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Series Editors’ Foreword

The series Advances in Industrial Control aims to report and encourage technology
transfer in control engineering. The rapid development of control technology has an
impact on all areas of the control discipline. New theory, new controllers, actuators,
sensors, new industrial processes, computer methods, new applications, new design
philosophies..., new challenges. Much of this development work resides in
industrial reports, feasibility study papers and the reports of advanced collaborative
projects. The series offers an opportunity for researchers to present an extended
exposition of such new work in all aspects of industrial control for wider and rapid
dissemination.

In 2015, the Advances in Industrial Control series published the monograph
Voltage Control and Protection in Electrical Power Systems by Sandro Corsi
(ISBN 978-1-4471-6635-1, 2015). This was an authoritative, detailed and com-
prehensive study of how to design and implement voltage control systems in a
national-scale electrical power grid. Some of the key concepts were a three-level
control hierarchy and the decomposition of the grid into weakly interactive control
regions. Each region was driven by “pilot” nodes or “leader” nodes and selected
control generators that supported these nodes. The pilot nodes selected were those
able strongly to influence or lead a set of surrounding buses. The decomposed
structure for the three levels of the hierarchy was then used to construct the system
controllers and to create an information network that provided the necessary system
measurements.

This idea of leaders to influence or co-ordinate the behaviour of a set of
neighbouring entities in a system is a feature of the present monograph Cooperative
Synchronization in Distributed Microgrid Control by authors Ali Bidram,
Vahidreza Nasirian, Ali Davoudi, and Frank L. Lewis, where the application
domain this time is microgrid power systems. Microgrids are defined as small-scale
local power systems that supply a small spatial area. Examples could be in a small
geographical area such as a remote community or could be a self-contained facility
such as a hospital, or a cruise liner. A reason for the current interest in microgrids is
the widespread need to integrate and exploit different renewable sources of electric

vii



viii Series Editors’ Foreword

power into one system. There are two types of microgrid, AC microgrids and DC
microgrids, both of which are analysed in the authors’ monograph. The DC
microgrid may receive more focus in the future as a way of dealing with localised
sources of renewable energy and its storage using, for example, batteries.

What is particularly novel about the present monograph is the use of leadership
and the regularisation of the behaviour of all the entities in a distributed multi-agent
system. Chapter 3 in the monograph is a fascinating presentation that starts from
group animal behaviour as in swarms of birds or shoals of fish and culminates in a
theory for the co-ordinated control of a multi-agent system. It is this notion of
entities, all becoming synchronised and moving together towards a common goal,
that finds application in the electric power system field.

The analysis of microgrids is exhaustively reported in the monograph. This
begins with modelling and a specification of the control objectives of AC and DC
microgrids respectively. Subsequently the monograph focuses on three different
aspects of AC microgrids: distributed control, Multi-objective adaptive distributed
control and finally droop-free distributed control (Chaps. 4-6). Then the focus turns
to the cooperative control and distributed assistive control of DC microgrids
(Chaps. 7 and 8).

The monograph has a wealth of material on the power system aspects of
microgrids and their coordinated control. The introduction to the field of
multi-agent system control is very welcome and timely, but what distinguishes this
monograph and makes it an excellent entry to the Advances in Industrial Control
series is the demonstration of how these ideas can find use in a practical industrial
application.

Michael J. Grimble
Michael A. Johnson
Industrial Control Centre
University of Strathclyde
Glasgow, Scotland, UK



Preface

This book studies the distributed control of microgrids. Microgrids are small-scale
power networks that are exploited to supply local loads in small geographical spans.
Microgrids have various applications such as remote villages, hospitals, universities
and educational institutes, police stations, business and residential buildings,
shipboard power systems, military bases, ships. The microgrid concept, with its
local control and power quality support, potentially allows for reliable and pre-
dictable operation of renewable energy generators and for scalable addition of new
generation and loads. Conventionally, microgrids are spanned on the traditional AC
distribution networks that supply AC loads. These microgrids with AC electrical
infrastructure are called AC microgrids. Recently, DC microgrids have also gained
much attention due to their advantages. DC microgrids exploit a DC electrical
infrastructure. This book applies techniques from distributed cooperative control of
multi-agent dynamical systems to synchronization, power sharing, and load bal-
ancing problems arising in AC and DC electric power microgrids. Distributed
networks of coupled dynamical systems have received much attention over the
years because they occur in many different fields including biological and social
systems, physics and chemistry, and computer science.

In Chap. 1, an introduction on microgrids and distributed control of multi-agent
systems is provided. Chapter 2 introduces AC microgrid with focus on its control.
An inverter-based distributed generator (DG) consists of primary power source (e.g.,
battery), voltage source converter (VSC) and the power, voltage and current control
loops. The control loops assign and regulate the output voltage and the frequency
of the VSC. The dynamics of the DG can be expressed in the form of a nonlinear
state space equation. A systematic derivation for the relevant equations for primary
control is given. A basic introduction to secondary and tertiary control is also given.
Later, dynamic models are developed for voltage-controlled voltage source inverters
(VCVSI) and current-controlled voltage source inverters (CCVSI). Finally, the
objectives for primary and secondary controllers in DC microgrid are introduced.

Chapter 3 discusses distributed cooperative control of multi-agent systems.
Graph theory is introduced which is used to represent the communication structure
of a multi-agent-based system. Later, consensus in multi-agent systems is
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X Preface

introduced, and it is shown how it can be used in multi-agent-regulating problems
and multi-agent synchronization problem. A general analysis on multi-agent sys-
tems with variable graph structure and nodes with vector states is done. Finally, the
concepts of synchronization are applied to electric circuits.

In Chap. 4, the design and principles of distributed secondary control of AC
microgrids are discussed. The secondary control in microgrid is a tracking syn-
chronization problem in which the leader node (one of the DGs) tracks the desired
value, while the other nodes synchronize their outputs with that of the leader. For
example, if it is desired to control the voltage of the microgrid, then the reference
voltage is provided only to the leader node. The leader conveys its information to its
neighbors who further convey their information to their neighbors. This chain of
exchange of information ensures that all the DGs are aware of the reference voltage
and their primary controller brings their voltages to the reference values. Similarly,
the frequency of individual DGs can be synchronized. Chapter 4 provides a detailed
information on how the concepts of cooperative control can be applied to solve the
problem of voltage regulation and frequency synchronization in microgrids.
Moreover, it is shown how the cooperative secondary frequency controller also
shares the active power among the DGs based on their power ratings.

As mentioned before, the DGs are interfaced with microgrid via voltage source
inverters. Depending upon the requirement, a VSI may be designed as
voltage-controlled voltage source inverters or current-controlled voltage source
inverters. The control structure of a VCVSI ensures regulated voltage and fre-
quency, while the control in CCVSI regulates the active and reactive power
delivery. In Chap. 5, a multi-objective distributed control framework is designed for
AC microgrids. To achieve the multiple goals, secondary controller has two sep-
arate control layers: First control layer controls the VCVSIs which control the
output voltage and frequency of the DGs, whereas second control layer controls the
CCVSIs that manage the flow of active and reactive power. In addition to
multi-objective distributed control framework, Chap. 5 discusses adaptive dis-
tributed voltage control techniques in AC microgrids. The adaptive distributed
voltage control compensates for the nonlinear and uncertain dynamics of DGs and,
hence, obviates the control design challenges caused by the nonlinear dynamics of
DGs. The controller is fully independent of the DG parameters and the specification
of the connector by which each DG is connected to the microgrid. Therefore, the
controller can be deployed on any DG regardless of the DG parameters and the
connector specifications, and its performance does not deteriorate by the change in
DG parameters (e.g., due to aging and thermal effects). The adaptive voltage
controller appropriately responds to the changes in the system operating condition,
without any manual intervention, and adjusts the control parameters in real time.

Droop control, which is inspired from the governors in synchronous generators,
are implemented virtually in inverter-based DGs. Droop control is popular due to its
simplicity but it is ineffective in the presence of nonlinear loads, and its reactive
power sharing ability is poor when there are unequal bus voltages. To address these
issues, a droop-free distributed controller is designed for AC microgrids. To design
a droop-free controller, each DG is equipped with a voltage regulator, reactive
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power regulator, and active power regulator. Each DG exchanges information of its
voltage and normalized active and reactive power with their neighbors. The voltage
regulator at a DG uses the voltage measurements (its own and neighbors) to esti-
mate the grid voltage using a voltage estimator. This estimate is then compared
against the required voltage, and the error is passed through a PI controller to
synchronize the voltage to the required voltage. Similarly, using the principles of
cooperative control, active and reactive power can be shared among all DGs based
on their power ratings.

Similar to hierarchical control structure in AC microgrids (inspired by the tra-
ditional power grids), the same concept is implemented in DC microgrids. For a DC
microgrid, the main objectives are global voltage regulation and proportional load
sharing. These objectives can be met using similar control strategies that were
employed in AC microgrids. The primary controller is augmented with a distributed
secondary controller at each DG. The secondary controller consists of a voltage
regulator and a current regulator. The voltage regulator estimates the grid volt-
age from the measurements of its neighbors and updates its voltage such that its
voltage is equal to the voltage grid. When this process is performed at all DGs,
voltage regulation is achieved. A noise-resilient voltage observer is designed such
that it can estimate the grid voltage from the voltage information of a limited
number of DGs. The voltage observer uses the principle of dynamic voting protocol
to perform the voltage estimation. To ensure that the load is distributed propor-
tionally, a current regulator compares its normalized currents with its neighbors and
adjusts the current such that the normalized current of all DGs are equal. Equal
normalized current of all DGs ensures that each DG is loaded based on its rating.
The global dynamic model and details of the controller are provided in Chap. 7.

Chapter 8 discusses the utilization of power buffers to improve the stability of
DC microgrids when the loads are volatile due to limited generational inertia and
damping. Power buffer is a power electronic converter with a large storage com-
ponent that can decouple the dynamics of distribution network and the load. During
transients, the buffer can use its stored energy to supply the load and prevent the
disturbance from reaching the distribution network. In traditional power grids,
central storage units are used to balance the supply and demand, but they are slow
and expensive. A power buffer, on the other hand, is fast and efficient and can be
installed at the load terminal. Typically, power buffers are controlled individually to
serve local loads, but their efficiency can further be improved if the buffers operate
collectively to serve neighboring loads. To achieve a cooperative operation of
power buffers, a communication module is provided that enables the buffers to
exchange information with their neighbors. In this way, in case of load changes, the
buffer at that node along with the neighboring buffers can supply the required load.
This collective response from the buffers increases the damping of the microgrid.

Markham, ON, Canada Ali Bidram
Wilmington, MA, USA Vahidreza Nasirian
Arlington, TX, USA Ali Davoudi

Fort Worth, TX, USA Frank L. Lewis
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Chapter 1
Introduction

Deregulation of the electric power industry imposes requirements for more
responsive economic dispatch for dynamic balance between energy generation and
loads. Concern about environmental impacts and shortages of fossil fuels have
increased interest in clean and renewable energy generation, including wind power,
photovoltaic, hydroelectric power, fuel cells, and microturbines. Wind energy and
photovoltaic are among the most promising renewable energy resources, yet these
sources are intermittent and unpredictable and cannot be used for reliable economic
dispatch; they have low inertias and cannot provide power quality support for the
grid. Microgrids are small-scale power networks that are exploited to supply local
loads in small geographical spans. Microgrids have various applications such as
remote villages, hospitals, universities and educational institutes, police stations,
business and residential buildings, shipboard power systems, military bases, and
ships. The microgrid concept, with its local control and power quality support,
potentially allows for reliable and predictable operation of renewable energy gen-
erators, and for scalable addition of new generation and loads. Microgrids facilitate
the reliable integration of renewable energy resources such as wind and solar
generation and fuel cells through distributed generators (DGs). The microgrid
operates on the idea of autonomous subsystems composed of small local areas with
dedicated control systems that provide guaranteed power quality support to the
distribution grid. The microgrid concept potentially enables high penetration of
DGs without requiring redesign or reengineering of the distribution system itself,
and was designed to lower the cost and improve the reliability of small-scale
distribution systems. Current local control methods for microgrids do not always
provide adequate power quality support for the grid or reliable power generation
profiles for renewable energy sources [1—4].

Conventionally, microgrids are spanned on the traditional AC distribution net-
works that supply AC loads. These microgrids with AC electrical infrastructure are
called AC microgrids. Recently, DC microgrids have also gained much attention
due to their advantages. DC microgrids exploit a DC electrical infrastructure.
Energy resources are integrated into the microgrid using various power electronics

© Springer International Publishing AG 2017 1
A. Bidram et al., Cooperative Synchronization in Distributed Microgrid Control,
Advances in Industrial Control, DOI 10.1007/978-3-319-50808-5_1



2 1 Introduction

devices. In AC microgrids, renewable energy resources are integrated to the grid
through inverters while in DC microgrids, these resources are connected to the grid
through DC-DC converters. In both cases, the power electronic converters are
equipped with corresponding control circuits to meet the control objectives, such as
active and reactive power flow and voltage and frequency control in AC microgrids,
and power and voltage control in DC microgrids. This book discusses different
distributed control strategies exploited in AC and DC microgrids.

AC microgrids exploit a hierarchical control structure that contains three main
levels, namely primary, secondary, and tertiary control levels. The primary control
operates at the fastest timescale and maintains voltage and frequency stability of the
microgrid subsequent to the islanding process when switching from grid-connected
mode. It is essential to provide independent active and reactive power sharing
controls for the DGs in the presence of both linear and nonlinear loads. Moreover,
the power sharing control avoids undesired circulating currents. The secondary
control compensates for the voltage and frequency deviations caused by the
operation of the primary controls and restores frequency and voltage synchro-
nization. At the highest level and slowest timescale, the tertiary control manages the
power flow between the microgrid and the main grid and facilitates an economically
optimal operation.

The traditional secondary control of AC microgrids exploits a centralized control
structure. Central controllers command globally on the gathered system-wide
information and require a complex and in some cases two-way communication
network that adversely affects system flexibility and configurability and increases
the reliability concerns by posing single point of failure. The single point of failure
means that by the failure of the central controller, the whole control system fails
down. In this book, the distributed control structure is introduced to implement the
secondary control of microgrids. A microgrid can be considered as a multi-agent
system where its DGs are the energy nodes (agents). The distributed structure of the
communication network improves the system reliability. In this control structure,
the control protocols are distributed on all DGs. Therefore, the requirement for a
central controller is obviated and the control system does not fail down subsequent
to outage of a single unit.

Distributed networks of coupled dynamical systems have received much atten-
tion over the years because they occur in many different fields including biological
and social systems, physics and chemistry, and computer science. Various terms are
used in the literature for phenomena related to collective behavior on networks of
systems, such as flocking, consensus, synchronization, formation, and rendezvous.
The distributed cooperative control of multi-agent systems can be used to imple-
ment the secondary control of microgrids. The term “distributed” means that the
controller requires a communication network by which each agent only receives the
information of its neighboring agents. The term “cooperative” means that, in
contrast to the competitive control, all agents act as one group toward a common
synchronization goal and follow cooperative decisions. Distributed cooperative
control of multi-agent systems is mainly categorized into the regulator synchro-
nization problem and the tracking synchronization problem. In regulator
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synchronization problem, also called leaderless consensus, all agents synchronize to
a common value that is not prescribed or controllable. In tracking synchronization
problem, all agents synchronize to a leader node that acts as a command generator.
Neighboring agents can communicate with each other. The leader is only connected
to a small portion of the agents.

The secondary control of AC microgrids is similar to the tracking synchro-
nization problem of a multi-agent system where the DG voltages and frequencies
are required to track their nominal values. The dynamics of DGs in microgrids are
nonlinear and nonidentical. Therefore, input—output feedback linearization is used
to transform the nonlinear heterogeneous dynamics of DGs to linear dynamics.
Input—output feedback linearization transforms the secondary voltage control to a
second-order tracking synchronization problem. The secondary frequency control is
transformed to a first-order synchronization problem using input—output feedback
linearization. Based on the transformed dynamics, fully distributed voltage and
frequency control protocols are derived for each DG. The proposed distributed
controls are implemented through a sparse communication network, with only
one-way communication links, where each DG requires its own information and the
information of its neighbors.

In AC microgrids, DGs can be of rotating machinery or voltage source inverter
(VSI)-based types. The control structure of a VSI may vary based on the control
objectives such as voltage and frequency, or active and reactive powers. VCVSIs
have internal voltage and current controller loops that facilitate the voltage and
frequency controls of DG. However, in some DGs, the sole active and reactive
power control may be of interest. This requirement can be satisfied through the
current-controlled voltage source inverters (CCVSI). Up to this point, most of the
presented secondary control schemes have only covered the voltage and frequency
controls of VCVSIs. In this book, a two-layer control framework is introduced to
implement the secondary control for an islanded microgrid containing both VCVSIs
and CCVSIs. The first control layer deals with the voltage and frequency controls of
VCVSIs. Additionally, the active and reactive powers of VCVSIs are allocated
based on their active and reactive power ratings. The second control layer objec-
tives are to control the active and reactive powers of CCVSIs. Each control layer is
implemented through the distributed control of multi-agent systems.

The distributed secondary voltage control of AC microgrids can be made
adaptive with respect to the changes in the DG parameters and microgrid operating
conditions. The term adaptive refers to the following salient features of the pro-
posed controller. The proposed controller compensates for the nonlinear and
uncertain dynamics of DGs and, hence, obviates the control design challenges
caused by the nonlinear dynamics of DGs. The controller is fully independent of the
DG parameters and the specification of the connector by which each DG is con-
nected to the microgrid. Therefore, the controller can be deployed on any DG
regardless of the DG parameters and the connector specifications, and its perfor-
mance does not deteriorate by the change in DG parameters (e.g., due to aging and
thermal effects). The proposed controller appropriately responds to the changes in
the system operating condition, without any manual intervention, and adjusts the
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control parameters in real time. Linear-in-parameter neural networks (NN) can be
used to design an adaptive and distributed secondary voltage control. Neural net-
works are used to compensate for the uncertainties caused by the unknown
dynamics of DGs. The NN weights are the control parameters and are calculated in
real time. DGs are considered as agents that can communicate with each other
through a communication network.

Although inverter-based AC microgrids have been prevalent, DC microgrids are
currently emerging at distribution levels. The DC nature of emerging renewable
energy sources (e.g., solar) or storage units (e.g., batteries and ultracapacitors)
efficiently lends itself toward a DC microgrid paradigm that avoids redundant
conversion stages. Many of the new loads are electronic DC loads (e.g., in data
centers), and even some traditional AC loads, e.g., induction machines, can appear
as DC loads when controlled by inverter-fed drive systems [5]. DC microgrids are
also shown to have about two orders of magnitude more availability compared to
their AC counterparts, thus making them ideal candidates for mission-critical
applications [6]. Moreover, DC microgrids can overcome some disadvantages of
AC systems, e.g., transformer inrush current, frequency synchronization, reactive
power flow, and power quality issues. Given the desire for developing DC
microgrids, control algorithms must be tailored to account for individual behavior
of entities that form up a DC system, as well as their interactive behavior. Chapter 7
focuses on the development of distributed control techniques that are inspired by
the operation of DC systems. They provide global voltage regulation and accurate
load sharing through a minimal communication.

Proliferation of power electronics loads in DC distribution networks shifts the
load consumption profiles from the traditional constant impedance loads to elec-
tronically driven loads with potentially volatile power profiles. Such fast-acting
consumption patterns can destabilize the entire distribution network, given their
weak nature due to the lack of damping and generational inertia [7, 8].
Hardware-centric approaches focus on placement of energy storage devices or
power buffers to decouple the source, load, and distribution network dynamics (e.g.,
[9-11]). However, widespread utilization of these devices can be costly.
Control-centric approaches are the alternative solutions. Chapter 8 studies a control
approach that coordinates and groups power buffers across a DC microgrid.
Information exchange in a distributed and sparse network enables power buffers to
act globally, rather than locally.
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Chapter 2
Control and Modeling of Microgrids

In this chapter, the control objectives in AC and DC microgrids are discussed
separately. This chapter brings together the existing AC and DC microgrid control
schemes. Based on the desired control objectives, mathematical models are pre-
sented for DGs. These mathematical models are the key elements in designing
control schemes for microgrids.

2.1 Control of AC Microgrids

In this section, first the control objectives in AC microgrids are elaborated. Then,
based on these control objectives, the hierarchical control structure of AC micro-
grids is discussed. The hierarchical control structure contains three main levels,
namely primary, secondary, and tertiary control levels. Finally, the dynamical
model of distributed generators is elaborated. These dynamical models will be used
in subsequent chapters to design distributed control protocols for microgrids.

2.1.1 Control Objectives in AC Microgrids

Microgrids can operate in two modes: grid-connected mode and islanded mode.
The proper control of microgrid is a prerequisite for stable and economically effi-
cient operation. The principal roles of the microgrid control structure are as follows
[1-6]:

Voltage and frequency regulation for both operating modes,
Proper load sharing and DG coordination,

Microgrid resynchronization with the main grid,

Power flow control between the microgrid and the main grid,

© Springer International Publishing AG 2017 7
A. Bidram et al., Cooperative Synchronization in Distributed Microgrid Control,
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e Optimizing the microgrid operating cost,
e Proper handling of transients and restoration of desired conditions when
switching between modes.

These requirements are of different significances and timescales, thus requiring a
hierarchical control structure to address each requirement at a different control
hierarchy level. The microgrid hierarchical control strategy consists of three levels,
namely primary, secondary, and tertiary controls, as shown in Fig. 2.1. The primary

Tertiary control

Optimal operation in both operating modes

Power flow control in grid-tied mode

[

Secondary control

Compensating the voltage deviation
caused by primary control

Compensating the frequency
deviation caused by primary control

~

Primary control

Voltage stability provision

Feedback signals

Frequency stability preserving

Plug and play capability of DGs

Circulating current avoidance among DGs

Microgrid ]

Tie

( Main power grid j

Fig. 2.1 Hierarchical control levels of a microgrid. © [2016] IEEE. Reprinted, with permission,
from IEEE Transactions on Smart Grid [1]

Bl il T
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control operates at the fastest timescale and maintains voltage and frequency sta-
bility of the microgrid subsequent to the islanding process when switching from
grid-connected mode. It is essential to provide independent active and reactive
power sharing controls for the DGs in the presence of both linear and nonlinear
loads. Moreover, the power sharing control avoids undesired circulating currents.
The primary control level includes fundamental control hardware, commonly
referred to as zero level, which comprises internal voltage and current control loops
of the DGs. The secondary control compensates for the voltage and frequency
deviations caused by the operation of the primary controls and restores frequency
and voltage synchronization. At the highest level and slowest timescale, the tertiary
control manages the power flow between the microgrid and the main grid and
facilitates an economically optimal operation [1, 7].

2.1.2 Primary Control Techniques in AC Microgrids

The primary control is designed to satisfy the following requirements:

e To stabilize the voltage and frequency: Subsequent to an islanding event, the
microgrid may lose its voltage and frequency stability due to the mismatch
between the power generated and consumed.

e To offer plug-and-play capability for DGs and properly share the active and
reactive powers among them, preferably, without any communication links.

e To mitigate circulating currents that can cause overcurrent phenomenon in the
power electronic devices and damage the DC-link capacitor.

The primary control provides the reference points for the real-time voltage and
current control loops of DGs. These inner control loops are commonly referred to as
zero-level control. The zero-level control is generally implemented in either
active/reactive power (PQ) mode or voltage control mode [6].

In the PQ control mode, the DG active and reactive power delivery is regulated
on the predetermined reference points, as shown in Fig. 2.2. The control strategy is
implemented with a current-controlled voltage source inverter (CCVSI). In Fig. 2.2,
H, controller regulates the DC-link voltage and the active power through adjusting
the magnitude of the output active current of the converter, i,. H, controller reg-
ulates the output reactive power by adjusting the magnitude of the output reactive
current, i.e., i, [6].

In the voltage control mode, the DG operates as a voltage-controlled voltage
source inverter (VCVSI)where thereference voltage, v}, is determined by the pri-
mary control, conventionally via droop characteristics [6], as shown in Fig. 2.3.
The nested voltage and current control loops in the voltage control mode are shown
in Fig. 2.4. This controller feeds the current signal as a feedforward term via a
transfer function (e.g., virtualimpedance) [1].
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Fig. 2.2 PQ control mode with active and reactive power references. © [2016] IEEE. Reprinted,
with permission, from IEEE Transactions on Smart Grid [1]

E
0 | T— E |
Vo = I Reference
Power 0 voltage L 50"
) calculator ® ¢
ly ———> P I ® \[2 Esin(o?)
P

Fig. 2.3 Reference voltage determination for voltage control mode. © [2016] IEEE. Reprinted,
with permission, from IEEE Transactions on Smart Grid [1]
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Fig. 2.4 Voltage and current control loops in voltage control mode. © [2016] IEEE. Reprinted,
with permission, from IEEE Transactions on Smart Grid [1]

Power quality of small-scale islanded systems is of particular importance due to
the presence of nonlinear and single-phase loads and the low inertia of the mi-
crogrid. To improve the power quality for a set of energy sources connected to a
common bus, the control structure shown in Fig. 2.5 is used. In this figure, Hypr(s)
denotes the transfer function of a low-pass filter. Each converter has an independent
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Fig. 2.5 Zero-level control loops for a set of energy sources connected to an AC bus. © [2016]
IEEE. Reprinted, with permission, from IEEE Transactions on Smart Grid [1]

current control loop and a central voltage control loop that is adopted to distribute
the fundamental component of the active and reactive powers among different
sources. The reference point for the voltage controlloop is determined by the pri-
mary control. The individual current controllers ensure power quality by controlling
the harmonic contents of the supplied currents to the common AC bus. The DG’s
control modes are usually implemented using the droop characteristic techniques
[1, 8].

Droop Control. The droop control method has been referred to as independent,
autonomous, and wireless control due to the elimination of intercommunication
links between the converters. The conventional active power control (frequency
droop characteristic) and reactive power control (voltage droop characteristic),
those illustrated in Fig. 2.6, are used for voltage mode control. Principles of the
conventional droop methods can be explained by considering an equivalent circuit
of a VCVSI connected to an AC bus, as shown in Fig. 2.7. If switching ripples and
high-frequency harmonics are neglected, the VCVSI can be modeled as an AC
source, with the voltage of EZ¢. In addition, assume that the common AC bus
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Fig. 2.7 Simplified diagram of a converter connected to the microgrid. © [2016] IEEE. Reprinted,
with permission, from IEEE Transactions on Smart Grid [1]

voltage is VeomZ0 and the converter output impedance and the line impedance are
lumped as a single effective line impedance of Z/0. The complex power delivered
to the common AC bus is calculated as

VenEZO0 =8 V2 /0
S = Veol" =~ ~ - =7 (2.1)

from which the real and reactive powers are achieved as

P =YsnEcos(0 — §) — V°22°m cos(0),

2.2

0= —VC‘;‘E sin(6 — 9) — %Sin(ﬁ). 2-2)

If the effective line impedance, Z/0, is assumed to be purely inductive, 6 = 90°,
then (2.2) can be reduced to

P = YenEgin §
7 b
0= VeomE cos 6—V2 (23)
= —2m- e,

If the phase difference between the converter output voltage and the common
AC bus, 9, is small enough, then sind = § and cos é = 1. Thus, one can apply the
frequency and voltage droop characteristics to fine-tune the voltage reference of the
VCVSI as shown in Fig. 2.6 based on
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o = w* — DpP,
{E ) (2.4)
where the primary control references E* and »* are the DG output voltage RMS
value and angular frequency at the no-load condition, respectively. The droop
coefficients, Dp and Dy, can be adjusted either heuristically or by tuning algorithms
(e.g., particle swarm optimization [9]). In the former approach, Dp and D, are
determined based on the converter power rating and the maximum allowable
voltage and frequency deviations. For instance, in a microgrid with N DGs, cor-
responding Dp and D, should satisfy the following constraints [10, 11]

{DPIPnl =DpPp = ... = DpyPny = A(Umaxy (2 5)
Dp10ni = DpQpp = ... = DonOnn = AEnmax, '

where Awmax and AE,« are the maximum allowable angular frequency and voltage
deviations, respectively. P,; and Q,; are the nominal active and reactive powers of
the ith DG.

During the grid-tied operation of microgrid, the DG voltage and angular fre-
quency, E and o, are enforced by the gird. The DG output active and reactive
power references, P and Q™', can hence be adjusted through E* and o* [6] as

Pref — w*D;w ,
Qref _ E-F (26)
Dy

Dynamic response of the conventional primary control, on the simplified system
of Fig. 2.7, can be studied by linearizing (2.3) and (2.4). For instance, the linearized
active power equation in (2.3) and frequency droop characteristic in (2.4) are

AP = GA§,
{ Aw = Aw* — DpAP. 27)
where at the operating point of V.ym0, Eo, and dg
VeomoE
G = 270 o5 6, (2.8)
Z
and
Ad = /Awdt. (2.9)

Therefore, the small-signal model for the active power control in (2.4) is
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G

APS) = hG

Ao (s). (2.10)

A similar procedure can be adopted to extract the small-signal model of the
reactive power control.

The block diagram of the small-signal model for the active power control of
(2.4) is demonstrated in Fig. 2.8. As shown in (2.10), time constant of the
closed-loop control can only be adjusted by tuning Dp. On the other hand, as shown
in (2.4), Dp also affects the DG frequency. Thus, a basic trade-off exists between the
time constant of the control system and the frequency regulation.

As opposed to the active load sharing technique, the conventional droop method
can be implemented with no communication links, and therefore, it is more reliable.
However, it has some drawbacks as listed below:

e Since there is only one control variable for each droop characteristic, e.g., Dp for
frequency droop characteristic, it is impossible to satisfy more than one control
objectives. As an example, a design trade-off needs to be considered between
the time constant of the control system and the voltage and frequency regulation
[12, 13].

e The conventional droop method is developed assuming highly inductive
effective impedance between the VCVSI and the AC bus. However, this
assumption is challenged in microgrid applications since low-voltage trans-
mission lines are mainly resistive. Thus, (2.3) is not valid for microgrid appli-
cations [11].

e As opposed to the frequency, the voltage is not a global quantity in the
microgrid. Thus, the reactive power control in (2.4) may adversely affect the
voltage regulation for critical loads.

e In case of nonlinear loads, the conventional droop method is unable to distin-
guish the load current harmonics from the circulating current. Moreover, the
current harmonics distort the DG output voltage. The conventional droop
method can be modified to reduce the total harmonic distortion (THD) of the
output voltages [14, 15].

*

Aw A® 1 Ad

Dp |

Fig. 2.8 Small-signal model of the conventional active power control. © [2016] IEEE. Reprinted,
with permission, from IEEE Transactions on Smart Grid [1]
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These potential drawbacks have been widely discussed in the literature. The
proposed solutions are discussed next.

Adjustable Load Sharing Method. In this technique for improving droop
control, the time constant of the proposed active and reactive power controllers can
be adjusted without causing any impact on the DG voltage and frequency [12, 13].
The proposed active power controller uses the conventional controller in (2.4);
however, the phase angle of the VCVSI, 6, in Fig. 2.7 is determined by

5:1{,,/6001;, (2.11)

where K, is an integral gain. Given (2.11), the small-signal model of the proposed
controller can be derived as

AP(s) = _ K6
~ s+K,DpG

Aw*(s), (2.12)
where G is defined in (2.8). The block diagram of this model is illustrated in
Fig. 2.9. The eigenvalue of the linearized control system of (2.12) is

4= —K,DpG (2.13)

Equation (2.13) shows this eigenvalue depends on the integral gain, K,,, and the
droop coefficient, D,. Therefore, the closed-loop time constant can be directly
adjusted by tuning K,,. Since D,, is remained intact, the resulting frequency of the
active power control in (2.4) will no longer be affected by the controller time
constant adjustment.

Similarly, at the operating point of V.m0, Eo, and g, the small-signal control for
the reactive power control in (2.4) can be found by perturbing (2.3) and (2.4).

H *
Ao ro [k, | AS
_r ¥ G >
+ S AP
Dp [«

Fig. 2.9 The small-signal model of the adjustable active power control. © [2016] IEEE.
Reprinted, with permission, from IEEE Transactions on Smart Grid [1]
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where

com! 5
H— % (2.15)

As shown in (2.14), AQ is a linear function of a reference signal, AE*. Since H is
a function of dy, line, and the operating point, performance of the conventional
reactive power control in (2.4) tightly depends on the microgrid operational
parameters. In the adjustable reactive power sharing method, an integral controller
is used that regulates the common bus voltage in Fig. 2.7, V.o, to match a ref-
erence voltage, Vi.r [12]

E=K, / (Viet — Veom)dt, (2.16)

where K, is the integral gain and
Viet = E* — Do Q. (2.17)

In steady state, V.o, and V. are equal. Moreover, the steady-state reactive
power can be calculated as

Q="—_"Tom (2.18)

Thus, as opposed to (2.14) and (2.15), microgrid operational parameters will no
longer affect the reactive power control. Additionally, voltage regulation of the
common bus is guaranteed. The small-signal model for the proposed reactive power
control is shown in Fig. 2.10 and is expressed by

k,H k,H

AQ(s) = — 4 AE*(s) ———9__Ay, 2.19
Q) =7 k,DoH )= k,DoH com(5) (2.19)
AVCOm
A Mgt Ky | AE ,
G () — ~ | o e

Fig. 2.10 The small-signal model of the adjustable reactive power control. © [2016] IEEE.
Reprinted, with permission, from IEEE Transactions on Smart Grid [1]
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The closed-loop transfer function of (2.19) is a function of both k, and D,.
Therefore, the dynamic response of the proposed reactive power control can be
directly adjusted by k,. Since Dy is remained intact, the resulting voltage of the
reactive power control in (2.4) will no longer be affected by the controller time
constant adjustment.

VPD/FQB Droop Method. Low-voltage transmission lines are basically
resistive. Thus, one can consider a resistive effective line impedance, i.e., 0 = 6°,
and also can assume the 0 to be small enough that sind =~ J. Considering these
assumptions, (2.2) can be simplified as

P ~ VcomE*chom
0~ meEg ’ (2.20)
—m= .

Thus, the voltage-active power droop and frequency-reactive power boost

(VPD/FQB) characteristics are alternatively considered [2]
E =E* — DpP,

{ o =w"+Dy0, (2.21)

where E* and w* are the output voltage amplitude and angular frequency of the DG
at the no-load condition, respectively. Dp and D, are the droop and boost coeffi-
cients, respectively.

Droop and boost characteristics of VPD/FQB method are shown in Fig. 2.11. This
approach offers an improved performance for controlling low-voltage microgrids
with highly resistive transmission lines. However, it strongly depends on system
parameters, and this dependency confines its application. Additionally, the
VPD/FQB technique may face a malfunction in the presence of nonlinear loads and
cannot guarantee the voltage regulation. Similar to the adjustable load sharing
method, the VPD/FQB technique can be modified to adjust the controller time
constant without causing voltage and frequency deviations. In the VPD control
mode, the common bus voltage, V.., is controlled to follow a reference voltage, Vier.

(a) (b)
E A o A

*

0 Pmax P Qmin 0 Qmax Q

Fig. 2.11 Droop/boost characteristics for low-voltage microgrids: a voltage-active power droop
characteristic and b frequency-reactive power boost characteristic. © [2016] IEEE. Reprinted, with
permission, from IEEE Transactions on Smart Grid [1]
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K
E= (KPI + %) (Vref - Vcom)7 (222)

where
Vief = E* — DpP, (2.23)

and Kp; and Kj, are the proportional and integral gains of the active power con-
troller, respectively. In steady state,

Veom = Vit = E* — DpP. (2.24)

In the FQB control mode, ¢ is determined by another proportional-integral
(PD) controller as

K
6= (sz + —’2> o, (2.25)
S

where Kp, and K, are the proportional and integral gains of the reactive power
controller, respectively. In the modified VPD/FQB method, the time constants of
the closed-loop controllers are directly adjusted by the proportional and integral
gains, Kpy, Ky, Kpy, and Kp.

Virtual Frame Transformation Method. An orthogonal linear transformation
matrix, Tpg, is used to transfer the active/reactive powers to a new reference frame
where the powers are independent of the effective line impedance [16, 17]. For the
system shown in Fig. 2.7, Tp is defined as

P' P sin0 —cosO| [P
{Q/} :TPQ[Q] N [cos@ sin 0 ][Q} (2.26)

The transformed active and reactive powers, P'and (', are then used in droop
characteristics in (2.4). The block diagram of this technique is shown in Fig. 2.12.
Similarly, a virtual frequency/voltage frame transformation is defined as

o' w sinf cosf||w
[E’] _T‘”E{E} - {—cos@ sinH} {E]’ (2.27)

where E and w are calculated through the conventional droop equations in (2.4).
The transformed voltage and frequency, E’ and «/’, are then used as reference values
for the VCVSI voltage control loop [18]. The virtual frame transformation method
decouples the active and reactive power controls. However, the applied transfor-
mation requires a prior knowledge of the effective line impedance. Moreover, the
control method does not consider possible negative impacts of nonlinear loads, does
not ensure a regulated voltage, and comprises a basic trade-off between the control
loop time constant adjustment and voltage/frequency regulation.
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Fig. 2.12 Droop method with virtual power frame transformation. © [2016] IEEE. Reprinted,
with permission, from IEEE Transactions on Smart Grid [1]
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Fig. 2.13 Block diagram of the virtual output impedance method. © [2016] IEEE. Reprinted,
with permission, from IEEE Transactions on Smart Grid [1]

Virtual Output Impedance. An intermediate control loop can be adopted to
adjust the output impedance of the VCVSIs [19, 20]. In this control loop, as
depicted in Fig. 2.13, the VCVSI output voltage reference, v, is proportionally
drooped with respect to the output current, i, i.e.,

Vrief = V; - ZV(S)im (228)

where Zy(s) is the virtual output impedance and v, is the output voltage reference
that is obtained by the conventional droop techniques in (2.4). If Zy(s) = sLy is
considered, a virtual output inductance is emulated for the VCVSI. In this case, the
output voltage reference of the VCVSI is drooped proportional to the derivative of
its output current. In the presence of nonlinear loads, the harmonic currents can be
properly shared by modifying (2.28) as

Vief =V, =8 Z Ly, (2.29)

where I, is the hth current harmonic and Ly, is the inductance associated with I,.
Ly, values need to be precisely set to effectively share the current harmonics.
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Since the output impedance of the VCVSI is frequency dependent, in the
presence of nonlinear loads, THD of the output voltage would be relatively high.
This can be mitigated by using a high-pass filter instead of sLy in (2.28)

s
s+ w,

Veet = Vi — Ly i, (2.30)

where o, is the cutoff frequency of the high-pass filter.

If the virtual impedance, Zy, is properly adjusted, it can prevent the occurrence
of current spikes when the DG is initially connected to the microgrid. This soft
starting can be facilitated by considering a time-variant virtual output impedance as

Zv(0) =2 — (Z — Z)e T, (2.31)

where Z; and Z; are the initial and final values of the virtual output impedance,
respectively. T is the time constant of the start-up process.

Most recently, the virtual output impedance method has been modified for
voltage unbalance compensation, caused by the presence of unbalanced loads in the
microgrid [12]. The block diagram of the modified virtual output impedance
method is shown in Fig. 2.14. As is shown, the measured DG output voltage and
current are fed into the positive and negative sequence calculator (PNSC). Outputs
of the PNSC, i}, i,, v, and v,, are used to find the positive and negative sequences
of the DG active and reactive powers. The negative sequence of the reactive power,
O, is multiplied by the v, and then a constant gain, G. The result is then used to
find the voltage reference. The constant gain G needs to be fine-tuned to minimize
the voltage unbalance without compromising the closed-loop stability [21].

The virtual output impedance method alleviates the dependency of the droop
techniques on system parameters. Additionally, this control method properly
operates in the presence of nonlinear loads. However, this method does not guar-
antee the voltage regulation, and adjusting the closed-loop time constant may result
in an undesired deviation in the DG voltage and frequency.

