities of MATDSS Application and provide a
succinct overview of its user interface.

3.5.1 MATDSS Key Features

MATDSS Application was developed to ease the integration of MATLAB with OpenDSS’
especially for implementing complex control architectures such as the one described in
previous sections. The development process focused on the following key features:

" Modular Functions : Allows extensive modi cation and overriding of default char-
acteristics, enhancing adaptability for advanced control schemes.

Feeder Structure and Control Areas  : Supports partitioning feeders into multiple
control areas and saving customized structures for easy access and modi cation.

" DER and LC Con gurations  : Provides comprehensive control over DER and LC
con gurations, including advanced control features like PID and low-pass lItering.

Simulation Setup Data : Pre-de nes simulation variables and parameters for quick
recall, signi cantly reducing simulation setup time.
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" Additional features : Provides precise control over time con guration, real-time
monitoring, customizable plotting, and export functions for comprehensive simulation
analysis.

Modular Functions

MATDSS allows for extensive modi cation and overriding of default characteristic, enhanc-
ing adaptability. For instance, users can easily modify or include multiple models BERs
dynamic behavior by updatingMATDSSDERUpdate.m . This modular approach empowers
researchers and engineers to implement advanced control schemes and simulations e ciently.

Feeder Structure and Control Areas

Using OpenDSS engine, MATDSS is compatible with all pre-de ned feeders in the Open[3SS
library. Moreover, the application allows partitioning the feeder structure into multiple con-

trol areas, facilitating easy manipulation of the structures. These customized structures are
saved inxlsx spreadsheets for convenient access from outside the application. MATDSS
can read modi ed spreadsheets and update the setup accordingly, ensuring seamless inte-
gration and e cient work ow management.

DERs and LCs Con gurations

MATDSS provides comprehensive control ovdDERs andLCs con gurations, aligning with
the setup discussed in Sections 3.3-3.4. It o ers default values for newly de n®dERs and
LCs according to Tables 3.2 and 3.3. Additionally, the application allows for selecting branch
currents and voltage phases that are monitored and controlled, automatically allocating
them to their respective local controllers. Advanced control features such as PID and
low-pass ltering (to be described in Section 3.6.1) are also included.

Simulation Setup Data

The pre-de nition of Simulation Setup Dataallows the application to generate all necessary
simulation variables and parameters including sensitivity matrices, states and parameters of
local controllers, con gurations of DERS, simulation time settings, and disturbances. Users
can swiftly recall this information before initiating a new simulation, signi cantly reducing
the setup time. This feature proves particularly advantageous for large distribution feeders
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with multiple control areas, where for IEEE-8500 feeder, the initialization of simulation
setup for the 49 CAs structure typically takes 7 to 10 minutes. With MATDSS, the recall
process merely takes 1 minute, leading to signi cantly faster experience.

Experiment Setup, Time Con guration, Real-time monitoring and Simulation
Output Visualization and Export

MATDSS GUI features an intuitive design, providing the users with the exibility to
swiftly switch between di erent OpenDSS circuits. It allows for precise control over time-
con guration for the simulation and control. Users can adjust controller time-steps and
simulation times-steps to accommodate dynamic DERSs response, if necessary.

Moreover, MATDSS enables real-time monitoring oDERSs response, in addition to
control areas' powers, voltages and currents along with their associated dual variables.
The program o ers a customizable plotting functionality that enhances the visualization
experience. Users can select speci ¢ variables to be plotted, and the plotting environment
dynamically updates accordingly. Additionally, the plots include legends describing the
curves being displayed, which enhances clarity and interpretation.

Furthermore, MATDSS includes an export function that saves comprehensive informa-
tion about the simulation run. This includes all parameters and con gurations considered
during the simulation, as well as any generated plots within the application. This feature
facilitates accessible analysis of the output results, enabling users to review and interpret
simulation data with ease.

3.5.2 MATDSS Application GUI

In this section, we provide a brief description of the GUI of MATDSS Application V0.92. In
Figure 3.4, the main MATDSS Application window is shown. The main window contains a
list of available OpenDSS les in the default directory. The main center block is occupied
by a tab group that contains the simulation plots, con gurations and OpenDSS le editor.
The plot settings are controllable once the simulation is complete, and by selecting multiple
entries, the plot is updated accordingly. The Application has a console that updates the user
with the current status and what the program is calculating during the simulation process.
In addition, a status bar is located at the bottom that shows the current functionality that
program is performing. A progress meter is located at the bottom right to inform the user
of the current progress percentage during the simulation. During simulation run time, the
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focus is set automatically to theDER status tab, which displays live updates about the
performance of the DERs while the simulation is running.

Figure 3.4: MATDSS Application Main Window.