Conventional v;
droop
algorithms
+ +
) Pl Q
vV, — it 4
° 25 Power N
) PNSC lo+ »|calculator o _ R Vref %
fo Yo | ° 2) ] g
v > g il |

Zy(s)

Fig. 2.14 Virtual output impedance with voltage unbalance compensator. © [2016] IEEE.
Reprinted, with permission, from IEEE Transactions on Smart Grid [1]
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Fig. 2.15 A typical two-DG system. © [2016] IEEE. Reprinted, with permission, from IEEE
Transactions on Smart Grid [1]

Adaptive Voltage Droop Control. In this method, two terms are added to the
conventional reactive power control in (2.4). Additional terms are considered to
compensate for the voltage drop across the transmission lines that deliver power
from the DG to critical loads [11]. For a typical 2-DG system shown in Fig. 2.15,
the voltages at first and second buses are

ViZOCi = Eiééi — (}"i +]x,)(l,4 — 6,‘)7 i= 1, 27 (232)
where I;/ — 0; is the output current of the ith DG. Using (2.4), one can write
Vi = EI* — DQiQi — riIi CosY; — xili sin Vis (233)

where y; = a; 4 0;. The bus voltage of the ith DG can also be formulated in terms of
its active and reactive powers, P; and Q;, as

Vi=Ef ~ Do~ £ - (234)

The terms r;P;/Ef and x;Q;/E; represent the voltage drop on the internal
impedance r; + jx;. These terms can be incorporated in the conventional reactive
power control of (2.4) to compensate for the voltage drops in the transmission lines
as

E,=E +

i

riPi x0;
— Dg;0; 2.35
Although the reactive power control in (2.35) improves the voltage regulation of
the farther buses, it is still dependent on the active power control in (2.4). This
problem is resolved by adopting the voltage droop coefficient as a nonlinear
function of active and reactive powers [11]

{Ei = B+ (5 + ) — Di(P1, 01) O, (2.36)

Di(Pi, Qi) = Doi +mgiQF + mpiP?,
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where Dg;, mg;, and mp; are droop coefficients. The terms mQ,-Qi2 and mpiP,»2 miti-
gate the negative impacts of the active power control and the microgrid parameters
on the reactive power control.

The adaptive droop method is particularly desirable when the voltage regulation
of some buses is not feasible. The higher-order terms in (2.36) significantly improve
the reactive power sharing under heavy loading conditions. The potential disad-
vantage, however, is the required prior knowledge of the transmission line
parameters [11]. This control method is not fully functional in the presence of
nonlinear loads. Moreover, given the basics discussed for the adjustable load
sharing method, adjusting the time constant may result in undesired deviations in
DG voltage and frequency.

Signal Injection Method. In this approach, each DG injects a small AC voltage
signal to the microgrid. Frequency of this control signal, w,, is determined by the
output reactive power, Q, of the corresponding DG as

Wy = W0 +Do0, (2.37)

where wy is the nominal angular frequency of injected voltage signals and Dy, is
the boost coefficient. The small real power transmitted through the signal injection
is then calculated, and the RMS value of the output voltage of the DG, E, is
accordingly adjusted as

E = E* — Dpp,, (2.38)

where E” is the RMS value of the no-load voltage of the DG and D is the droop
coefficient. This procedure is repeated until all VCVSIs produce the same frequency
for the control signal.

Here, this technique is elaborated for a system of two DGs shown in Fig. 2.15. It
is assumed that Dy, is the same for both DGs. Initially, first and second DGs inject
low-voltage signals to the system with the following frequencies:

Wq1 = wg + Do 01, 739
{quzqu+DQQ2. ( ’ )

Assuming Q; > O,
Aw = Wq1 — Wg2 = DQ(Q[ — Qz) = DQ AQ (240)

The phase difference between the two voltage signals can be obtained as

0= /Awdt = Dy AQt. (2.41)
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Due to the phase difference between the DGs, a small amount of active power
flows from one to the other. Assuming inductive output impedances for DGs, the
transmitted active power from DGI to DG2, p,, is

VoV

= AR g, (2.42)
xX1+x+X+Xo

pql

where V,; and V,, are the RMS values of the injected voltage signals. Moreover,
the transmitted active power in reverse direction, from DG2 to DG1, p,, is

pqz = —Pq1~ (243)

The DG voltages are adjusted as

Ey = E* — Dppg,
2.44
{ Ez =F — Dppqz. ( )

Herein, it is assumed that Dp is the same for both DGs. The difference between
the DG output voltages is

AE = E1 — E2 = 72Dppq1. (245)
Thus, one can write
AQ = AAE, 1o
sin sin(¢p + 90
A= ZVLS‘Z‘“’ -V \(pZI , (2.46)

r+R; +j(x1 —‘y—Xl) =n+R +j(X2 +X2) = |Z|Zq),

where V| is the load voltage. The block diagram of the proposed controller is shown
in Fig. 2.16.

In the presence of nonlinear loads, parallel DGs can be controlled to participate
in supplying current harmonics by properly adjusting the voltage loop bandwidth
[22]. For that, first, frequency of the injected voltage is drooped based on the total
distortion power, D

(2.47)

wd:wdo—mD,
D = Sz,pzsz,

A

1 S P AE
0— DI - A @ LB a0

Fig. 2.16 Block diagram of the signal injection method for reactive power sharing. © [2016]
IEEE. Reprinted, with permission, from IEEE Transactions on Smart Grid [1], [22]
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where g is the nominal angular frequency of the injected voltage signals, m is the
droop coefficient, and S is the DG nominal power. A procedure similar to (2.39)—
(2.42) is adopted to calculate the power transmitted by the injected signal, p,. The
bandwidth of VCVSI voltage loop is adjusted as

BW = BWO - wapd, (248)

where BW,, is the nominal bandwidth of the voltage loop and Dy, is the droop
coefficient. The block diagram of the signal injection method is shown in Fig. 2.17.

Signal injection method properly controls the reactive power sharing and is not
sensitive to variations in the line impedances [23]. It also works for linear and
nonlinear loads and over various operating conditions. However, it does not
guarantee the voltage regulation.

Nonlinear Load Sharing. Some have challenged the functionality of droop
techniques in the presence of nonlinear loads [14, 15]. Two approaches for
resolving this issue are discussed here. In the first approach [14], the DGs equally
share the linear and nonlinear loads. For this purpose, each harmonic of the load
current, I, is sensed to calculate the corresponding voltage droop harmonic, V}, at
the output terminal of the DG. The voltage harmonics are compensated by adding
90° leading signals, corresponding to each current harmonic, to the DG voltage
reference. Therefore, the real and imaginary parts of the voltage droop associated
with each current harmonic are

. B
Micro L a
source T | g
172
_PwM i,
ey e | P
'%/ "| controller
< B

E E=E -Dqu .
BW=BW,-Dy, .p,

. Droop
T characteristics

l | =

PI
controller

o
Voltage ® 0| Power —
reference —2 I: <
¥ 04 p|calculator
calculator 4—| [

~

Fig. 2.17 Block diagram of the updated signal injection method. © [2016] IEEE. Reprinted, with
permission, from IEEE Transactions on Smart Grid [1]
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Re(V},) = —kyIm(I),
(o) = o 249

where kj, is the droop coefficient for the Ath harmonic. As a result, the output
voltage THD is significantly improved.

In the second approach, the conventional droop method is modified to compensate
for the harmonics of the DG output voltage. These voltage harmonics are caused by
the distorted voltage drop across the VCVSI output impedance and are due to the
distorted nature of the load current [15]. As shown in Fig. 2.18, first, the DG output
voltage and current are used to calculate the fundamental term and harmonics of the
DG output active and reactive powers, (P, Q) and (P;, Q;), respectively. It is
noteworthy that distorted voltage and current usually do not carry even harmonics,
and thus, £ is usually an odd number. P and Q; are fed to the conventional droop
characteristics in (2.4) to calculate the fundamental term, v,, of the VCVSI voltage
reference, v..r. As shown in Fig. 2.18, to cancel out the output voltage harmonics, a
set of droop characteristics are considered for each individual harmonic. Each set of
droop characteristics determines an additional term to be included in the VCVSI
output voltage reference, v, to cancel the corresponding voltage harmonic. Each
current harmonic, I, is considered as a constant current source, as shown in
Fig. 2.19. In this figure, E}, ZJ;, denotes a phasor for the corresponding voltage signal
that is included in the voltage reference, vor. Z;,£0), represents the VCVSI output
impedance associated with the hth current harmonic. The active and reactive powers
delivered to the harmonic current source, P;, and Qy, are

o E=E"-D,0, |E .
-5 I Vot
0, Q=1 N2 Esin(i) F3 (2 ) Vrer
. D P g
O=0-Dply = + 25,
Py ~ E; 3" harmonic
iy 0 Eg=-Ds3p Py m_; refernce
—) 3 o *
Power — “3l0;=30 -D30 O3] voltage V}?ef
v calculator ! calculator .
o : : X
| \ !
1 \ !
| \ !
1 \ !
I 1
Py, E), A" harmonic h

Ej=-Dyp Py o) refernce Vref
o,=ho* Do Oy 1) voltage
calculator

9

Fig. 2.18 Control block diagram for the harmonic cancelation technique. © [2016] IEEE.
Reprinted, with permission, from IEEE Transactions on Smart Grid [1]
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Fig. 2.19 hth harmonic equivalent circuit of a DG. © [2016] IEEE. Reprinted, with permission,
from IEEE Transactions on Smart Grid [1]

Ph = Ehlh COS 5;, — Zhllz COS Bh, (2 50)

Qh = Ehlh sin 5}1 — Zhl}zl sin 0}1. ’

When 0y, is small enough (i.e., sin(d;,) = J;), P, and Qy, are roughly proportional

to Ej; and 0, respectively. Therefore, the following droop characteristics can be
used to eliminate the s#th DG output voltage harmonic

oy, = hw* — DypOp,
h 1, 251
{Eh = —DypPy, 7 (251)

where w* is the rated fundamental frequency of the microgrid. D,,p and D, are the
droop coefficients. As is shown in Fig. 2.18, the harmonic reference voltage, vfef,
for eliminating the Ath output voltage harmonic, can be formed with Ej; and the
phase angle generated from the integration of wj,.

Primary control techniques are application specific and bring specific features.
The active load sharing method provides tight current sharing and high power
quality; however, it requires communication links and high-bandwidth control
loops. On the other hand, the droop methods provide local controls without any
communication infrastructures. The potential advantages and disadvantages of the
conventional droop method and its modifications are outlined in Table 2.1, based
on which the following statements can be concluded:

e System identification is required to find the line parameters for some techniques,
e.g., adaptive voltage droop or virtual frame transformation methods.

e Modified droop techniques, excluding the ones for low-voltage microgrids,
decouple the active and reactive power controls.

e Adjustable load sharing and adaptive voltage droop methods are the only
techniques that offer voltage regulation.

e Nonlinear loads need to be accommodated with the complicated control tech-
niques such as the virtual impedance, the signal injection, or the nonlinear load
sharing methods to achieve a mitigated level of harmonics in the microgrid.

The adjustable load sharing is the only technique where the system time constant
can be independently adjusted without affecting the DG voltage and frequency.
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Table 2.1 The potential advantages and disadvantages of the discussed droop methods

Droop method

Potential advantages

Potential disadvantages

Conventional
droop method

Simple implementation

Affected by the system parameters
Only functional for highly inductive
transmission lines

Cannot handle nonlinear loads
Voltage regulation is not guaranteed
Adjusting the controller speed for the
active and reactive power controllers
can affect the voltage and frequency
controls

Adjustable Adjusting the controller speed for Cannot handle nonlinear loads
load sharing the active and reactive power
method controllers without compromising
the voltage and frequency controls
Robust to the system parameter
variations
Improved voltage regulation
VPD/FQB Simple implementation Affected by the system parameters

droop method

Adjusting the controller speed for
the active and reactive power
controllers without compromising
the voltage and frequency controls

Only functional for highly resistive
transmission lines
Cannot handle nonlinear loads

Virtual frame
transformation
method

Simple implementation
Decoupled active and reactive
power controls

Cannot handle nonlinear loads

The line impedances should be known
a priori

Adjusting the controller speed for the
active and reactive power controllers
can affect the voltage and frequency

controls

Voltage regulation is not guaranteed

Virtual output

Simple implementation

Adjusting the controller speed for the

impedance Not affected by the system active and reactive power controllers
parameters can affect the voltage and frequency
Functional for both linear and controls
nonlinear loads Voltage regulation is not guaranteed
Mitigates the harmonic distortion of
the output voltage
Can compensate for the unbalance
of the DG output voltages
Adaptive Improved voltage regulation Cannot handle nonlinear loads
voltage droop | Not affected by the system Adjusting the controller speed for the
method parameters active and reactive power controllers

can affect the voltage and frequency
controls

System parameters should be known a
priori

(continued)
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Table 2.1 (continued)

Droop method | Potential advantages Potential disadvantages
Signal Functional for both linear and Complicated implementation
injection nonlinear loads Adjusting the controller speed for the
method Not affected by the system active and reactive power controllers
parameters can affect the and frequency controls
Voltage regulation is not guaranteed
Nonlinear load | Properly shares the current Affected by the system parameters
sharing harmonics between the DGs and, Poor voltage regulation for the case of
techniques consequently, cancels out the precise reactive power sharing
voltage harmonics Adjusting the controller speed for the

active and reactive power controllers
can affect the voltage and frequency
controls

2.1.3 Secondary Control

Primary control, as discussed previously, may cause frequency and voltage devi-
ations even in steady state. Although the energy storage devices can compensate for
this deviation, they are unable to provide the power for load frequency control over
the long term due to their short energy capacity. Primary control is implemented
locally at each DG. The secondary control, as a centralized controller, restores the
microgrid voltage and frequency and compensates for the deviations caused by the
primary control. This level of the control hierarchy is designed to have slower
dynamic response than that of the primary, which justifies decoupled dynamics
analysis of the primary and the secondary control loops and facilitates their indi-
vidual designs [1].

Figure 2.20 represents the block diagram of the conventional secondary control
with a centralized control structure. As shown in this figure, frequency of the
microgrid and the terminal voltage of a given DG are compared with the corre-
sponding reference values, wys and veg, respectively. Then, the error signals are
processed by individual controllers as in (2.52); the resulting signals (dw and OF)
are sent to the primary controller of the DG to compensate for the frequency and
voltage deviations [1, 24]

SE = Kpp (vt — E) +Kis [ (vt — E)d, (2.52)

{ 00 = Kpo (et — ) + Koy [ (et — 0)dt + Ay,
where Kp,, Kj,,, Kpg, and K are the controller parameters. An additional term,
Auwy, is considered in frequency controller in (2.52) to facilitate synchronization of
the microgrid to the main gird. In the islanded operating mode, this additional term
is zero. However, during the synchronization, a PLL module is required to measure
Awy. During the grid-tied operation, voltage and frequency of the main grid are
considered as the references in (2.52).
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Fig. 2.20 Block diagram of the secondary and tertiary controls. © [2016] IEEE. Reprinted, with
permission, from IEEE Transactions on Smart Grid [1]

Most recently, the potential function-based optimization technique has been
suggested for secondary control [18]. In this method, a potential function is con-
sidered for each DG. This function is a scalar cost function that carries all the
information on the DG measurements, constraints, and control objectives as

ny, ne

0 (5) = w" D> p () +w D i) +wipf (x), (2.53)
i=1 i=1

where ¢; is the potential function related to each DG and x; comprises the mea-
surements from the DG unit (e.g., voltage, current, and real and reactive powers). p
denotes the partial potential functions that reflect the measurement information of
the DG. p; denotes the operation constraints that ensure the stable operation of
microgrid. pf is used to mitigate the DG measurements from the predefined set
points. w*, w’, and w® are the weighted factors for the partial potential functions.

The block diagram of the potential function-based technique is shown in
Fig. 2.21. In this technique, when the potential functions approach their minimum
values, the microgrid is about to operate at the desired states. Therefore, inside the
optimizer in Fig. 2.21, set points of the DG are determined so as to minimize the
potential functions and thus to meet the microgrid control objectives.

The potential function-based technique requires bidirectional communication
infrastructure to facilitate data exchange from the DG to the optimizer (measure-
ments) and vice versa (calculated set points). The data transfer links add propa-
gation delays to the control signals. This propagation delay is tolerable, since the
secondary controllers are slower than the primary ones.

The secondary control can also be designed to satisfy the power quality
requirements, e.g., voltage balancing at critical buses [25]. The block diagram of the
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Fig. 2.21 The potential function-based technique block diagram. © [2016] IEEE. Reprinted, with
permission, from IEEE Transactions on Smart Grid [1]
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voltage unbalance compensator is shown in Fig. 2.22. First, the critical bus voltage
is transformed to the d-q reference frame. Once the positive and negative sequence
voltages for both d- and g-axis are calculated, one can find the voltage unbalance

factor (VUF) as

(
VUF = 100 ¥ et (2.54)
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where v, and v, are the positive and negative sequence voltages of the direct
component and vq+ and v~ are the positive and negative sequence voltages of the
quadrature component, respectively. As depicted in Fig. 2.22, the calculated VUF
is compared with the reference value, VUF*, and the difference is fed to a PI
controller. The controller output is multiplied by the negative sequence of the direct
and quadrature voltage components, v, and v, and the results are added to the

references of DG voltage controllers to compensate for the voltage unbalance.

2.1.4 Tertiary Control

Tertiary control is the last control level in Fig. 2.1 and operates on the slowest
timescale. It considers the economical concerns for optimal operation of the
microgrid and manages the power flow between microgrid and main grid [7]. In the
grid-tied mode, the power flow between microgrid and main grid can be managed
by adjusting the amplitude and frequency of DG . The block diagram of this process
is shown in Fig. 2.20. First, active and reactive output powers of the microgrid, Pg
and Qg, are measured. These quantities are then compared with the corresponding
reference values, Prg'f and ng, to obtain the frequency and voltage references, et
and v,s based on
{ Wrpef = Kpp(Prgf — P(;) +KIP f (Pr(e;f — PG)dt, (2 55)
Vet = Kpo(QF — Qc) +Kio [ (O — Qc)dt, '

where Kpp, K;p, Kpg, and Ko are the controller parameters [1]. wgf and v are
further used as the reference values to the secondary control, as in (2.52).

The tertiary control also provides an economically optimal operation, e.g., by
using a gossiping algorithm. Generally, the economically optimal operation is
satisfied if all the DGs operate at equal marginal costs (variation of the total cost
with respect to the variation of the generated power), Cop [26-29]. In the gossiping
algorithm, initially, random output power set points, P? and P?, are considered for
the ith DG and its random gossiping partner, jth DG, respectively. Then, consid-
ering the prior knowledge about the marginal cost curves of the DGs, the optimal
Pt and P](-)pt, is determined. At this time, each of the
two DGs changes its output power to generate at the optimal point. The afore-
mentioned procedure is illustrated in Fig. 2.23. The same procedure is repeated for
other pairs of DGs until the whole DGs in the microgrid operate optimally.
Additionally, evolutionary game theory-based techniques are proposed to facilitate
the power management by local information and thus to simplify the required
communication infrastructures.

output power of the two DGs, P
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Fig. 2.23 Marginal cost function matching between two DGs. © [2016] IEEE. Reprinted, with
permission, from IEEE Transactions on Smart Grid [1]

2.2 Dynamic Modeling of AC Microgrids

The microgrid control schemes employ the nonlinear dynamical model of DGs. In
this section, the dynamical model of VCVSIs and CCVSIs is elaborated.

2.2.1 Voltage-Controlled Voltage Source Inverters

The block diagram of a voltage-controlled voltage source inverter (VCVSI)-based
DG is shown in Fig. 2.24. It contains an inverter bridge, connected to a primary DC
power source (e.g., photovoltaic panels or fuel cells). The control loops, including
the power, voltage, and current controllers, adjust the output voltage and frequency

Output
i iy LC filter | connector
R T s et e W e vy
controller c fi ﬁI Cﬂ R, L.
” N g
= Vbi

Uaio Ugi

abc/dq vl i

oi

1

o
|

Power controller

o E;

Fig. 2.24 Block diagram of an inverter-based DG. © [2016] IEEE. Reprinted, with permission,
from IEEE Transactions on Power Systems [33]
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of the inverter bridge [18, 24, 27]. Given the relatively high switching frequency of
the inverter bridge, the switching artifacts can be safely neglected via average-value
modeling. As stated in [9], DC bus dynamics can be safely neglected, assuming an
ideal source from the DG side.

It should be noted that the nonlinear dynamics of each DG are formulated in its
own d-q (direct—quadrature) reference frame. It is assumed that the reference frame
of the ith DG is rotating at the frequency of w;. The reference frame of one DG is
considered as the common reference frame with the rotating frequency of wcom. The
angle of the ith DG reference frame, with respect to the common reference frame, is
denoted as J; and satisfies the following differential equation

51‘ = W; — Wcom- (256)

The power controller block, shown in Fig. 2.25, contains the droop technique in
(2.4) and provides the voltage references Vogi and vzqi for the voltage controller, as
well as the operating frequency w; for the inverter bridge. Two low-pass filters with
the cutoff frequency of w,.; are used to extract the fundamental component of the
output active and reactive powers, denoted as P; and Q;, respectively. The differ-
ential equations of the power controller can be written as

Pi = —wiP; + wci(Vodiiodi + Voqiioqi)7 (257)
Qi = —00; + wg (Voqiiodi - Vodiioqi)v (258)

where Vodi, Vogis fodi» and log; are the direct and quadrature components of vo; and i;
in Fig. 2.24. As shown in Fig. 2.25, the primary voltage control strategy for each
DG aligns the output voltage magnitude on the d-axis of the corresponding refer-
ence frame. Therefore,

k — * . .
vOdi - Ei - DQlQl7 (2 59)
Vi = 0. :
q1
*
; L
Vi - - Low-pass S D.Pp
odt, Vodi todi + Yogi togi filter _}mi' pil’i > O;
v .
Vi — .oqz Pi
abe/dq | 1ygi
Toi = P 9
29! ; - Low-pass —> *_p 0 *
i i o
E; N
0 —>Voqi

Fig. 2.25 Block diagram of the power controller. © [2016] IEEE. Reprinted, with permission,
from IEEE Transactions on Power Systems [33]
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The block diagram of the voltage controller is shown in Fig. 2.26. The differ-
ential algebraic equations of the voltage controller are written as

bai = Vigi — Vodis (2.60)
(g = Vigi — Voais (2.61)
hgi = Filoai — 0pCpvoqi + Kpvi(Vogi — Vodi) + Kividgis (2.62)
iigi = Filogi + 05 Crivodai + Kpvi(Vogi — Vogi) + Kiviy;, (2.63)

where ¢g and ¢; are the auxiliary state variables defined for PI controllers in
Fig. 2.26 and w,, is the nominal angular frequency. Other parameters are shown in

Figs. 2.24 and 2.26.

The block diagram of the current controller is shown in Fig. 2.27. The differ-
ential algebraic equations of the current controller are written as

Fig. 2.26 Block diagram of
the voltage controller.

© [2016] IEEE. Reprinted,
with permission, from IEEE
Transactions on Power
Systems [33]

Fig. 2.27 Block diagram of
the current controller.

© [2016] IEEE. Reprinted,
with permission, from [EEE
Transactions on Power
Systems [33]
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Dai = i — faiy (2.64)

Tqi = digi — igis (2.65)

Viai = —@Litigi + Keci (g — iai) + Kicivai, (2.66)
Vigi = OpLaitiai + Keci(ig; — i) + Kicivg (2.67)

where yq; and yg; are the auxiliary state variables defined for the PI controllers in
Fig. 2.27. ij4; and ijy; are the direct and quadrature components of ij; in Fig. 2.24.
Other parameters are shown in Figs. 2.24 and 2.27.

The differential equations for the output LC filter and output connector are as
follows:

y Ry . 1 1
Ldi = _E‘llldi + witgi + fﬁvidi - fﬁvodiv (2.68)
. Rsi . . 1 1
ligi = _E'lllqi — Wiligi + L_fViqi - Evoqia (2.69)
1 1
. 1 1,
Vodi = WiVoqi 1 C_flldi - C—lodi, (2.70)
i fi
. L, I,
Vogi = —®jVodi + Fﬁllqi - Fﬁloqiy (271)
. R . . 1 1
lodi = — ﬁlodi + Wilogi + FVodi — rvbdia (2.72)
C1 C1 C1
. R 1 1
logi = — — logi — Wilodi + — Vogi — — Vbai- 2.73
oqi Lci oqi itodi Lci oqi Lci qi ( )

Equations (2.56)—(2.73) form the large-signal dynamical model of the ith DG.
The large-signal dynamical model can be written in a compact form as

& = £ () + k() D + g (xi)us,
{yi = hi(x;), (2.74)

where the state vector is

xi=[0 Pi Qi bgi Pgi Va Vg idi Hgi Vodi Voqi  lodi ogi ]
(2.75)
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The term D; = [@Wcom Vbdi qui]T is considered as a known disturbance. The
detailed expressions for fi(x;), gi(x;), and k;(x;) can be extracted from (2.56) to
(2.73).

2.2.2  Current-Controlled Voltage Source Inverters

The block diagram of a current-controlled voltage source inverter (CCVSI)-based
DG is shown in Fig. 2.28. It contains an inverter bridge, connected to a primary DC
power source. The current controller adjusts the direct and quadrature terms of
output current i,;. As shown in Fig. 2.29, a control block is used to calculate the
angle of the ith CCVSI reference frame with respect to the common reference frame
o; such that the quadrature term of output voltage v,q; becomes zero. This control
block is named as «; calculator.

The block diagram of the current controller is shown in Fig. 2.30. The differ-
ential algebraic equations of the current controller are written as

Vai = ldrefi — lodi, (2.76)
’).)qi = iqrefi - inqia (277)
Vigi = Vodi — WpLtiloqi + Kpci(idrefi — fodi) + KiciVais (2.78)
Vig = Vogi T @pLeiodi + Kpci(igreti — fogi) + Kicigis (2.79)
Iqrefi
Current
— controller
ldreﬁ A A

Vo, Vo ol d 0.
odi’ “oqi| lodp loql

abc/dq

Fig. 2.28 Block diagram of a CCVSI. © [2016] IEEE. Reprinted, with permission, from IEEE
Transactions on Industrial Informatics [34]
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Fig. 2.29 Block diagram of

a; calculator. © [2016] IEEE.

Reprinted, with permission,
from IEEE Transactions on
Industrial Informatics [34]

Fig. 2.30 Block diagram of
the current controller for a
CCVSI. © [2016] IEEE.
Reprinted, with permission,
from IEEE Transactions on
Industrial Informatics [34]
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where y4; and y,; are the auxiliary state variables defined for the PI controllers in
Fig. 4.4. ioqi and iy are the direct and quadrature components of output current i,;
in Fig. 4.2. Other parameters are shown in Figs. 4.2 and 4.4. Assuming that the
inverter bridge produces the demanded voltage, i.e., viy; = vigi and vi*qi = Vigi, the

dynamics of output RL filter can be written as

lodi = —

logi = —

R o -+ Deomiog + ——v
7 lodi 'comtoqi 7 Vidi
Ly Ly
Ry 1

Ly fi

ioqi - wcomiodi + L_ Vigi —

1

- rVodh

fi

1

1

L_f- Vogi -

(2.80)

(2.81)
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Equations (2.76)—(2.81) form the large-signal dynamical model of the ith
CCVSI. The large-signal dynamical model can be written in a compact form as

Xcei = feci(xeci) + Keci(¥eci)Deci + 8eci (Xeci)ucci (2.82)
yeci = heci(xcci) + decitteci ’

where the state vector is

Xeci = [Vai Vg lodi ioqi]T. (2.83)

The term D¢¢; = [@com vodi]T is considered as a known disturbance. The detailed
expressions for foci(xcci), 8ccixcci), and Keci(xcc;) can be extracted from (2.76) to
(2.81).

2.3 Control of DC Microgrids

Although inverter-based AC microgrids have been prevalent, DC microgrids are
currently emerging at distribution levels. The DC nature of emerging renewable
energy sources (e.g., solar) or storage units (e.g., batteries and ultracapacitors)
efficiently lends itself to a DC microgrid paradigm that avoids redundant conversion
stages [30]. Many of the new loads are electronic DC loads (e.g., in data centers).
Even some traditional AC loads, e.g., induction machines, can appear as DC loads
when controlled by inverter-fed drive systems.

DC microgrids are also shown to have about two orders-of-magnitude more
availability compared to their AC counterparts, thus making them ideal candidates for
mission-critical applications [22, 31]. Moreover, DC microgrids can overcome some
disadvantages of AC systems, e.g., transformer inrush current, frequency synchro-
nization, reactive power flow, phase unbalance, and power quality issues [32].

2.3.1 Control Objectives

A DC microgrid is an interconnection of DC sources and DC load through a
transmission/distribution network. Given the intermittent nature of electric loads,
sources must be dynamically controlled to provide load power demand at any
moment, while preserving a desired voltage at consumer terminals. Sources may
reflect a variety of rated powers. It is desired to share the total load demand among
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these sources in proportion to their rated power; such load sharing approach is
widely known as proportional load sharing. This approach prevents overstressing
of sources and helps to span lifetime of the power-generating entities in the mi-
crogrid. While the source voltages are the sole variables controlling power flow,
they must be tightly managed to also ensure a desirable voltage regulation.

2.3.2 Standard Control Technique

A hierarchical structure, illustrated in Fig. 2.31, is widely used to control DC
sources. This structure includes primary, secondary, and tertiary levels, where the
primary has the highest and the tertiary has the lowest [7].

A. Primary Control

This controller uses droop mechanism to handle proportional load sharing.
Figure 2.32 explains the functionality of the primary controller for two sources with
identical rated powers. Therein, a virtual resistance, Rp, is introduced to the output
of each source. While the load sharing benefits from this virtual resistance, it is not
a physical impedance and, thus, does not cause any power loss. In this stage, the
voltage controllers inside each source follow the voltage reference generated by the
droop mechanism, i.e.,

VE = Veer — Rp.iy (2.84)

where v is the reference voltage for the inner-loop voltage controller, Rp is the
droop coefficient, v,s is the rated voltage of the microgrid, and i, is the output

lertiary.
Lontrol.

Secondary Control \\

Primary Control

Fig. 2.31 Hierarchical control structure for DC systems. © [2017] IEEE. Reprinted, with
permission, from IEEE Transactions on Industrial Electronics [7]
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Fig. 2.32 Primary and secondary control algorithms. © [2017] IEEE. Reprinted, with permission,
from IEEE Transactions on Industrial Electronics [7]

current of the source. In steady state, given low distribution line resistances, all
terminal voltages converge to the same value. Given identical rated voltages used at
all sources, one can conclude that the droop terms, Rp.i,, will share identical values
as well. This, equivalently, implies that the total load is shared among sources in
inverse proportion to their droop coefficients. By choosing the droop coefficients in
inverse proportion to the source power ratings, the droop mechanism will suc-
cessfully manage proportional load sharing.

EG Voo VyMG
-« . .
@ G DC Microgrid
High-inertia DC
Power System ‘
ic” ~y'C ' .| Secondary
—:O-» G(s) control
Tertiary control

Fig. 2.33 Tertiary control for grid-connected operation. © [2017] IEEE. Reprinted, with
permission, from IEEE Transactions on Industrial Electronics [7]
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B. Secondary Control

Although the droop controller satisfies a desired load sharing, the droop term,
Rp.i,, leaves a voltage deviation from the rated voltage of, v, all across the
network. The secondary controller serves as voltage restoration here. As shown in
Fig. 2.32, it senses the microgrid voltage and compares it with the desired voltage
of v} through a controller, Gug(s); the controller is usually a proportional—
integral (PI) module. The controller generates a voltage correction term, dv,, which
is relayed to all sources. The sources then use vif + 0v, as the reference in the
droop mechanism instead of the v itself. The term ov, boosts all voltages across
the system until, within this closed-loop feedback control mechanism, all voltages
be restored on the reference value of vjs. It should be noted that vy, and ver may
not be the same values; however, they are usually equal.

C. Tertiary Control

Power generation in the microgrid may exceed the local power demand, par-
ticularly when the maximum power is to be absorbed from renewable energy
sources. In such a case, the excess power will be transmitted directly to a
high-inertia DC system or to the main AC grid through an inverter. On the other
side, when locally generated power is short of the load demand, a high-inertia DC
system or AC grid will provide power to fill up the need. Such bidirectional power
exchange with a high-inertia system requires a separate controller called tertiary
control. As demonstrated in Fig. 2.33, tertiary controller compares the power flow
between the two power grids with a reference value of i; and accordingly updates
the reference voltage of the microgrid, vy,;. Generally, as vy, increases, the DC
microgrid sends out more power and vice versa.
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Chapter 3
Introduction to Multi-agent
Cooperative Control

This book applies techniques from distributed cooperative control of multi-agent
dynamical systems to synchronization, power sharing, and load balancing problems
arising in electric power microgrids. This chapter presents the background and
fundamental ideas needed for the book in cooperative control of multi-agent sys-
tems. For more information see [1].

Distributed networks of coupled dynamical systems have received much atten-
tion over the years because they occur in many different fields including biological
and social systems, physics and chemistry, and computer science. Various terms are
used in literature for phenomena related to collective behavior on networks of
systems, such as flocking, consensus, synchronization, formation, and rendezvous.

In the past few decades, an increasing number of industrial, commercial, and
consumer applications have called for the coordination of multiple interconnected
dynamical agents. Research on synchronized behaviors of networked cooperative
systems, or multi-agent systems, and on distributed decision algorithms has
received extensive attention due to their widespread applications in spacecraft,
unmanned air vehicles (UAVs) [2], multi-vehicle systems [3], mobile robots,
multipoint surveillance [4], sensor networks [5], networked autonomous teams, and
so on. See [4, 6] for surveys of engineering applications of cooperative multi-agent
control systems.

This chapter outlines the fundamental ideas used in the rest of the book to
develop analysis and design methods for cooperative control of multi-agent
dynamical systems on graphs. These ideas are detailed in [1]. The chapter starts by
presenting an overview of synchronization behavior in nature and social systems. It
is seen that distributed decisions made by each agent in a group based only on the
information locally available to it from its neighbors can result in collective syn-
chronized motion of an overall group. Mechanisms are given by which decisions
can be made locally by each agent and informed leaders can guide collective
behaviors by interacting directly with only a few agents. These ideas are extended
to achieve synchronization mechanisms in physical oscillators and rotating syn-
chronous generators in interconnected electric power systems. The idea of a
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communication graph that models the information flows in a multi-agent group is
introduced. The dependence of collective behaviors of a group on the type of
information flow allowed between its agents is emphasized. Simple dynamical
systems on communication graphs are presented, and simple distributed control
protocols given to direct their collective behavior. Such protocols are used in the
rest of the book for synchronization, voltage sharing, and load balancing in electric
power microgrids.

3.1 Synchronization in Nature, Social Systems,
and Coupled Oscillators

This section presents an overview of synchronization behavior in nature and social
systems. It is seen that distributed decisions made by each agent in a group based on
the information locally available to it by observing only its nearest neighbors can
result in collective synchronized motion of an overall group. Distributed control
mechanisms are given by which decisions can be made locally by each agent and
informed leaders can guide collective behaviors by interacting directly with only a
few agents. These mechanisms occurring in nature can be tailored to provide
synchronization and collective performance objectives in engineered systems and
electric power networks. More information is given in [1].

The ability to coordinate multiple intercommunicating agents is important in
many real-world decision tasks where it is necessary for agents to exchange
information with each other. Distributed local decision and control algorithms are
desirable and appear in many situations due to their computational simplicity,
flexibility, and robustness to the loss of single agents. Applications of synchro-
nization and distributed coordination of multi-agent systems have been observed in
the evolution of distributed cooperation in social groups, synchronization in cou-
pled dynamical oscillators, biological synchronization, and social networks. It has
been observed that distributed decision using local neighbor responses can accu-
rately model the panic behavior of crowds during emergency building evacuation.
Synchronization and local distributed control mechanisms have been observed in
the spread of infectious diseases in structured populations and in metabolic stability
in random genetic nets. More details are given in [1].

3.1.1 Synchronization in Animal Motion
in Collective Groups

The collective synchronized motions of animal social groups are among the most
beautiful sights in nature [7]. Collective motions allow the group to achieve what
the individual cannot. Benefits of aggregate motion include defense from predators,
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social and mating advantages, and group foraging for food [8]. Each individual has
its own inclinations and motions, yet the aggregate motion makes the group appear
to be a single entity with its own laws of motion, psychology, and responses to
external events. Flocks of birds, schools of fish, and herds of animals are aggregate
entities that take on an existence of their own due to the collective motion instincts
of their individual members [9]. In collective motion situations, the important entity
becomes the group, not the individual. Such synchronized and responsive motion
makes one think of choreographed motions in a dance, yet they are a product not of
planned scripts, but of simple instantaneous decisions and responses by individual
members [7, 10].

3.1.1.1 Distributed Local Neighborhood Protocols for Synchronization

To reproduce the collective motion of an animal group in computer animation has
been a challenge. It would be impossible to script the motion of each individual
using planned motions or trajectories. Analysis of groups based on social behaviors
is complex, yet the individuals in collectives appear to follow simple rules that
make their motion efficient, responsive, and practically instantaneous. The cumu-
lative motion of animal groups can be programmed in computer animation by
endowing each individual with the same few rules that allow it to respond to the
situations it encounters. The responses of the individuals accumulate to produce the
combined motion of the group.

In large social groups, each individual is aware only of the motions of its
immediate neighbors. The field of perceptual awareness of the individual changes
for different types of animal groups and in different motion scenarios. The collective
synchronized motion of large groups can be captured by using a few simple rules
governing the behavior of the individuals based on the observed behaviors of their
neighbors. Individual motions in a group are the result of the balance of two
opposing behaviors: a desire to stay close to the group, and a desire to avoid
collisions with other individuals. Reynolds [9] has captured the tendencies gov-
erning the motions of individuals through his three rules. These rules depend on the
motions of the neighbors of each individual in the group.

Reynolds’ Rules [9]

1. Collision avoidance: avoid collisions with neighbors
2. Velocity matching: match speed and direction of motion with neighbors
3. Flock centering: stay close to neighbors.

There are many mechanisms for implementing Reynolds’ rules in dynamical
systems control of importance is the definition of an individual’s “neighborhood”.
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Consider motion in R? and define (p;(z), gi(t)) as the position of node i in the (x,y)

plane. Define the state of agent i as x; = [p; ¢i]" € R.
Define the distance between nodes i and j as

rij = ’xjfxi| = \/([)j*pi)z‘i’(fb*q»z (3-1)

Agents seek to attract to their neighbors according to the third rule. To see how
this can be implemented mathematically define an interaction radius p and the
interaction neighborhood by N; = {j : r; < p}. If agent i is within a distance of p
from agent j, it seeks to approach agent j to stay close to its neighbors. It is noted
that radius p is different for different animal groups and different vehicles.
Moreover, for some groups, such as flocks of birds in migration, the collision and
interaction neighborhoods are not circular.

The dynamics used to simulate the individual group members can be very
simple, yet realistic results are obtained. Consider agent motion in 2-D described by
the dynamics

jCi = U; (32)

with states x; = [p; qi]T € R?. This is a simple point-mass dynamics with velocity
control inputs u; = [u,; uqi]T € R~
A suitable law for flock centering is given by

ui =y aj(x —x) (3:3)

JEN,

which causes agent i to turn toward other agents inside the interaction neighborhood
N;. The flock centering gain a; > 0 is nonzero only if agent j is in the interaction
neighborhood of agent i. If a;; is large, then agent i seeks more vigorously to
approach agent j. The flock centering protocol can be written in terms of the
components of velocity as

pi=upi= Y ag(p;—pi) (3.4)

JEN,JN¢

Gi=ug =y ay(g—a) (3.5)

JEN,/N¢

The control protocols (3.3)—(3.5) are known as cooperative local voting pro-
tocols because each agent seeks to make the difference between his state and
those of his neighbors equal to zero. That is, each agent seeks to achieve con-
sensus with its neighbors. These protocols are distributed in the sense that they
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depend only on the local neighbor information as allowed by the communication
graph topology.
An alternative protocols for flock centering is given by

=Yg (% —“x,-) ~Ya (x — xi) (3.6)

.
. 7 . }x _ x.|
jen, i jen, 1N T

which is normalized by dividing by the distance between agents. Note that the sum
is over components of a unit vector. Therefore, this law prescribes a desired
direction of motion and results in motion of uniform velocity. By contrast, the law
(3.3) gives velocities that are smaller if one is closer to one’s neighbors.

Alternative methods to local cooperative protocols for implementing Reynolds’
rules include potential field approaches [11, 12]. Potential field methods include
approaches for obstacle avoidance and goal seeking and are intimately related to the
topics in this section.

3.1.2 Leadership in Animal Groups on the Move

We have seen that information can be transferred only locally between individual
neighboring members of animal groups, yet this results in collective synchronized
motions of the whole group. Local motion control protocols are based on a few
simple rules that are followed by all individuals. However, in many situations, the
whole group must move toward some goal, such as along migratory routes or
toward food sources. In these cases, only a few informed individuals may have
pertinent information about the required directions of motion.

Some species have evolved specialized mechanisms for conveying information
about location and direction of goals. One example is the waggle dance of the
honeybee that recruits hive members to visit food sources. Mechanisms of infor-
mation transfer in groups involve questions such as how information about required
motion directions, originally held by only a few informed individuals, can propa-
gate through an entire group by simple mechanisms that are the same for every
individual [8, 13]. It is shown by [8] that only a small percentage of the individuals
in a group need be directly aware of the location of the goal. If the group is
connected in the sense that information can eventually propagate through the graph
from one individual to any other, then a small percentage of informed individuals
can influence the motions of the entire swarm to align to the goal state location.

These ideas are formalized mathematically in Sect. 3.3.2 about multi-agent
synchronization to the trajectory of a leader node who can be directly observed by
only a few agents.
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3.1.3 Synchronization in Coupled Oscillators
and Electric Power Systems

Coupled dynamical oscillators occur in many fields of research, including chem-
istry, physics, electrical engineering, and biology [7, 10, 14]. In 1995, Vicsek et al.
[15] reported interesting results of collective behaviors of self-driven particles in
phase transition. They showed that by using nearest neighbor interaction rules, all
agents eventually move in the same direction.

Kuramoto [14] analyzed local coupling in populations of chemical oscillators to
study waves and turbulence. He showed that there is a critical information coupling
coefficient above which coupled oscillators synchronize. Interconnected Kuramoto
oscillators have the dynamics

; K .
Hi = W; +ﬁz Sll’l(gj — 9,) (37)
J

with oscillation frequency w; and coupling gain K [10]. The oscillators are said to
synchronize if 0;(r) — Qj(t) — 0 ast— oo Vi,j. It is seen that these systems are
interconnected by terms not in (0; — 0;) as in (3.3), but by terms like sin(0; — 0;).

Kuramoto took the oscillation frequencies as distributed about a mean value
according to a probability density function. He showed that there is a coupling gain
K below which the oscillators remain incoherent, i.e., do not synchronize. Above
this gain, the incoherent state becomes unstable, and the oscillators split into two
groups those with oscillation frequencies close to the mean synchronize to a mean
frequency 0, while the others drift relative to this group.

In [16], synchronization is studied using the Lyapunov function V = %QTH with
0 =10, ...04]" It is shown that V = —£ >ijcos(0; — Gj)(éi - éj)z. It is shown
that above some value for the coupling gain, and if the initial phase differences are
in a certain compact set, the oscillators converge to the mean frequency
= ﬁ Z ;.

l

The ideas of synchronization in Kuramoto oscillators can be applied to syn-
chronization in electric power systems. The basic swing equations for rotating
synchronous electric generators are given for the ith generator as (assuming the
lossless case) by

w; = —D;w; + %Pmi — E;Gji — P,

i

@jo 2 .
_D,‘CO,‘ + ﬁipmi — Ei Gii — El]%\; E]YU Sll’l(éi — 5,) (38)
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E; = —aE; +u; + b; ZEJ cos(d; — 9)) (39)

JEN;

with frequency w; = 5,~, mechanical power P,,;, electrical power P,;, and admittance
Y; capturing the networked interconnection structure between generators.
A frequency equilibrium is characterized by frequency synchronization ; =
w;, Vi,j and balanced power flow Q;(6;) = Py — Pei — EizGii =0, Vi.In [17] it
was shown that these interconnected systems are generalized Kuramoto oscillators,
and conditions for synchronization to a common frequency are given.

Ortega [18] used a nonlinear passivity-based approach for general lossy systems.
Partial differential equations were solved for the controls, which have the form

u; = klE,' — kgwi — bi ZEJ COS(&,‘ — 51) + Zk,-jwj (310)

JEN; JEN;

where k;; are nonlinear functions. It is seen that these controls are given not by terms
not in (J; — J;) as in (3.3), but by terms like cos(d; — ;).

3.2 Communication Graphs for Interconnected Systems

Local synchronization protocols such as those just discussed capture very well the
dynamics of intercoupled biological and animal groups, dynamical oscillators in
chemistry and physics, and interconnected electric power systems. These protocols
depend on the awareness of each individual of his neighbors. We have seen that the
information flow between members of a social group is instrumental in determining
the motion of the overall group. In this book, we are concerned with the behaviors
and interactions of dynamical systems that are interconnected by the links of a
communication network. The fundamental control issues concern how the graph
topology interacts with the local feedback control protocols of the agents to produce
overall behaviors of the interconnected nodes.

The communication network interconnecting the dynamical systems can be
modeled as a graph with directed edges corresponding to the allowed flow of
information between the systems. See [1, 19, 20] for more information. The systems
are modeled as the nodes in the graph and are sometimes called agents. We call this
the study of multi-agent dynamical systems on graphs.

A graph is a pair G = (V,E) with V.= {v;,..., vy} a set of N nodes or vertices
and E a set of edges or arcs. Elements of E are denoted as (v;, v;) which is termed an
edge or arc from v; to v;, and represented as an arrow with tail at v; and head at v;.
The edges represent the allowed flow of information in the graph. We assume the
graph is simple, i.e., (v;,v;) € E, Vi no self-loops, and no multiple edges between
the same pairs of nodes. Edge (v;,v;) is said to be outgoing with respect to node v;
and incoming with respect to v;; node v; is termed the parent and v; the child. The
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in-degree of v; is the number of edges having v; as a head. The out-degree of a node
v; is the number of edges having v; as a tail. The set of (in-) neighbors of a node v; is
N; = {v; : (vj,v;) € E}, i.e., the set of nodes with edges incoming to v;. The number
of neighbors |N;| of node v; is equal to its in-degree.

If the in-degree equals the out-degree for all nodes v; € V, the graph is said to be
balanced. If (v;,v;) € E = (v;,v;) € E, Vi, j, the graph is said to be bidirectional;
otherwise, it is termed a directed graph or digraph. Associate with each edge
(vj,vi) € E, a weight a; > 0. Note the order of the indices in this definition. One has
a; > 0 only if there is an edge from node j to node i. A graph is said to be
undirected if a; = aj;, Vi, j, that is, if it is bidirectional and the weights of edges
(vi,v;) and (v;,v;) are the same.

A directed path is a sequence of nodes vg,vi,...,v, such that
(vi,vig1) €E, i€{0,1,...,r — 1}. Node v; is said to be connected to node v, if
there is a directed path from v; to v;. The distance from v; to v; is the length of the
shortest path from v; to v;. Graph G is said to be strongly connected if v;,v; are
connected for all distinct nodes v;, v; € V. For bidirectional and undirected graphs,
if there is a directed path from v; to v;, then there is a directed path from v; to v;, and
the graph is called simply “connected”.

If a graph is not connected, it is disconnected. A component of an undirected
graph is a connected subgraph that is not connected to the remainder of the graph.

Information in social networks only travels directly between immediate neigh-
bors in a graph, as decreed by the nonzero edge weights a;;. Nevertheless, if a graph
is connected, then this locally transmitted information travels finally to every agent
in the graph.

A (directed) tree is a connected digraph where every node except one, called the
root, has in-degree equal to one. A spanning tree of a digraph is a directed tree
formed by graph edges that connects all the nodes of the graph. A graph is said to
have a spanning tree if a subset of the edges forms a directed tree. This is equivalent
to saying that all nodes in the graph are reachable from a single (root) node by
following the edge arrows. A graph may have multiple spanning trees. Define the
root set or leader set of a graph as the set of nodes that are the roots of all spanning
trees. If a graph is strongly connected it contains at least one spanning tree. In fact,
if a graph is strongly connected, then all nodes are root nodes (Fig. 3.2).

\2\4
N/

5

Fig. 3.1 A directed graph 1
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an
i

Fig. 3.2 A spanning tree for 1
the graph in Fig. 3.1 with root
node 1

/6

3.2.1 Graph Matrices—Algebraic Graph Theory

Graph structure and properties can be studied by examining the properties of certain
matrices associated with the graph. This is known as algebraic graph theory [19,
20].

Given the edge weights a;, a graph can be represented by an adjacency or
connectivity matrix A = [q;] with weights a; > 0if (vj,»;) €E and a; =0
otherwise. Note that a; = 0. Define the weighted in-degree of node v; as the ith row
sum of A

N
di =" a (3.11)
j=1

and the weighted out-degree of node v; as the ith column sum of A
N
=7 a (3.12)
=1

The adjacency matrix A of an undirected graph is symmetric, A = AT. A graph is
said to be (weight) balanced if the weighted in-degree equals the weighted
out-degree for all i. If all the nonzero edge weights are all equal to 1, this is the same
as the definition of balanced graph. An undirected graph is weight balanced, since if
A = AT and then the ith row sum equals the ith column sum. We may be loose at
times and refer to node v; simply as node i, and refer simply to in-degree,
out-degree, and the balanced property, without the qualifier “weight”, even for
graphs having non-unity weights on the edges.

Graph Laplacian Matrix. Define the diagonal in-degree matrix D = diag{d;}
and the (weighted) graph Laplacian matrix L = D — A. Note that L has all row sums
equal to zero. Many properties of a graph may be studied in terms of its graph
Laplacian. In fact, we shall see that the Laplacian matrix is of extreme importance
in the study of dynamical multi-agent systems on graphs. The eigenvalues of
L specify many properties of the underlying graph topology.
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3.3 Cooperative Control of Multi-agent Systems
on Communication Graphs

The main interest of this book is cooperative control of multi-agent dynamical
electric power systems interconnected by a communication graph topology. The
links of the graph represent the allowed information flow between the systems. In
cooperative control systems on graphs, there are intriguing interactions between the
individual agent dynamics and the topology of the communication graph. The
graph topology may severely limit the possible performance of any control laws
used by the agents. Moreover, in cooperative control on graphs, all the control
protocols must be distributed in the sense that the control law of each agent is only
allowed to depend on information from its immediate neighbors in the graph
topology. If enough care is not shown in the design of the local agent control laws,
the individual agent dynamics may be stable, but the networked systems on the
graph may exhibit undesirable behaviors.

In cooperative control, each agent is endowed with its own state variable and
dynamics. A fundamental problem in multi-agent dynamical systems on graph is the
design of distributed protocols that guarantee consensus or synchronization in the sense
that the states of all the agents reach the same value. The states could represent vehicle
headings or positions, estimates of sensor readings in a sensor network, oscillation
frequencies, frequencies and voltages in an electric power network, and so on.

The principles of cooperative multi-agent systems that we have discussed in this
chapter have been developed by many researchers. Distributed decision and parallel
computation algorithms were studied and developed in [21]. The field of cooper-
ative control for multi-agent systems was started in earnest with the two seminal
papers in 2003 [22] and 2004 [23]. Early work was furthered in [24-27]. In the
development of cooperative control theory, work was generally done initially for
simple systems including first-order integrator dynamics in continuous time and
discrete time. Then, results were established for second-order systems and
higher-order dynamics. Applications were made to vehicle formation control and
graphs with time-varying topologies and communication delays. See [28-33].

Early work focused on reaching consensus or synchronization of networks of
anonymous dynamical systems, where all agents have the same role. This is known
as the leaderless consensus problem or the cooperative regulator problem. Later
work focused on synchronization to the dynamics of a leader or root node which
generates a command target trajectory. This is the controlled consensus problem or
the cooperative tracker.

3.3.1 Consensus and the Cooperative Regulator Problem

Given dynamical systems at each node i with state x;(z), we wish to find controllers
that make all the states the same, specified as follows.
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Definition 3.1 (Consensus-The Cooperative Regulator Problem) Find a distributed
control protocol for each agent i that drives all states to the same constant
steady-state values x;(f) — x;(f) — const, Vi,j. This value is known as a consensus
value.

The control protocols are required to be distributed in that the control for agent
i is only allowed to depend on the state of agent i and its neighbors j € N; in the
graph topology.

Consider the case where all N nodes of the graph G have scalar first-order
single-integrator dynamics

X = u; (3.13)

with x;, u; € R. This corresponds to endowing each node or agent with a memory.
Consider the local control protocols for each agent i

u; = Zaij(xj - X,‘) (314)

JEN;

with a;; the graph edge weights. This control is distributed in that it only depends on
the immediate neighbors j € N; of node i in the graph topology. This is known as a
local voting protocol, since the control input of each node depends on the difference
between its state and all its neighbors. Note that if these states are all the same, then
Xx; = u; = 0. In fact, it will be seen that, under certain graph connectivity conditions,
this protocol indeed drives all states to the same consensus value.

In the control protocol (3.14), there are only appearances of the states of node
i and its neighbors. There is no external reference input. Therefore, this distributed
controller is known as a cooperative regulator.

We wish to show that protocol (3.14) solves the consensus problem and to
determine the consensus value reached. Write the closed-loop dynamics as

)'C,' = Za,-j(xj — X,') (315)

JEN;

X1
jC,' = —xiZa,-j—i— Za,-jxj = —d,-x,- + [a,-l e a,-N] (316)

JEN; JEN; Xy

with d; the in-degree. Define the global state vector x = [x, ... x|’ € RY and the
diagonal matrix of in-degrees D = diag{d;}. Then the global dynamics are given by

x=-Dx+Ax=—(D—A)x (3.17)

k= —Ix (3.18)
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With L = D — A the Laplacian matrix. Note that the global control input vector
— T N io o
u=1[u,...uy] €R" is given by

u=—Lx (3.19)

It is seen that, using the local voting protocol (3.14), the closed-loop dynamics
(3.18) depends on the graph Laplacian matrix L. We shall now see how the evo-
lution of first-order integrator dynamical systems on graphs depends on the graph
properties through the Laplacian matrix. The eigenvalues /; of L are instrumental in
this analysis [1]. Order the eigenvalues of L in increasing magnitude as
{41,722, .., Ax}, with N the number of nodes in the graph.

Note that the Laplacian matrix is L = D — A and as such has row sum equal to
zero. Therefore, L1 =0, with 1 =1 1 ... 1 }T the vector of ones. Therefore,
the first eigenvalue of L is A; = 0 with a right eigenvalue of v; = 1. It is known that
the eigenvalues of L all have nonnegative real parts [1]. It may have several
eigenvalues at zero, and the remainder of the eigenvalues has positive real parts. If
the graph has a spanning tree, the only eigenvalue at zero is 4;, and all other
eigenvalues of L have positive real parts [1].

The dynamics given by (3.18) has a system matrix of —L, and hence has
eigenvalues in the open left-half plane. At steady-state, according to (3.18) one has

0= —Lx,, (3.20)

Therefore, the steady-state global state is in the nullspace of L. If the graph has a
spanning tree, then A; = 0 and all other eigenvalues of L have positive real parts.
Then, (3.18) is a Type-1 system, and all states reach constant steady-state values.
Since L1 = 0, (3.20) becomes 0 = —cL1, and all agents reach the same consensus
value of c.

The next result formalizes the consensus properties of the distributed control
protocols (3.14).

Theorem 3.1 (Cooperative Regulation for First-order Systems) The cooperative
regulator protocol (3.14) guarantees consensus of the single-integrator dynamics
(3.13) if and only if the graph has a spanning tree. Then, all node states come to the
same steady-state values x; = x; = c, Vi,j. The consensus value is given by

N
c= Y pxi(0) (3.21)
i=1

where wy = [p1 ... pN}T
for 2y = 0. That is wIL = 0, ||wi|| = 1. Finally, consensus is reached with a time

constant given by

is the normalized left eigenvector of the Laplacian L
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u; . Xi
Y sl =2 a,(x,—x) — X, =Y —
j c N[ JjeN;
L
Fig. 3.3 Multi-agent cooperative regulator
T =1/Re{/} (3.22)

with l, the second eigenvalue of L, known as the Fiedler eigenvalue.

Proof: [1] Figure 3.3 shows the cooperative regulator controller. It is the same as
the single-agent regulator, except that now each agent must take into account the
states x;(1) of its neighbors in determining its error. This is formalized by defining
the local neighborhood consensus error as

e = Za,-j(xj — x,-) (323)
JEN;
According to the theorem, if the graph has a spanning tree, then ¢;(¢) — 0, Vi if
and only if the consensus problem is solved, that is, x;(#) — x;(t) — const, Vi,j.
It is important to note that in the single-agent regulator problem, the state goes to
zero. By contrast, in the multi-agent cooperative regulator problem, the states go to
constant values that depend on the initial conditions of all agents in the graph, as per
(3.21). This is a consequence of the interrelation in interconnected multi-agent
systems between the control protocols (3.14) and the communication graph
topology, as captured in the eigenvalues of the Laplacian matrix L.

3.3.2 Synchronization and the Cooperative Tracker Problem

Consider now the situation in Fig. 3.4 which depicts a leader or target node with
state xo(7). Now, one desires to find controllers that make all the states synchronize
to the leader’s state, specified as follows.

Definition 3.2 (Synchronization-The Cooperative Tracker Problem) Find a dis-
tributed control protocol for each agent i that drives all states to the state of the
leader node, x;(¢) — xo(t), Vi.

This is known as the synchronization or cooperative tracker problem. There has
been much discussion of the terms “consensus” and “synchronization” in the lit-
erature, with ancillary terms appearing such as “leaderless consensus” and “syn-
chronization with or without leader.” This is cleared up by using simply the terms
“cooperative regulator” and “cooperative tracker”.



58 3 Introduction to Multi-agent Cooperative Control

Fig. 3.4 Communication
graph with leader node xo

To solve this problem for the first-order integrator dynamics (3.13), consider the
distributed cooperative tracker protocols

U = Zaij(xj —x;)+ gilxo —x;) (3.24)

JEN;

with a; the graph edge weights. In this protocol, the gains g; >0 are known as
pinning gains. One has g; > 0 only if node i has a direct edge from the leader node.
As depicted in Fig. 3.4, the intent is that only a small percentage of nodes has
gi > 0, and hence has direct access to the leader’s state. Nevertheless, we shall now
see that under certain graph connectivity conditions, this protocol indeed solves the
cooperative tracker problem.

Write the closed-loop dynamics as

K=Y ay(x — xi) + gilxo — x;) (3.25)

JEN;
Xp = —X; Z a;j + Z aijXj + giXo — &iXi
JEN; JEN;
2 (3.26)
=—(di+g)xi+an ... aw]| i | +gxo
XN

with d; the in-degree. Define the global state vector x = [x, ...xN]T € RN, the
diagonal matrix of in-degrees D = diag{d;}, and the diagonal pinning gain matrix
G = diag{g,}. Then the global dynamics are given by

x=—-(D+G)x+Ax=—(D+G — A)x + Gx, (3.27)
i = —(L+G)x+Gx, (3.28)

where xo = Ixg =[x, ... %]
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The properties of the cooperative tracker protocol (3.24) depend on the graph
properties through the pinned Laplacian matrix (L + G). The eigenvalues 4; of
(L + G) are instrumental in this analysis [1].

To analyze the behavior of the cooperative tracker, define the tracker synchro-
nization errors

5,‘([) ZX()(I) —Xi(t) (329)

and the global tracking error vector 6 = [d; ... Oy, with N the number of
agents. Assume the leader node dynamics are

X =0 (3.30)

Then the global synchronization error dynamics is

3(1) = (1) — (1)

(3.31)
= (L4 G)x — Gx,
However, since L1 = 0, one has Lx, = 0 and
d=(L+G)x— (L+G)xy = —(L+G)d (3.32)

Hence, the global synchronization error goes to zero if (L + G) is stable. The
next theorem gives the conditions.

Theorem 3.2 (Cooperative Tracking for First-order Systems) The cooperative
tracking protocol (3.24) guarantees tracking of the single-integrator dynamics
(3.13) if and only if the graph has a spanning tree. Then, x;(t) — xo(t), Vi.

Proof: [1] The proof uses the fact that, if the graph has a spanning tree, all
eigenvalues of (L + G) have positive real parts, so that (3.32) is a stable system.

Figure 3.5 shows the cooperative tracker. It is the same as the single-agent
tracker, except that now each agent must take into account the states x;(¢) of its
neighbors in determining its error, and the state of the leader node if g; > 0. This is
formalized by defining the local neighborhood tracking error as

leader
Xy =—> X
0 Uu. . i
. 6= a,(x;—x)+g(x—x) L& X =u, >
o — JeN,
JEN; 5

Fig. 3.5 Multi-agent cooperative tracker
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e = Zaij(xj — Xi) + gi(X() - Xi) (333)
JEN;

According to the theorem, if the graph has a spanning tree, then ¢;(z) — 0, Vi if
and only if the consensus problem is solved, that is, J;(¢) = xo(#) — x;(¢) — 0 Vi.

3.3.3 More General Agent Dynamics and Vector States

The preceding results can be extended to more general agent dynamics, including
vector states and general state variable dynamics.

3.3.3.1 Vector States

We have presented cooperative regulator results for scalar first-order integrator
dynamics (3.13), that is

with scalar x;, u; € R. Suppose now that the states and controls are vectors so that
x;,u; € R*. Then the preceding developments can be extended using the idea of
Kronecker product [34].

Consider two matrices A € RP*Y, B € R, denote A = [q;]. The (left)
Kronecker product is given as

A® B = [ayB] € RP (3.35)

For vector states, the integrator dynamics are treated as follows. If the state and
input are vectors, then the step from (3.16) to (3.17) cannot be taken, for note that
the states in (3.16) are vectors. Therefore, every element in D and A in (3.17) and
(3.18) must be multiplied by the n X n identity matrix I. This yields

i=—(D-A)@Dx=—(LI)x (3.36)
Theorem 3.1 remains valid.
For the cooperative tracker, Eqs. (3.28) and (3.32) must be replaced, respec-
tively, by
i=—((L+G)@Nx+ (G I)x, (3.37)
d=—((L+G) @D (3.38)

Theorem 3.2 remains valid.
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3.3.3.2 General State Variable Agent Dynamics

Consider N agents interconnected on a communication graph having general linear
time-invariant state variable dynamics

X; = Ax; + Bu; (339)

with vector states and controls x; € R", u; € R". Consider the local neighborhood
tracking errors (3.33) and the distributed cooperative tracker protocols

u; = cKe; = cK <Z aij(x; — x;) + gi(xo — xi)> (3.40)
JEN;

with K a state variable feedback gain matrix and ¢ > 0 a coupling gain. The
closed-loop dynamics are

X; = Ax; +¢BK (Z a;j(x; — x;) + gi(xo — xi)> (3.41)

JEN;
Define the global state vector x = vec{x;} = [xT xI ... x5]"€ R"™ and the
leader’s global vector as x, = vec{xo} = (1 ®x0) = [x§ x} ... x“TG R™.

Then using a development like (3.26), the global closed-loop dynamics are seen to be
x=[Iy®A) —c((L+G)®BK)]x + ¢((L+G) ® BK)x, (3.42)

Assume the leader’s dynamics are
Xo = Axp (3.43)

Then the global error dynamics are

5= [(Iy ® A) — c((L+G) ® BK)]5 (3.44)

There are many methods for selecting ¢ and K to guarantee synchronization to
the leader’s state. One result is the following from [35].

Theorem 3.3 (Cooperative Tracking for State Variable Multi-agent Systems)
Consider multi-agent dynamics (3.39) with distributed controls (3.40). Suppose that
(A, B) is stabilizable. Select positive definite design matrices Q = Q" € R™" and
R = RT € R™™ Design the feedback control gain K as



62 3 Introduction to Multi-agent Cooperative Control

K =R'B'P, (3.45)

where P is the unique positive definite solution of the control algebraic Riccati
equation (ARE))

0=A"P+PA+Q— PBR 'B'P. (3.46)

Then under Assumption 1, the synchronization error dynamics (9) is asymp-
totically stable if the coupling gain

c> (3.47)

1
2n
with Az = min;cn Re(4;).

Proof: [35] Note that this design has two parts, a local design procedure based on
(3.45), (3.46) to select the gain matrix K, and a global design condition (3.47) based
on the graph topology to select the coupling gains c. The graph topology is captured
here in terms of Az = min,cy Re(4;), the eigenvalue with smallest real part. Note
that (3.47) and (3.22) employ the same object 1z = min;c, Re(4;) = Re(42).

This theorem highlights an important factor about controls design for
multi-agent systems on communication graphs. Namely, the communication graph
topology must be taken into account in the design of local controllers. To wit,
consider the local agent dynamics (3.39) with the local controls u; = —Kx;. Then,
the closed-loop local dynamics are x; = (A — BK)u;. These dynamics are stabilized
by the gain computed using the ARE design (3.45), (3.46). However, if these
dynamics are now linked together using a communication graph, the interconnected
closed-loop dynamics are (3.41), which are influenced by the neighbors states
Xj, j € N;. These interconnected dynamics can be unstable if the condition (3.47)
does not hold.

Therefore, in multi-agent systems, the local controls design must take into
account the graph topology up front, or stability cannot be guaranteed. The graph
topology is captured here in terms of Az = min;cpr Re(4;), the eigenvalue with
smallest real part.

3.4 Time-Varying Edge Weights and Switched Graphs

The results in this chapter so far are for the case of graphs with fixed constant edge
weights a;;. In many applications, however, the edge weights are time varying, such
as when communication links fade and the channel gains a; change, or when links
are temporarily lost so that a; = 0. Dynamically changing interaction topologies
have been studied in [22, 23, 25, 36]. The following results allow the extension of
Theorems 3.1 and 3.2 to the case of time-varying edge weights and switched graphs.



3.4 Time-Varying Edge Weights and Switched Graphs 63

l i _———=*6 5 ¢

5 57

(a) Graph G1 (b) Graph G2 (c) Graph G3

Fig. 3.6 Three disconnected graphs whose union is strongly connected

Examine Fig. 3.6, which shows three directed communication graphs, none of
which is strongly connected or has a spanning tree. Their union, however, is
strongly connected. If the nodes represent dynamical agents, the graphs could
represent the communication topology at three subsequent times. Though at no time
are all the agents strongly connected, over the complete time period all nodes will
eventually communicate with each other.

Consider a finite set of digraphs {G,,p = 1, P}. The set is said to be jointly
strongly connected if the union of its members is strongly connected. The set is said
to jointly have a spanning tree if the union of its members has a spanning tree.

Consider the dynamics (3.13) with distributed protocols (3.14). We wish to
allow the graph interactions to vary with time. Consider a finite set of possible
graph topologies {G,:p=1,...,P} with G, having adjacency matrix A,,
in-degree matrix D,, and Laplacian L,. Let

k= —Lyx (3.48)
with a(¢) € {1,2,..., P} a switching signal whose value at time ¢ indicates which
graph describes the current topology at time . Let #y, #;, ... be the times at which

o(t) switches and let #; | —; > 1 for some fixed dwell time 7 > 0.

The next result from [36] shows when the distributed local protocols (3.14)
deliver consensus on switched graph topologies. In connection with this proof, the
importance of the setup in here is that the Laplacians are constant between
switchings, and #; — #;,_; > 1 for some fixed dwell time T > 0 so that the number of
graphs in any bounded time interval is finite.

Theorem 3.4 (Continuous-Time Consensus on Changing Graph Topologies)
Consider the dynamics (3.13) and protocols (3.14) on switched graphs. Let the
graphs switch at times ty,t1,.... Assume there exists an infinite sequence of con-
tiguous, nonempty, bounded time intervals [t,t;, ), j=1,2,... starting at
t;, =ty = 0, such that the union of graphs over each interval has a spanning tree.
Then consensus is reached and
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X = lc (3.49)

for some consensus value c.

This theorem states that if there exists an infinite sequence of contiguous,
nonempty, bounded time intervals over each of which the set of graphs jointly has a
spanning tree, then consensus is reached. Note, however, that the consensus value
¢ in Theorem 3.2 is not the same as (3.21) and depends on the switching times and
individual graph topologies at each time instant.

Results similar to this hold for cooperative tracking Theorem 3.2, and for the
case when the graph weights are time varying between switching times [36].
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Chapter 4
Distributed Control of AC Microgrids

The traditional secondary control of microgrids discussed in Chap. 2 exploits a
centralized control structure. Central controllers command globally based on
gathered system-wide information and require a complex [10, 12] and in some
cases two-way communication network [14]. All DGs are commanded by com-
munications from a single central controller. This adversely affects system flexi-
bility and configurability and increases reliability concerns by posing a single point
of failure. The single point of failure means that if the central controller fails, the
whole control system fails. In this chapter, distributed control structure is used to
implement the secondary control of microgrids. A microgrid can be considered as a
multi-agent system where its DGs are the energy nodes (agents). Figure 4.1 shows a
distributed communication structure that takes advantage of the multi-agent envi-
ronment for a microgrid system with DGs as agents. A distributed structure of the
communication network improves the system reliability. In this control structure,
the control protocols are distributed on all DGs. Therefore, the requirement for a
central controller is obviated and the control system does not fail down subsequent
to outage of a single unit.

In this chapter, we take advantage of the graph theory notions and distributed
control methods in Chap. 3 to design improved, distributed, and sparse commu-
nication networks for microgrids. The distributed cooperative control of multi-agent
systems can be used to implement the secondary control of microgrids. The term
“distributed” means that the controller utilizes a communication network by which
each agent only receives information from its neighboring agents. The term “co-
operative” means that, in contrast to the competitive control, all agents act as one
group toward a common synchronization goal and follow cooperative decisions.
Distributed cooperative control of multi-agent systems was detailed in Chap. 3 and
is mainly categorized into the regulator synchronization problem and the tracking
synchronization problem. In the regulator synchronization problem, also called
leaderless consensus, all agents synchronize to a common value that is not pre-
scribed or controllable. In the tracking synchronization problem, all agents syn-
chronize to a leader node that acts as a command generator. Neighboring agents can

© Springer International Publishing AG 2017 67
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Fig. 4.1 Multi-agent environment for a microgrid system with DGs as agents [4]. © [2016] IEEE.
Reprinted, with permission, from IEEE transactions on energy conversion [19]

communicate with each other. The leader is only connected to a small portion of the
agents [9, 11, 12, 15].

The secondary control of microgrids is similar to the tracking synchronization
problem of a multi-agent system where the DG voltages and frequencies are
required to track their prescribed nominal values. The dynamics of DGs in
microgrids are nonlinear and nonidentical. Therefore, a method known as input—
output feedback linearization [16] is used here to transform the nonlinear hetero-
geneous dynamics of DGs to linear dynamics. Input—output feedback linearization
transforms the secondary voltage control problem to a second-order multi-agent
tracking synchronization problem. On the other hand, the secondary frequency
control is transformed to a first-order multi-agent tracking synchronization problem
using input—output feedback linearization. Based on the transformed dynamics,
fully distributed voltage and frequency control protocols are derived for each DG.
The proposed distributed controls are implemented through a sparse communica-
tion network, with only one-way communication links, where each DG requires
only its own information and the information of its neighbors.
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4.1 Distributed Secondary Frequency Control

In this section, distributed cooperative control techniques for multi-agent systems as
discussed in Chap. 3 are used to design secondary frequency controllers for mi-
crogrids. A method known as input—output feedback linearization [16] can be used
as shown here to transform the nonlinear heterogeneous dynamics of DGs to linear
dynamics. Once input—output feedback linearization is applied, the secondary fre-
quency control leads to a first-order multi-agent synchronization problem. Fully
distributed frequency control protocols are derived for each DG that synchronizes
the DG frequencies to the prescribed nominal value. The proposed secondary fre-
quency control is implemented through a sparse communication network. The
communication network is modeled by a digraph. Each DG requires only its own
information and information from its neighbors on the digraph. This leads to a
sparse distributed communication structure that only requires one-way communi-
cation links and is more reliable than centralized secondary frequency controls.
According to Chap. 2, the nonlinear dynamics of a VCVSI can be written as

x; = £i(x;) + ki (x;)D; + g (x;)u; (4.1)
yi = hi(x;) + diu; ’ '

Detailed expressions for f;(x;), g;(x;), hi(x;), di(x;), and k;(x;) are adopted from
the nonlinear VCVSI model presented in Chap. 2.

As discussed in Chap. 2, the primary control is usually implemented as a local
controller at each DG by the droop technique. Droop technique prescribes a desired
relation between the frequency and the active power, and between the voltage
amplitude and the reactive power. The primary frequency control is

w; = (,{):F — DpiPi, (42)

where o] is the primary frequency control reference and Dp; is the frequency active
power droop coefficient. The secondary frequency control chooses w? such that the
angular frequency of each DG synchronizes to its nominal value, i.e., ®; — Oys.
For secondary frequency control, y; = w; and u; = . Therefore, the output y;(7) is
related to the input u;(¢) by the nonlinear function k;(x;) and d;. The difficulties
associated with the nonlinear nature of the dynamics can be overcome by using the
following procedure.
Differentiate the output of each agent to obtain

).7i = Lf,»hi + Lgih,-l/ti + d;u;, (43)

where Leh = 94f(x) denotes Lie derivative [16].
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Define the auxiliary control v; as
Vi = Ly hi + Lg hiu; + d;it;. (4.4)
Then, the control input u; satisfies the nonlinear state variable equation
ditty = —Lg hiu; — Lg,hi +v;. (4.5)

Equation (4.5) allows direct computation of the control input ; in terms of v;. It
is noted that the state-space equation (5) guarantees that the control input u; is
differentiable.

Equation (4.4) defines the input—output feedback linearization that results in the
first-order linear systems

yi =i, Vi. (4.6)

Using this input—output feedback linearization, the dynamics of each agent are
decomposed into the first-order dynamical system in (4.6) and a set of internal
dynamics [16]

,ai = Wi(yimui)v Viv (47)

where 1; € R™ represents the internal dynamics.

Preliminaries of Graph Theory. Graph theory was discussed in Chap. 3 and is
reviewed here. The communication network of a multi-agent cooperative system
can be modeled by a directedgraph (digraph). A digraph is usually expressed as
Gr = (Vg, Eg, Ag) with a non-empty finite set of N nodes Vg = {vy, vo, ..., vy},
a set of edges or arcs Eg C Vg X Vg, and the associated adjacency matrix Ag =
[a;] € RVN Tna microgrid, DGs are considered as the nodes of the communication
digraph. The edges of the corresponding digraph of the communication network
denote the communication links.

An edge from node j to node i is denoted by (v, v;), which means that node
i receives the information from node j. a; is the weight of edge (v;, v;), and a; > 0 if
(v, v;) € Eg, otherwise a;; = 0. Node i is called a neighbor of node j if (v;, v)) € Eg.
The set of neighbors of node j is denoted as N; = {i | (vi» vj) € Eg}. For a digraph,
if node i is a neighbor of node j, then node j can get information from node i, but not
necessarily vice versa. The in-degree matrix is defined as D = diag{d;} € RV
with d; = Z/EN,- a;;. The Laplacian matrix is defined as L = D—Ag. A direct path
from node i to node j is a sequence of edges, expressed as {(V;, Vi), Vi V)5 ---s (Vis
v;)}. A digraph is said to have a spanning tree, if there is a root node with a direct
path from that node to every other node in the graph [15].

To solve the synchronization problem for the systems in (4.6), cooperative team
objectives can be expressed in terms of the local neighborhood tracking error
ey €ER
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ey = Z a;i(yi — y;) +bi(yi — yo)- (4.8)

JEN;

The pinning gain b; > 0 is nonzero only for the nodes that are directly connected
to the leader node yg. It is assumed that b; is nonzero for at least one node. The
nodes for which b; # 0 are referred to as the pinned or controlled nodes.

From (4.8), the global neighborhood error vector for the graph Gr is written as

e = (L+B)(y—y,) = (L+B)o, (4.9)
where the global variables are defined as y=[y, v, --- yy] €RV,
ey=1[e; en eyN]Te RN, and y, =1y ® yo € RY, with 1y the vector of

ones with the length of N. The Kronecker product is @ [7]. B € RY*V is a diagonal
matrix with diagonal entries equal to the pinning gains b;. The global disagreement
vector is 6.

Remark 4.1 Note that the global disagreement vector J, is a global vector that
cannot be computed locally at each node. In this chapter, to achieve a fully dis-
tributed control structure, the local neighborhood tracking error in (4.8) is used to
solve the synchronization problem.

Definition 4.1 The global neighborhood error in (4.9) is uniformly ultimately
bounded (UUB) if there exists a compact set Q C RY such that Ve, () € Q there
exists a bound Bo and a time #;(Bo,e,(ty)), both independent of #,, such that
|ley(t)|| < Bo, Vi > 1o+ 1; [20].

Definition 4.2 The agent outputs y;(¢) are cooperative UUB with respect to the
leader node output yo(r) if there exists a compact set Q C R such that V(y;(#)) —
yo(fo)) € Q there exists a bound Bo and a time #(Bo, (yi(to) — yo(fo))), both
independent of #y, such that ||y;(to) — yo(to)|| < Bo, ¥Vt > 1o+t [20].

Assumption 4.1 The vector Vo= 1y ® yo is bounded so that H XOH <Yy, for some

finite bound Y, that is generally unknown.

Lemma 4.1 [6]. Let the digraph Gr have a spanning tree and b; # 0 for at least
one root node. Assume that the zero dynamics of each node ji, = W;(0, ), Vi are
asymptotically stable. Let the auxiliary control v; in (4.5) be chosen as

Vv, = —cey; 4.10
Yy ( )

where the scalar ¢ > 0 and ey; is in (4.8). Then, the global neighborhood error e,
in (4.9) is UUB with the practical bound in (4.17). Moreover, the agent outputs
yi(t) are cooperative UUB with respect to the leader node output yo(t) and all
nodes synchronize to y(t).



72 4 Distributed Control of AC Microgrids

Proof From (4.10), the global input vector v is
v=[v, v, - wy]'=—ce,. (4.11)

Consider the Lyapunov function candidate

1 .
V= 3 vPe}, where P = diag{1/w;}, (4.12)

where w; are the elements of a vector w that satisfies (L+ B)w = 1y. Since the
digraph Gr has a spanning tree and k; # O for at least one root node, L + B is
non-singular and a unique solution exists for w [15].

Differentiating (4.12) and using (4.9) yield

;T . . T .
V=e,P(L+B)(y—y,) =¢,P(L+B)(v—7J,). (4.13)
Defining A = L+ B, and placing (4.11) into (4.13) yields

V= %Cef (PA+ATP)e, — ¢! PAy,, (4.14)

From [15], Q=PA+ATP is positive definite. Therefore,

2
%e)T,Qey > £a(0) , and hence,

|

oo, < So(0)o,| (4.15)

where g(-) is the minimum singular value of a matrix. According to (4.15) and
Assumption 4.1,

V< 5ol + e |[7P)a(a)y, (4.16)

7
where G(-) is the maximum singular value of a matrix. V <0 if

(4.17)

Equation (4.17) shows that the derivative of Lyapunov function in (4.16) is
negative outside a compact set around origin with the radius of
G(P)G(A)Yy/5a(Q). This demonstrates that any trajectory of e,(r) beginning in this
compact set evolves completely within this compact set. Therefore, according to the
standard Lyapunov theorem extension, e,(f) is UUB. According to (4.9), if the
graph has a spanning tree, then L + B is non-singular and ||5y|| < ||ey||/g(L—|—B).
Therefore, the global disagreement vector J, is UUB, and hence, y;(r) are
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cooperative UUB with respect to yo(z) (The term cooperative UUB is defined in
Definition 4.2). If the zero dynamics ji;, = W;(0, y,), Vi are asymptotically stable,
then (4.6) and (4.10) are asymptotically stable [16]. This completes the proof. O

Remark 4.2 Lemma 4.1 only focuses on proving the local stability of (4.6) and
(4.10) by assuming the local asymptotically stability of internal dynamics in (4.7). It
should be noted that the local asymptotically stability of zero dynamics [; =
W;i(0, ;), Vi proves the local asymptotically stability of internal dynamics [16].

Remark 4.3 If yy = 0, then, the error bound in (4.17) is zero and the global dis-
agreement vector is asymptotically stable. Note that the error bound (4.17) can be
made small by increasing the control gain c. In practical systems, making the error
bound exactly equal to zero may be unrealistic if there are unknown disturbances or
unknown leader motions. In such cases, exact synchronization cannot be achieved.
The purpose of this chapter is to make the synchronization errors small in the
presence of unknown leader node velocity. Definitions 4.1 and 4.2 define a syn-
chronization concept that is close enough to realistic situations.