Moving to the con guration tab, a sub tab-group is shown where the feeder con guration
is set. The rst tab within this group is the DERs con gurations. Here, the table shows the
parameters set for theDERs and their types (where one can prede ne the models and the
characteristics of theDERs beforehand), see Figure 3.5. The GUI allows for adding new or
deleting DERs by selecting them and clicking on the button accordingly. Once theERs
are set and de ned, the user can click osave button to save the current table (or update
the saved one) in Excel Con guration les. ClickingSave All would save all updated
con gurations from all tabs to the corresponding Excel les. The function would update
existing tables in Excel or create new spreadsheets if the con gurations are for a new feeder.
The Load Configs. button loads saved con gurations of the selected OpenDSS e, if
available. The Console updates the user about the loading progress, and if successful, the
tables in all con guration tabs are updated. At the bottom, the global controller gain
can be set, along with a table of custom disturbances that can be de ned and set to be
connected for a window of time.

4The “Advanced Control' tab is not included yet in the save and load feature.
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Figure 3.5: MATDSS Application Con guration Tab group and DERs con guration table.

Lastly, on the right side, there are two buttonsGenerate and Save Simulation
Setup Data and Manage Simulation Setup Data that are concerned with gener-
ating a variable calledSimData that contains all required variables for the simulations and
parameters, including sensitivity matrices, control areas, and controllers states and related
variables. The latter, when clicked, opens &imData viewer that shows the availablenat
les and displays a summary of the con gurations saved, see Figure 3.6. Loading saved
simulation setup can speed up the initialization process, as the setup of the control structure
is xed for a system when tuning is in progress, or for di erent simulation cases.

TheV & | tab lists available phases and branches for control. Selecting (by highlighting)
a phase or branch instructs the corresponding local controller to monitor and control the
corresponding voltage/current. Figure 3.7 shows the V & | con guration tab where some
branches and phases are selected.

Control Areas tab is the one concerned with control areas de nition, local controllers’
con gurations and VDERSs setup, see Figure 3.8. The parameters shown are based on the
setup discussed before in Sections 3.3-3.4.
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Figure 3.6: MATDSS Application - SimData management window.

Figure 3.7: MATDSS Application V & | con guration tab.
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Figure 3.8: MATDSS Application Control Areas Con guration Tab.
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Lastly, Figure 3.9 shows the advanced control tab, which contains the optional setup
and con gurations for the low-pass Iter (LPF), and the additional PD controllers.

Figure 3.9: MATDSS Application optional con gurations for low-pas Iter and PD controllers

OpenDSS File tab is the last tab in the main tab group of the main window and displays
the main OpenDSS script, see Figure 3.10. The text editor allows for direct changes to be
made to the OpenDSS script and saving the edits. The le needs to be saved to re ect the
changes when calling OpenDSS solver as it reads the le separately.

3.6 Case Studies

We present three case studies of increasing complexity to illustrate and validate the proposed
design: (1) a simple 5 bus feeder, (2) the IEEE-123 bus feeder, and (3) the IEEE-8500 bus
feeder. The simple 5-bus feeder will be used to demonstrate the basic functionality of the
controller, including howCAs andLCs interact with one another; the latter two test systems
will demonstrate scalability of the approach.

The tests were run using the customized application, MATDSS V0.92. The feeders are
de ned using OpenDSS Scripting Language, with the IEEE-123 and IEEE-8500 feeders
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Figure 3.10: MATDSS Application OpenDSS script editor.

receiving minor modi cations from their original versions in OpenDSS%; see Appendix B for
details on these modi cations. We set alLCs control parameters to the nominal values in
Table 3.2, unless speci ed otherwise; current limits vary by line. For current control examples,
we report the limits considered. ControllableDERs are integrated throughout the test
systems. As our only requirement is that thesBERSs are responsive to dispatch commands,
the internal dynamics and speci ¢ nature of theDERs are of secondary importance; each
DER is modelled as having a rst-order response to power commands with time constant
more detailedDER models with internal controls can be easily integrated within MATDSS,
see [100, 101]. All DER power limits are box constrainis; = [X;;X;]; see Table 3.3.

Table 3.3: DER's Default parameters.