Remark 4.4 Suppose that Yy, = 0, Eq. (4.16) yields

—S65(0)||ey] < ;%VE —2aV, (4.18)

From (4.18), one can write
V(t) < exp(—2ut)V(ty), (4.19)

where exp(.) is the exponential function. From (4.12) and (4.19),

a(P)[|e,(n)|* < %E(P) exp(—201) ey (10)], (4.20)

| =

or equivalently

a(P)
a(P)

||ey(t)H < exp(fat)Hey(to)H. (4.21)

Equation (4.21) shows that the global neighborhood error e, (f) goes to zero with

the time constant 1/c. Since o = ‘7"%, the synchronization speed of the system

can be adjusted by c.

4.2 Distributed Secondary Frequency and Power Control

As discussed in the previous section, the secondary frequency control chooses w;
such that the angular frequency of each DG synchronizes to a prescribed nominal
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angular frequency, i.e., ®; — Wyef, Where e = 27fer. The nominal frequency of
the microgrid is f..f and can be equal to 50 or 60 Hz. In addition to frequency
synchronization, there is a second important control objective for secondary control.
Namely, the secondary frequency control can also be used to share the active power
equally among DGs based on their ratings, i.e., the DG output powers satisfy the
following equality

Dp\ Py = --- = DpyPy. (4.22)

Since the active power droop coefficients Dp; are chosen based on the active
power rating of DGs, P, (4.22), is equivalent to

P P
L =...=% (4.23)
P max 1 P maxN

Therefore, the secondary frequency control must also guarantee (4.22) or (4.23).
For the secondary frequency control, the outputs and inputs of the dynamical model
of DG are y; = w; and u; = w;, respectively.

In this section, the distributed cooperative control of multi-agent systems will be
adopted to develop the secondary frequency control with a distributed structure.
The block diagram of VCVSI is shown in Fig. 4.2. The proposed secondary fre-
quency control exploits the following relationship between the output active power
of each DG and its angular frequency. The output active power of each DG can be
written as

P; = Wsm(&) = h;sin(9;), (4.24)

ci

where J; is the angle of the DG reference frame with respect to the common
reference frame.v,;, vy;, and X,; = w;L.; are shown in Fig. 4.2. The term /; can be
assumed to be constant since the amplitude of v,; and v;; changes slightly around
the nominal voltage. Since X,; is typically small, ; is small, and hence, sin(d;) is
approximately equal to J;. Considering these assumptions and differentiating (4.24)
yields

P,‘ = hi(wi — Cl)com), (425)

Equation (4.25) provides a direct relationship between the differentiated output

power of DGs and their angular frequencies with respect to the angular frequency of
microgrid. The global form of (4.25) can be written as

P=hw— o) (4.26)

where h = diag{h;} and w.,,, = Iy ® Ocom-
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Fig. 4.2 The block diagram of a VCVSI. © [2016] IEEE. Reprinted, with permission, from IEEE
transactions on power systems [4]

4.2.1 Distributed Cooperative Control Protocol
Jor Frequency and Active Power Sharing

This section shows how to achieve two secondary control objectives using a single
distributed control protocol at each DG. The distributed cooperative control pro-
tocol is designed to synchronize the frequency of DGs, w;, to the reference fre-
quency, mrf, While also sharing the active power equally among DGs based on
their power ratings as stated in (4.22).

Applying input—output feedback linearization by differentiating the frequency
droop characteristic in (4.2) yields

(,()l* = d)i +Dp,'P,' = U;, (427)

where u; is an auxiliary control to be designed. Equation (4.27) is a dynamic system
for computing the control input w; from u; The auxiliary control should be
designed such that DG frequencies synchronize to the reference frequency wyt, and
(4.22) is satisfied. According to (4.27), the secondary frequency control of a mi-
crogrid including N DGs is transformed to a synchronization problem for a
first-order and linear multi-agent system
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o +DP11:)1 = uy,
W 4+ DpyPy = uy, (4.28)

@y + DpyPy = uy.

To achieve synchronization, it is assumed that DGs can communicate with each
other through the prescribed communication digraph Gr. The auxiliary controls u;
are chosen based on each DG’s own information and the information of its
neighbors in the communication digraph as

=—¢ (Z a(@; — ) + bi(wi — Oer) + Y ay(DpiP; — DP./'PJ‘)>, (4.29)

JEN; JEN;

where ¢; € R is the coupling gain. It is assumed that the pinning gain b; >0 is
nonzero for only one DG that has the reference frequency .
The global control input u is written as

u=—c;((L+B)(w — W) + LDpP), (4.30)
where w = [w; @, -+ a)N}T, WOpef = Iy ® Wy, With 1y the vector of ones
with the length of N,Dp = diag{Dp;}, and P=[P, P, --- Py|'. The

Kronecker product is ®. B € R¥*" is a diagonal matrix with diagonal entries equal
to the pinning gains b;. The global form of dynamics in (4.28) can be written as

@+ DpP = —c;((L+ B)(®w — w,e) + LDpP). (4.31)

The term (L + B)(w — w,) is defined as the global neighborhood tracking error

e. The term w — w, is defined as the global disagreement vector, o.

Lemma 4.2 [15]. Zero is a simple eigenvalue of L if and only if the directed graph
has a spanning tree. Moreover, L1y = 0, with 1y being the vector of ones with the
length of N.

Lemma 4.3 [19]. Let the digraph Gr have a spanning tree and b; # 0 for at least
oneroot node. Then, L + B is a non-singular M-matrix. Additionally,

1611 < llell/omin(L + B), (4.32)

where omin (L + B) is the minimum singular value of L+ B, and e = 0 if and only if
0=0.
In the following, it is assumed that the DG for which b; # 0 is labeled as DG 1.

Lemma 4.4 [5]. Let the digraph Gr have a spanning tree and b; # 0 for only one
DG placed as a root node of digraph Gr. Let the auxiliary control u; be chosen as
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in (4.29). Then, the DG frequencies w; synchronize to s, and the active power
among DGs is shared based on their power ratings satisfying (4.23).

Proof In the steady state, the left sides of (4.31) and (4.26) are equal to zero.
Setting the left side of (4.26) equal to zero yields

0= (4.33)

- =com*

Equation (4.33) shows that all the DG frequencies synchronize to the microgrid
frequency in steady state. Therefore, according to Lemma 4.2,

Lo =0. (4.34)
Setting the left side of (4.31) equal to zero, and considering (4.34) yields
LDpP+B(w — @) = 0. (4.35)

The commensurate form of (4.35) can be written as

[ > a; —an - —aw
j=LN Dp P, b](&)] —w f)

—an Z ayi v —dasN -

iy J Dp2P2 n 0 —0
. DpnPy 0

—ani —dan2 Z an;

I j=1:N _
(4.36)

that equivalently yields (4.37) and (4.38).

ap(DpiP1 — DpyPa) + - -+ +ainy(Dp1Py — DpyPy) +bi(01 — 0p) = 0, (4.37)

Dp, P> Dp Py
o Dp3P3 Dp P,
(L+B) ) - i =0, (4.38)
DpyPy Dp P,
where
[ > ay  —an - —aw |
j=L:N
—axn ) ay o —ay
L= =N , (4.39)
—an: —ans > an
L =N |
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—an 0 . 0
, 0 —ay - 0
B=| . o . (4.40)
0 0 e —dpn1

Equation (4.38) shows that the set {Dp Py, Dp2Ps, ..., DpyPy} can be consid-
ered on a communication digraph with Dp; P as the leader node. All nodes have
access to the leader Dp; Py through the matrix B in (4.40). Since the original digraph
Gr has a spanning tree with DpiP; as the root node, at least one of the diagonal
terms in B is nonzero. Therefore, exploiting Lemma 4.3 shows that all Dp;P;
synchronize to a common value in the steady state which satisfies (4.22), or,
equivalently, (4.23). Additionally, according to (4.37), having all Dp;P; synchro-
nized to a common value shows that w; synchronizes to o, and hence, according
to (4.33), all DG frequencies synchronize to ws. This completes the proof. O

The block diagram of the secondary frequency control based on the distributed
cooperative control is shown in Fig. 4.3. As shown in this figure, the control input
] is written as

w! = / wdt. (4.41)

The coupling gain ¢, has a direct impact on the convergence speed of the
proposed frequency control. The proposed secondary frequency control can admit
both time-invariant and time-variant communication networks. In the case of
time-invariant communication networks, according to the results of the Lemma 4.4,
the communication topology should be a graph containing a spanning tree in which
the secondary control of each DG only requires information about that DG and its
immediate neighbors in the communication graph. Therefore, the communication

!
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. :
J o,
'GN- i N
=M DGi| P;

s| X" aij (DpiPi-DpjP;)
DP‘P. j
)

JEN; 1

Fig. 4.3 The block diagram of the distributed secondary frequency control. © [2016] IEEE.
Reprinted, with permission, from IEEE control systems magazine [20]
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requirements for implementing the proposed control with a time-invariant com-
munication network are rather mild.

In the case of time-variant communication structure, the communication network
is piecewise constant (i.e., the adjacency matrix Ag changes intermittently at pre-
specified time instants.). Therefore, the secondary frequency control is robust
against data loss and communication link failures.

4.2.2 Case Studies

The effectiveness of the proposed secondary frequency control is verified by sim-
ulating an islanded microgrid in MATLAB. The reference value for the microgrid
frequency frt = Wy/2m is set as 50 Hz. The coupling gain ¢, is set to 400.
Figure 4.4 illustrates the single-line diagram of the microgrid test system. This
microgrid consists of four DGs. The lines between buses are modeled as series RL
branches. The specifications of the DGs, lines, and loads are summarized in
Table 4.1. It is assumed that DGs communicate with each other through the
communication digraph depicted in Fig. 4.5. This communication topology is
chosen based on the geographical location of DGs. The associated adjacency matrix
of the digraph in Fig. 4.5 is

00 00
1 000
Ag = 010 0 (4.42)
1 0 0 O
Vref
l Vol Vb1 Y Vo4
DG 1 ~‘—MM—""\— PCC MM I DG 4
Rcl Lcl | Lc4 Rc4
f Rl] Rl3 Load 2
Load 1
L L
v 11 3 v

v, b2 ﬁ Vo3

DG?2 MJL AAAA . M_MW I DG 3
R, L, R Lz Re;

c2 “c L
12 [2° Critical bus

Fig. 4.4 Single-line diagram of the microgrid test system. © [2016] IEEE. Reprinted, with
permission, from IEEE control systems magazine [20]
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Table 4.1 Specifications of the microgrid test system

DGs DG 1 & 2 (45 kVA rating) DG 3 & 4 (34 kVA rating)
mp 94x107° mp 125 x107°
no 1.3x107° no 1.5%x107°
R. 0.03 Q R. 0.03 Q
L. 0.35 mH L. 0.35 mH
R, 0.1 Q R, 0.1 Q
Ly 1.35 mH Ly 1.35 mH
G 50 pF Cr 50 pF
Kpy 0.1 Kpy 0.05
Ky 420 Ky 390
Kpc 15 Kpc 10.5
Kic 20,000 Kic 16,000
Lines Line 1 Line 2 Line 3
Ry 0.23 Q Ry 0.35 Q Ry 0.23 Q
Ly 318 uH Ly 1847 uH Ly 318 uH
Loads Load 1 Load 2
P, (per phase) 12 kW P, (per phase) 15.3 kW
Q1 (per phase) 12 kVAr 0y (per phase) 7.6 kVAr

DG 1 is the only DG that is connected to the leader node with the pinning gain

b1=1.

It is assumed that the microgrid is islanded from the main grid at # = 0, and the
secondary frequency control is applied at r = 0.6 s. Figure 4.6 shows frequencies
and output powers of DGs before and after applying the secondary frequency
control. As shown in Fig. 4.6a, once the primary control is applied, DG operating
frequencies all go to a common value that is the operating frequency of microgrid.
However, the secondary frequency control returns the operating frequency of
microgrid to its nominal value after 0.3 s. Figure 4.6b shows that the all DG output
powers satisfy (4.22) and (4.23), and are set according to the power rating of DGs.

Fig. 4.5 Topology of the
communication digraph.

© [2016] IEEE. Reprinted,
with permission, from
IEEE control systems
magazine [20]
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Fig. 4.6 The secondary frequency control with ¢, = 400 and f.r = 50 Hz: a DG frequencies and
b DG active power ratios. © [2016] IEEE. Reprinted, with permission, from IEEE control systems

magazine [20]

The coupling gain ¢, has a direct impact on the synchronization speed of the
secondary frequency control. To show this impact, the coupling gain is decreased
from 400 to 40 in the following case study. Figure 4.7 shows the simulation results
when the coupling gain ¢y is set to 40. It is assumed that the microgrid is islanded
from the main grid at # = 0, and the secondary frequency control is applied at
t = 0.6 s. Compared with the simulation results in Fig. 4.7, smaller value of the
coupling gain ¢, decreases the frequency control synchronization speed.

To show the effectiveness of the proposed distributed frequency control, another
round of simulations are performed using a time-varying communication network,
shown in Fig. 4.8. The communication digraph in Fig. 4.8a models the commu-
nication network at the time interval [(0.6 + 0.15 k) s, (0.6 + 0.15 k) + 0.05 s], for
k=0, 1, ... The communication digraph in Fig. 4.8b models the communication
network at the time interval [(0.65 + 0.15 k) s, (0.65 + 0.15 k) + 0.05 s], fork = 0,

1, ... The communication digraph in Fig. 4.8c models the communication network
at the time interval [(0.7 + 0.15 k) s, (0.7 + 0.15 k) + 0.05s], for k=0, 1, ... Itis
seen that over each 0.15 s period, the sequential completeness condition is satisfied.
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Fig. 4.7 The secondary frequency control with ¢, = 40 and f..s = 50 Hz: a DG frequencies and
b DG active power ratios. © [2016] IEEE. Reprinted, with permission, from IEEE control systems
magazine [20]

As shown in Fig. 4.9a, once the primary control is applied, DG operating fre-
quencies all go to a common value that is the operating frequency of microgrid.
However, the secondary frequency control returns the operating frequency of
microgrid to its nominal value. Figure 4.9b shows that the all DG output powers
satisfy (4.22) and (4.23), and are set according to the power rating of DGs. These
results verify the effectiveness of the proposed secondary frequency control when a
time-varying communication network is used.

4.3 Distributed Secondary Voltage Control
of AC Microgrids

The secondary voltage control restores the microgridoperating voltage to the
nominal voltage subsequent to disturbances such as the islanding process. The
dynamics of DGs in a microgrid are nonlinear and may be nonidentical. The
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Fig. 4.8 Topologies of the time-varying communication network. © [2016] IEEE. Reprinted,
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secondary voltage control resembles the tracking synchronization problem of a
multi-agent system with nonlinear and nonidentical dynamics. Therefore, to
design a distributed secondary voltage control, the tracking synchronization
problem for a nonlinear and nonidentical multi-agent system must be solved [3].
The multi-agent cooperative techniques from Chap. 3 will be used here.
Distributed cooperative control for multi-agent systems with nonlinear or non-
identical dynamics has been recently introduced in the literature [3]. In this
chapter, a method known as input—output feedback linearization [16] is used to
solve this problem. Input—output feedback linearization transforms the nonlinear
and heterogeneous dynamics of DGs to linear dynamics. Thus, the secondary
voltage control is transformed to a second-order multi-agent tracking synchro-
nization problem. The Lyapunov technique is then adopted to derive fully dis-
tributed control protocols for each DG.

This section is organized as follows. First, the dynamical model of inverter-based
DGs is presented. Then, input—output feedback linearization is adopted to design a
secondary voltage control based on distributed cooperative control. Finally, the
proposed secondary control is verified using a microgrid test system.
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4.3.1 Secondary Voltage Control Objectives

The large-signal dynamical model can be written in a compact form as

& = fi(x;) + ki () D; + g (xi)us,
{yi i) (4.43)

where the state vector is

xi=[0 Pi Qi bu Py Vai Vg Uai Ugi Vodi Vogi  lodi iogi]"-
(4.44)

The term D; = [@wcom Viai qu,-]T is considered as a known disturbance. The
detailed expressions for f(x;), g:(x;), and k;(x;) can be extracted from the dynamical
model of VCVSIs explained in Chap. 2.


http://dx.doi.org/10.1007/978-3-319-50808-5_2
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The secondary voltage control selects voltage reference, E}, in the primary
voltage control such that the terminal voltage amplitude of each DG approaches its
reference value, i.€., V5 magi > Vrer If Vrer i set to the nominal voltage of microgrid
Vnominal, the output voltage magnitude of VCVSIs synchronizes to the nominal
voltage of microgrid. However, v,r can be chosen such that the voltage magnitude
of a critical bus of microgrid synchronizes to v,omina- In this case, v is defined by

Vref = kpc(vnominal - Vc,mag) + kic / (Vnominal - Vcﬁmag)dta (445)

where v, m, 18 the critical bus voltage magnitude and k. and k. are the control
gains.
Since the amplitude of the DG output voltage is

Vo, magi = 4/ Vo + Vagi (4.46)

and v, is set to zero by the primary control as stated in Chap. 2, the synchro-
nization of the voltage amplitude can be achieved by choosing the control input E}
such that v,; — v Therefore, for the secondary voltage control, the output and
control input are set to y; = v, and u; = E7, respectively.

4.3.2 Distributed Secondary Voltage Control Using
Feedback Linearization

A microgrid resembles a nonlinear and heterogeneous multi-agent system as dis-
cussed in Chap. 3, where each DG is an agent. The secondary control of microgrids
is a tracking synchronization problem, where all DGs try to synchronize their
terminal voltage amplitude to prespecified reference values. For this purpose, each
DG only needs to communicate with its neighbors on the communication network.
The required communication network can be modeled by a communication graph.

In this section, first, a preliminary on the graph theory is presented. Then, the
secondary voltage control is implemented through input—output feedback lin-
earization and distributed cooperative control of multi-agent systems. Finally, the
communication network requirements for the proposed secondary voltage control
are discussed.

Cooperative Secondary Voltage Control Based on Feedback Linearization
and Tracking Synchronization. As previously discussed, the secondary voltage
control chooses appropriate control inputs E; in the primary voltage control to
synchronize the voltage magnitudes of DGSs v, maei to the reference voltage vier.
The synchronization of the voltage magnitudes of DGS v, m,gi 1S equivalent to
synchronizing the direct term of output voltages v,;. Therefore, the secondary
voltage control should choose u; in (4.43) such that y; — y,,Vi, where yy = vier.


http://dx.doi.org/10.1007/978-3-319-50808-5_2
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Since the dynamics of DGs in a microgrid are nonlinear and might not be all
identical, input—output feedback linearization can be used to facilitate the secondary
voltage control design. In input—output feedback linearization, a direct relationship
between the dynamics of the output y; (or equivalently v,4;) and the control input u;
(or equivalently E?) is generated by repetitively differentiating y; with respect to
time.

For the dynamics of the ith DG in (4.43), the direct relationship between the y;
and u; is generated after the second derivative of the output y;

j}i = L%ihi + LgiLFrhiui7 (447)
where
F,»(x,») = f,‘(.x,') + k,‘()C,')D,‘. (448>

Lg,h; is the Lie derivative [16] of h; with respect to F; and is defined by

Lyhi = VhF; = WOF, 12 b is defined by Ly h; = Ly, (Lyhi) = “ o) F,.
An auxiliary control v; is defined as
vi = Ly hi + Ly Ly hiu;. (4.49)

Equations (4.47) and (4.49) result in the second-order linear system
y; = v, Vi. (4.50)

By choosing appropriate v;, the synchronization for y; is provided. The control
input u; is implemented by v; as

U = (Lg,-LFihi)il (_L%‘ihi +vi). (4.51)

In the following, the procedure for designing appropriate v; is elaborated. First,
Eq. (4.50) and the first derivative of y; are written as

{?l’ =il (4.52)
Yil = Vi,
or equivalently

y; = Ay, +Bv;, Vi (4.53)

00
Using input—output feedback linearization, the nonlinear dynamics of each DG
in (4.43) are transformed to (4.53) and a set of internal dynamics. The commen-
surate reformulated dynamics of the reference generator can be expressed as

where y; = [yi yi1]',B=1[0 1]",and A = [0 1}



4.3 Distributed Secondary Voltage Control of AC Microgrids 87

Yo = AYo, (4.54)

where y, = [yo J0]". It should be noted that since y = vy is constant, yo = 0.
It is assumed that DGs can communicate with each other through a communi-
cation network described by the digraph Gr. Based on the digraph Gr, the ith DG
may need to transmit y; in (4.53) through the communication network. It is assumed
that only one DG has the access to the reference y, in (4.54) by a weight factor
known as the pinning gain b;. The secondary voltage control problem is to find a
distributed v; in (4.51) such that y; — y,,Vi. To solve this problem, the cooperative
team objectives are expressed in terms of the local neighborhood tracking error

= ai(y; — ;) + bi(y; — ¥o), (4.55)
JEN;

where a;; denotes the elements of the communication digraph adjacency matrix. The
pinning gain b; is nonzero for one DG.

For a microgrid including N DGs, the global error vector for graph Gr is written
from (4.55) as

= (L+B)® L)Y —Yo) = (L+B) ®b)d, (4.56)

where Y = [ylyl.. ] e=lele .e,(,]T, Yo =1 nyo (1y is the vector of ones
with the length of N ) B = diag{b; }, I, is the identity matrix with two rows and two
columns, and 9 is the global disagreement vector. The Kronecker product is shown

as ® [7]. Y can be written as
Y = (Ily®A)Y + (Iy ® B)v, (4.57)
where v = [v;v, ... vy]” is the global auxiliary control vector. Y, can be written as
Yo = (Iy ® A)Y,. (4.58)
The following definitions and lemmas are required for designing the auxiliary

controls v;.

Definition 4.3 [9]. (A, B) are stabilizable if there exists a matrix S such that all
eigenvalues of A-BS have a strictly negative real part.

Definition 4.4 [12]. A matrix is Hurwitz if all of its eigenvalues have a strictly
negative real part.

Definition 4.5 [12]. A symmetric matrix P is positive definite if x” Px is positive for
all nonzero column vector x, and x'Px is zero only for x = 0.
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Lemma 4.5 [20]. Let (A, B) be stabilizable. Let the digraph Gr have a spanning
tree and b; # 0 for one DG placed on a root node of the digraph Gr . Let A; (i € {1,
2, ..., N}) be the eigenvalues of L + B. The matrix

H=Iy®A—-c(L+B)®BK (4.59)

with ¢ € R and K € R™? is Hurwitz if and only if all the matrices A — cABK, Vi €
{1, 2, ..., N} are Hurwitz.

Lemma 4.6 [20]. Let (A, B) be stabilizable and matrices Q = QT and R = RT be
positive definite. Let feedback gain K be chosen as

K=R'B’P, (4.60)

where Py is the unique positive-definite solution of the control algebraic Riccati
equation (ARE)

A'P,+PIA+Q—PBR'B'P, =0. (4.61)

Then, all the matrices A—cABK, Vi € {1, 2,..., N} are Hurwitz if ¢> 1

- 2;Lmin ’

where Jmin = min;cpr Re(4;) (Re(2;) denotes the real part of .

Lemma 4.7 [4]. Let the digraph Gr have a spanning tree and b; # 0 for one DG
placed on a root node of the digraph Gr. It is assumed that the internal dynamics of
each DG are asymptotically stable. Let the auxiliary control v; in (4.51) be

V; = —(,’Ke,‘, (462)

where ¢ € R is the coupling gain, and K € RV is the feedback control vector.
Then, all y; in (4.53) synchronize to yq in (4.54), and hence, the direct term of DG
output voltages v,q; Synchronizes to vy, if K is chosen as in (4.60) and

> 4.63
‘= 2/lmin , ( )
where Jmin = min;c Re(4;).
Proof Consider the Lyapunov function candidate
1
V= 55TP26’ P, =P} P, >0, (4.64)
where 9§ is the global disagreement vector in (4.56). Then,
V =8"P0 = 8"P,(Y — Yo) = 8"P2((Iv ® A)d + (Iy @ B)V). (4.65)

The global auxiliary control v can be written as
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v=—(Ily®K)((L+B)®hL)s. (4.66)
Placing (4.66) into (4.65) yields
V =8"Py(Iy® A — ¢(L+B) ® BK)d = &' P,H0. (4.67)

From Lemmas 4.5 and 4.6, H is Hurwitz. Therefore, given any positive real
number S, the positive-definite matrix P, can be chosen such that the following
Lyapunov equation holds,

PoH+H'Py = —Bhy, (4.68)

Placing (4.68) in (4.67) yields
‘ T lor T B.r
V=98 PHo = 56 (P, H+H'P,)d = — 56 Lyo. (4.69)

Equation (4.69) shows that v < 0. Therefore, the global disagreement vector 0,
(4.50), and (4.62) are asymptotically stable and all y; in (4.53) synchronize to y, in
(4.54). Hence, the direct term of DG output voltages v,; synchronizes to vy If the
internal dynamics are asymptotically stable, then they are all bounded. This com-
pletes the proof. O

The block diagram of secondary voltage control based on distributed cooperative

control is shown in Fig. 4.10. As seen, the control input E7 is implemented using
(4.51). Choosing the coupling gain ¢ and the feedback control vector K based on
(4.60) and (4.63) ensures the asymptotic stability of the controller. Moreover, these
controller parameters can adjust the response speed of the secondary voltage
control.
The Required Sparse Communication Topology for Secondary Control. The
proposed secondary voltage control must be supported by a local communication
network. The communication network can be implemented by the TCP/IP com-
munication protocol with optical fiber links [18]. For the microgrids with a small
geographical span, the communication network can also be implemented by CAN
bus, PROFIBUS, and SERCOS communication protocols [2]. The settling time of
the secondary control can be up to one minute [14]. Therefore, the communication
network operates much faster than the secondary control. The sampling time of the
secondary control can be chosen much larger than the sampling time of the com-
munication network. It should be noted that communication links contain an intrinsic
delay. Since the timescale of the secondary control is large enough, the communi-
cation link delays can be safely assumed to zero [4]. The proposed secondary voltage
control can admit both time-invariant and time-variant communication networks.
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Fig. 410 The block diagram of the proposed secondary voltage control. © [2016] IEEE.
Reprinted, with permission, from IEEE transactions on power systems [4]

In the case of time-invariant communication networks, the adjacency matrix Ag
is fixed. According to the results of the Lemma 4.7, the communication topology
should be a graph containing a spanning tree in which the secondary control of each
DG only requires information about that DG and its immediate neighbors in the
communication graph. Therefore, the communication requirements for imple-
menting the proposed control with a time-invariant communication network are
rather mild. However, the implemented secondary control may not be robust against
communication link failures or data loss. Given the physical structure of the mi-
crogrid, it is not difficult to select a graph with a spanning tree that connects all the
DGs in an optimal fashion. Such optimal connecting graphs can be designed using
operations research or assignment problem solutions [1, 8]. The optimization
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criteria can include minimal lengths of the communication links, maximal use of
existing communication links, and minimal number of links.

Alternatively, time-variant communication structure can be exploited to increase
the secondary control reliability. In this communication structure, each DG can
send its own information to the neighboring DGs intermittently. The communica-
tion network is piecewise constant (i.e., the adjacency matrix Ag changes inter-
mittently at prespecified time instants.). Therefore, the secondary control is robust
against data loss and communication link failures. According to [7], a time-variant
communication network can provide the synchronization if the sequential com-
pleteness condition is satisfied. The sequential completeness condition means that,
with the infinite sequence of finite intervals, the resulting graph over each finite
interval must contain a spanning tree.

4.3.3 Case Studies

The microgrid shown in Fig. 4.4 is used to verify the effectiveness of the proposed
secondary control. The specifications of the DGs, lines, and loads are summarized
in Table 4.1. The simulation results are extracted by modeling the dynamical
equations of microgrid in MATLAB.

It is assumed that DGs communicate with each other through the communication
digraph depicted in Fig. 4.5. This communication topology is chosen based on the
geographical location of DGs. DG 1 is the only DG connected to the leader node
with the pinning gain of b; = 1.

In the following, first, the effectiveness of the proposed secondary voltage
control is shown for three different reference voltage values. Then, the effects of the
algebraic Riccati equation) parameters on the transient response of the controller are
studied. Finally, the effectiveness of the proposed voltage control is verified when a
time-varying communication network is used.

Simulation Results for Different Reference Voltage Values. In this section, the

coupling gain in (4.62) is ¢ = 4 which satisfies (4.63). The solution of the algebraic

Riccati equation in (4.61) is used to calculate the feedback control vector K in (4.62).
50000 O

0 1 } d
R = 0.01. The resulting feedback control vectoris K = [2236 67.6]. Itis assumed that
the microgrid is islanded from the main grid at # = 0, and the secondary control is
applied at¢ = 0.6 s. It should be noted that the secondary control level always exists as
a supervisory control level and takes actions in the event of disturbances. However, to
highlight the effectiveness of the proposed secondary control, it is assumed that the
secondary control is applied with a delay. Figure 4.11a—c show the simulation results

The algebraic Riccati equation parameters are chosen as Q =
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Fig. 4.11 DG output voltage magnitudes for a v,e.f = 1 pu, b ver = 0.95 pu, and ¢ v,ef = 1.05 pu.
© [2016] IEEE. Reprinted, with permission, from IEEE transactions on power systems [4]
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when the reference voltage value is set to 1, 0.95, and 1.05 pu, respectively. As seen,
while the primary control keeps the voltage amplitudes stable, the secondary control
returns all terminal voltage amplitudes to the prespecified reference values in 0.2 s.
The Secondary voltage control secondary voltage control can also be defined to
control the voltage magnitude of the critical bus shown in Fig. 4.12. In this case,
Vrer 18 chosen according to (4.45), where v, m.e in (4.45) denotes the voltage
magnitude of the critical bus. Vpominai in (4.45) is set to 1 pu. k,c and ;. in (4.45) are
set to 4 and 100, respectively. As shown in Fig. 4.12, the secondary control is
applied at 7 = 0.6 s and returns the voltage magnitude of critical bus to v,omina I
less than 0.3 s.
The Effect of Algebraic Riccati Equation (ARE) Parameters on the Transient
Response. To show the effect of the ARE parameters on the response speed of the
secondary voltage control, two different cases are considered. The reference value
for the terminal voltage of DGs is set to 1 pu. In the first case, ARE parameters are
set as Q= [10000 (1)} and R =0.01. Compared with the case studied in
Fig. 4.11a, the element in the first row and column of matrix Q, which directly
affects the control of v,;, is smaller. Figure 4.13a shows the DG output voltage
magnitudes before and after applying the secondary control. As seen, the terminal
voltage amplitudes synchronize to 1 pu after 0.3 s. Therefore, with a smaller Q, the
secondary voltage control is slower than the case studied in Fig. 4.5a.
50000 O
0 1
Compared with the case studied in Fig. 4.11a, R is larger. Figure 4.13b shows the

In the second case, the ARE parameters are set as Q = [ } and R = 5.
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Fig. 413 DG output voltage magnitudes with the following control parameters:

aQ= {1%00 (1)} and R=0.01,b Q= [50800 (1)} and R = 5. © [2016] IEEE. Reprinted,

with permission, from IEEE transactions on power systems [4]

DG output voltage magnitudes before and after applying the secondary control. As
seen, the terminal voltage amplitudes converge to 1 pu after 0.5 s. Therefore, with a
larger R, the secondary voltage control is slower than the case studied in Fig. 4.11a.
The Effect of Time-varying Communication Networks on the Performance of
the Distributed Secondary Voltage Control. In this section, it is assumed that the
microgrid is islanded from the main grid at # = 0, and the voltage control is applied
at t=0.6 s. However, the distributed voltage control is associated with
time-varying communication networks. The Reference voltage reference voltage is
set to ver = 1 pu. Figure 4.8 shows the three communication network structures that
are used in simulation. Each structure is adopted at a specific time interval. The
communication digraph in Fig. 4.8a models the communication network at the time
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Fig. 4.14 DG output voltage magnitudes with time-varying communication network. © [2016]
IEEE. Reprinted, with permission, from IEEE transactions on power systems [4]

interval [(0.6 + 0.15 k) s, (0.6 + 0.15 k) + 0.05 s], for k=0, 1, ... The commu-
nication digraph in Fig. 4.8b models the communication network at the time
interval [(0.65 + 0.15 k) s, (0.65 + 0.15 k) + 0.05 s], for k=0, 1, ... The com-
munication digraph in Fig. 4.8c models the communication network at the time
interval [(0.7 + 0.15 k) s, (0.7 + 0.15 k) + 0.05 s], for k=0, 1, ... It is seen that
over each 0.15 s period, the sequential completeness condition is satisfied. As
shown in Fig. 4.14, while the primary control keeps the voltage amplitudes stable,
the secondary control returns all terminal voltage amplitudes to v This simulation
result verifies the effectiveness of the proposed voltage control in the case of
time-varying communication networks and communication link failures.

4.4 Distributed Secondary Voltage and Reactive Power
Control of AC Microgrids

As discussed in previous section, the distributed voltage control chooses appro-
priate control inputs V,,; to synchronize the voltage magnitudes of VCVSIS v, magi
to the reference voltage v,.r. As an additional control objective, it can also be used
to allocate the output reactive power of VCVSIs based on their reactive power
ratings. According to the VCVSI nonlinear model described in Chap. 2, synchro-
nizing the voltage magnitudes, Vv, magi, iS the same as synchronizing the direct term
of output voltages v, ;.
Differentiating the voltage droop characteristic yields

Vi = Voai +10iQi = v, (4.70)


http://dx.doi.org/10.1007/978-3-319-50808-5_2
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where v,; is the auxiliary control input. Equation (4.70) computes the control input
V,i from v,; as

V= /Vvidl. (471)

According to (4.70), the voltage control of a microgrid including Ny VCVSIs
can be transformed to a synchronization problem for a linear and first-order
multi-agent system

Voal 10101 = W

Voaz + 1202 = Vy2 (4.72)

Voany +1on, Ony = Vi,

To achieve synchronization, it is assumed that VCVSIs can communicate with
each other through the prescribed communication digraph Gr. The auxiliary control
v,; is chosen based on each VCVSI’s voltage magnitude and reactive power
information, and the voltage magnitude and reactive power information of its
neighbors on the communication digraph as

Vyi = — Cvi< E aij(Vodi — Vadj> + 8i(Vodi — Vref)

JEN;

+ Y aj(ngiQi — ngiQy)),

JEN;

(4.73)
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where c,; is the control gains. It is assumed that the pinning gain g; > 0 is nonzero
for, at least, one VCVSI that has the reference voltage, vef, information.
A procedure similar to that used for the frequency control of VCVSIs can be used to
show the effectiveness of the auxiliary control v,; in (4.73). The block diagram of
the distributed voltage control is shown in Fig. 4.15.
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Chapter 5
Multi-objective and Adaptive Distributed
Control of AC Microgrids

This chapter discusses the advanced methods for distributed control of AC
microgrids. First, a two-layer control framework that implements the secondary
control for an islanded microgrid containing both VCVSIs and CCVSIs is dis-
cussed. The first control layer deals with the voltage and frequency control of
VCVSIs. The second control layer objectives are to control the active and reactive
powers of CCVSIs. Each control layer is implemented through the distributed
control of multi-agent systems. Then, a distributed and adaptive secondary voltage
control method is discussed. The proposed controller compensates for the nonlinear
and uncertain dynamics of DGs and, hence, obviates the control design challenges
caused by the nonlinear dynamics of DGs. The controller is fully independent of the
DG parameters. Therefore, the controller can be deployed on any DG regardless of
the DG parameters and the connector specifications, and its performance does not
deteriorate by the change in DG parameters (e.g., due to aging and thermal effects).
The discussed controller appropriately responds to the changes in the system
operating condition, without any manual intervention, and adjusts its control
parameters in real time.

5.1 Multi-objective and Two-Layer Control Framework
for AC Microgrids

As discussed in Chap. 2, the control structure of a VSI may vary based on the
control objectives such as voltage and frequency, or active and reactive powers. In
Chap. 4, distributed control structures for islanded microgrids with voltage-con-
trolled voltage source inverters (VCVSIs) were proposed. VCVSIs have internal
voltage and current controller loops that facilitate the voltage control and frequency
control of DG. However, in some DGs, the sole active and reactive power controls
may be of interest. This requirement can be satisfied through the current-controlled

© Springer International Publishing AG 2017 99
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voltage source inverters (CCVSIs). CCVSIs possess an internal current controller
that controls the direct and quadrature components of the VSI output current which
in turn facilitates the active and reactive power controls of DG. Microturbines and
fuel cells are dispatchable power sources, and their associated voltage source in-
verter can operate as a CCVSI to adjust their generated power by the microgrid
operator. Solar panels and wind turbine generators are intermittent power sources.
The uncertainty and intermittency in the generated power are a big hassle to exploit
wind and solar power sources as dispatchable DGs. Energy storage systems (e.g.,
batteries) can be exploited to compensate for the intermittency in the generated
power of wind and solar power sources. Doing so, solar panels and wind turbine
generators can also be exploited as dispatchable power sources.

A microgrid is able to operate in both grid-connected and islanded modes. In the
grid-connected mode, the main grid dictates the microgrid voltage and frequency.
In this mode, the DG control objectives are defined as active and reactive power,
and hence, they can be exploited as CCVSIs. The microgrid can switch to the
islanded mode due to the preplanned scheduling or unplanned disturbances.
Subsequent to the islanding process, microgrid loses the voltage and frequency
support by the main gird as well as the active and reactive power balance between
the total power generation and consumption. Therefore, some DGs are required to
switch to the VCVSI structure to provide a fast voltage and frequency support and
compensate for the mismatch between the power generation and consumption. In
this chapter, it is assumed that some DGs remain in the CCVSI mode subsequent to
islanding process [1].

The VCVSIs are equipped with the primary control to maintain the voltage and
frequency stability of the microgrid. As discussed in Chap. 2, primary control
avoids voltage and frequency instability by keeping these values in prespecified
ranges. Coordinated control of the primary local controllers can be achieved by the
active and reactive power droop techniques as

w; = ] — Dp;P;,
v* = El* - DQ,‘Q,’.

0,magi

(5.1)

*
0,magi

the internal voltage control loop of VCVSI w; is the angular frequency of the
VCVSI dictated by the primary control. P; and Q; are the measured active power
and reactive power at the DG’s terminal. Dp; and Dy, are the droop coefficients. E?
and w; are the primary control references. The droop coefficients are selected based
on the active and reactive power ratings of each VCVSL

The primary control provides a fast voltage and frequency support for the
microgrid; however, it might not return the microgrid to the normal operating
conditions, and an additional control is required to restore the voltage and fre-
quency. This functionality is provided by the secondary control, which compensates
for the voltage and frequency deviations caused by the primary control. The sec-
ondary control operates with a longer time frame than primary control and adjusts

v is the reference value for the output voltage magnitude that is provided for
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the control inputs of VCVSIs and CCVSIs to restore the voltage and frequency of
microgrid to their nominal values.

In this chapter, a two-layer control framework is presented to implement the
secondary control for an islanded microgrid with both VCVSIs and CCVSIs. The
first layer, namely control layer 1, controls the VCVSIs. The second layer, namely
control layer 2, controls CCVSIs. The distributed control of multi-agent systems is
used to implement each control layer. Each control layer is associated with a limited
and sparse communication network. Figure 5.1 shows the two-layer microgrid
control framework along with the communication networks. The communication
topology for each layer should be a graph containing a spanning tree in which the
implemented controller at each DG only requires information about that DG and its
direct neighbors in the communication graph. Given the physical structure of the
microgrid, it is not difficult to select a graph with a spanning tree that connects all
DGs in an optimal fashion. Such optimal connecting graphs can be designed using
operations research or assignment problem solutions. The optimization criteria can
include minimal lengths of the communication links, maximal use of existing
communication links, and minimal number of links.

The control layer 1 provides a framework to control VCVSIs in a distributed
manner. This control layer has two main control parts, namely frequency control
and voltage control. Frequency control chooses ] such that the angular frequency
of each VCVSI synchronizes to its nominal value, i.e., ®; — @ys. Additionally, it
allocates the VCVSI output active powers according to

Control layer 1

Control layer 2

Droop
control

Communication
link

Communication
_ link

Droop
control

Fig. 5.1 The comprehensive distributed control of microgrids with two control layers. © [2016]
IEEE. Reprinted, with permission, from IEEE Transactions on Industrial Informatics [1]
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Po . _ P (5.2)
Pmaxl PmaxNV7

where Ny is the number of VCVSIs in the islanded microgrid. Pp.y; denotes the
active power rating of ith VCVSI. Since the active droop coefficients Dp; are chosen
based on the active power ratings of VCVSIs, (5.2) is equivalent to

DpPy=--- :DPNVPNV- (53)

The voltage control selects E7 in (5.1) such that the output voltage amplitudes of
VCVSIS v, magi Teturn to the reference voltage, i.€., Vo magi — Vrer- If Vrer 18 set to the
nominal voltage of microgrid Vyomina, the output voltage magnitude of VCVSIs
synchronizes to the nominal voltage of microgrid. However, v,.rcan be chosen such
that the voltage magnitude of a critical bus of microgrid synchronizes to Vpominal-

The other objective of the voltage control can be defined as allocating the
VCVSI output reactive powers according to

O Oy

Qmaxl QmaxNV ’

(5.4)

where Ny is the number of VCVSIs in the islanded microgrid. Q.. denotes the
reactive power rating of ith VCVSI. Since the reactive droop coefficients Dy, are
chosen based on the reactive power ratings of VCVSIs, (5.4) is equivalent to

Dg1Q1 =+ = Doy, Op,- (5.5)

The voltage droop characteristic in (5.1) is designed assuming a fully inductive
microgrid. Therefore, (5.4) and (5.5) can be exactly satisfied in fully inductive
microgrids, and hence, small amount of mismatches among reactive power ratios
can be observed in noninductive microgrids.

While the control layer 1 is active to control the voltage and frequency of
microgrid by tuning VCVSIs, the control layer 2 objectives for CCVSIs are to
control the active and reactive powers of CCVSIs. The CCVSIs should provide
active and reactive power supports for VCVSIs by compensating a portion of the
consumed active and reactive powers in the microgrid. Doing so, the VCVSIs can
generate less active and reactive powers and save their active and reactive power
capacities to provide a fast voltage and frequency control for future disturbances.
The control layer 2 sets the control inputs of CCVSIs such that their output active
and reactive powers satisfy

Py Py
S . 5.6
Pmaxl Pmach i ( )
0 :,,,:ﬂ:ag, (5.7)

Qmaxl QmaxNC
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Fig. 5.2 The block diagram i

of a CCVSL © [2016] IEEE. 29| Current
Reprinted, with permission, — controller
from IEEE Transactions on Larefi x x

Industrial Informatics [1] . .
Vodi* Voqi| lodi logi
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abc/dq
Fig. 5.3 The block diagram k.. 1
of a; calculator. © [2016] Lt u > » O
IEEE. Reprinted, with pl s S !

permission, from IEEE
Transactions on Industrial
Informatics [1]

abe/dq | ... v,

where N¢ is the number of CCVSIs in the islanded microgrid. Ppax; and Qmaxi
denote the active and reactive power ratings of ith CCVSIs. ap and o are pre-
specified active and reactive power ratio references. Equations (5.6) and (5.7) show
that the active and reactive powers of CCVSIs must be allocated based on their
active and reactive power ratings.

Dynamical Model of CCVSIs: The block diagram of a CCVSI-based DG is
shown in Fig. 5.2. It contains an inverter bridge, connected to a primary DC power
source. The current controller adjusts the direct and quadrature terms of output
current i,,. As shown in Fig. 5.3, a control block is used to calculate the angle of the
ith CCVSI reference frame with respect to the common reference frame «; such that
the quadrature term of output voltage v,, becomes zero [2]. This control block is
named as o; calculator.

The block diagram of the current controller is shown in Fig. 5.4. The differential
algebraic equations of the current controller are written as

Vi = Lareti — Loai (5.8)
’j)qi = iqrefi - ioqi’ (59)

Vi = Vodi — OpLgtogi + Kpci(iareti — loai) + KiciVai» (5.10)

V;‘kqi = Vogi — waﬁiodi + KPCi(iqrefi - ioqi) + KICdii? (5 11)
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where y;; and y,; are the auxiliary state variables defined for the PI controllers in
Fig. 5.4. i,y and i, are the direct and quadrature components of output current i,;
in Fig. 5.2. Other parameters are shown in Figs. 5.2 and 5.4. Assuming that the

inverter bridge produces the demanded voltage, i.e., v, = v;; and vi; = v, ., the
dynamics of output RL filter can be written as
g Ry . . 1 1
lodi = — _ﬁlodi + Weomlogi + —Vidi — 7 Vodi, (5 12)
Ly Ly Ly
. R; . . 1 1
logi = — f;: Logi — Wcomlodi + fﬁ Vigi — fﬁ Vogi- (5 13)

Equations (2.76)—(2.81) form the large-signal dynamical model of the ith
CCVSI. The large-signal dynamical model can be written in a compact form as

Xeci = feci(xeci) + Keci(xeci)Deci + eci(Xeci)ucci (5.14)
yeci = heci(xeci) + decivieci ’ '

where the state vector is
. . 4T
Xcci = [“/di Vgi  lodi loqi] . (5.15)
The term D¢¢; = [a)wmvod,-]T is considered as a known disturbance. The detailed

expressions for feci(xcci), 8ccilxcci), and Keci(xec;) can be extracted from (2.76) to
(2.81).

Fig. 5.4 The block diagram

of the current controller for a

CCVSL © [2016] IEEE. . Kieq + .

Reprinted, with permission, Lirefi T}@—} Kpei+ ! ] Vidi
N

from IEEE Transactions on
Industrial Informatics [1]

- +
; ! Kiei | T x *
lqreﬁ K PCi + B _’@—> viqi
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The active and reactive powers of CCVSI can be written as

Pi = Vodilodgi T Vogilogis (5.16)

Oi = Vogilodi — Vodilogi- (5.17)

Since the o; of each CCVSI is chosen such that v,,; becomes zero, the output
active and reactive powers P; and Q; in (5.16) and (5.17) can be written as

pP; = vodiiodia (518)
Qi = _Vodiioqi- (519)

Therefore, P;/Pmax; and Q;/Omax; can be tuned by controlling i,,; and i,,,. Since
i,qi 18 controlled by iyef;, the output and control input in (2.82) are set to yec; = Pi

Praxi

and ucc; = iger; for the active power control. Since i, is controlled by iy, the

output and control input in (2.82) are set to ycc; = QQ’ and ucc; = igrer; for the

reactive power control.
In the following, the control design procedure for VCVSIs and CCVSIs is
elaborated.

5.1.1 Control Layer 1: Frequency Control
and Voltage Control of VCVSIs

Frequency Control of VCVSIs: The distributed frequency control is to synchro-
nize all of VCVSI frequencies to the nominal frequency. Additionally, it should
allocate the output active power of VCVSIs based on their active power ratings; i.e.,
it should satisfy (5.2) and (5.3). In Chap. 4, the design procedure of the frequency
control was elaborated.

Voltage Control of VCVSIs: In Chap. 4, the sole voltage control of VCVSI
was discussed. In this chapter, the voltage and reactive power control of VCVSIs
are considered. Therefore, the goal of voltage control is to choose appropriate
control inputs E7 in (5.1) to synchronize the voltage magnitudes of VCVSIS v, i
to the reference voltage v,.r and allocate the output reactive power of VCVSIs based
on their reactive power ratings; i.e., it satisfies (5.4) and (5.5). It should be noted
that the voltage droop characteristic in (5.1) is designed assuming a microgrid with
inductive transmission lines. Therefore, small mismatches among reactive power
ratios and voltage magnitudes can be observed in microgrids where the transmis-
sion lines are not fully inductive.

As discussed in Chap. 4, the synchronization of the voltage magnitudes of
VCVSISs, v, magi» i equivalent to synchronizing the direct term of output voltages
Voai- To facilitate the simultaneous control of VCVSIs’ voltage and reactive power,
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the fast dynamics of internal voltage and current controller are neglected. Doing so,
one can write v, ... = Vogi- Considering this fact, the differentiated voltage droop

characteristic in (5.1) is
E' = V04 + DiQi = vy, (5.20)

where v,; is an auxiliary control to be designed. Equation (5.20) is a dynamic
system for computing the control input E; from v,;. The auxiliary control should be
designed such that VCVSI voltage magnitudes synchronize to the reference voltage
Vrer, and (5.4) is satisfied. According to (5.20), the voltage control of a microgrid
including Ny VCVSIs is transformed to a synchronization problem for a first-order
and linear multi-agent system

Voa1 + D191 = Wi,
Voa2 + D202 = vy2,

(5.21)
Voany + Dony Ony = Vi -

To achieve synchronization, it is assumed that VCVSIs can communicate with
each other through the prescribed communication digraph Gr. The auxiliary con-
trols v,; are chosen based on each VCVSI’s own information and the information of
its neighbors in the communication digraph as

Vi = —Cy (Z @ij(Vodi = Vodj) + bi(Voai — Vret) + Z a;j(DoiQi — DQij)) ;

JEN; JEN;

(5.22)

where ¢, € R is the coupling gain. It is assumed that the pinning gain b; >0 is
nonzero for one VCVSI that has the reference voltage vies information. Lemma 4.4
can be used to show that the auxiliary control in (5.22) synchronizes all VCVSI
voltage amplitudes to v,.rand shares the output reactive power of VCVSIs based on
their reactive power ratings. The reference voltage v,.; can be set to the nominal
voltage of the microgrid to synchronize the VCVSI voltage magnitudes to the
nominal voltage or can be chosen to control the voltage magnitude of a critical bus
of microgrid.

The block diagram of the proposed voltage control is shown in Fig. 5.5. As
shown in this figure, the control input E7 is written as

E = / . (5.23)
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vV .
ref
Zalj( Vodi ~Vodj )8 Wodi 'Vrej)
V. J
od) Vodi
JEN; py »
! VCVSIi| Qi
— | > a;j(DiQi-D;0;)
Do |
JEN; 1

Fig. 5.5 The block diagram of the voltage control in the control layer 1. © [2016] IEEE.
Reprinted, with permission, from IEEE Transactions on Industrial Informatics [1]

5.1.2 Control Layer 2: Active and Reactive Power
Controls of CCVSIs

Active Power Control of CCVSIs: Subsequent to the islanding process, the active
power of CCVSIs is required to be allocated based on their active power ratings
which satisfy (5.6). Since the angle of the ith CCVSI reference frame with respect
to the common reference frame o; is chosen such that the quadrature term of output
voltage v,4; becomes zero, the output active power P; can be tuned by controlling
the direct term of output current i, in Fig. 5.2. Since i,4; is controlled by i ., the
output and control input in (2.82) are set to ycc; = PP and uce; = ige; for the

maxi

active power control.

Input—output feedback linearization is used to generate a direct relationship
between the output yc¢; and input ucc;. According to (5.18), the derivative of P; can
be written as

P = Voditodi + Vodilodi (5.24)

Replacing Lodi by (2.80) and dividing both sides of (5.24) by Pp.x; yield

. Vodilodi | Vodi Rg . . 1 1
i =——— + —— | —"1odi + Ocomlogi + — Vidi — — Vodi |- 5.25
ycci P + P ( Lﬁ odi T Dcom oqi + Lﬁ idi Lﬁ odi ( )

Replacing v;4; by (2.78) yields

yeci = Mpi(Xcei) + Npi(Xeei)ucci, (5.26)
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where

Vodi Rﬁ . . 1
Mp;i(Xcci) = — == logi T Dcomlogi — 7 Vodi
Pz( CCZ) Pmaxi < Lﬁ odi comtogi Lﬁ 0d1>

L (5.27)
Vodi . . Vodilodi
PmaoxilLﬁ (Vodi — WpLpiogi — Kpcit g + Kiciv ;) + ;n:;l ,
and
voaiKpci
Np; Xcci) = —F- 5.28
Pl( l) PmaxiLﬁ ( )
An auxiliary control vp;is defined as
vpi = Mpi(Xcci) + Npi(Xeci)ucci. (5.29)

Therefore, (5.26) and (5.29) result in a first-order regulator synchronization
problem with the following linear system dynamics

).’CCi = Vpi, Vl (530)

By choosing appropriate vp;, the synchronization for ycc; is provided. The
control input ucc; is implemented by vp; as

ucci = (Npi(xeei)) ™ (—=Mpi(Xcai) +vei).- (5.31)

The auxiliary controls vp; are chosen based on each CCVSI’s own information
and the information of its neighbors in the communication digraph as

PP 2
Vp; = —Cp Clij( — > + b,( — OCP>> s (532)
(}EZN, Pmaxi Pmaxj Pmaxi

where cp € R is the coupling gain. It is assumed that the pinning gain b; >0 is
nonzero for one CCVSI that has the reference active power ratio op. The block
diagram of the proposed active power control is shown in Fig. 5.6. In the following,
the Lyapunov technique is used to show the effectiveness of the proposed active
power control protocol in (5.32). The global active power neighborhood tracking

error is defined as ep = [ep; epy - -- epNC]T: (L+G)(P — op), where P =

Py P Pre
Prmax1 Pmax2 Prax N

T
and op = 1y.® ap. The global active power auxiliary

. T .
control input vp = [vp; vpy -+ vpy.] 1is defined as
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Fig. 5.6 The block diagram of the active power control in the control layer 2. © [2016] IEEE.
Reprinted, with permission, from IEEE Transactions on Industrial Informatics [1]

vp = [Vpl vp2  °  VPN( ]T: —Cpép. (533)
Consider the Lyapunov function candidate

1
V= EePPep7 (5.34)

where P = diag{1/w;}, w; are the elements of a vector w that satisfies

(L+ G)w = 1y. Since the digraph G has a spanning tree and k; # O for at least one

root node, L + G is non-singular and a unique solution exists for w.
Differentiating (5.34) yields

V =eLP(L+G)vp (5.35)
Defining A = L+ G and placing (5.33) into (5.33) yield

CPT
2

V= T(PA+ATP)ep. (5.36)
From [3], Q=PA+ATP is positive definite. Therefore,

"’e pQep > T omin(Q) 2 and hence,

—C —C
—epQer < — " omin(Q) e’ (5.37)

According to (5.37),

V< =L 6(Q)llep|* 0. (5.38)

2
Equation proves that the global neighborhood tracking error asymptotically goes
to zero, and hence, according to Lemma 4.3, the distributed control protocols in (5.
32) synchronize all P;/Py,x; to ap.
Reactive Power Control of CCVSIs: Subsequent to the islanding process, the
reactive power of CCVSIs should be shared based on their reactive power ratings
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that satisfy (5.7). Since the angle of the ith CCVSI reference frame with respect to
the common reference frame o; is chosen such that the quadrature term of output
voltage v,,; becomes zero, the output reactive power Q; can be tuned by controlling
the quadrature term of output current i,,; in Fig. 5.2. Since i, is controlled by iy,
the output and control input in (2.82) are set to yc¢; = Q% and ucc; = igrer; for the
reactive power control.

Input—output feedback linearization is used to generate a direct relationship
between the output yc¢; and input ucc;. According to (5.19), the derivative of Q;
can be written as

Qi = *‘./odiioqi - Vodiioqi (539)

Replacing i'nqi by (2.81) and dividing both sides of (5.39) by Onax; yield

yeci =

‘.}odiioqi Vodi < Rﬁ . . 1 1 )
— oat — i — Ocomiogi + —Vigi — —Vogi |- (5.40
Qmaxi Qmaxi Lﬁ o comodt Lfi “ Lﬁ A ( )

Replacing times by (2.79) yields

yeci = Moi(Xcei) + Noi(Xeci)ucci, (5.41)
where
Y d‘l' i Vodi R . . 1
MQi<XCCi) == _ <_ﬁloqi — Wcomlodi — _V()qi>
Qmaxi Qmaxi Lﬁ Lﬁ (5 42)
Vodi . .
- Qm:xilLﬁ (Vogi + @pLgitoai — Kpcilyy: + KiciVgi)s
and
VodiKpci
Noi(Xcci) = ——— 5.43
Ql( l) QmaxiLﬁ ( )
An auxiliary control vy, is defined as
voi = Moi(Xcei) + Noi(Xcci)ucci- (5.44)

Therefore, (5.41) and (5.44) result in a first-order regulator synchronization
problem with the following linear system dynamics

yeci = voi, Vi. (5.45)

By choosing appropriate vg;, the synchronization for ycc; is provided. The
control input ucc; is implemented by v, as
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ucci = (Noi(Xcai)) ™ (—Mgi(Xcci) +vi)- (5.46)

The auxiliary controls vg; are chosen based on each CCVSI’s own information
and the information of its neighbors in the communication digraph as

_ 0, 0, ( 0, >>
Voi = —C a;( - )+ b; —a , (5.47)
© ¢ <]%V:z ! Qmaxi Qmaxj Qmaxi ©

where ¢y € R is the coupling gain. It is assumed that the pinning gain b; >0 is
nonzero for one CCVSI that has the reference reactive power ratio op. The block
diagram of the proposed reactive power control is shown in Fig. 5.7. The same
procedure explained for active power control of CCVSIs can be used to show that

all of QL synchronize to a o and (5.7) is satisfied.

5.1.3 Case Studies

Simulation Results for the Microgrid Test System in Fig. 5.8. The effectiveness
of the proposed control schemes is verified by simulating an islanded microgrid in
MATLAB. Figure 5.8 shows the single-line diagram of the microgrid test system.
This microgrid consists of seven DGs including three VCVSIs (DGs 1, 5, and 7)
and four CCVSIs (DGs 2, 3, 4, and 6). The lines between buses are modeled as
series RL branches. The specifications of the DGs, lines, and loads are summarized
in Tables 5.1, 5.2, and 5.3. k,; and k; in Fig. 5.3 are set to 285 and 142,500,
respectively. The nominal line-to-line voltage and frequency of the microgrid are
380 V and 50 Hz, respectively. In the following, the simulation results are provided
for three different cases, namely Case 1, Case 2, and Case 3. In Cases 1 and 2, a
fixed communication network is exploited. In Case 3, the two-layer control
framework is implemented through a time-varying communication network.

Mer
2} 3 4y 9 9 )+ 9 —ay) —VQi_ Nl iqmﬁ\ 19,
o 5 Ot Oy O O[T +’@ | Vo)™ [ |CCVSIi

9
JEN;

Fig. 5.7 The block diagram of the reactive power control in the control layer 2. © [2016] IEEE.
Reprinted, with permission, from IEEE Transactions on Industrial Informatics [1]
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Fig. 5.8 Single-line diagram of the microgrid test system. © [2016] IEEE. Reprinted, with
permission, from IEEE Transactions on Industrial Informatics [1]

Table 5.1 Specifications of
DGs for microgrid test system
in Fig. 4.8

DG 1 and 3 DG 2
VCVSIs | mp 188X 107° | mp 25 %1070

ng 2.6 X 107 ng 3x107°

R. 0.03 Q R. 0.03 Q

L. 0.35 mH L. 0.35 mH

R 0.10Q R, 0.1Q

Ly 1.35 mH Ly 1.35 mH

Cr 50 uF Cr 50 uF

Kpy 0.1 Kpy 0.05

Ky 420 Ky 390

Kpc 15 Kpc 10.5

Kic 20,000 Kic 16,000
CCVSIs DG 4 and 5 DG 6 and 7

R, 023 Q R, 035 Q

Ly 318 uH Ly 1847 pH

Kpc 10.5 Kpc 10.5

Kic 16,000 Kic 16,000

Pinax 1500 W Proax 2000 W

Omax | 1000 W Omax | 1200 W
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Table 5.2 Specifications of Line 1. 3. 5. 7 Line 2. 4. 6
?ines' for microgrid test system - = 023 O Rir. — 035 Q
in Fig. 4.8

Lline 318 MH Lline 1847 ].LH
Table 5.3 Specifications of Load 1 Load 2 Load 3 Load 4
loads for microgrid test N 300 200 50 350
system in Fig. 4.8 R (per phase)

X (per phase) 15 Q 10 Q 10 Q 15Q

It is assumed that VCVSIs and CCVSIs communicate with each other through
the communication digraphs depicted in Fig. 5.9a, b, respectively. These commu-
nication topologies are chosen based on the geographical location of DGs. The
associated adjacency matrix of the digraphs in Fig. 5.9a, b, namely Ag; and Agp,
are

(5.48)

[= i)

and

Ag = (5.49)

_—— O
cocoo
cocoo
cooo

respectively. DG 1 is the only VCVSI that knows the voltage and frequency ref-
erence values and is connected to the leader node with the pinning gain b, = 1. DG
4 is the only CCVSI that knows the reference value of active and reactive power
ratios ap and oy with the pinning gain b; = 1. The coupling gains csand c, are set to
30. The coupling gains cp and ¢, in (5.32) and (5.47) are set to 30.

DG 1 DG5S DG 2 DG 3
Reference Q Reference
value value
DG 7 DG 6 DG4
(a) (b)

Fig. 5.9 Topology of the communication digraph for a control layer 1 and b control layer 2. ©
[2016] IEEE. Reprinted, with permission, from IEEE Transactions on Industrial Informatics [1]


http://dx.doi.org/10.1007/978-3-319-50808-5_4
http://dx.doi.org/10.1007/978-3-319-50808-5_4

114 5 Multi-objective and Adaptive Distributed Control of AC Microgrids

In the first case, namely Case 1, the reference frequency and voltage f..r =
ref /27 and vyer are set to 50 Hz and 1 pu, respectively. The reference active and
reactive power ratios are set to ap = 0.4 and o = 0.3, respectively. It should be
noted that the proposed control framework always exists as a supervisory control
level and takes actions in the event of disturbances. However, to highlight the
effectiveness of the proposed controls, it is assumed that the microgrid is islanded
from the main grid att = 0, and the secondary control is applied at ¢z = 0.7 s.
Figure 5.10a shows the VCVSIs’ frequencies. As shown in this figure, the fre-
quency control of control layer 1 returns all VCVSIs’ frequencies to 50 Hz.
Figure 5.10b shows the ratio of the active powers of VCVSIs with respect to their
active power ratings, or equivalently Dp;P;. As shown in this figure, the proposed
frequency control satisfies (5.3). Figure 5.11a shows the VCVSIs’ terminal voltage
amplitudes. As shown in this figure, the voltage control of control layer 1 returns all
VCVSIs’ terminal voltage amplitudes to a close vicinity of 1 pu. Figure 5.11b
shows the ratio of the reactive powers of VCVSIs with respect to their reactive
power ratings, or equivalently Dy,Q;. Since the microgrid test bed is not fully
inductive, small mismatches among the DG reactive power ratios are observed.
Figure 5.12a shows the ratio of the active powers of CCVSIs with respect to their
active power ratings. As shown in this figure, the control layer 2 returns all of the
active power ratios to the reference ratio and satisfies (5.6). Figure 5.12b shows the
ratio of the reactive powers of CCVSIs with respect to their reactive power ratings.

(a)50.1
50 |
N
T
=
49.9 i
49.8
1.5
(b) 1.2 .
1.1 E
a i
*
a 09 E
a]
0.8
0.7 E
0.2 0.4 0.6 0.8 1 1.2 1.4
time (s)

Fig. 5.10 Frequency control of control layer 1 in Case 1: a VCVSI frequencies and b VCVSI
active power ratios Dp;P;. © [2016] IEEE. Reprinted, with permission, from IEEE Transactions on
Industrial Informatics [1]
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Fig. 5.11 Voltage control of control layer 1 in Case 1: a VCVSI output voltage magnitudes and
b VCVSI reactive power ratios Dy;Q;. © [2016] IEEE. Reprinted, with permission, from IEEE
Transactions on Industrial Informatics [1]

As shown in this figure, the control layer 2 returns all of the reactive power ratios to
the reference ratio and satisfies (5.7). As shown in Fig. 5.12, CCVSIs provide
active and reactive power supports for VCVSIs by compensating a portion of the
active and reactive powers required for voltage and frequency restoration.
Therefore, once the secondary control is applied, VCVSIs generate less active and
reactive powers, as shown in Figs. 4.10b and 4.11b.

In the second case, namely Case 2, it is assumed that the reference frequency
Jfret = 50 Hz and the reference active and reactive power ratios are set to ap = 0.6
and oy = 0.6, respectively. However, the aim of the voltage control of control layer
1 is to control the voltage of the critical bus, as shown in Fig. 5.8. The microgrid
gets islanded from the main grid at 7 = 0, and the secondary control is applied at
t = 0.7 s. Figure 5.13a shows the VCVSIs’ frequencies. As shown in this figure,
the frequency control of control layer 1 returns all VCVSIs’ frequencies to 50 Hz.
Figure 5.13b shows the ratio of the active powers of VCVSIs with respect to their
active power ratings. As shown in this figure, the proposed frequency control shares
the active power among VCVSIs based on their active power ratings. Figure 5.14a
shows the critical bus voltage amplitude. As shown in this figure, the voltage
control of control layer 1 returns the critical bus voltage amplitude to 1 pu.
Figure 5.14b shows the ratio of the reactive powers of VCVSIs with respect to their
reactive power ratings. As shown in this figure, the proposed voltage control sat-
isfies (5.4). Figure 5.15a shows the ratio of the active powers of CCVSIs with
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Fig. 5.12 Active and reactive power controls of control layer 2 in Case 1: a CCVSI active power
ratios Pi/P.x; and b CCVSI reactive power ratios Qi/Onmaxi- © [2016] IEEE. Reprinted, with
permission, from IEEE Transactions on Industrial Informatics [1]

(a) 50.1
50
N
T
—
49.9
49.8 L L
0.5 1 1.5
time (s)
(b 2
15} 1
o
* o
a 1 T
0.5 R
o 1 1 1 1 1 1
0.2 0.4 0.6 0.8 1 1.2 1.4

time (s)

Fig. 5.13 Frequency control of control layer 1 in Case 2: a VCVSI frequencies and b VCVSI
active power ratios Dp;P;. © [2016] IEEE. Reprinted, with permission, from IEEE Transactions on
Industrial Informatics [1]
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Fig. 5.14 Voltage control of control layer 1 in Case 2: a critical bus voltage magnitude and
b VCVSI reactive power ratios Dy;Q;. © [2016] IEEE. Reprinted, with permission, from IEEE
Transactions on Industrial Informatics [1]
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Fig. 5.15 Active and reactive power controls of control layer 2 in Case 2: a CCVSI active power
ratios Pi/P.x and b CCVSI reactive power ratios Qi/QOnmaxi- © [2016] IEEE. Reprinted, with
permission, from IEEE Transactions on Industrial Informatics [1]
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respect to their active power ratings. As shown in this figure, control layer 2 returns
all of the active power ratios to the reference ratio and satisfies (5.6). Figure 5.15b
shows the ratio of the reactive powers of CCVSIs with respect to their reactive
power ratings. As shown in this figure, the control layer 2 returns all of the reactive
power ratios to the reference ratio and satisfies (5.7). Compared to Case 1, greater
ap and o are chosen for control layer 2, and hence, VCVSIs generate less active
and reactive powers, as shown in Figs. 5.13b and 5.14b.

In Case 3, it is assumed that the microgrid is islanded from the main grid at
t = 0, and the frequency control is applied at t = 0.7 s. However, as opposed to
Case 1, the distributed control framework is associated with time-varying com-
munication networks. Figure 5.16 shows the three communication network struc-
tures that are used in simulation. Each structure is adopted at a specific time
interval. The communication digraph in Fig. 5.16(a) models the communication
network at the time interval [(0.7 + 0.15 k) s, (0.7 + 0.15 k) + 0.05 s], for

(a) DG 1 DG 5 DG 2 DG 3

Reference __ < > ( ) Reference ( ) ( )
value value

O O O

DG 7 DG 6 DG 4

(b) DG 1 DG 5 DG 2

v,
Oz
W

DG 7 DG 6 DG 4

(¢) DGI DG 5 DG 2 DG 3

DG 7 DG 6 DG 4

Fig. 5.16 Communication digraphs for the time-varying communication network in Case 3.
© [2016] IEEE. Reprinted, with permission, from IEEE Transactions on Industrial Informatics [1]
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k =0,1,.... The communication digraph in Fig. 5.16(b) models the communication
network at the time interval [(0.75 + 0.15 k) s, (0.75 + 0.15 k) + 0.05 s], for
k =0,1,.... The communication digraph in Fig. 5.16c models the communication
network at the time interval [(0.8 + 0.15 k) s, (0.8 + 0.15 k) + 0.05 s], for k = 0,1,
... It is seen that over the each 0.15-s period, the sequential completeness condition
is satisfied. As shown in Fig. 5.17a, the control layer 1 returns all VCVSI fre-
quencies to 50 Hz. Figure 5.17b shows the active powers multiplied by the active
power droop coefficients, i.e., Dp;P;, for VCVSIs. As seen, the frequency control
satisfies the equality in (5.4). Figure 5.18a shows the terminal voltage amplitude of
VCVSIs, where they are all returned to 1 pu. Figure 5.18b shows the reactive
powers of VCVSIs multiplied by the reactive power droop coefficients, i.e., Dg;Q;.
As seen, the voltage control satisfies the equality in (5.6). Figure 4.19a, b shows the
ratio of the active and reactive powers of CCVSIs with respect to their rated active
and reactive powers. The control layer 2 returns all active and reactive power ratios
to the reference ratios and satisfies (5.6) and (5.7). These simulation results verify
the effectiveness of the proposed control framework in the case of time-varying
communication networks and communication link failures.

Simulation Results for the IEEE 34-Bus Test Feeder. Figure 5.20 shows the
single-line diagram of the modified IEEE 34-bus test feeder. Six DGs including
three VCVSIs (DGs 1, 2, and 3) and three CCVSIs (DGs 4, 5, and 6) are connected
to the test feeder. This feeder is converted to a balanced feeder by averaging the line
parameters. The specification of lines is provided in [4]. The specifications of the
DGs and loads are summarized in Tables 5.4 and 5.5. The control coefficients k,,;
and k;; in Fig. 5.3 are set to 285 and 142500, respectively. The nominal frequency
and line-to-line voltage are set to 60 Hz and 24.9 kV, respectively. DGs are con-
nected to the feeder through six Y-Y, 480 V/24.9 kV, and 400 kVA transformers
with the series impedance of 0.03 + j0.12 pu. It is assumed that VCVSIs and
CCVSIs communicate through the communication digraphs depicted in Fig. 4.21a,
b, respectively. DG 1 is the only VCVSI that knows the voltage and frequency
reference values and is connected to the leader node with the pinning gain by = 1.
DG 4 is the only CCVSI that knows the reference value of active and reactive
power ratios ap and oy with the pinning gain b; = 1. The control gains ¢y, ¢,, cp,
and ¢ are all set to 30.

The reference frequency and voltage fi.r and v.f are set to 60 Hz and 1 pu,
respectively. The reference active and reactive power ratios are set to ap = 0.7 and
op = 0.6. The test feeder is connected to the main grid at bus 800, as shown in
Fig. 5.20. The test feeder is islanded from the main grid at ¢t = 0, resembling an
islanded microgrid. The secondary control is applied at = 0.7 s. As shown in
Fig. 5.22a, the control layer 1 returns all VCVSI frequencies to 60 Hz.
Figure 5.22b shows the active powers multiplied by the active power droop coef-
ficients, i.e., Dp;P;, for VCVSIs. As seen, the frequency control satisfies the equality
in (5.4). Figure 5.23a shows the terminal voltage amplitude of VCVSIs, where they
are all returned to 1 pu. Figure 5.23b shows the reactive powers of VCVSIs mul-
tiplied by the reactive power droop coefficients, i.e., Dy;Q;. As seen, the voltage
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Fig. 5.17 Frequency control using control layer 1 in Case 3: a VCVSI frequencies and b VCVSI
active power ratios Dp;P;. © [2016] IEEE. Reprinted, with permission, from IEEE Transactions on
Industrial Informatics [1]
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Fig. 5.18 Voltage control using control layer 1 in Case 3: a critical bus voltage magnitude and
b VCVSI reactive power ratios D,Q;. © [2016] IEEE. Reprinted, with permission, from IEEE
Transactions on Industrial Informatics [1]
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Fig. 5.19 Active and reactive power control using control layer 2 in Case 3: a CCVSI active
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Fig. 5.20 Single-line diagram of modified IEEE 34-bus test feeder. © [2016] IEEE. Reprinted,
with permission, from IEEE Transactions on Industrial Informatics [1]
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Fig. 5.21 Communication digraphs for IEEE 34-bus test feeder: a VCVSIs and b CCVSIs.
© [2016] IEEE. Reprinted, with permission, from IEEE Transactions on Industrial Informatics [1]

Table 5.4 Specifications of DG 1 and 2 DG 3

pOs Tor [EEE SHDus ISt yevsts (mp [564X10°  |mp  [15%10°
ng 52x107* ng 6x107*
R. 0.03 Q R, 0.03 Q
L. 0.35 mH L, 0.35 mH
Ry 0.1 Q R, 0.1 Q
Ly 1.35 mH Ly 1.35 mH
Cr 50 uF Cy 50 puF
Kpy 0.1 Kpy 0.05
Ky 420 Ky 390
Kpc 15 Kpc 10.5
K 20,000 Kic 16,000

CCVSIs DG 4 and 5 DG 6

Ry 02 Q R, 0.35 Q
Ly 340 pH L, 1900 pH
Kpc 11 Kpc 11
Kic 16,000 Kic 16,000
Proax 35 kW Prax 30 kW
O max 32 kVAr O max 30 kVAr

Table 5.5 Specifications of loads for IEEE 34-bus test feeder

Load 1 (Q) Load 2 () Load 3 (Q) Load 4 (Q)
R (per phase) 30 20 25 25
X (per phase) 15 10 10 15

control tries to share the reactive power among VCVSIs based on their reactive
power ratings; however, since the transmission lines are not purely inductive, small
mismatches among the DG reactive power ratios are observed. Figure 5.24a shows
the ratio of the active powers of CCVSIs with respect to their rated active powers.
The control layer 2 returns all active power ratios to the reference ratio and satisfies
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Fig. 5.22 Frequency control for IEEE 34-bus test feeder: a VCVSI frequencies and b VCVSI
active power ratios Dp;P;.© [2016] IEEE. Reprinted, with permission, from IEEE Transactions on
Industrial Informatics [1]
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Fig. 5.23 Voltage control for IEEE 34-bus test feeder: a VCVSI output voltage magnitudes and
b VCVSI reactive power ratios Dy;Q;. © [2016] IEEE. Reprinted, with permission, from IEEE
Transactions on Industrial Informatics [1]
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Fig. 5.24 Active and reactive power controls for IEEE 34-bus test feeder: a CCVSI active power
ratios Pi/P.xi and b CCVSI reactive power ratios Q/QOnmaxi- © [2016] IEEE. Reprinted, with
permission, from IEEE Transactions on Industrial Informatics [1]

(5.6). Figure 5.24b shows the ratio of the reactive powers of CCVSIs with respect
to their reactive power ratings. As seen, the control layer 2 returns the reactive
power ratios to the reference ratio and satisfies (5.7).

5.2 Adaptive and Distributed Voltage Control
for AC Microgrids

This section extends the distributed secondary voltage control proposed in Chap. 4
and proposes an adaptive and distributed secondary voltage control for microgrids
with inverter-based DGs. The term adaptive [5-8] refers to the following salient
features of the proposed controller:

e The proposed controller compensates for the nonlinear and uncertain dynamics
of DGs and, hence, obviates the control design challenges caused by the non-
linear dynamics of DGs.

e The controller is fully independent of the DG parameters and the specification of
the connector by which each DG is connected to the microgrid. Therefore, the
controller can be deployed on any DG regardless of the DG parameters and the
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connector specifications, and its performance does not deteriorate by the change
in DG parameters (e.g., due to aging and thermal effects).

e The proposed controller appropriately responds to the changes in the system
operating condition, without any manual intervention, and adjusts the control
parameters in real time.

Linear-in-parameter neural networks (NNs) are used to design an adaptive and
distributed secondary voltage control. Neural networks are used to compensate for
the uncertainties caused by the unknown dynamics of DGs [5]. The NN weights are
the control parameters and are calculated in real time. DGs are considered as agents
that can communicate with each other through a communication network. This
communication network is modeled by a directed graph (digraph). It is assumed
that the DG nonlinear dynamical model and parameters are unknown. The
Lyapunov technique is adopted to derive fully distributed control protocols for each
DG.

According to Chap. 2, the nonlinear dynamics of a VCVSI can be written as

{ % = £i(x;) + ki(x:)D; + g:(x;)u; (5.50)

yi = hi(x;) + du;

Detailed expressions for f;(x;), g;(x;), h:(x;), di(x;), and k;(x;) are adopted from
the nonlinear VCVSI model presented in Chap. 2.

The dynamics of inverter-based DGs are nonlinear. In this chapter, input—output
feedback linearization and neural networks are used to compensate for the nonlinear
dynamics of DGs. As discussed in Chap. 4, in input—output feedback linearization,
a direct relationship between the dynamics of the output y; (or equivalently v,;;) and
the control input u; (or equivalently E) is generated by repetitively differentiating y;
with respect to time. For the dynamics of the ith DG, the direct relationship between
the y; and u; is generated after the second derivative of the output y;. This direct
relationship was calculated in Chap. 4 and can be written as:

j}i = L%’_hi + Lg[LFih,'M,‘, (551>

The commensurate reformulated dynamics of each DG can be written as

Vil = Vi, :
Vit = i Vi, 5.52
{yf.,z = fix) + gilw)ui, (5:52)

where y; = y;1, fi(xi) = L hi, and g;(x;) = Lg Lg,h:.

Remark 5.1 The function g;(x;) is equal to Tlcr Therefore, a positive constant g,
exists such that < (1/g;(x;))| < goi.
Using the input—output feedback linearization, each agent dynamics are

decomposed into the second-order dynamical system in (5.52) and a set of internal
dynamics. It should be noted that since y; = vf is constant, yo = 0. Define
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Yi= [y yi2]" and Yo =[vou yo2]'=[ver 0]". The secondary voltage
control is solved if a distributed u; in (5.52) is found such that Y¥; — Yy, Vi. To
design a controller independent of DG parameters, it is assumed that the nonlinear
dynamics of DGs and, hence, functions f;(x;) and g;(x;) are unknown. Therefore,
NNs should be exploited to design an adaptive control that compensates for the
nonlinear and uncertain functions f;(x;) and g;(x;).

In this section, first, the sliding mode error is introduced. Then, the sliding mode
errors are used to design adaptive and distributed secondary controls for each DG
using the Lyapunov function technique.

Sliding Mode Error: For each DG, the cooperative team objective is expressed
in terms of the local neighborhood tracking error

€im = Zaij(yi,m - yj,m) + bi(yi,m - y(),m)7 (553)
JEN;

where a;; is the weight of the edge by which the jth DG is connected to the ith DG,
and b; is the pinning gain by which the ith DG is connected to the leader node. For
the secondary voltage control, the leader node contains the information of the

voltage reference, i.e., Yo = [yo1 Yoz ]T: [ Vret O]T. It should be noted that only
a small portion of DGs need to be pinned to the leader node. Define
e =[ei) ei,z]T, Oim = Yim — Yom, 0; = Y; — Yo(d; is called the local disagree-
ment vector, and Y, is considered as the leader node dynamics.),
e=[e; e - eN]T, and 8 =1[0; 9 ~--- 5N]T. The global neighborhood
tracking error e can be written as

e = (L+B)3, (5.54)

where B = diag{b;}.
The sliding mode error #; for each DG is defined as

ri = /1161"1 + /12@,'72. (555)

The parameters A; are chosen such that the polynomial 1; 4+ s is Hurwitz.
Therefore, on the sliding surface r; =0, e; exponentially goes to zero. The
derivative of the sliding mode error can be written as

7",‘ = /116,"2 + Zau(ﬁ —I—giui —f]“ — gjuj) +b,(f, +g,‘u,‘). (556)

JEN;

Defining d; = ZjeN,- ajj, (5.56) can be reformulated as

Fi = Jaein+ (di+bi) (fi + giws) — > ay(fi+ giwy). (5.57)

JEN;



5.2 Adaptive and Distributed Voltage Control for AC Microgrids 127

Define
E =len epn]=el, (5.58)
A= {_Q ! ] (5.59)
=l
then,
Eiy =E A"+, (5.60)

Note that A is Hurwitz. Therefore, given any symmetric and positive-definite
matrix P;, a positive real number f; exists such that

AP+ PA = —BiI, (5.61)

where [ is the identity matrix.