Parameter Value Parameter Value
i 0:2s CJ-O? CJ-O diag(20; 20), (0;0)
X; ( 1PW; 10°Var) X; (10°W; 1CPVar)
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Each test system is divided intoCAs. Our design will be compared and contrasted
with a baseline centralized controller, labelled @A, which is a 1-area implementation of
our hierarchical controller, acting with global information to controlall DERs within the
feeder; this serves as a \best case" against which to compare our hierarchical design. For
all feeders, we consider the case where tli80 request is of the formX§® = (p §; 0), i.e.,
active power tracking at theDN-TN interface. The sampling time of the controller is set as
Ts = 100ms. Throughout the tests and for all controllers, we set’ =10 4, ¢ =10 3, and

i =0:002, and we set the corresponding gains as in Table 3.2. With these regularization
parameters, for tracking within 1kW for p{, we tighten the power tracking constraints
and setE;, = 100W and E;, = 100Var. Appendix B lists all MATDSS related con gurations
used for the simulation runs shown here.

Remark 3.6.1 (Synchronous CAs)  We consider synchronous controllers where all LCs
use the same sampling time; however, the framework does not require the nested controllers
to wait for updated set-points from their parent LCs. Each controller considers the last set-
point when updated set-point is not provided, and utilize feedback measurements to control
the DERs within the CA.

3.6.1 5-Bus Feeder

Consider the three-phase 5-bus feeder of Figure 3.11, which has been partitioned into two
CAs. Within the feeder, threeDERSs are placed at buses n3, n4 and n5, with\ddDER added

to CAL, representing theLC in CA2. There are two loads of 400kW and 770kW with power
factor of 09 at buses n4 and n5, respectively. The purpose of our test here is to illustrate
the basic behaviour and response of the controller.

Figure 3.11: Three phase 5-Bus feeder circuit.
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A reference change of 200kW is requested at the feeder head atO, and a load change
(disturbance) of 100kW (Q9pf) at t = 5s located at bus n5. The change in power at the feeder
head serves as a metric to gauge the tracking performance of the controllers. Simultaneously,
the response to disturbances provides insights into how both centralized and decentralized
controllers e ectively manage local constraints and disturbances. The power response at the
feeder head is shown in Figure 3.12a, which as discussed plots both a hierarchical @A
and a centralized onecA implementation. The gure shows the change in power ow at
the interface busof the feeder head across all phases, i.e., gp= 1"p1.

The multi-area implementation (2CAs) shows a more sluggish response compared to
the centralized implementation (ICA). While not covered by our theory, we have found
this sluggishness can be overcome by (i) incorporating proportional and derivative (PD)
control action into the LC controller, and (ii) passing the control signal foDERSs through
a Low-pass Filter LPF). To explain the rst modi cation, consider the ; update in
Algorithm 1. This can be viewed as integral-type controller” = P o( { + e ) acting
on the errore . = 17p;o pﬁ%‘ Ei, r ., i. Lete denote the stacked vector of all these
errors. Incorporating PD action alongside this integral controller can accelerate the overall
response time. This is done by modifying Step 4 in Algorithm 1, wherein the argumea
is replaced byd: , where

df =di + et olyi Vi)

wherey; = co1"pio; 17pio;17qio; 17qio;Vi; Vi;ii) is the stacked vector of raw mea-
surements, and , and 4 are diagonal matrices of proportional and derivative gains. We
have found that derivative action need only be used for VDERs. The second modi cation,
a low-pass lter, is used to eliminate the passing of aggressive control actions down through
VDERs, which allows higher level controllers to use larger integral gains. After Step 4 of
Algorithm 1, the VDER set-points are passed through a low-pass lIter before being sent to
the child areas. See Appendix B for details on tuning of the proportional-derivative gains
and low-pass Iter time constants.

Returning now to Figure 3.12, the 2CApr pip curve shows the response of the 2CAs
structure with PID controllers and LPF ltering. With this implementation, one can achieve
tracking results similar to single-area system (1CA) in terms of power set-points while
preserving data privacy and maintaining a hierarchical control structure. The settling time
after the step change was :07s for 1CA, 178s for 2CA, and 102s for 2CA with PID
controllers and LPF lter. Note that the disturbance at t = 5s, which occurs in the child
area, is quickly rejected by both the 1CA and 2CAs implementations.

Figure 3.12b plots the active power responses of the thrB&Rs during the test. Notably,
both 1CA and 2CAs (LPF PID) implementations exhibited similar settling times and
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DER participation when responding to the initial step-change. Importantly however, when
compensating for the disturbance at = 5s located at bus n5, the 1CA and 2CA implemen-
tations behave di erently. In the 2CAs implementation, the disturbance was regarded as
local perturbation within CA2, and consequently, onhDER, and DER3 were responsible
for providing compensation. In contrast, the 1CA implementation re-dispatched alDERs
to mitigate the disturbance. In subsequent plots and tests, all multi-CA implementations
will include PID action and low-pass lters, and we drop the 'LPF PID' annotation.