5.2.1 The Adaptive and Distributed Controller Design

The energy function

2

V=L (5.62)
28i

is considered [9]. This function is later used to design the adaptive control input u;.
The energy function V,; will be used to develop a Lyapunov function. The devel-
oped Lyapunov function will be exploited to prove that the designed control input
synchronizes the output voltage magnitudes of DGs. The adaptive control input u;
should be chosen such that the derivative of the developed Lyapunov function be
locally negative definite.

Differentiating V,; and replacing #; from (5.57) yield

. 1 —g B
V’i:§<_gm+%)ri2+rigil = > aylf;+gju)
8i JEN:

(5.63)

T s
+ Tig; 1 (/1131‘.2 + (dz +b1)(fl +giui) + 8i8io 1)’

2
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or equivalently

v, =

N —

(—gio+ ;_(gi)riz+rifi+rigi+ri(di+bi)uia (5.64)

l

where

Jieip + (di + bi)fi L 80T

fi = 5.65
J : ; (5.69)
is a function of the local information available at the ith DG, and
v aii(fi + giu;
2= — ZJEN, i (fi + gjuy) (5.66)

8i

is a function of the state variables of the ith DG and the state variables of its
neighboring DGs on the communication digraph.

To facilitate the adaptive control design, NNs are used to compensate for the
nonlinear dynamics offi and g; in (5.65) and (5.66) instead of the functions f; and g;
in (5.52). The unknown nonlinear function f; is approximated on a prescribed
compact set () by the linear-in-parameter NN [6]

fi = VV];T@?I (e,-,l, ei,z,x,-) + &, (5.67)

where the NN weight vector is Wﬁ_ S le?, & is the NN estimation error, and d’ﬁ- €
RY consists of a set of l; basis functions. The NN structure is shown in Fig. 5.25a.
As shown in this figure, e;, e;2, and x; are the NN inputs and W}—,Tqﬁf is the NN
output. The estimations of weight vectors are denoted as Wj The error of the NN
weights is defined as WfT = WﬁT - Wﬁ_T. The unknown nonlinear function g; is
approximated by linear-in-parameter NNs

%= W;¢g,i(x,»,r_i7x_,~, Wﬂn VAVgﬂ.) + &3, (5.68)

where the NN weight vector is W, € R ,&g, 1s the NN estimation error, and qﬁg,i S
R's consists of a set of [g,basis functions. The NN structure is shown in Fig. 5.25b.
As shown in this figure, x;, r—;, x_;, Wﬁi’ and Wg_i are the NN inputs and WE,T qﬁgi is
the NN output. The estimations of weight vectors are denoted as W;.. The terms
r—i, X—i, Wf,,-’ and ngi are the sliding mode error, states, and the NN estimated
weight vectors of the neighbors of ith DG on the communication digraph,
respectively. The error of the NN weights is defined as W} = WI — W[,
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ngi
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Fig. 5.25 NN structure for estimating (a) f; and (b) g, © [2016] IEEE. Reprinted, with
permission, from IEEE Transactions on Energy Conversion [5]

Remark 5.2 Considering Stone—Weierstrass approximation theorem [10], positive
numbers WfM s‘f—‘f’, WY, and &)! exist such that ‘W—." < W;‘”, 3,?:‘ < 8;;” W, | < WY,

i
and ‘ng’ gggi.
Definition 5.1 The Y; are cooperative uniformly ultimately bounded (UUB) with
respect to Yy if there exists a compact set Q C R such that ¥(Y;(#) — Yo(%)) € Q,
there exists a bound B and a time #(B, (Y:(fy) — Yo(#))), both independent of #,

where ||Yl(l0) — Yo(l0)|| <B, Vt > l()+lf [5].

Lemma 5.1 The commensurate reformulated dynamics of DGs in (5.52) are
considered. Let the digraph Gr contain a spanning tree and b; # 0 for at least one
root node. It is assumed that the internal dynamics are asymptotically stable.
Supposed that the control inputs are chosen as [5]

Wle: Wi,
fi Th 8i 18
e — - , 5.69
! ar di+b; di+b; (5.69)

where c; is the coupling gain, and the tuning laws are chosen as
Wi = Fyyrs — 1., W, (5.70)
‘/;Vg’i = F§i¢§;ri - KEiFE’iVAVE’H (571)

where the arbitrary positive definite matrices F}; € Rl andF, 2 € Rl and the
coefficients kzandkg, > 0 are design parameters. Then, Y; is cooperative UUB with
respect to Y; and, hence, the direct term of DG output voltages v,,;; synchronizes to
Veers 1f ¢; 18 chosen as
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(5.72)

where ¢(P;) denotes the maximum singular value of P; in (5.61), and f; is calcu-
lated from (5.61).

Proof The Lyapunov function candidate for each agent is considered as

| S SO | 1 T
Vim gt g Wi E Wt g WEF Wy S EAPEL. (5.73)

The derivative of V; is written as

1 s o
Vi=3 (—gio+ ;)”?""‘iﬁ‘i"’igi-i-"i(di-f'bi)ui

i (5.74)
T r—1vi U T p—1vi ; T
+ sz fo Wf: + W§iF§i Wii JrEiIPiEil'
Placing (5.69), (5.70), (5.71), and (5.60) into (5.74) yields
V, = 1 (—gio + _—‘Zgl> rl.2 —ci(d; +bi)ri2 — Kﬁ_WfTW]I_ — Kﬁ’%ﬁ
2 5 ' (5.73)
— ki WI Wy, — t0q |[We,|* + En ATPiEL + riPiEL + 67 + e,.
Placing (5.61) into (5.75) yields
" —8i\ 2 2 T v |2
‘/1—5 _gi0+_2 r; _Ci(di+bj>ri —Kﬁ%Wﬁ—Kﬁ|%|
&i (5.76)
_Kglwgz:Wg‘ _th| | ,1E£+7’,PE11 +8f +8g
According to the Remarks 5.1 and 5.2
’ 2 G M i |2 S
V< = cildy+bi)r? + o W W — 1 [ W 1 W W -

~ 2 B _
g | W | = |Eu| + |ri|a(P)|En | +&f + ey
Equation (5.77) can be written as

V< —H'SH+G"H, (5.78)
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where
~ T
H=[[Ea|l |W;| [Wa| Inl]", (5.79)
Bi a(P;
oo 6
1o
— fi
S 0 0 x 0 , (5.80)
00 c(di+by)
M M r
G= [o KEWH kg W 0} . (5.81)
If the following conditions hold,
1. S is positive definite, and
Gl
2. |H|| > —=-
a(S)
then V; <0.
According to Sylvester’s criterion, S is positive definite if
*(P:)
P> 5.82
“ 7 2p,di+ by) (582
Since ||G||, > ||G]|, > --- > ||G]|.., the second condition holds if
G
Bl > st
i IGl
VV]:‘ = E(S; ’ (5 83)
7 IGl '
| W >Gg<sf’

where ¢(S) is the minimum singular value of S.

Therefore, the sliding mode error and the NN weight approximation errors are

ultimately bounded by Uﬂ)l Since the sliding mode errors are ultimately bounded,

the local neighborhood tracking errors in (5.53) are also bounded [8]. According to
Lemma 4.3, ¢; are also ultimately bounded, and hence, all ¥; are cooperative UUB
with respect to Yy, and hence, the direct term of DG output voltages v,y syn-
chronizes to v, This completes the proof.

Remark 5.3 The coupling gain affects the controller speed; the greater value of ¢;
increases the controller synchronization speed. Additionally, the synchronization
speed is affected by 41 and 1, in (5.55). Greater value of 1, with respect to 4, forces
the local neighborhood tracking error e;,, to converge to zero faster and, hence,

increases the synchronization speed. The neural network weight estimations, Wf
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and ng., are the adaptive weights in the control law in (5.69). They are tuned
adaptively online in real time, without manual intervention, using the tuning laws in
(5.70) and (5.71). By contrast, Fy, € R, Fy € Rl K, and K, in the tuning
laws in (5.70) and (5.71) are the fixed design constants that are selected by the
designer to obtain suitable convergence properties of the adaptive tuning laws. The
design constants Fy, € R, F, € Rlsa, K7, and kg, are kept fixed through all the
contingencies. By contrast, the adaptive weights, namely the tunable weights Wf

and Wg[, are automatically adapted online in real time using tuning laws in (5.70)
and (5.71), without manual intervention, in response to changes in system operating
conditions.

Remark 5.4 As shown in (5.69), the secondary control of a DG is a function of r;,
¢z, and ¢y, 13, the sliding mode error defined in (5.55), is a function of the output
voltage magnitude of each DG and the output voltage magnitude of its neighbors on
the communication digraph and their first derivatives. ¢, the basis functions used
to compensate for the nonlinearities in f; in (5.65), are functions of state variables of
each DG. ¢, the basis functions used to compensate for the nonlinearities in g; in
(5.66), are functions of state variables of each DG and its neighbors on the com-
munication digraph.

The block diagram of the adaptive and distributed secondary voltage control is
shown in Fig. 5.26. In this figure, ¢; and ¢, are the NN basis functions introduced
in (5.67) and (5.68). The proposed control is fully independent of the DG param-
eters and the connector specifications. Therefore, the performance of the secondary
control does not deteriorate by the change in DG parameters (e.g., due to aging or
thermal effects.). Additionally, extensive studies are not required to tune the control
parameters.

5.2.2 Case Studies

The islanded microgrid shown in Fig. 4.5 is used to verify the effectiveness of the
proposed voltage control framework. The specifications of DGs, lines, and loads are
summarized in Chap. 4. Due to the adaptive nature of the proposed methodology,
the specifications of DGs are not required for the controller implementation.
However, these specifications are required to model DGs in the simulations. In this
Appendix, Kpy, Ky, Kpc, and K¢ are the voltage and current controller parameters
based on the detailed models discussed in Chap. 4. In the following, the simulation
results are presented for four different cases. In the first three cases, a fixed com-
munication topology is assumed, while the last case deals with a time-varying
communication topology. In the first case, namely Case 1, the proposed secondary
voltage control restores the DG voltage amplitude to the nominal voltage subse-
quent to the islanding process. In Case 2, the effectiveness of the adaptive voltage
control subsequent to the changes in DG parameters is studied. Case 3 deals with
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Fig. 5.26 The block diagram of the adaptive and distributed secondary control. © [2016] IEEE.
Reprinted, with permission, from IEEE Transactions on Energy Conversion [5]

the voltage restoration subsequent to sudden load changes. The last case, namely
Case 4, studies the proposed controller with a time-varying communication
topology. For all cases, the NN tuning parameters are set to F; =10 X [, Fp =

10 X Ig, (Iy is an N X N identity matrix.), k;; = 10, and kg = 10.

Case 1 In this case, it is assumed that the microgrid is islanded from the main grid
at t = 0, and the secondary control is applied at ¢ = 0.6 s. In practical applications,
the voltage control should be applied immediately after the disturbance occurs.
However, in this case, the secondary controller is intentionally delayed by 0.6 s to
highlight its effectiveness. It is assumed that the DGs communicate with each other
through the communication links depicted in Fig. 5.27. DGs 1 and 2 have two
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Fig. 5.27 The DG 1 DG 4
communication digraph for Reference

Case 1, Case 2, and Case 3. '“'}

© [2016] IEEE. Reprinted, value

with permission, from IEEE
Transactions on Energy
Conversion [5]

DG2 DG3

communication ports: input and output ports. The associated adjacency matrix of
the communication network in Fig. 5.27 is

Ag = (5.84)

—_ O = O
(= e )

(el el e M)
[l e e M)

DG 1 is the only DG that is connected to the leader node with the pinning gain
by = 1. The coupling gain in (5.69) is ¢; = 4 which satisfies (5.72). 4; and 4, in
(5.55) are chosen as 2; = 10 and A, = 1.

Figure 5.28 shows the simulation results when the reference voltage value v, is
set to 1 pu. As shown in Fig. 5.28, while the primary control keeps the voltage
stable, the secondary control returns all terminal voltage amplitudes to the pre-
specified reference values in less than 0.6 s.

09 1 1 1 1 1 1
0 0.2 0.4 0.6 0.8 1 1.2

time (s)

Fig. 5.28 DG output voltage magnitudes for Case 1 when v,f = 1 pu. © [2016] IEEE. Reprinted,
with permission, from IEEE Transactions on Energy Conversion [5]
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Fig. 5.29 The voltage magnitude of critical bus for Case 1. © [2016] IEEE. Reprinted, with
permission, from IEEE Transactions on Energy Conversion [5]

The secondary voltage control can be defined to control the voltage magnitude of
the critical bus shown in Fig. 4.5. As shown in Fig. 5.29, the secondary control
returns the voltage magnitude of critical bus to Vyomina in less than 1 s.

According to Remark 5.2, the control parameters ¢;, 4;, and A, have a direct
impact on the synchronization speed of the secondary voltage control. Figure 5.30
shows the simulation results when ¢; = 40, A; = 100, and A, = 1. As shown in this
figure, the secondary control is applied at # = 0.6 s and returns all terminal voltage
amplitudes to v, = 1 pu in less than 0.05 s.

Case 2 In this case, the performance of proposed distributed and adaptive voltage
control is verified subsequent to the changes in DG parameters. It is assumed that
the secondary voltage control is applied at = 0.6 s, and the resistance and
inductance of the output connector of each DG, r. and L., change from 0.03 Q and
0.35 mH to 0.06 © and 0.7 mH at r = 1 s. As shown in Fig. 5.31, the performance
of the adaptive voltage control does not deteriorate as a result of the changes in r,.
and L. and the DG voltage magnitude restoration to the nominal voltage is
provided.

Case 3 Fig. 5.32 shows the simulation results considering the load changes in an
islanded microgrid. Initially, the secondary voltage control is applied at # = 0.6 s. It
is assumed that the initial resistance of loads 1 and 2 is 5 Q, and the initial
inductance of loads 1 and 2 are 16 mH. Atz =1 s, load 1 resistance and inductance
change from 5 Q and 16 mH to 3 Q and 6.4 mH, respectively, and load 2 resis-
tance and inductance change from 5 Q and 16 mH to 2 Q and 3.2 mH, respec-
tively. To show the effectiveness of the adaptive voltage control under load
changes, it is assumed that the secondary voltage control is halted for 0.2 s. As
shown in Fig. 5.32, once the voltage control is stopped at =1 s, the voltage
magnitudes drop due to the sudden load changes. However, at t = 1.2 s, the voltage
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0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Fig. 5.30 DG output voltage magnitudes for Case 1 when v,f = 1 pu, ¢; = 40, 4; = 100, and
Ay =1. © [2016] IEEE. Reprinted, with permission, from IEEE Transactions on Energy
Conversion [5]
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Fig. 5.31 DG output voltage magnitudes for Case 2. © [2016] IEEE. Reprinted, with permission,
from IEEE Transactions on Energy Conversion [5]

control is applied again and returns the voltage magnitude of DGs to 1 pu, as shown
in Fig. 5.32. Therefore, the performance of the adaptive voltage control does not
deteriorate as a result of the load changes, and the adaptive voltage control effec-
tively restores the output voltage magnitude of the DGs to the nominal voltage.

Case 4 In this case, it is assumed that the microgrid is islanded from the main grid
at r = 0, and the secondary control is applied at ¢ = 0.6 s. (Similar to Case I, the
voltage control is applied after 0.6 s to highlight the effectiveness of the proposed
voltage control.) However, as opposed to Case 1, the voltage controller is imple-
mented through a time-varying communication network. Figure 5.33 shows the
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Fig. 5.32 DG output voltage magnitudes for Case 3. © [2016] IEEE. Reprinted, with permission,
from IEEE Transactions on Energy Conversion [5]
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Fig. 5.33 The digraphs for modeling the time-varying communication network of Case 4.
© [2016] IEEE. Reprinted, with permission, from IEEE Transactions on Energy Conversion [5]

three communication network structures that are used in simulation. Each structure
is adopted at a specific time interval. The communication digraph in Fig. 5.33(a)
models the communication network over the time interval [(0.6 + 0.15 k) s,
(0.6 + 0.15 k) + 0.05 s], for k = 0,1,.... The communication digraph in Fig. 5.33b
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Fig. 5.34 DG output voltage magnitudes for Case 4. © [2016] IEEE. Reprinted, with permission,
from IEEE Transactions on Energy Conversion [5]

models the communication network over the time interval [(0.65 + 0.15 k) s,
(0.65 + 0.15 k) + 0.05 s], for k = 0,1,... The communication digraph in Fig. 5.33c
models the communication network over the time interval [(0.7 + 0.15 k) s,
(0.7 + 0.15 k) + 0.05 s], for k = 0,1,....

DG 1 is the only DG that is connected to the leader node with the pinning gain
by = 1. The coupling gain in (5.69) is ¢; = 4 which satisfies (5.72). 4; and 4, in
(5.55) are chosen as A; = 10 and A, = 1. Figure 5.34 shows the simulation results
when the reference voltage value is set to 1 pu. As shown in Fig. 5.34, the sec-
ondary control returns all terminal voltage amplitudes to the prespecified reference
value in less than half a second. Compared with the simulation results of Case 1,
Fig. 5.34 shows that the proposed secondary control appropriately works with
time-varying communication networks.
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Chapter 6
Droop-Free Distributed Control of AC
Microgrids

The droop mechanism, or its variations [1-9], is a common decentralized approach
to realize the primary control, although alternative methods (e.g., virtual oscillator
control [10-13]) are emerging. It emulates virtual inertia for AC systems and
mimics the role of governors in traditional synchronous generators [14]. Despite
simplicity, the droop mechanisms suffers from (1) load-dependent frequency/volt-
age deviation, (2) poor performance in handling nonlinear loads [15], and (3) poor
reactive power sharing in presence of unequal bus voltages [16]. Unequal bus
voltages are indispensible in practical systems to perform the scheduled reactive
power flow. Droop techniques cause voltage and frequency deviations, and thus, a
supervisory secondary control is inevitable to update the set points of the local
primary controls [17]. Such architecture requires two-way high bandwidth com-
munication links between the central controller and each inverter. This protocol
adversely affects the system reliability as failure of any communication link hinders
the functionality of the central controller and, thus, the entire microgrid. The central
controller itself is also a reliability risk, since it imposes a single point of failure.
Scalability is another issue for that it adds to the complexity of the communication
network, and it requires updating the settings of the central controller.

Spatially dispersed inverter-based microgrids naturally lend themselves to dis-
tributed control techniques to address their synchronization and coordination
requirements. Distributed control architectures can discharge duties of a central
controller while being resilient to faults or unknown system parameters. Distributed
synchronization processes necessitate that each agent (i.e., the inverter) exchange
information with other agents according to some restricted communication protocol
[18, 19]. These controllers can use a sparse communication network and feature
reduced computational complexity at each inverter controller [20]. Networked
control of parallel inverters in [21, 22] embeds the functionality of the secondary
control in all inverters, i.e., it requires a fully connected communication network.
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The master node in the networked master-slave methods [23-25] is still a single
point of failure. Distributed cooperative control is recently introduced for AC
[26, 27] and DC microgrids [28-31]. Distributed control of AC microgrids are also
discussed in [32-34] (using a ratio-consensus algorithm), [35] (a multi-objective
approach), and [36-39] (using a distributed averaging proportional controller).
Majority of such approaches are based on the droop mechanism (and, thus, inherit
its shortcoming), require system information (e.g., number of inverters, inverter
parameters and total load demand), require frequency measurement, and mainly
handle active power sharing and frequency regulation (or, only reactive power
sharing/voltage control). Studies in [27, 35] investigate distribution networks with
negligible line impedances and, potentially, can lack satisfactory performance in
practical multi-terminal distribution systems with intricate and lossy transmission
networks. Moreover, the solutions focus on the islanded mode of operation and
their extension to grid-connected mode is not straightforward.

This chapter provides a comprehensive distributed cooperative solution that
satisfies both the secondary and the primary control objectives for an autonomous
AC microgrid without relying on the droop mechanism. Herein, each inverter is
considered as an agent of a multi-agent system (i.e., the microgrid); each inverter
exchanges data with a few other neighbor inverters and processes the information to
update its local voltage set points and synchronize their normalized power and
frequencies. The controller includes three modules: voltage regulator, reactive
power regulator, and active power regulator. The salient features of this control
method are as follows:

e Cooperation among inverters on a communication graph provides two voltage
correction terms to be added to the rated voltage and adjust the local voltage set
points of individual inverters.

e Cooperation among voltage, reactive power, and active power regulators
effectively carries out global voltage regulation, frequency synchronization, and
proportional load sharing, particularly, in practical networks where the trans-
mission/ distribution line impedances are not negligible.

e The voltage regulator seeks to adjust the average voltage across the microgrid,
rather than the individual inverter busses, at the rated voltage value, and ensures
global voltage regulation without the need to run a power flow analysis.

e The control method does not employ any droop mechanism and does not require
any frequency measurement.

e The presented scheme does not require prior knowledge of system parameters or
the number of inverters. Thus, it features scalability, modularity, robustness, and
plug-and-play capability.

e A sparse communication graph suffices the limited message passing among
inverters. This is in direct contrast with the centralized control approaches that
require high-bandwidth bidirectional communication networks.
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6.1 Droop-Free Cooperative Control Framework

6.1.1 Microgrid as a Cyber-Physical System

A distribution network is an electric network that provides the physical connection
between sources and loads within a microgrid. Such a physical system can be
equipped with a cyber network to exploit different control opportunities. Interaction
of the sources (i.e., inverter-augmented sources) in the cyber domain offers coop-
erative decision making, which features scalability and improves reliability. Here, a
microgrid is assumed to be a cyber-physical system with a communication network
that facilitates data exchange among sources for control and monitoring purposes.
Figure 6.1a illustrates physical and cyber layers of the microgrid. Each source
broadcasts its information, e.g., voltage and power measurements, to a few selected
sources, called its neighbors. As oppose to the centralized/supervisory control, this
communication layout forms a sparse network; not all sources need to
communicate.

From the control perspective, a multi-agent cyber-physical system can be
expressed with a graphical representation with active agents (sources) modeled as
nodes of the graph and communication links mapped to edges connecting nodes
(see Fig. 6.1b). Communication links may not be reciprocal, forming a directed

Fig. 6.1 General layout of an (a)
AC microgrid: a sources
supplying the grid system
with communication
infrastructure spanned across
the grid, b graphical
representation of the
cyber-physical. © [2016]
IEEE. Reprinted, with
permission, from IEEE
Transactions on Power
Electronics [54] °

— Electrical System
— Cyber System

A

(b) Node

(Inverter)
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graph (digraph). Each node and edge inherits the dynamic model of the corre-
sponding agent and communication channel, respectively. Information links may
exchange data with different gains referred to as the communication weights. For
example, if Node j broadcasts data x; to Node i through a link with a designated
weight of a;; > 0, then, the information received at Node i is a;x;. Generally,
a; > 0 if Node i receives data from Node j and a; = 0, otherwise. This graph is
represented by the adjacency matrix Ag = [a,-j] € RV that carries the commu-
nication weights, where N is the number of dispatchable sources. Communication
weights can be time varying and may include some channel delay; however, this
study assumes time-invariant and scalar adjacency matrix. N; denotes the set of all
neighbors of Node i. The in-degree and out-degree matrices, D" = diag{d}“} and
D" = diag {d™ }, are diagonal matrices with d" = Y, a; and & =Y.\ @i,
respectively. The Laplacian matrix is defined as L £ D™ — Ag, whose eigenvalues
determine the global dynamics of the entire system (i.e., the microgrid) [40, 41].
The Laplacian matrix is balanced if the in-degree and out-degree matrices are equal;
particularly, an undirected (bidirectional) data network satisfies this requirement.
A direct path from Node i to Node j is a sequence of edges that connects the two
nodes. A digraph is said to have a spanning tree, if it contains a root node, from
which, there exists at least a direct path to every other node. Here, a graph is called
to carry the minimum redundancy, if it contains enough redundant links that, in the
case of any single link failure, it remains connected and presents a balanced
Laplacian matrix.

6.1.2 Cooperative Control Policy

The control method requires a communication graph with the adjacency matrix
Ag = [a,ﬂ € RV*N that (1) has at least a spanning tree, (2) can be undirected or
directional, yet with a balanced Laplacian matrix, and (3) the graph must carry the
minimum redundancy. Communication weights, a;, are design parameters. Each
source exchanges a vector of information, ¥; = [é,-, piom™, q?"rm], with its neighbor
sources on the communication graph, where e; is the estimation of the averaged
voltage magnitude across the microgrid, calculated at Node i. pj°™ épi/PEmed and
g™ £ g, /¢ are the normalized active and reactive powers supplied by Source i.
p; and ¢; are the measured active and reactive powers supplied by Source i,
respectively, and pgated and qlr.'““ed are the rated active and reactive powers of the same
source. The control strategy attempts to share the total load demand among sources
in proportion to their rated powers.

Objectives of the secondary/primary controller are (1) global voltage regulation,
(2) frequency synchronization, (3) active power sharing, and (4) reactive power
sharing. Generally, fine adjustment of the voltage magnitude and frequency can

satisfy all four objectives. Particularly, active and reactive power flow can be
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Fig. 6.2 Droop-free cooperative secondary control for the Source i of the AC microgrid. Note
data exchange with the neighbor nodes. © [2016] IEEE. Reprinted, with permission, from IEEE
Transactions on Power Electronics [54]

managed by tuning the frequency and voltage magnitude, respectively. The
droop-free control method is established on this notion. Figure 6.2 shows the
control routine for Node i (Source i). The controller consists of three separate
modules: the voltage regulator, reactive power regulator, and active power regu-
lator. The controller at Node i receives its neighbors’ information, ‘¥;s, and pro-
cesses the neighbors’ and local data, \¥';, to update its voltage set point. e; and w;
are the set points of the (line to neutral) voltage magnitude (rms value) and fre-

quency, respectively. Accordingly, the Space Vector PWM module generates the
actual voltage set point, v},

vi(t) = e (1)V2sin / o’ (t)dr |, (6.1)

and assigns appropriate switching signals to drive the inverter module [42]. It
should be noted that the controller is assumed activated at t = 0.

As seen in Fig. 6.2, each inverter is followed by an LCL filter to attenuate
undesired (switching and line-frequency) harmonics. The set point in (6.1) is the
reference voltage for the output terminal of the filtering module or, equivalently, the
microgrid bus that corresponds to Source i.

The voltage and reactive power regulators adjust the set point of the voltage
magnitude by producing two voltage correction terms, 5ei1 and 5612, respectively, as
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e; (1) = erared + 56,-1 (1) + 58?(1‘), (6.2)

where eyyq is the rated voltage of the microgrid. Regardless of the operating mode,
i.e., islanded or grid-connected modes, the rated voltage can be safely assumed
equal for all active nodes (dispatchable sources). The voltage regulator at Node i
includes an estimator that finds the global averaged voltage magnitude, i.e., the
averaged voltage across the microgrid. This estimation is, then, compared with the
rated voltage, ened, and the difference is fed to a PI controller, G;, to generate the
first voltage correction term, (Se}, and, thus, handle global voltage regulation.
Accordingly, the voltage regulators collectively adjust the average voltage of the
microgrid on the rated value, yet individual bus voltages may slightly deviate from
the rated value (typically, less than 5%). This deviation is essential in practice to
navigate reactive power across the microgrid. Therefore, the reactive power regu-
lator at Node i adjusts an additional (i.e., the second) voltage correction term, 5ei2,
to control the supplied reactive power. This module calculates the neighborhood
reactive loading mismatch, mgq;,

mg; = Zbaij(qu‘lorm _ q?orm)’ (63)

JEN;

which measures how far the normalized reactive power of the Source i is from the
average of its neighbors’. The coupling gain b is a design parameter. The mismatch
in (6.3) is then fed to a PI controller, H;, (see Fig. 6.2) to adjust the second voltage
correction term, 5e,2, and, accordingly, mitigate the mismatch. Performance analysis
in Sect. 6.2.5 will show that all the mismatch terms, in the steady state, converge to
zero, and thus, all normalized reactive powers would synchronize. This satisfies the
proportional reactive power sharing among sources.

The active power regulator at Source i controls its frequency and active power.
This module calculates the neighborhood active loading mismatch to assign the
frequency correction term, dw;,

o =Y cay(p°™ — pi°™), (6.4)

.]ENI

where the coupling gain c is a design parameter. As seen in Fig. 6.2, this correction
term is added to the rated frequency, ®rated,

wt* (t> = Orated + 5wi(t)7 (65)

and, thus, (6.1) can be written as

t
V(1) = e ()2 sin | omeat + / Soide | (6.6)
0
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Equation (6.6) helps to define the phase angle set point for Source i,

)2 / S ay(pr™ — prom™) de. (6.7)

JEN;

According to (6.6)—(6.7), the active power regulator module keeps the frequency
at the rated value and fine tunes the phase angle set point, J;, to reroute the active
power across the microgrid and mitigate the neighborhood active loading mismatch.
It is shown in Sect. 6.2.5 that all phase angles, 6;, will converge to their steady-state
values, and thus, all frequency correction terms, dw;, decay to zero. Therefore, the
microgrid frequency synchronizes to the rated frequency, myaeq, Without any fre-
quency measurement loop, while the controller stabilizes the phase angles, ;.
Indeed, transient variations in the inverter frequency adjust its phase angle and
control the active power flow; the frequency will not deviate from the rated value in
the steady state. Thus, normalized active powers will synchronize, which provides
the proportional active load sharing.

The droop-free controller is a general solution that can handle load sharing for
variety of distribution systems; i.e., predominantly inductive, inductive-resistive, or
primarily resistive networks. Indeed, the nature of the line impedances defines the
role of the active and reactive power regulators for load sharing.

In particular, a predominantly inductive network naturally decouples the load
sharing process; the reactive power regulator must handle the reactive load sharing
by adjusting voltage magnitude while the active power regulator would handle the
active load sharing through adjusting the frequency (or, equivalently, the phase
angle). However, for other types of distribution network, active and reactive power
flows are entangled to both voltage and phase angle adjustment. For such cases, the
load sharing is a collaborative task where the two regulators (i.e., both the active
and reactive power regulators) would work together to generate the desired set
points.

The controller, so far, assumes fixed and known power rating for dispatchable
sources. In a scenario that some sources are non-dispatchable, i.e., renewable
energy sources with stochastic output power, the controller can be augmented with
the methodology shown in Fig. 6.3. Supplied power by each stochastic source is
measured and reported to an auxiliary control unit. This module runs optimization
scenarios, e.g., Maximum Power Point Tracking (MPPT) , to decide the desired
operating points. It also compares the desired generation with the actual supplied
power and updates the rated powers, p™° and ¢!, to address any mismatch. The
control routine in Fig. 6.2 uses the tuned rated powers to adjust the voltage and
frequency set points. With the modification in Fig. 6.3, the stochastic sources will
be pushed to exploit their potentials (e.g., to produce maximum power) while the
controller in Fig. 6.2 proportionally shares the remaining load demand among
dispatchable sources.
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Fig. 6.3 Extension of the
droop-free controller to

Droop-free Controller p““"‘l7 Auxiliary Control Unit
(Figure 6.2) i e.g., MPPT Controller
non-dispatchable (e.g.,
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with permission, from IEEE ‘ H ‘
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In the islanded mode, the system operational autonomy requires preset (fixed)
values for the rated voltage magnitude and frequency, epyeq and ryeq, in all con-
trollers. The voltage and frequency settings typically follow the standard ratings of
the nearby electricity grid. To further extend operational availability of the droop-
free controller to the grid-connected mode, one can consider adjustable voltage
magnitude and frequency ratings. To this end, a tertiary controller (highlighted in
Fig. 6.2) fine tunes such ratings. There is a single tertiary controller for the entire
microgrid, and it uses the same communication network as the secondary con-
trollers, to propagate updated voltage and frequency ratings to all secondary con-
trollers across the microgrid. Functionality of the tertiary controller is elaborated in
Fig. 6.4. The tertiary control unit runs cost/efficiency optimization to determine the
desired active and reactive powers to be exchanged between the microgrid and the
main grid, p] and gj, respectively.

The optimization scenarios can also account for auxiliary services such as fre-
quency regulation or reactive power support. It is noteworthy that the power flow
between the microgrid and the main grid can be bidirectional, and thus, the desired
powers pj and gj can be either positive or negative. The controller compares the
actual powers supplied to the main grid, pg and g4, with the desired values and,
accordingly, updates voltage and frequency ratings sent to the secondary con-
trollers. The steady-state rated voltage assignment, ey,.q, may have slight deviation
from the standard value; however, the steady-state value of the rated frequency,
Wraed, Will always converge to the standard value (e.g., 60 Hz in the North
America). In fact, it is the transient variations in the rated frequency that adjusts the
phase angles across the microgrid and manages the active power flow.

6.1.3 Voltage Estimation Policy

Each node has an estimation module that develops the estimation of the averaged
voltage magnitude across the microgrid, e.g., e;, for Node i, and exchanges this
estimation with its neighbors. The voltage estimation policy is demonstrated in
Fig. 6.5. Accordingly, the estimator at Node i updates its own output, ¢;, by pro-
cessing the neighbors’ estimates, ¢;s (j € N;), and the local voltage measurement, e;,
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t
é[(l) = €i(t) + / Za,-j (Ej(’f) — E,’(‘L’)) dr. (68)
0 JEN;

This updating policy is commonly referred to as the dynamic consensus protocol
in the literature [43]. As seen in (6.8), the local measurement, e.g., e;, is directly fed
into the estimation protocol. Thus, in case of any voltage variation at Node i, the
local estimate, e;, immediately responds. Then, the change in e; propagates through

the communication network and corrects all other estimations. Assume that e =
T _ _qT .

[el, e, -, eN} and e = [el, ey, - ,eN] are the measured voltage and the esti-

mated average voltage vectors, respectively. E and E are the Laplace transforms of

e and e, respectively. Accordingly, global dynamic response of the estimation
policy is formulated in [29] as
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E =s(sly+L) 'E = HyE, (6.9)

where Iy € RV, L, and H,y are the identity, Laplacian, and the estimator transfer
function matrices, respectively. It is shown in [29] that if the communication graph
has a spanning tree with a balanced Laplacian matrix, L, then, all elements of e
converge to a consensus value that is the true average voltage, i.e., the average of all
elements in e. Equivalently,

& = Me® = (e%)1, (6.10)

where M € RV*V is the averaging matrix, whose elements are all 1/N. x*
expresses the steady-state value of the vector x € R¥*!. (x) is a scalar that rep-
resents the average of all elements in the vector x. 1 € R¥*! is a column vector
whose elements are all one.

6.2 System-Level Modeling

System-level modeling studies the dynamic/static response of the entire microgrid
with the droop-free controller in effect. The system under study encompasses
interactive cyber and physical subsystems. First, the communication graph topology
defines the interaction among controllers, then, functionality of the controllers
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determines output characteristics of the sources, and, finally, the transmission/
distribution network rules the physical interaction among sources and loads. Thus,
the system-level study involves mathematical modeling of each of the subsystems
and establishment of a mathematical coupling between the interactive subsystems.

6.2.1 Distribution Network Model

Dispatchable sources, transmission network, and loads form the physical layer of
the microgrid. This layer is shown in Fig. 6.1a, where sources are considered as
controllable voltage source inverters. The controller determines the voltage set
points (both magnitude, e}, and phase, ¢}) for each source (i.e., inverter) by pro-
cessing the supplied active and reactive powers. Such controller acts on the physical
layer, which is a multi-input/multi-output plant with the voltage set points as the
inputs, and the supplied active and reactive powers as the outputs. Herein, we
express the output variables, i.e., the supplied powers, in terms of the input vari-
ables, i.e., the voltage set points.

Figure 6.1a helps to formulate the supplied current of each source. One can
express the supplied current by Source i, as

L=YiVi+ Y Y(Vi—Vy), (6.11)

where I; and V; are the phasor representations of the supplied current and phase
voltage of the Source i, respectively. Yj; and Yj; are the local load admittance at Bus
i (Source i) and the admittance of the transmission line connecting busses i and j,
respectively. With no loss of generality, the distribution network is assumed
reduced (e.g., by using Kron reduction) such that all non-generating busses are
removed from the network. Thus, the complex power delivered by the Source i is,

N N
=3V =3[Vi’Y v; -3 > ViV (6.12)
=1 J=1()

Assume V; = ¢;£6; and Yj; = y;;Z0;; where e;, yjj, d;, and 0;; are the magnitude of
Vi, magnitude of Yj;, phase of V;, and phase of Yj;, respectively. Y;; = g;; + jb;; is the
rectangular representation of the admittance Y. One can use (6.12) to derive the
active and reactive powers delivered by the Source i,

N N
pi = 36,2 Zglj -3 Z e,-ejyij COS(&,’ — 5]' — 0,]), (613)
=1 =)
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= —3¢? Zblf -3 Z eiejy;isin(d; — 6; — 0y), (6.14)

J=1(#i)

The secondary control typically acts slower than the dynamic of the power
network (microgrid), as its objectives are voltage and power regulation in the steady
state. Accordingly, one can safely neglect the transient responses of the microgrid
and use the phasor analysis in (6.13)—(6.14) to model the power flow.
Equations (6.13)—(6.14) express nonlinear relationships between the voltages and
supplied powers. In time domain, any variable x can be represented as x = x? + X
where x? and x are the quiescent and small-signal perturbation parts, respectively.
Thus, one can write,

pi=pl+pi=p! Zap“j-i- Zapl(s = pi= Z g,j€]+ Zkgz]

(6.15)
q 8‘]1 N 8(]1 N
qi=q +qi=q] + Z /+Z 5:>ql Zeue]+zkéyl’
(6.16)
where the coefficients in (6.15)—(6.16) are formulated,
p! -
ki ="g +3¢l ) gy 6.17
e,ii 6;1 + ez ;gh ( )
Koy = —3elyycos(3f — &f = 05), j#i (6.18)
N
=3 elelyysin(d] — 7 — 0y) = —q — 3¢? Zbif’ (6.19)
J=1(#) Jj=1
ks = —3elelyysin(o] — o] — 0y5), j#i (6.20)
q N
kgu :e—;—3€?Zbij, (621)
i j=1
ki = —3elyysin(o] — o] — 0y), j#i (6.22)

ks ;=3 Z elely;cos(5! — 67 — 0;) = pf — 3¢} Zg,,, (6.23)
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k‘l

= 3e§’e}’yij cos(6f — 5;’ —0;), j#i (6.24)

Equations (6.15)—(6.24) explain how a disturbance in any of the voltage mag-

nitudes, é;s, or phases, Sis, affects the power flow in the entire microgrid. These
equations can be represented in the matrix format,

p = K’é + kI (6.25)
q = K%é + K% (6.26)

N PN AT A A A AT A 15 5 ~ 1T S _
where p_blvp%"'apN] 4 q_[qlqua"'qu] ’ e_[elve27"'7eN] , and & =

I . 1T
[51, 02y vy 5N} are column vectors carrying small-signal portions of the active

powers, reactive powers, voltage magnitudes, and voltage phases, respectively.

Kk = [kflj} Kb = {kf; U] ki = [kf,j} , and k§ = [k] ] are all matrices in R that
contain coefficients in (6.17)—(6.24). kf; and k? are referred to here as the p — ¢ and

q — e transfer matrices, respectively.

6.2.2 Dynamic Model of the Control and Cyber Subsystems

The cyber domain is where the controllers exchange measurements, process
information, and update the voltage set points. Interactions and functionality of the
controllers are shown in Fig. 6.2. One can see how the voltage and reactive power
regulators cooperate to adjust the voltage magnitude set points, e;. In the frequency
domain,

Gi(s) (Erated - El) = AE,'la (627)
H;(s) (Z bay (Q)°™ — Q;?Ofm)> = AE?, (6.28)

JEN;

Erated + AEZI + AEZZ = E?, (629)

where Eped, Eis AE!, O™, AE?, and E; are the Laplace transforms of epyed, &,
Ael-', qrom, Aeiz, and e, respectively. Equations (6.27)—(6.29) can be represented in
the matrix format,

G(Erated - E) = G(Erated - HestE) = AE17 (630)
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—bHLQ™™ = —pHLq_.,Q = AE?, (6.31)

rated
E.ed + AE! + AE? = E*, (6.32)

where G = diag{G;} and H = diag{H,} are diagonal matrices containing voltage
and reactive power controllers, respectively. G and H are referred to as the
voltage-controller and Q-controller matrices, respectively. que.q = diag{g™} is a
diagonal matrix that carries the rated reactive powers of the sources.
Eued = Eeal,  AE' = [AELAEL, .. AEL]", AE? = [AELAEL,....AE2]",
E* = [E},E;,.. .,EZ*V]T, and Q™™ = [Q}o™, Q5™ .. .,Q}{,"rm}T are column vec-
tors carrying input and control variables.

It is assumed that for # <0, all sources of the microgrid operate with identical
voltage set points, i.e., for all 1 <i<N, e = eped, and O = Wraeq, and thus,
Vi(f) = €rated SIN(Wyareat ). Then, the droop-free controller is activated at t = 0. Thus,
the quiescent value of any variable x, x7, represents its steady-state value for 7 <0,
i.e., before activating the controller, and the small-signal part, X, captures the
variable response to the controller activation for # > 0. Therefore, one can safely

T T
write €' = [de 4, 0e, .., dey?| =0, 3¢*1 = 3¢}, 639, .., 663] =0, and

efated = éredl, and accordingly, simplify (6.30)-(6.31),
G(Eraled - Hele) = Aﬁl, (633)

9 A 5
~bHLq g (— +Q) = AE?, (6.34)

s

where q/ = [q1, 43, .. .,q?v]T carries the reactive powers supplied by individual

sources for # < 0. Since the rated voltage does not change before and after activating

the controller, E,eq = 0. The voltage set points dynamics can now be found by
substituting (6.33)—(6.34) into (6.32),

rated

Ak N q ~
E = —GHE - bHLq! <q— + Q). (6.35)
S

As seen, (6.35) has two terms. The first term, —GHCSJ:Z, represents the controller
effort to achieve the global voltage regulation, and the second term,

—bHLQ,, g (qq /s+ Q) , explains how the controller balances reactive load sharing

across the microgrid.

Active power regulators (see Fig. 6.2) adjust the active power flow by tuning the
phase angles. The controller at each source, e.g., Source i, compares its normalized
active power with those of its neighbors and, accordingly, updates the phase angle



6.2 System-Level Modeling 155

set point as in (6.7). Controller activation at 7 = 0 implies that ! (1 <0) = Wratea
and, thus, 67 = 6;°(r<0) = 0. Accordingly,

JEN;

t
5i(1>0) = / Z cay(p;™™ — p;™) dr. (6.36)
0
Equivalently, in the frequency domain,

- 1
A= (Z cay(PI™ — P?"m‘)>, (6.37)

JEN;
where Al* is the Laplace transform of 51* One can write (6.37) in the matrix format,

A%

S
A= —SLpglP = —“Lpy (" +P), (6.38)

s
o A 41T
where A = AT, A; . .,A,*\,} and P = diag{p™} is a diagonal matrix that

includes the rated active powers of the sources. p? = [p{,pd, ..., me carries the
active powers supplied by individual sources before the controller activation, i.e.,
for t <0. Equation (6.38) represents the phase angles’ dynamic response to mitigate
and, eventually, eliminate the active load sharing mismatch.

6.2.3 Dynamic Model of the Entire Microgrid

Figure 6.6 represents the model of the entire microgrid, which is separated into two
submodels: the quiescent model and the small-signal model. The entire system in
the small-signal model can be treated as a multi-input/multi-output plant, where
p?/s and q7/s are the inputs, and E, P, and Q are the outputs. Equations (6.35) and
(6.38) show how the controller adjusts the voltage set points by processing the load
sharing mismatches. Dynamic model of the inverters are studied in [44—46].
Accordingly, for the inverter driving the Source i, one can write,

: (6.39)
(6.40)

where GF and G? are the magnitude and phase transfer functions, respectively.
Each inverter accommodates an output filter to eliminate the switching harmonics,
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Fig. 6.6 Model of the entire microgrid: a interaction between the physical layer and the
control/cyber layer, b quiescent analysis, ¢ small-signal analysis. © [2016] IEEE. Reprinted, with
permission, from IEEE Transactions on Power Electronics [54]

whose dynamic is included in the transfer functions GX and G2. Equivalently, in the
matrix format,

A=G*A, (6.41)
E =GR, (6.42)

where G¥ = diag{G¥} and G* = diag{G*} are diagonal matrices of the inverter
transfer functions. By substituting (6.35) and (6.38) in (6.25)—(6.26), and also using
(6.41)—-(6.42), one can formulate the entire microgrid.

It is commonly assumed that the transmission/distribution network is predomi-
nantly inductive, and thus, active and reactive powers are mainly controlled by
adjusting the voltage phases and magnitudes, respectively [47]. This assumption
implies that in (6.25) and (6.26), k? ~ 0 and kI ~ 0, respectively, which helps to
find the reduced-order dynamic model of the entire system. Substituting (6.41) in
(6.38) and (6.42) in (6.35) yields

14 q L
() 'a =~ rply (% +2). (643
((6#)™" + GH. ) E = —bHLq, ¢ 6
est - qrated s + Q . ( 44)

Substituting the reduced form of (6.25)—(6.26) in (6.43)—(6.44) yields

-1 p?

P=-TyLp_., — (6.45)
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~ B q‘l
Q= _TQLqratled ?7 (646)

where Tp and T are the P—balancing and Q—balancing matrices and are defined
as,

Tp2 (s(ck)GY) "+ Lp, )71, (6.47)

rated
_ _ -1
To2 ((bKIG™H) " +b7'H'GHea (K)) '+ Lagly) - (6.48)

Equations (6.43)—(6.48) describe dynamic response of the entire microgrid with
the droop-free controller in effect. Equations (6.45)—(6.46) show that if the power
(either active or reactive) was proportionally shared prior to activating the con-
troller, i.e., peqp? = nl or qr’alledqq = m], the power flow would remain intact after
the controller activation, i.e., p =0 or q =0.

6.2.4 Controller Design Guideline

Appropriate selection of the control parameters is essential for proper operation of
the droop-free control methodology. For a given microgird, converter transfer
function matrices, G* and G¥, rated active and reactive power matrices, Praeq and
Qacq- Tespectively, and p — 6 and g — e transfer matrices, k; and k?, respectively,
are known. Alternative communication networks may be chosen to exchange
information; they, however, must satisfy three requirements; it should be a sparse
graph with (1) at least a spanning tree, (2) balanced Laplacian matrix, and
(3) minimum communication redundancy. Communication weights of the graph,
a;, and, thus, the Laplacian matrix, L, directly determine the voltage estimator
dynamic, Hey. One may tune the weights and examine the estimators’ dynamic
through (6.9) to achieve a fast enough response. More details and insightful
guidelines for optimal design of communication weights in cooperative systems can
be found in [48].

Next, the designer may adjust the controller matrices G = diag{G;} and H =
diag{H;} and the coupling gain b by evaluating (6.48) to place all poles of Ty, in the
open left-hand plane (OLHP) . Intuitively, smaller gains help to stabilize the entire
system while larger gains provide a faster dynamic response. Accordingly, the
designer may decide the parameters by making a trade-off between relative stability
and settling time. The estimator dynamic should be considerably faster than the
microgrid dynamics. Therefore, to evaluate (6.48), one can safely assume
H.: ~ M. Moreover, inverter switching frequency can be assumed high enough to
provide a prompt response to the voltage command, i.e., GF ~ I.
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As can be seen in Fig. 6.2, two separate modules, i.e., the voltage and the
reactive power regulators, adjust the voltage magnitude, e, by generating two
voltage correction terms, 56} and 5e,-2, respectively. As discussed in Sect. 6.1.2, the
voltage regulator is tasked to maintain average voltage across the microgrid at the
rated value. Per such assignment, the voltage regulator must act fast to ensure
voltage stability/regulation. On the other hand, the reactive power regulator is
accountable for reactive load sharing in the steady state, and its transient perfor-
mance has less significance. Accordingly, the voltage control loops (including
voltage estimators, controllers G;s, and voltage measurement filters) must be
designed for a higher bandwidth compared to the reactive power control loops
(involving controllers H;s and reactive power measurement filters). Typically,
voltage measurement filters have a relatively high bandwidth as they only need to
filter the switching harmonics. On the contrary, besides damping the switching
harmonics, the active and reactive measurement units should filter out much lower
frequency terms of the line-frequency harmonics and other undesired contents
caused by load nonlinearity or unbalance. Such design requirement slows down the
power measurements process and, thus, the overall active/reactive load sharing
control loops. Accordingly, as a design guideline, it is sufficient to choose the
reactive power controllers H;s to be slightly slower than the voltage controllers G; s;
low bandwidth power measurement filters automatically set the frequency response
of the power regulators to be quite slower than the voltage regulator module.

Next step in the design procedure considers active power regulators.
Equations (6.45) and (6.47) provide dynamic response of the active load sharing
mechanism. Given the fast response of the inverters, one may assume G ~ Iy,
which simplifies (6.47). The designer may sweep the coupling gain ¢ and assess the
stability and dynamic response through (6.47) to find an appropriate choice for c.

6.2.5 Steady-State Performance Analysis

The design guideline in Sect. 6.2.4 ensures stable operation of the microgrid;
physical variables such as voltages (magnitude and phase), system frequency, and
supplied active and reactive powers would converge to steady-state values. This
performance analysis investigates load sharing and voltage regulation quality in the
steady state. To this end, assume that the system operates in the steady state for
t > ty. It should be noted that although the controller stabilizes voltages across the
microgrid, one cannot simply deduce that the voltage and reactive power mis-
matches are zero. In other words, the inputs to the PI controllers G; and H; in
Fig. 6.2 may be nonzero in the steady state, yet the two voltage correction terms e}
and 5e? continuously vary with opposite rates such that sum of the two terms leaves
a constant value, and thus, the voltage magnitude set point converges to a
steady-state value. The following discussion shows that such a scenario never
happens; i.e., the mismatch inputs to both controllers decay to zero in the steady
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state, resulting in successful global voltage regulation and reactive load sharing. It
also explains that the active power mismatch terms would all decay to zero, which
provides the desired active load sharing while maintaining the rated frequency.

Voltage regulation and reactive load sharing is first to study. In the steady state,
the voltage estimators converge to the true average voltage of the microgrid.
Equivalently, €* = Me* = (e*)1. Thus, based on the control methodology in
Fig. 6.2, one can write

Sel = 66(1) + (Gp + G](l — lo)) (eratedl — Mess) (6 49)
8¢? = 8¢3 + (Hy + Hi(t — 1)) (—bLahag®) '

where Seé and 8e(2) are column vectors that carry the integrator outputs in G;s and
H;s at t = 1y, respectively. Accordingly,

e = eeqd + Oe! + de?
= ereal + 8} + € + Gp(erea — (€)1 — bHpLq,.,q" (6.50)
+ (Gl(eraled — ("))l — bHILqr_atledqss) (t—1),

where Gy and Gp are the diagonal matrices carrying the integral and proportional
gains of the voltage-controller matrix G such that Gp + G/s = G. Similarly, H;
and Hp are the diagonal matrices carrying the integral and proportional gains of the
QO-controller matrix H. Equation (6.50) holds for all 7 > 7y and provides a constant
voltage set point vector, €. Thus, the time-varying part of (6.50) is zero or,
equivalently,

(erated - <ess>)Ul = Lq;nledqssa (651)

where U = b~ 'GH;' = diag{u;} is a diagonal matrix. Multiplying both sides of
(6.51) from the left by 1,T,

(erated — <ess>)lTUl = lTLqr:nledqss' (6.52)

Given the balanced Laplacian matrix, lTL = 0 [30], which simplifies (6.52),

N

(erated - <ess>) Z u; = 0. (653>

i=1

Since all entries of the matrix U are positive, (6.53) yields epyeq = (€%), which
implies that the controllers successfully regulates the averaged voltage magnitude
of the microgrid, (e%), at the rated value, eryeq. Moreover, by substituting eryeqd —
(%) = 0 in (6.51),
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Lq_..q" = 0. (6.54)

If L is the Laplacian matrix associated with a graph that contains a spanning tree,
the only nonzero solution to Lx = 0 is x = nl, where n is a real number [29]. Thus,
(6.54) implies q* = nq,,.q1, which assures that the controller shares the total
reactive load among the sources in proportion to their ratings.

Frequency regulation and active load sharing is the next to study. The controller
guarantees the convergence of the voltage magnitude vector, e, and phase angle
vector, 0, to steady-state values. Thus, (6.6)—(6.7) suggest that all sources would
synchronize to the rated frequency, w;yeq. Moreover, based on (6.7), stabilizing the
phase angles across the microgrid implies that all the frequency correction terms in
(6.4) should decay to zero. Equivalently,

cLp,L.p® =0, (6.55)

which offers, p* = mp,,.q1, Where m is a positive real number. Thus, the controller
successfully handles the proportional active load sharing.

6.3 Experimental Verification

A 120/208 V, 60 Hz three-phase AC microgrid prototype is shown in Fig. 6.7.
System schematic is described in Fig. 6.8, where four inverter-driven sources are
placed in a radial connection to supply two loads, Z; and Z,. The inverters (sources)
have similar topologies but different ratings, i.e., the ratings of the inverters 1 and 2
are twice those for the inverters 3 and 4. Each inverter is augmented with an LCL
filter to eliminate switching and line-frequency harmonics. RL-circuit model is used

Fig. 6.7 AC microgrid
prototype, courtesy of the
Intelligent Microgrid
Laboratory at Aalborg
University: a inverter
modules, b dASAPCE
processor board (DS1006),
¢ programming and
monitoring PC, d RL loads.
© [2016] IEEE. Reprinted,
with permission, from IEEE
Transactions on Power
Electronics [54]
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Fig. 6.8 Schematic of the microgrid prototype; radial electrical connection and ring cyber
network. © [2016] IEEE. Reprinted, with permission, from IEEE Transactions on Power
Electronics [54]

for each transmission line. An inductive-resistive distribution network is adopted to
investigate collaborative interaction of the active and reactive power regulators in
load sharing. Structure of the cyber network is highlighted in Fig. 6.8. Alternative
cyber networks for a set of four agents are discussed in [29, 30] where the ring
structure is shown to be the most effective option and, thus, is considered here. It
can be seen that the ring connection provides a sparse network that carries the
required minimum redundancy where no single communication link failure would
hinder the connectivity of the graph. Communication links are bidirectional to
feature a balanced Laplacian matrix. A dSPACE processor board (DS1006) models
the communication channels and implements the control routines. Electrical and
control parameters of the microgrid are provided in Appendix.

6.3.1 Performance Assessment

Figure 6.9 evaluates performance of the droop-free controller. Inverters are initially
driven with fixed voltage command, i.e., ¢ =120 V and w; = 1207 rad/s. It
should be noted that no voltage feedback control had been initially in action to
compensate the voltage drop across the LCL filters, and thus, the resulting bus
voltages in Fig. 6.9a are less than the desired set point, i.e., ¢ = 120 V. It can also
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Fig. 6.9 Performance evaluation of the droop-free controller: a bus voltage (phase-to-neutral),
b inverter frequency set points, ¢ first voltage correction term, d second voltage correction term,
e supplied reactive power, f supplied active power, g load reactive power, h load active power.
Power ratings of the inverters 1 and 2 are twice those of inverters 3 and 4. © [2016] IEEE.
Reprinted, with permission, from IEEE Transactions on Power Electronics [54]

be seen in Figs. 6.9¢ and 6.8f that the total load is not shared among sources in
proportion to their power ratings.

It can be seen in the Appendix that the voltage controllers G;s are designed
slightly faster than the reactive power controllers H;s. Cut-off frequencies of the
power measurement filters are as low as 3 Hz to damp all undesired low-frequency
harmonics. These design considerations set the dynamic responses of the two
voltage and reactive power regulators apart enough to dynamically separate the two
resulting voltage correction terms, i.e., (3ei1 and ée?. The controller is activated at
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t = 8 s. The voltage correction terms have been added to the voltage set points to
help with the global voltage regulation and reactive load sharing. Figure 6.9(a)
demonstrates that the controllers have boosted the bus voltages across the microgrid
to satisfy the global voltage regulation; i.e., for > 8 s, the average voltage across
the microgrid is successfully regulated at the desired value of 120 V. As seen in
Fig. 6.9b, c, the first and the second voltage correction terms respond at two dif-
ferent time scales; the first correction term de! (output of the voltage regulator)
responds four times faster than the second correction term Je? (output of the
reactive power regulator). Figure 6.9b shows that the controllers have varied the
frequency set points in transients to adjust individual phase angles and provide the
desired active load sharing. This figure supports the discussions in Sect. 6.2.5,
where the active power regulator is proven to only enforce transient deviations in
frequency and that imposes no steady-state deviation. It can be seen that all inverter
frequencies synchronize to the rated frequency of 60 Hz in the steady state.
Figure 6.9e, f show the filtered power measurements and explain how the con-
trollers have effectively rerouted the power flow to provide proportional load
sharing.

Individual and total reactive and active load demands are plotted in Fig. 6.9g, h,
respectively. It should be noted that the loads have drawn more power once the
controller is activated, since the voltages are boosted across the entire microgrid.

Next, the controller performance is studied in response to the load change. The
load at Bus 4, Z4, has been unplugged at ¢ = 20 s and plugged back in at r = 35 s.
As seen in Fig. 6.9, the controller has successfully maintained global voltage
regulation, frequency synchronization, and proportional load sharing, despite the
change in load. It can also be observed in Fig. 6.9¢, f that the inverters 3 and 4
respond faster to the load change than the other two inverters as they are in closer
vicinity of Z,. Soft load change is performed in this study for safety purposes. In
fact, the load inductor at Bus 4 features an air-gap control knob. Using this control
opportunity, at t = 20 s, the load inductance is manually increased to its maximum
value to provide an ultimate current damping feature. Then, the load is physically
unplugged. A reverse procedure is followed at = 35 s to plug the load, Z, back
in. This soft load change procedure, besides the damping effect of the power
measurement filters, explains why the supplied powers in Fig. 6.9e, f and the load
demands in Fig. 6.9g, h show a slow and gradual profile rather than sudden
changes.

6.3.2 Communication Delay and Channel Bandwidth

Communication is indispensable to access neighbor data and, thus, to the operation
of distributed systems. Accordingly, channel non-idealities, e.g., transmission/
propagation delay and limited bandwidth, and channel deficiencies such as packet
loss may compromise the overall system performance. Thus, low delay and
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high-bandwidth communication protocols are of paramount value for distributed
control structures. For example, Wi-fi and Ultra Wide Band (UWB) protocols offer
bandwidths up to 5 and 7.5 GHz, respectively, with delays less than 1 ps. It should
be noted that the length of the communication link directly affects the channel
delay. Channel non-ideality effects on the controller performance has been studied
in [49] for distributed systems and, particularly, for microgrids in [50-52]. It is
shown that such non-idealities have a negligible impact on the overall system
performance if the channel delay is negligible compared to the controller dynamics.
For the underlying microgrid, results in Fig. 6.9 clearly show that the controller
dynamics are in the orders of hundreds of milliseconds (or longer); the system
dynamics exhibit different time constants for the voltage, active, and reactive power
regulation. Therefore, the controller is expected to operate safely with most of the
existing communication protocols. To further study the effect of communication
delay and limited bandwidth, a detailed model of the underlying microgrid is
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Fig. 6.10 Controller performance with non-ideal communication channel. Supplied active and
reactive powers for a delay = 1 ms and BW = 100 kHz, b delay = 50 ms and BW = 10 kHz,
¢ delay = 150 ms and BW =1 kHz. © [2016] IEEE. Reprinted, with permission, from IEEE
Transactions on Power Electronics [54]
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simulated in MATLAB/SIMULINK. Figure 6.10 shows the transient load sharing
performance in response to the step load change for a variety of communication
delays and bandwidths. It should be noted that the results in this figure present
instantaneous active and reactive powers, not the filtered measurements. However,
the controller still processes the filtered quantities. Comparison of studies in
Fig. 6.10 shows how long delays can compromise system stability (see Fig. 6.10c).

Analysis of distributed control protocols in [53] demonstrates that large com-
munication delays impose DC errors on the voltage estimations and cause drift from
a consensus. One can see such effect in Fig. 6.10, where longer delays introduce
larger errors in voltage estimations and lead to bus voltages regulated at higher
values than the desired rated voltage. This undesired voltage increment explains
elevated supplied powers in Fig. 6.10b, ¢ in comparison to Fig. 6.10a. Simulation
studies ensure immunity of the controller performance to delays as long as 10 ms
and channel bandwidths as low as 100 kHz, which makes communication protocols
such as Wi-fi and UWB very suitable for the field implementation.

6.3.3 Plug-and-Play Study

Figure 6.11 studies the plug-and-play capability of the control method. Inverter 3
has intentionally been unplugged at # = 10 s. Although this inverter is turned off
instantly, the power measurements exponential decay to zero because of the
existing low-pass filters.

It should be noted that a source failure also implies loss of all communication
links connected to that particular source. Accordingly, when Source 3 fails, it
automatically renders the links 2-3 (between Nodes 2 and 3) and 3—4 inoperable.
However, as seen in Fig. 6.11, the remaining links still form a connected graph with
balanced Laplacian matrix, and thus, the control methodology should remain
functional. As seen in Fig. 6.11c, d, the controllers have successfully responded to
the inverter loss and shared the excess power among the remaining inverters in
proportion to their power ratings. After the loss of Inverter 3, the voltage mea-
surement for Bus 3 would be unavailable. Thus, the controllers collectively regulate
the new average voltage, i.e., the average voltage of the remaining three inverters, at
the rated value of 120 V. However, the actual average voltage across the microgrid
is seen to be slightly less than the rated voltage.

As seen in Fig. 6.11a, Bus 3 experiences voltage sag due to the loss of gener-
ation. It should be noted that although inverter 3 is disconnected from Bus 3, the
bus voltage is still available. Inverter 3 is plugged back in at = 20 s; however, the
synchronization procedure delays inverter engagement.

After successful synchronization, the controller is activated at # = 31 s and has
shown excellent performance in the global voltage regulation and readjusting the
load sharing to account for the latest plugged-in inverter.
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6.3.4 Failure Resiliency in Cyber Domain

Resiliency to a single link failure is studied in Fig. 6.12. The original communi-
cation graph is designed to carry a minimum redundancy, such that no single
communication link failure can compromise the connectivity of the cyber network.
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As seen in Fig. 6.12, the Link 3—4 has been disabled at # = 3 s; yet, it does not have
any impact on the voltage regulation or load sharing, as the new graph is still
connected and has a balanced Laplacian matrix. It should be noted that, by prac-
ticing error detection/control protocols in the communication modules, any link
failure can be immediately detected at the receiving end. Accordingly, the receiving
end controller updates its set of neighbors by ruling out the node on the transmitting
end of the failed link. This reconfiguration ensures that the misleading zero-valued
data associated to the failed link (e.g., zero active and reactive power measure-
ments) will not be processed by the receiving end controller, and thus, the system
remains functional.

The controller response to load change is then studied in Fig. 6.12 with the failed
link, where a satisfactory performance is reported. In this study, the load at Bus 4,
i.e., Z4, has been unplugged and plugged back in at t=5s and t=17.5s,
respectively. It should be noted that although the link failure does not affect the
steady-state performance, it slows down the system dynamics as it limits the
information flow.

It should be noted that any reconfiguration in the cyber domain, e.g., commu-
nication link failure, affects the Laplacian matrix and, thus, the whole system
dynamic. However, it will not compromise the steady-state performance of the
control methodology, as long as the cyber network remains connected and presents
a balanced Laplacian matrix. Connectivity of the cyber network plays a key role in
the functionality of the entire microgrid. Including redundant cyber links, as
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discussed in Sects. 6.1.1 and 6.1.2, ensures network connectivity for the most
probable contingencies. However, any communication link failure requires imme-
diate attention/maintenance before another cyber incident takes place. It should be
noted that it is very unlikely to lose connectivity due to simultaneous failures of
several communication links.

6.4 Summary

A distributed secondary/primary controller is presented for AC microgrids. The
controller embedded on each inverter has three modules: the voltage, reactive
power, and the active power regulators. The voltage regulator estimates the global
average voltage across the microgrid. This estimation is then further used to adjust
the local voltage set point. The reactive power regulator also adjusts the voltage set
point by comparing the local normalized reactive power with the neighbors’. The
active power regulator compares the local normalized active power with the
neighbors’ and, accordingly, adjusts the frequency (or, phase angle) set point to
carry out the proportional active power sharing. This control paradigm does not rely
on the droop mechanism, yet it is fully distributed, i.e., it uses a sparse commu-
nication network for data exchange among inverters. Experimental results show that
the cooperative controller provides a precise global voltage regulation and pro-
portional load sharing. Controller performance, plug-and-play capability, and
resiliency to single communication link failure are also verified through
experiments.

Appendix

DC bus voltages that supply the inverter modules are all 650 V. The filter inductors
are identical and Lg = Lp, = 1.8 mH, and the intermediate capacitor is
Cr = 25 pF. The line impedance connecting busses i and j can be expressed as
Zij = R;j + sL;; where,

R12 =0.8 Q, L12 =3.6 mH
R23 =04 Q, L23 = 1.8 mH. (656)
R34 =0.7 Q, L34 =1.5mH

The control parameters are,

(6.57)

Pred = | kKW x diag{1.6,1.6,0.8,0.8}
Qreq = | KVAr x diag{0.6,0.6,0.3,0.3}
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0 15 0 15
15 0 15 0
Ac=173 15 0 15| (6.58)

15 0 15 0
b=2, c=0.02, (6.59)

{Gp:O.Ol><14, G =3xI (6.60)

HP:O.OO5><I47 H1:2X14.

References

10.

11.

12.

13.

14.

. Wu D, Tang F, Guerrero JM, Vasquez JC (2014) Autonomous control of distributed

generation and storage to coordinate P/Q sharing in islanded microgrids—an approach
beyond droop control. In: Proceedings of IEEE international energy conference, pp 983-988

. Ashabani SM, Mohamed YARI (2013) General interface for power management of

micro-grids using nonlinear cooperative droop control. IEEE Trans Power Syst 28:2929-2941
Hu J, Zhu J, Dorrell DG, Guerrero JM (2014) Virtual flux droop method—a new control
strategy of inverters in microgrids. IEEE Trans Power Electron 29:4704-4711

Mohamed YAI, El-Saadany EF (2008) Adaptive decentralized droop controller to preserve
power sharing stability of paralleled inverters in distributed generation microgrids. IEEE
Trans Power Electron 23:2806-2816

He J, Li YW (2011) Analysis, design, and implementation of virtual impedance for power
electronics interfaced distributed generation. IEEE Trans Ind Appl 41:2525-2538
Simpson-Porco JW, Dorfler F, Bullo F (2013) Voltage stabilization in microgrids via
quadratic droop control. In: IEEE 52nd Annual conference decision and control, pp 7582—
7589

. Mahmood H, Michaelson D, Jiang J (2015) Accurate reactive power sharing in an islanded

microgrid using adaptive virtual impedances. IEEE Trans Power Electron 30(3):1605-1617
Han H, Liu Y, Sun Y, Su M, Guerrero JM (2015) An improved droop control strategy for
reactive power sharing in islanded microgrid. IEEE Trans Power Electron 30(6):3133-3141

. Lee CT, Chu CC, Cheng PT (2013) A new droop control method for the autonomous

operation for distribute energy resource interface converters. IEEE Trans Power Electron
28:1980-1993

Dhople SV, Johnson BB, Hamadeh AO (2013) Virtual oscillator control for voltage source
inverters. In: Proceedings of 51st annual Allerton conference, pp 1359-1363

Johnson BB, Dhople SV, Hamadeh AO, Krein PT (2014) Synchronization of nonlinear
oscillators in an LTI electrical power network. In: IEEE transaction no circuits system I:
regular papers, vol 61, pp 834-844

Johnson BB, Dhople SV, Hamadeh AO, Krein PT (2014) Synchronization of parallel
single-phase inverters with virtual oscillator control. IEEE Trans Power Electron 29
(11):6124-6138

Johnson BB, Dhople SV, Cale JL, Hamadeh AO, Krein PT (2014) Oscillator-based inverter
control for islanded three-phase microgrids. IEEE J Photovoltaics 4(1):387-395

Vandon TL, Meersman B, De Koonig JDM, Vandevelde L (2012) Analogy between
conventional grid control and islanded microgrid control based on a global dc-link voltage
droop. IEEE Trans Power Del 27:1405-1414



170 6 Droop-Free Distributed Control of AC Microgrids

15. Etemadi AH, Davison EJ, Iravani R (2012) A decentralized robust strategy for multi-DER
microgrids—part I: fundamental concepts. IEEE Trans Power Del 27:1843-1853

16. Shafiee Q, Nasirian V, Guerrero JM, Lewis FL, Davoudi A (2014) Team-oriented adaptive
droop control for autonomous AC microgrids. In: Proceedings of 40th industrial electronics
conference (IECON), pp 1861-1867

17. Etemadi AH, Davison EJ, Iravani R (2014) A generalized decentralized robust control of
islanded microgrids. IEEE Trans Power Syst 29(6):3102-3113

18. Hui Q, Haddad W (2008) Distributed nonlinear control algorithms for network consensus.
Automatica 42:2375-2381

19. Fax J, Murray R (2004) Information flow and cooperative control of vehicle formations. IEEE
Trans Automat Control 49:1465-1476

20. Qu Z (2009) Cooperative control of dynamical systems: applications to autonomous vehicles.
Springer, New York

21. Shafiee Q, Guerrero JM, Vasquez JC (2014) Distributed secondary control for islanded
microgrids—a novel approach. IEEE Trans Power Electron 29:1018-1031

22. Shafiee Q, Stefanovic C, Dragicevic T, Popovski P, Vasquez JC, Guerrero JM (2014) Robust
networked control scheme for distributed secondary control of islanded microgrids. IEEE
Trans Ind Electron 61:5363-5374

23. Zhang Y, Ma H (2012) Theoretical and experimental investigation of networked control for
parallel operation of inverters. IEEE Trans Ind Electron 59:1961-1970

24. Marwali MN, Keyhani A (2004) Control of distributed generation systems—part I: voltages
and currents control. IEEE Trans Power Electron 19:1541-1550

25. Marwali MN, Jung JW, Keyhani A (2004) Stability analysis of load sharing control for
distributed generation systems. IEEE Trans Energy Convers 22:737-745

26. McArthur SDJ, Davidson EM, Catterson VM, Dimeas AL, Hatziargyriou ND, Ponci F,
Funabashi T (2007) Multi-agent systems for power engineering applications—part I:
concepts, approaches, and technical challenges. IEEE Trans Power Syst 22:1743-1752

27. Bidram A, Davoudi A, Lewis FL, Qu Z (2013) Secondary control of microgrids based on
distributed cooperative control of multi-agent systems. IET Gener Transm Dist 7:822—831

28. Nasirian V, Davoudi A, Lewis FL (2014) Distributed adaptive droop control for dc
microgrids. In: Proceedings of 29th IEEE applied power electronics conference and
exposition (APEC), pp 1147-1152

29. Nasirian V, Moayedi S, Davoudi A, Lewis FL (2015) Distributed cooperative control of dc
microgrids. IEEE Trans Power Electron 30:2288-2303

30. Nasirian V, Davoudi A, Lewis FL, Guerrero JM (2014) Distributed adaptive droop control for
dc distribution systems. IEEE Trans Energy Convers 29:944-956

31. Moayedi S, Nasirian V, Lewis FL, Davoudi A (2015) Team-oriented load sharing in parallel
dc-dc converters. IEEE Trans Ind Appl 51(1):479-490

32. Robbins BA, Hadjicostis CN, Dominguez-Garcia AD (2013) A two-stage distributed
architecture for voltage control in power distribution systems. IEEE Trans Power Syst
28:1470-1482

33. Dominguez-Garcia AD, Hadjicostis CN, Vaidya NF (2012) Resilient networked control of
distributed energy resources. IEEE J Sel Areas Commun 30:113-1148

34. Cady ST, Dominguez-Garcia AD (2012) Distributed generation control of small-footprint
power systems. In: Proceedings of North American power symposium, pp 1-6

35. Bidram A, Davoudi A, Lewis FL (2014) A multi-objective distributed control framework for
islanded microgrids. IEEE Trans Ind Inform 10(3):1785-1798

36. Dorfler F, Simpson-Porco JW, Bullo F (2014) Breaking the hierarchy: distributed control and
economic optimality in microgrids. Available on arXiv:1401.1767v1

37. Bouattour H, Simpson-Porco JW, Dorfler F, Bullo F (2013) Further results on distribute
secondary control in microgrids. In: IEEE conference on decision and control, pp 1514-1519

38. Simpson-Porco JW, Dorfler F, Bullo F, Shafiee Q, Guerrero JM (2013) Stability, power
sharing, and distributed secondary control in droop-controlled microgrids. In: IEEE smart grid
communications symposium, pp 672-677



http://arxiv.org/abs/1401.1767v1

References 171

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Simpson-Porco JW, Dorfler F, Bullo F (2013) Synchronization and power sharing for
droop-controlled inverters in islanded microgrids. Automatica 49:2603-2611

Olfati-saber R, Fax JA, Murray RM (2007) Consensus and cooperation in networked
multi-agent systems. Proc IEEE 95(1):215-233

Olfati-Saber R, Murray RM (2004) Consensus problems in networks of agents with switching
topology and time-delays. IEEE Trans Automat Control 49(9):1520-1533

Erickson RW, Maksimovic D (2001) Fundamental of power electronics, 2nd edn. Kluwer,
Norwell

Spanos DP, Olfati-Saber R, Murray RM (2005) Dynamic consensus for mobile networks. In:
Proceedings of 16th international federation of automatic control (IFAC), pp 1-6

Chen L, Hu C, Zhang Q, Zhang K, Batarseh I (2015) Modeling and triple-loop control of ZVS
grid-connected dc/ac converters for three-phase balanced micro-inverter application. IEEE
Trans Power Electron 30(4):2010-2023

Sozer Y, Torrey DA (2009) Modeling and control of utility interactive inverters. IEEE Trans
Power Electron 24(11):2475-2483

Pogaku N, Prodanovic M, Green TC (2007) Modeling, analysis and testing of autonomous
operation of an inverter-based microgrid. IEEE Trans Power Electron 22(2):613-625

Guo X, Lu Z, Wang B, Sun X, Wang L, Guerrero JM (2014) Dynamic phasors-based
modeling and stability analysis of droop-controlled inverters for microgrid applications. IEEE
Trans Smart Grid 5(6):2980-2987

Zhang H, Lewis FL, Qu Z (2012) Lyapunov, adaptive, and optimal design techniques for
cooperative systems on directed communication graphs. IEEE Trans Ind Electron 59
(7):3026-3041

Xiao F, Wang L (2008) Asynchronous consensus in continuous-time multi-agent systems
with switching topology and time-varying delays. IEEE Trans Automat Control 53(8):1804—
1816

Kahrobaeian A, Mohamed YARI (2015) Networked-based hybrid distributed power sharing
and control of islanded micro-grid systems. IEEE Trans Power Electron 30(2):603-617

Ci S, Qian J, Wu D, Keyhani A (2012) Impact of wireless communication delay on load
sharing among distributed generation systems through smart microgrids. IEEE Wireless
Commun 19(3):24-29

Liu S, Wang X, Liu PX, Impact of communication delays on secondary frequency control in
an islanded microgrid. IEEE Trans Ind Electron (to be published). doi:10.1109/TIE.2014.
2367456

Behjati H, Davoudi A, Lewis FL (2014) Modular DC-DC converters on graphs: cooperative
control. IEEE Trans Power Electron 29(12):6725-6741

Nasirian V, Shafiee Q, Guerrero J, Lewis F, Davoudi A, (2016) Droop-free distributed control
for AC microgrids. IEEE Trans Power Electronics 31(2):1600-1617


http://dx.doi.org/10.1109/TIE.2014.2367456
http://dx.doi.org/10.1109/TIE.2014.2367456

Chapter 7
Cooperative Control for DC Microgrids

Similar to the control hierarchy of the AC systems, a hierarchical control structure is
conventionally adopted for DC microgrid operation [1, 2]. The highest hierarchy,
the tertiary control, is in charge of economical operation and coordination with the
distribution system operator. It assigns the microgrid voltage to carry out the
scheduled power exchange between the microgrid and the main grid [3-6]. To
satisfy voltage demand of the tertiary control, the secondary control measures
voltages across the microgrid and, accordingly, updates the voltage set points for
the primary controllers. The primary control, typically implemented locally with a
droop mechanism, regulates the output voltage of individual converters that supply
microgrid.

The secondary and tertiary controls are typically implemented in a centralized
fashion [7, 8], which communicates with converters through communication links
with high connectivity. Loss of any link in such a topology can lead to the failure of
the corresponding unit and, thus, overstressing other units, leading to system-level
instability and cascaded failures [9]. Since future extensions add to the complexity
of the controller, scalability of central controllers is not straightforward. Distributed
control has emerged as an attractive alternative as it offers improved reliability,
simpler communication network, and easier scalability [8]. For example, distributed
tertiary control via DC bus signaling is studied in [10-12]. Structurally, it is desired
to extend the distributed control paradigm to the secondary/primary controls.
Categorically, such a controller shall satisfy two main control objectives of DC
microgrids, namely voltage regulation [13] and proportional load sharing [14].

Proper load sharing assigns the load among participating converters in propor-
tion to their rated power. This equalizes the per-unit currents of all sources and
prevents circulating currents [14] and overstressing of any source [15-18]. The
droop control is widely adopted for load sharing by imposing virtual output
impedance on each converter [18-20]. Static/dynamic performance and stability
assessment of droop controllers are investigated in [21-25]. Despite simplicity and
ease of implementation, the conventional droop method suffers from poor voltage
regulation and load sharing, particularly when the transmission line impedances are
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not negligible [26-29]. The primary reason for this poor voltage regulation is the
voltage drop caused by the virtual impedance. Another factor is the output voltage
mismatch among different converters, which is crucial for the natural power flow in
DC systems, but further exacerbates the voltage regulation issue.

Possible solutions to the aforementioned issues have been reviewed in [8]. These
solutions are either centralized [1] or require establishment of a fully connected
communication network throughout the microgrid, where any two nodes are
directly connected [30-32]. For example, a centralized secondary control in [1]
measures the microgrid voltage, calculates a voltage restoration term, and sends the
restoration term to all sources. It assumes equal voltages for all converters across
the microgrid, which is not a viable assumption for practical DC microgrids.
Adaptive droop control in [33, 34] further improves performance, but the trans-
mission line impedance is neglected. High droop gains in [8] mitigate
power-sharing discrepancy caused by the line impedances. In [35], a communica-
tion network is spread all over the microgrid and the functionality of the centralized
secondary controller is embedded in each converter. Point-to-point communication
links are required for all sources, and any link failure renders the whole microgrid
inoperable. The line impedance effect is taken into account in [26], with a fully
connected communication network. Despite improved accuracy, systems with a
fully connected communication network are susceptible to failure as any link failure
impairs the whole control functionality. Future extension is another challenge; after
any structural/electrical upgrade, some control settings, e.g., the number of sources,
need to be updated and embedded in all converters. Voltage regulation requirement
is redefined in [36] to incorporate the line impedance effect. Accordingly, it is
required that the average voltage across the microgrid (and only not a specific bus
voltage) is regulated at the global voltage set point determined by the tertiary
control. This is called the global voltage regulation and is considered in this chapter.
This chapter focuses on the cooperative secondary/primary controls for DC
microgrids. The salient features of these control methods are as follows:

e Cooperation among converters on a communication graph is used to provide
neighbors’ data and, accordingly, fine-tune the local voltage set point for each
converter.

e FEach converter is augmented with a voltage regulator. This regulator uses the
estimation made by the voltage observer to adjust the local voltage set point and
provide global voltage regulation.

e A current regulator is also added that compares the actual per-unit current of a
converter with a weighted average of its neighbors’ and, accordingly, generates
a voltage correction term to provide proportional load sharing. As an alternative
control solution, the current regulator can tune the droop coefficient in an
adaptive droop mechanism to balance load sharing.

e Cooperation of the voltage and current regulators is shown to effectively carry
out both global voltage regulation and proportional load sharing, particularly,
when the transmission line impedances are not negligible.
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e A noise-resilient voltage observer is introduced that processes local and
neighbors’ voltage approximation to estimate the global average voltage across
the microgrid.

e The control scheme does not require a priori knowledge of the global parameters
such as the number of sources. Thus, it is scalable and truly features
plug-and-play capability.

e A sparse communication network is spanned across the microgrid that enables
limited message passing among converters; each converter only exchanges data
with its neighbors. This is in direct contrast to the centralized control approaches
which require communication networks with high-bandwidth communication
links and a high level of connectivity.