The dashed lines in Figure 3.13 show the voltage at bus n4 and the current on line L3
during the test; with voltage limits set to their nominal values and current limit of 135A.
To illustrate how e ectively the controllers maintain local circuit constraints, we tighten the
voltage and current constraints tov = 0:974p.u. andi = 123A, and repeat the test, with
results plotted in solid lines. Both con gurations, LA and 2CA, showed similar response
and enforced the operational constraints in equilibrium. For details on the controller gain
settings, please refer to Appendix B.

Figure 3.12: 5-Bus feeder step-tracking with disturbance response. (a) Tracking of @ with
1CA (blue) and 2CA (orange) con gurations. (b) DERs active power responses. Dashed lines
corresponds to single-area (1CA) while solid lines corresponds to multi-area (As pr  pip ). (1CA:
a.;;a.1=5 10° 2CAs:a.5;a.,=5 10% 2CAsipr pp: 1, 2=0:003,a.5;a.,=5 10°)

59



Figure 3.13: 5-Bus feeder step-tracking with disturbance voltage and current control with TA
(blue) and 2CA (orange) con gurations. Dashed lines corresponds to regular constraints on voltage
(v =1:05 p.u.) and 135A current limit.

Remark 3.6.2 (Low-Pass Filter Design & Stability) Adding a low-pass lter to the
interface between control areas introduces a pole into the system. The low-pass Iter needs
to be carefully designed to ensure that it does not cause instability. In this work, we designed
the low-pass lIter by observing the oscillation dynamics prior to adding the LPF to the
VDER set-points.

3.6.2 |EEE-123 Feeder

Following the proposed control structure described in Section 3.2, the IEEE-123 feeder
is partitioned into 6 control areas as shown in Figure 3.24The feeder head area (CA1)
is the parent area for both CA2 and CA3, with CA4 a further child of CA2, and CA5
and CAG6 further children of CA3. This permits an investigation of the impact of multiple
parent-child layers on the control performance.

SWe partitioned the feeder into 6 CAs of approximately equal sizes with 3 levels of nested hierarchical
structure. This is considered to analyze the impact of lower level CAs on higher level CAs when responding
to set-point change requests and local disturbances.
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As shown in Figure 3.14, there are ERs per CA, with cost parameters C*° =
diag40; 40) for all DERs, and remaining parameters as in Table 3.3. All VDER costs
are set according to (3.11).

We next demonstrate the response of both con gurations (1CA and 6CAs) to two test
scenarios: 1) step-tracking with disturbances, and 2) stepped-ramp-tracking with distur-
bances.

Figure 3.14: IEEE-123 bus feeder with six control areas.

Step-tracking with disturbances

A step change of 200kW is requested at the feeder headtat Os, followed by two distur-
bances: a 100kW (®pf) load change at bus 25 ifCA2 att = 5s, and a 100kW (Q9pf) load
change at bus 81 inCA6 att = 10s. The responses of the centralized controller and the
multi- CAs implementation are shown in Figure 3.15. Note that the 6CA implementation
incurs only a minor hit in performance, despite its decentralized hierarchical nature.
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Figure 3.15: IEEE-123 feeder step-tracking with two disturbances. (1CA: 1 =0:001,a.1;a.1 =
2 103 6CAs: 1=0:0096, 23456=0:00432,a.1;a.1=5 10%)

Stepped-ramp-tracking with disturbances

To demonstrate the tracking capabilities of the multi-CA design, we consider ramp-like
reference signal at the feeder head, where a change of 20kW occurs every 1s. We consider
the same two disturbances as in step-tracking test, where the disturbances are triggered
at di erent times: dist. 1 (disturbance at bus 25 in CA2) is connected frorh= 10s until

t = 50s, while dist. 2 (disturbance at bus 81 in CA6) is connected fronh = 20s until

t = 40s. The power tracking response is shown in Figure 3.16, with insets showing details
of the transient response. The multi€As implementation produces results similar to the
centralized 1CA implementation.

Figure 3.17 shows the active power responses of thERs in the feeder, wherdERSs
have been grouped based on th@A they belong to, to focus on the collective response
of di erent CAs. For the centralized controller (black curves), alDERs throughout the
system show similar behavior when responding to set-point changes or disturbances, as
they all have the same cost function, where all DERs respond promptly.

The DERs in the 6CA implementation behave di erently. Focusing on the rst 10
seconds, after each step-change in set-point at the feeder hdaBRs within CA1 (dark blue)
respond the fastest, followed by lower-level areas gradually increasing their participation.
The DERs in child areas ofCAl (i.e., CA2 and CA3) accelerate their response faster
than those in grandchild areas. Importantly, the \oscillations" here arenot a form of
instability, but are the result of CA1 responding aggressively to meet the set-point, then
ramping down as other CAs begin to contribute. Focusing now on the disturbance at
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