7.1 Distributed Cooperative Controller for DC Microgrids

7.1.1 Graphical Representation of DC Microgrids

Figure 7.1 shows the mapping of a cyber network to a physical microgrid. The
nodes represent converters, and edges represent communication links for data
exchange. The communication graph does not need to have the same topology as
the underlying physical microgrid. This cyber connection lays the groundwork for
the cooperative control paradigm, where neighbors’ interactions can lead to a global
consensus. Accordingly, not all agents (converters) in a large-scale dynamic system
need to be in a direct contact. Instead, each agent only exchanges control variables
with its neighbors. Then, using the neighbors’ data and its local measurements, the
agent updates its control variables. The cooperative control offers global consensus
of the desired variables, provided that the communication graph is properly
designed.

Figure 7.1b shows a directed graph (digraph) associated with the cyber layer
connecting the microgrid converters in Fig. 7.1a. Such a graph is represented as a
set of nodes Vg ={v],V5,...,vy} connected through a set of edges
E¢ C Vg x Vg, and an associated adjacency matrix Ag = [a;] € RVN - where
N is the number of nodes. The adjacency matrix Ag contains the communication
weights, where a; > 0 if (ng, vlg) € Eg and a; = 0, otherwise. a;; is the commu-
nication weight for data transfer from Node j to Node i. Here, the adjacency matrix

is assumed to be time invariant. N; = {j|(v},}) € Eg} denotes the set of all

s Vi
neighbors of Node i; i.e., if j € N;, then vlg receives information from v]g. However,
in a digraph, the link is not necessarily reciprocal; i.e., v]g might not receive
information from v¢. The in-degree matrix Dif = diag{d"} is a diagonal matrix
with di" = 3.\ a;. Similarly, the out-degree matrix is Dg" = diag{d{"'}, where
di*™ =3 ey, aji- The Laplacian matrix is defined as L = Dg — Ag, whose eigen-

values affect the global dynamics of the entire microgird [37].
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Fig. 7.1 General layout of a
DC microgrid: a converters
supplying the grid and

b communication network
spanned among sources for
data exchange. © [2016]
IEEE. Reprinted, with
permission, from IEEE
Transactions on Power
Electronics [36]

Electric Network

Communication
Network

The Laplacian matrix is balanced if the in-degree of each node matches its
out-degree, i.e., Di(‘;1 = Dg“. In particular, if the graph is undirected, i.e., all links are
bidirectional then, the Laplacian matrix is balanced. A direct path from v¢ to v]g is a
sequence of edges that connects the two nodes. A digraph is said to have a spanning
tree if it contains a root node, from which there exists at least a direct path to every
other node.

7.1.2  Cooperative Secondary Control Framework

Figure 7.2 shows the layout of a typical DC microgrid, where the physical, cyber,
and control layers are all illustrated. The physical layer consists of the dispatchable
sources (including the power electronics converters), transmission lines, and loads.
A cyber layer, comprised of all communication links, is spanned across the mi-
crogrid to facilitate data exchange. This is a sparse communication network with at
least a spanning tree and is also chosen such that in case of any cyber-link failure,
the remaining network still contains a spanning tree. Although the graph shown in
Fig. 7.2 is undirected (bidirectional), directed graphs can be used in a general case.
Each converter transmits a set of data, \¥'; = [v;, v;, ifu], to its neighbors that consist
of three elements: its estimate of the average voltage across the microgrid, v;, its
actual local voltage measurement, v;, and the measured per-unit current, if.’ U At the
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other end of the communication links, each converter j receives data from all its
neighbors, W, k € N;, with communication weights, a;. These communication
weights are design parameters and can be considered as data transfer gains.

The per-unit term here refers to the current provided by the converter divided by
its rated current, i.e., " £ / [t where /4 is the rated current of the ith con-
verter. Thus, 1r1d1v1dual converters may use different values as their base currents
(i.e., their rated currents), unlike the conventional per-unit terminology, where
converters in the same voltage zone share identical values for base currents. This
terminology of the per-unit current is used here to represent loading percentage of
each converter.

The global voltage regulation and proportional load sharing are the two objec-
tives of the secondary/primary control, which require proper voltage set point
assignment for the individual converters. The cooperative secondary controller is
highlighted in Fig. 7.2, where local and neighbors’ information are processed to
adjust the local voltage set point, v;. The starting point is the conventional droop
mechanism that characterizes the converter output impedance using a virtual
impedance r;. The droop controller, at a primary control level, acts on local
information. When operating conditions vary, the droop mechanism promptly

Control Scheme at Node i

Voltage
Controller

Neighbors’ data

— i v, = {T’ r",'/,"’”}

To Neighbors
3} N
Converter 1 Converter 2 Converter 3 Converter 4

Energy
Source
Energy
Source
Energy
Source
Energy
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Communication
¢ ¢ Network ¢
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Fig. 7.2 Distributed cooperative control for DC microgrids. © [2016] IEEE. Reprinted, with
permission, from IEEE Transactions on Power Electronics [36]
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initiates the voltage adjustment. However, this local control has a limited perfor-
mance. Cooperation among converters, at the secondary control level, can help
properly fine-tune the voltage set points, v;, and mitigate the current and voltage
residuals.

The voltage set point for the droop control is augmented with two correction
terms. These correction terms are provided through cooperation among converters.
They are resulted from voltage and current regulators that help fine adjustment of
the local voltage set points, i.e., v;s, to provide global voltage regulation and
proportional load sharing. Based on Fig. 7.2, the local voltage set point for an
individual converter can be expressed as

Vi =V — i ov! + 0v2 (7.1)

This set point is further adjusted by a voltage limiter (see Fig. 7.2) to maintain
the bus voltages within an acceptable range.

The voltage regulator consists of a voltage observer and a PI controller, H;. The
voltage observer at each node estimates the average voltage across the microgrid,
where v; is the estimation at Node i. This estimation is then compared with the
global reference voltage, vﬁef, to generate the first voltage correction term, év!. In
case of any mismatch between v; and vlr.ef, the controller adjusts v} to eliminate the
discrepancy. In the islanded mode of operation, the global reference voltage, vi*',
are typically all equal to the rated voltage of the microgrid. However, in the
grid-connected mode, where the microgrid exchanges power with the main grid, the
tertiary control sets a new voltage level for the microgrid and relays the new
reference value to individual converters. A cooperative observer will process the
local voltage measurement and the neighbors’ estimates to evaluate the average
voltage across the microgrid. Functionality of the observer is discussed in detail in
Sect. 7.1.3. The line impedances might incapacitate the droop mechanism to pro-
portionally share the load. Herein, a cooperative current regulator generates the
second voltage correction term, dv?. The regulator at Node i compares the local
per-unit current, i, with a weighted average of the neighbors’ per-unit currents to
find the current mismatch, J;,

5= ca(i — i), (7.2)

JEN;

where c is the coupling gain between the voltage and current regulators. The current
mismatch, J;, is fed to a PI controller, G;, which calculates the second voltage
correction term, dv7. If the per-unit currents of any two neighbors differ, the current
regulators of the corresponding converters respond and adjust their second voltage
correction terms to gain balance.

The current regulator itself (without the droop mechanism shown in Fig. 7.2)
can accurately carry out the proportional load sharing. The droop mechanism,
however, is typically a part of the primary controller and might be already
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embedded with the power electronic converter without any deactivation flexibility.
Therefore, it is included in the primary controller of Fig. 7.2 to show that the
current regulator can handle the load sharing even in the presence of the droop
mechanism.

The primary voltage controller typically includes a voltage limiter (see Fig. 7.2).
These limiters carry out two tasks: They limit voltage variations at the source
terminals and also limit transmission line loading. According to Fig. 7.2, each
output voltage is limited to v — ¢ <v; <V + ¢ With no loss of generality, one
can assume that all converters use identical reference voltages, i.e., vgef = Vet for all
1 <i<N. Accordingly, voltage difference between every two nodes does not
exceed the voltage limit band, i.e., |v; — vj| < 2¢. Equivalently, the transmission line

current will be limited to i,-j§28/rl;,-, where r;; is the series resistance of the
transmission line between nodes i and ;.

7.1.3 Voltage Observer

The observer module is a part of the voltage regulator module, as shown in Fig. 7.2.
It uses a dynamic cooperative framework to process neighbors’ information and
estimate the average voltage across the microgrid.

7.1.3.1 Dynamic Consensus Algorithm

Figure 7.3a shows the cooperative distributed approach for the global averaging.
The observer at Node i receives its neighbors’ estimates, V;s (j € N;). Then, the

@ _ “z'l
V.
. J _

TN, >, (7 -7) |- /—»@—%—»
jen,

Communication
with neighbors

(b) —

Fig. 7.3 Dynamic consensus protocol: a averaging policy at each node and b global model of the
averaging technique in the frequency domain. © [2016] IEEE. Reprinted, with permission, from
IEEE Transactions on Power Electronics [36]
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observer updates its own estimate, v;, by processing the neighbors’ estimates and
the local voltage measurement, v;,

t
(1) = wilt) + / S 4 (75(2) — (1)) de. (7.3)
o JENi

This updating protocol is commonly referred to as dynamic consensus in the
literature [38]. As shown in (7.3), the local measurement, e.g., v;, is directly fed into
the estimation protocol. Thus, in case of any voltage variation at Node i, the local
estimate, v;, immediately responds. Then, the change in v; propagates through the
communication network and affects all other estimations. By differentiating (7.3)

\L)i = 1'/,' + Zdy(f/j — \7,') = \.),' + Za,-jfzj — d;:nf)i. (74)

JEN; JEN;

Accordingly, one can formulate the global observer dynamic as

V=v+AcV—Dgv=v— (D§ —Ag)V=v-—Ly, (7.5)
where v = [vi,va, .. ., vN]T is the voltage measurement vector, which carries mea-
sured voltage of all nodes. Also, v = [vy, s, .., 17N]T denotes the voltage estimation

vector, which contains the global average voltage estimated by all nodes.
Equivalently, in the frequency domain,

sV — v(0) = sV — v(0) — LV, (7.6)

where V and V are the Laplace transforms of V and v, respectively. Equation (7.3)
implies that v(0) = v(0). Therefore,

V =s(sly +L) 'V = HyV, (7.7)

where Iy € RV and H,,, are the identity matrix and the observer transfer
function, respectively. Equation (7.7) expresses the global dynamics of the voltage
observers, whose block diagram is shown in Fig. 7.3b. It is shown in Appendix that
if L is balanced, then all elements of v converge to a consensus value, which is the
true average voltage, i.e., the average of all elements in V. In other words,

v = lim v(r) = Q x lim v(r) = Qv* = (v**)1, (7.8)

1—00 —00
where Q € RM*V is the averaging matrix, whose elements are all equal to 1 /N. x*
expresses the steady-state value of the vector x € RV*!, (x) represents the average

of all elements in the vector X. 1 € R¥*! is a vector whose elements are all equal to
one.



7.1 Distributed Cooperative Controller for DC Microgrids 181
7.1.3.2 Noise Cancelation Module

Disturbances may degrade the efficacy and accuracy of the voltage observers.
Nonzero initial value of the integrator in Fig. 7.3a or read/write errors in digital
storage devices are common disturbance sources in digital processing [39, 40]. For
example, a nonzero initial value of any observer’s integrator yields to an identical
DC error in all estimations. Therefore, a noise cancelation module is essential to
identify and cancel such disturbance/noises. Figure 7.4a shows the noise cancela-
tion (NC) module incorporated in the voltage observer. A disturbance source, d;,
highlighted in red, is assumed for the observer at Node i. This source represents the
aggregated effect of all possible disturbance/noises. The primary stage of the NC
module is an observer similar to that of Fig. 7.3a that estimates average of the
voltage deviations, w;s, where w; = v; — v;. This stage is followed by an integrator
to ensure disturbance tracking for DC and exponentially damping disturbances, e.g.,
a nonzero initial value for any integrator.

At each node, the NC module estimates (w) as a noise indicator, where w =

Wi, wa,. .., WN}T is the voltage deviation vector. If the noise cancelation term, 21,», is
disabled for all nodes, with no noise corrupting the signals, i.e., d; = 0 for all nodes,
the voltage observers converge to the true average voltage. Thus,

W=V v (W) = (§%) — (v = 0. (7.9)

However, if any noise pollutes any observation, the voltage observations no
longer converge to the global average, i.e., (V%) # (v*). Accordingly, (W) # 0.
Thus, (w) is a suitable noise indicator. Accordingly, with activated NC module, it
estimates (w) and feeds the result into the integrator. If (w) # 0, the integrator
adjusts the noise cancelation term, 21,», until it matches the noise, i.e., EZ,- =d;, and
cancels its effect on the voltage estimations.

Similar to (7.5), the total voltage observer dynamics can be derived by analyzing
the policy explained in Fig. 7.4a. Herein, the total observer is referred to as the
observer in Fig. 7.4a, which incorporates the NC module. According to this figure,

V= -Lv+v+d—d, (7.10)
d = Kw, (7.11)
W= —bLW+W = —bLW+V—V, (7.12)

where d = [dy,d, . ..,dy]" and d = [211,512, . .,EZN]T are the actual and estimated

disturbance vectors, respectively. w = [wy, w2, .. .,WN]T is the estimated voltage
deviation vector. K = diag{k;} is the NC integrator gain matrix. b is the coupling
gain between the main observer and the NC module. Equivalently, in the frequency
domain,
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(a)

Dynamic Consensus

Y, —

JEN, | Xe,(m-1)
JEN,

Communication
with neighbors

Noise Cancellation Module

JEN, | Sba, (@, -

JEN,

Communication
with neighbors

b . .

(4)— Dynamic Averaging —»-«— Noise Cancellation —»
)

\ N L

Fig. 7.4 Dynamic consensus protocol with noise cancelation: a averaging and noise cancelation
policies at each node and b global model of the averaging technique in the frequency domain. ©
[2016] IEEE. Reprinted, with permission, from IEEE Transactions on Power Electronics [36]

(sIy + L)V = ¥(0) = sV — v(0) + sD — d(0) — sD +d(0), (7.13)
sD — d(0) = KW, (7.14)
(sIy + L)W — w(0) = sV — v(0) — sV +v(0), (7.15)

where D, ﬁ, and W are the Laplace transforms of d, fl, and w, respectively. The
initial conditions of the vectors involved in the total observer can be determined
using Fig. 7.4a. Accordingly,
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d(0) =0, (0) = v(0) +d(0), (7.16)

<

(0) = ¥(0) — v(0) = d(0). (7.17)

Each disturbance source, d;, represents the aggregated effect of all possible
disturbances at the corresponding node. Thus, the initial conditions of all the
integrators in Fig. 7.4a can be safely assumed zero. Based on (7.13)-(7.17), the
global block diagram of the total observer is shown in Fig. 7.4b. One can simplify
(7.13)—(7.15) using (7.16) and (7.17),

(sIy + L)V = sV +sD — KW, (7.18)
(sIy +bL)W = s(V — V). (7.19)

Therefore,
((SIN L)+ sK(sTy + bL)*‘)V - (sIN +sK(sIy + bL)*)V +sD,  (7.20)

which can be written as

V =H,, .V +HxcD, (7.21)

—1
Hr, = ((sIN + L)+ sK(sy + bL)“) X (sIN + sK(sIy + bL)_l) . (1.22)

—1
Hyc = s ((sIN L)+ sK(sy + bL)*‘) , (7.23)

where HY, - and Hyc are the total observer and NC transfer functions, respectively.
It should be noted that for K = 0, (7.22) and (7.7) provide the same functions.
Basically, (7.7) presents the observer transfer function with a disabled NC module,
where (7.22) expresses the function with an activated NC module. Appendix shows
that lim,_ HY, | = Q, which guarantees convergence of all estimations to the global
average voltage. It should also be noted that Hyc has a zero at the origin, and thus,
for DC and exponentially damping disturbances, the second term in (7.21) decays
to zero. Accordingly, the noise cancelation module successfully cancels any DC
disturbance and attenuates any other disturbance according to its fundamental
frequency. This is a satisfactory performance since most common disturbance
sources in digital signal processing, such as nonzero integrator initial condition and

read/write errors, have a DC or very-low-frequency nature [40].
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7.2 Analytical Model Development for DC Microgrids
7.2.1 Global Dynamic Model

Let veer = [ V8, v T and i = [i}, 42, . . ., in]" be the global reference voltage
and the actual supplied current vectors, respectively. V¢ and I are the Laplace
transforms of v, and i, respectively. Systematically, V. is the input to the entire
microgrid, where V and I are the outputs. A global dynamic model formulates the
transfer functions from the input, Vi, to any outputs V and L.

The cooperative distributed control of Fig. 7.2 introduces two voltage correction
terms at each node, 5\1} and 5\11.2. Accordingly,

AV' =H(Vis — V), (7.24)
AV? = —cGLI™. (7.25)
AV = [ovh vl . ovl]T and Av? = [0v3, 002, ..., 0v}]" are the first and the

second voltage correction vectors, respectively. AV! and AV? are the Laplace
transforms of Av! and Av?, respectively. H = diag{H,} and G = diag{G;} are the
voltage and current controller matrices, respectively. i = [, 5", ... 2" is the
per-unit current vector with the Laplace transform of I**. One can write

" =1,

rated

I, (7.26)

where Lyeq = diag{I™°!} and I are the current rating matrix and the current
rating of the converter at Node i, respectively. Thus, by substituting (7.26) in (7.25),

AV? = —cGLI_ L (7.27)

rated

Let v = [v’f,vz,...,vj‘v]T be the vector of local voltage set points with the
Laplace transform of V*. The cooperative controller finds the local voltage set
points according to,

V* = Vs + AV £ AV? — 1, (7.28)

where r = diag{r;} is the virtual impedance matrix. By substituting (7.24) and
(7.27) in (7.28),

V* = (Iy+H) Vs — HV — (¢GLI . + 1)L (7.29)

On the other hand, dynamic behavior of any converter with a closed-loop
voltage regulator can be modeled as
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Vi = Gi(s)Vy. (7.30)

where V; and V; are the Laplace transforms of v; and v}, respectively. Gf is the
closed-loop transfer function of the converter at Node i. The closed-loop transfer
functions are formulated in [41, 42] for a wide variety of converters. Global
dynamic of the converters can be found as

V =GV, (7.31)

where G, = diag{G¢} is the transfer function matrix. Substituting (7.29) in (7.31)
yields

V = G¢((Iy + H)Vier — HV — (cGLI ., +1)I). (7.32)

The voltage observer dynamics are formulated in (7.21)—(7.23). By neglecting
the disturbance in the observers, one can write V.= HY, V. The microgrid admit-

tance matrix, Yyys, relates the supplied currents to the bus voltages as
I=YyV. (7.33)

The admittance matrix carries all the details of the distribution grid. For
example, n-circuit model of any line can be considered by including the line series
resistance, series inductance, and parallel capacitance in the admittance matrix,
Yyus. Therefore, (7.32) can be written as

obs
O A » -1 . (7.34)
((YbUSGC) + HHobsYbus + CGLIrated + l') (IN + H>Vref

V = (G.'+ HHY, + (cGLI L, +1)Yous)  (Iy+H) Vs
I =
Equation (7.34) represents the global microgrid dynamics with the cooperative
controller in effect.

7.2.2 Guidelines for Controller Design

For a given microgrid, the matrix of converters’ closed-loop transfer functions, G,
the current rating matriX, Iieq, and the admittance matrix, Ypys, are known. The
communication graph needs to contain at least a spanning tree. Weights of the
communication links, @;;, and, thus, the Laplacian matrix, L, may, then, be chosen
to provide the desired dynamic for the voltage observers by evaluating (7.7). It
should be noted that the selection of the communication weights must satisfy a
balanced Laplacian matrix. Equation (7.23) helps to design the coupling gain, b,
and the integrator gain matrix, K, to achieve a satisfactory noise cancelation
dynamic. Given the Laplacian matrix, L, and the total observer transfer function,
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HSbs (or the reduced-order function Hyys), one can use (7.34) to design the voltage
and current controller matrices (H and G, respectively), the virtual impedance
matrix, r, and the coupling gain, ¢, to provide any desired asymptotically stable
dynamic response, where all poles of (7.34) lie in the open left-hand plane (OLHP).
The current regulator surpasses the droop mechanism in providing the proportional
load sharing, and thus, the virtual impedance matrix, r, can be freely designed.
However, the designer may still use the traditional approach to tune the virtual
impedances as

r=mL/ (7.35)

rated ?

where m is a positive scalar design parameter.

7.2.3 Steady-State Analysis

Steady-state analysis is essential to ensure that the cooperative controller satisfies
both operational requirements: the global voltage regulation and the proportional
load sharing. With no loss of generality, one can assume

Vref

Vier = —1, (7.36)
s

where v is the reference voltage for the entire microgrid. Voltage stabilization,
throughout the microgrid, is also assumed. Accordingly, the voltage vector, V, is a
type 1 vector; i.e., it has a single pole at the origin and all other poles lie in the
OLHP. Thus, one may safely use the final value theorem to find the steady-state
voltage vector, v*,

v = lim v(r) = lin& sV(s)
1—0o0 5§

7.37
= m(s(;;l + sHHY, +5(cGLIL + 1) Yous) ~ Xvier (Iy + H)L. 737

The voltage and current controllers (H;s and G;s, respectively) are PI con-
trollers, and thus, one can write H = Hp + H;/s, where Hp and Hj are diagonal
matrices carrying proportional and integral gains of the voltage controllers.
Similarly, G = Gp + Gi/s, where Gp and G are diagonal matrices that contain
proportional and integral gains of the current controllers. It is also known that the
DC gain of the closed-loop converters is equal to one, i.e., G¢(0) = Iy = G_'(0)
[41]. In addition, based on Theorem 7.2 (see Appendix), lim,_g Hgbs = Q. Thus,
(7.37) can be written as
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V¥ = vt (HIQ + ¢GILL, ch)_lHll, (7.38)

rated

or, equivalently,

(UQ+ cLI; Yae ) V¥ = viefUL, (7.39)
where Ygc=Yuus(0) is the DC admittance matrix, and U = G 'H; = diag{u;} is a
diagonal matrix with u; = Hy(i,)/Gi(i,i). All the integrator gains for the current
controllers are assumed to be positive, and thus, G, ! exists. Since the Laplacian
matrix is designed to be balanced (see Sect. 7.1.3), one can write QL = 0.
Therefore, by multiplying both sides of (7.39) by the averaging matrix, Q,

Q(U(Qv™)) = verQ(UL). (7.40)

Based on the definition of the averaging matrix, Q, Qx = (x)1, for any vector
x € R¥*1. Accordingly, (7.40) is equivalent to

(VI UL)1 = v (UL)1, (7.41)

or, equivalently, (v*) = v,er. This analysis shows that the cooperative controller
provides global voltage regulation; i.e., it successfully regulates the average voltage
at the desired value. On the other hand, (7.39) can be written as

U(Qv®) + LI, L ji* = vfUL, (7.42)
or, equivalently,

L (L i®) = ¢ (ver — (v¥))UL = 0. (7.43)

The Lemma 7.1 (see Appendix) ensures that the Laplacian matrix L has a simple
eigenvalue at the origin, i.e., 2; = 0. Thus, based on (7.43), Ir_mlediSs is the right
eigenvector of L associated with 4; = 0. It is mentioned in the Proof of Lemma 7.2
(see Appendix) that w, = 1 is the right eigenvector of the Laplacian matrix, L,
associated with 4; = 0. Thus,

—1 ess __
Iratedl —I’ll,

(7.44)

where n is a positive scalar. Equation (7.44) concludes the proportional load
sharing. Equations (7.41) and (7.44) show that the cooperative controller success-
fully carries out both global voltage regulation and proportional load sharing.
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7.3 Distributed Adaptive Droop Control for DC
Microgrids: An Alternative Solution

This section presents an alternative solution for controlling DC microgrids. Let us
assume that the data package transmitted by Node i, ¥; = [;, "], consists of two
elements: its estimate of the average voltage across the microgrid, v;, and the
measured per-unit current, ' ; you may note this data format is different than the
one used in Sect. 7.1.2. At the receiving ends of the communication links, each
converter k receives data from all its neighbors, W¥;, j € Ni, with associated com-
munication weights, ay;. These weights are design parameters and can be consid-
ered as data transfer gains.

The global voltage regulation and proportional load sharing are the two objec-
tives of the secondary control, which require proper voltage set point assignment for
individual converters. The distributed adaptive droop controller is elaborated in
Fig. 7.5a, where local and neighbors’ information are processed to adjust the local
voltage set point, v;. Cooperation among converters, at the secondary control level,
helps to fine-tune the voltage set points, v, and mitigate the current and voltage
residues.

The voltage set point for each converter is augmented with two terms provided
through cooperation among converters. They are resulted from voltage and current
regulators. Based on Fig. 7.5a, the local voltage set point for an individual con-
verter can be expressed as

Vi = vﬁef — v? 4 ov; = vfef — riij + 0v;, (7.45)
where v}'ef, vf, ov;, and r; are the global reference voltage, droop voltage, voltage
correction term, and the virtual impedance of the ith converter, respectively. This
set point is further adjusted by a voltage limiter (see Fig. 7.5a) to maintain the bus
voltages within an acceptable range. Figure 7.5b elaborates how adjustable voltage
correction term, dv;, and virtual impedance, r;, can navigate operating point of the
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Fig. 7.5 Distributed control policy: a cooperative adaptive droop control for a single agent
(converter) and b effect of adjustable voltage correction and virtual impedance on the droop
characterization. © [2016] IEEE. Reprinted, with permission, from IEEE Transactions on Energy
Conversion [47]
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converter. The droop mechanism, which generates the term r;i; in (7.45), charac-
terizes output impedance of the converters and helps to share load, which leads to
the voltage drop across the microgrid. The voltage correction terms, ov;s, are
augmented to the local reference voltages to boost the voltage across the microgrid.
Accordingly, the controller contains two modules: a voltage regulator and a current
regulator.

The voltage regulator at Node i consists of a voltage observer and a PI controller,
H;(s). The voltage observer at each node estimates the average voltage across the
microgrid, where v; is the estimation at Node i. This estimation is then compared
with the global reference voltage, v,f‘?f, to generate the voltage correction term, dv;.
In case of any mismatch between v; and v, the controller adjusts 6v; to eliminate
the discrepancy. In the islanded mode of operation, the global reference voltages,
vfefs, are typically identical and equal to the rated voltage of the microgrid.
However, in the grid-tied mode, the tertiary control sets a new voltage level for the
microgrid and relays the new reference values to individual converters. The voltage
observer (discussed in Sect. 7.1.3) processes the local voltage measurement and the
neighbors’ estimates to evaluate the average voltage across the microgrid.

The current regulator at Node i provides the input to the droop mechanism. The
droop mechanism characterizes the converter output impedance using the virtual
impedance r;. Virtual impedances are conventionally initialized in reciprocal to the
converters’ rated current, i.e., rp = m/ I{a‘ed, where m is a design parameter and is
identical for all converters. However, the distribution line impedances compromise
performance of the droop controller. Thus, the droop gains are suggested to adapt
according to the microgrid loading condition. To this end, a cooperative current
regulator is included in the secondary control of any converter, e.g., converter i,
which compares the local per-unit current, if”, with the weighted average of the
neighbors’ per-unit currents and finds the current mismatch, J;,

=Y bag(i — ). (7.46)

JEN;

where b is the coupling gain between the voltage and current regulators. This
mismatch is then fed to a PI controller, G;(s), to generate an impedance correction
term, Jr;, which updates the virtual impedance

ri(t) =Trip — 5}"i(l). (747)

If the per-unit currents of any two neighbors differ, the current regulators of the
corresponding converters respond and adjust their impedance correction terms to
achieve balance.
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7.4 Experimental Performance Evaluation

A low-voltage DC microgrid, with a structure shown in Fig. 7.2, is prototyped to
study the control methodology of Sect. 7.1.2. Figure 7.6 shows the experimental
setup. Four adjustable isolated AC sources are used as the energy sources. Each
source is driven by a buck converter augmented with an input rectifier. The con-
verters have similar topologies but different ratings; i.e., the rated currents of the
first and the fourth converters are twice those for the other two converters. A 7-
circuit model is used for each transmission line. There are four local loads and one
remote load, as shown in Fig. 7.2.

Alternative graphical connections are shown in Fig. 7.7. Communication links
are assumed bidirectional to feature a balanced Laplacian matrix and help with the
sparsity of the resulting communication graph. Although all alternative graphs
include spanning trees, some are susceptible to lose connectivity in the case of a
single link failure. For example, if any of the links highlighted in red in Fig. 7.7a, b
is lost, the corresponding graph losses its connectivity, which hinders the func-
tionality of the control mechanism. However, for the set of four agents, the circular
communication flow in Fig. 7.7c is the sparsest network where the failure of a
single link does not compromise the graphical connectivity. Figure 7.7d shows a
fully connected graph, but it lacks sparsity. Therefore, the graphical structure in
Fig. 7.7¢c is chosen for data exchange in the cyber layer.

A dSPACE control board (DS1103) implements the control routines. Electrical
parameters of the microgrid are provided in Appendix. Although different voltage

(c)

Local Load ‘ﬁ;
__ gk
=

Fig. 7.6 DC microgrid prototype: a input AC sources, b buck converters driving each source,
¢ local and remote loads, d transmission lines, e dSAPCE control board (DS1103), and
f programming and monitoring PC. © [2016] IEEE. Reprinted, with permission, from IEEE
Transactions on Power Electronics [36]
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Fig. 7.7 Alternative (a)
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connection. © [2016] IEEE.
Reprinted, with permission, @ @
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from IEEE Transactions on
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3 D ©

Power Electronics [36]

levels are possible [43, 44], a 48 V system is considered here. The typical
acceptable voltage deviation is about 5% of the rated voltage [19], and thus, the
voltage limiters are set accordingly with ¢ = 2.5 V.

7.4.1 Design Procedure

Prior knowledge of converters’ frequency response is essential to the design pro-
cedure in Sect. 7.1.3. Dynamic modeling of power electronics converters for mi-
crogrid applications is discussed in detail in the literature [45]. Analytical
approaches do not consider practical limitations such as constraints on the duty
cycles of switching converters. Alternatively, the transfer functions of the under-
lying converters are extracted experimentally using perturbation injection and fre-
quency sweep techniques. For a wide range of loading conditions and input
voltages, the reference point of each converter is augmented with a sinusoidal signal
with an adjustable frequency. For any given frequency point, the sinusoidal content
of the converter’s output voltage is then compared with the injected sinusoidal
signal to extract the converter’s frequency response for that given frequency.

This procedure is repeated for the frequency range of interest. Output impe-
dances are chosen in the study to cover light load (R =24 Q) to full load
(R =12 Q) conditions. Measured transfer functions are shown in Fig. 7.8.
Accordingly, the converter’s transfer function can be formulated as a second-order
function
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(a) Converter Closed-loop Transfer Function for Vs = 80 V (b) Converter Closed-loop Transfer Function for Vs = 100 V
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Fig. 7.8 Measured frequency response of the buck converters for various operating conditions:
a V;=80V and b V;=100V. © [2016] IEEE. Reprinted, with permission, from IEEE

Transactions on Power Electronics [36]

c___lpill,a|
R s (7.48)

where p; and p; (|p2| > |p1]) can be found by curve-fitting techniques. Fitted
frequency response is highlighted in red in Fig. 7.8, where an good agreement is
reported between the empirical and fitted data. The transfer function in (7.48) is
further used in the design procedure.

Following the guideline in Sect. 7.1.3, knowledge of the microgrid admittance
matrix is also required. The underlying microgrid is a five-bus system (see Fig. 7.2)
and has a five-by-five admittance matrix. However, the admittance matrix, Yy, in
(7.33) only represents the interaction between the voltages and currents of the
generating buses and, thus, is a four-by-four matrix. This matrix can be found by
reducing the original five-by-five admittance matrix though the Kron’s reduction
technique.

Design of the communication weights, a;s, which are stored in the adjacency
matrix, Ag (or, equivalently, the Laplacian matrix, L), is tightly linked to the
voltage observers’ dynamic in (7.7). The weights can be designed to adjust the
convergence speed of the estimated voltages.

Proper functioning of the voltage regulator in Fig. 7.2 requires a fast estimation
of the global average voltage, particularly faster than the converters’ dynamic. Here,
it is desired that the eigenvalues of the adjacency matrix (or, equivalently, poles of
H,ns) provide a dynamic estimation response at least twice as fast as that of the
converters. A scaling factor, a, is defined to scale the adjacency matrix as
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Ag = a x (7.49)

Figure 7.9 shows how the eigenvalues of the adjacency matrix vary as the
scaling coefficient, a, changes from 0.5 to 1.5. The dominant pole of the converters’
transfer function is p; = —106. Eigenvalues of Ag, s, are highlighted in Fig. 7.9
in black for a =1, where Vk <3, |real(4)| > 2 X |real(p;)|. Therefore, a =1
provides an appropriate scaling coefficient for the adjacency matrix in (7.49). It
should be noted that the nonzero matrix entries in (7.49) are arbitrarily chosen and
other selections are viable; however, they might result in a different optimal scaling
factor.

The performance of the noise cancelation module is evaluated numerically using
(7.23). The coupling gain, b, and the NC integrator gain matrix, K, are chosen (see
Appendix) to provide higher than 65% attenuation for disturbances with
Jroise <5 Hz. The noise cancelation transfer function, Hyc, is plotted in Fig. 7.10
for the first node. As seen, all terms of Hyc are stable functions and exhibit
satisfactory attenuations as demonstrated by the low gain at low frequencies. This
implies successful noise rejection for DC and low-frequency disturbances. Similar
performance is observed for the NC modules at other nodes.

Eigenvalues
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Fig. 7.9 Movement of the eigenvalues of the adjacency matrix as the scaling coefficient changes.
© [2016] IEEE. Reprinted, with permission, from IEEE Transactions on Power Electronics [36]
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Fig. 7.10 Frequency response of the noise cancelation module at the first node: a Hyc(1,1),
b Hnc(1,2), ¢ Hne(1,3), and d Hye(1,4). © (2016) IEEE. Reprinted, with permission, from
IEEE Transactions on Power Electronics

Comparison between (7.7) and (7.22) shows that NC modules can affect the
observers’ transfer function. Proper selection of the coupling gain, b, and the matrix
K can significantly suppress this impact. Figure 7.11 compares the first entry,
(1,1), of the total observers’ transfer function, Hgbs, with the reduced-order func-
tion, Hyps, where it can be seen that the NC module has a negligible impact on
observers’ the frequency response. A similar match is observed between other
entries of Hgbs and corresponding entries of Hgys. Accordingly, one can safely
assume Hgbs = Hps.

The current regulator module carries out the load sharing regardless of the
selection of the droop coefficients. However, the choice of the coefficients based on
(7.35) improves the load sharing dynamics. Accordingly, m = 3 is chosen here,
which results in the virtual impedance matrix, r, provided in Appendix.

The coupling gain between the current and the voltage regulators, ¢, deter-
mines load sharing dynamics. Figure 7.12 compares the measured dynamic
response of the microgrid for two different values of ¢. Small coupling gain ¢ can
slow down the system, while a large coupling gain can lead to resonance or even
make the system unstable. A medium value is adopted here, i.e., ¢ = 0.075.
Satisfactory system performance is verified empirically. Although (7.34) provides
analytical evaluation of system dynamic, it does not consider limitations such as
constraint on the duty cycle of the switching converters, and thus, empirical
performance evaluation is preferred instead. Design parameters are summarized in
Appendix. As seen, dissimilar control parameters are selected for different con-
verters to verify controller performance in the case of heterogeneous agents
(sources).
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Fig. 7.11 Comparison of the reduced-order observers’ dynamic, Hons(1,1), and the total
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7.4.2 Droop Controller Versus Cooperative Controller

Figure 7.13 comparatively studies the performance of the cooperative control
methodology. The microgrid is initially controlled using the conventional droop
controller. It leads to voltages less than the desired value, i.e., v =48 V. In
addition, although the droop gains are designed reciprocal to the converters’ rated
currents, the transmission line effects have clearly incapacitated the droop mecha-
nism resulting in a poor load sharing. The cooperative controller is engaged at
t = 5.18 s. Consequently, the voltages are all boosted across the microgrid, and the
average voltage is finely regulated at the set point, i.e., vr = 48 V. Figure 7.13b
shows that the proportional load sharing is also carried out, where the first and the
fourth converters carry twice the current as the other two converters. Performance
of the voltage observers is shown in Fig. 7.13c, where a good agreement is seen
between the true average voltage, v, and the individual estimated voltages, v;s.
The efficacy of the noise cancelation module is studied in Fig. 7.14, where a step
disturbance, i.e., d; (r) = 2u(t — 3.35 s), is intentionally applied to the estimation at
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Fig. 7.12 Current regulating performance for small and large coupling gains; measured output
currents for: a ¢ = 0.005 stable and very slow and b ¢ = 0.15 fast and resonating. © [2016] IEEE.
Reprinted, with permission, from IEEE Transactions on Power Electronics [36]

Node one. It is shown in Fig. 7.14c¢ that the disturbance causes sudden increase in
all estimations. Accordingly, the controller has slightly decreased the duty ratios.
Simultaneously, the NC module has identified the noise and adjusted the cance-
lation term, Ell, to neutralize the noise impact. Consequently, all estimations are
recovered in less than 1 s and continue tracking the true average voltage, V.
Figure 7.14a, b shows that the NC module has effectively eliminated the noise
impact on the voltage regulation and the load sharing.

7.4.3 Load Change Performance Assessment

The controller performance in case of load change is studied in Fig. 7.15, where the
remote load at bus five, Rs, is changed in step between 10 and 20 Q. Tight voltage
regulation and load sharing can be observed in this figure. Excellent transient load
sharing is also noticeable in Fig. 7.15b.
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7.4.4 Plug-and-Play Capability

Figure 7.16 studies plug-and-play capability of the cooperative controller and its
performance in case of a converter failure. As seen, when the second converter fails,
the controller readjusts the voltages to satisfy the global voltage regulation. It also
readjusts the load sharing among the remaining converters. It should be noted that a
converter failure also implies loss of all communication links connected to that
particular converter. Accordingly, when the second converter fails, it automatically
renders the links 1-2 (between nodes 1 and 2) and 2-3 inoperable. However, the
remaining links still form a connected graph with balanced Laplacian matrix (see
Fig. 7.7¢).

Then, the second converter is plugged back in at # = 12.1 s. As seen, the con-
troller has properly updated the load sharing and global voltage regulation, after the
second converter is plugged in.
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Fig. 7.16 Converter failure and plug-and-play studies: a terminal voltages and b supplied
currents. © [2016] IEEE. Reprinted, with permission, from IEEE Transactions on Power
Electronics [36]

7.4.5 Cyber-Link Failure Resiliency

Resiliency to a single link failure is studied next in Fig. 7.17. The original com-
munication graph is designed to carry a minimum redundancy, so no single link
failure can cause loss of graphical connectivity. Thus, the control system shall
remain operational. As shown in Fig. 7.17, the link 1-2 has failed at # = 11 s, but it
does not have any impact on voltage regulation or load sharing.

Response of the controller to the step load change in the remote load is also
studied with the failed link, where a satisfactory performance can be seen. It should
be noted that the reconfiguration caused by the link failure affects the Laplacian
matrix and, thus, the whole system dynamic. Comparing Figs. 7.15b and 7.17b, one
can see that the link failure slightly slows the controller transient response.
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Fig. 7.17 Link failure resiliency: a terminal voltages and b supplied currents. © [2016] IEEE.
Reprinted, with permission, from IEEE Transactions on Power Electronics [36]

7.5 Summary

Distributed and cooperative secondary/primary controllers are discussed for DC
microgrids. The controller on each converter has two modules: the voltage regulator
and the current regulator. The voltage regulator uses a noise-resilient voltage
observer to estimate the global average voltage. This estimation is then further used
to adjust the local voltage set point to provide global voltage regulation.

The current regulator compares local per-unit current with its neighbors’ per-unit
currents and, accordingly, adjusts the voltage set point (or, alternatively, the droop
coefficient) to carry out proportional load sharing. The control paradigms use sparse
communication networks for data exchange. Studies show that they provide precise
global voltage regulation and proportional load sharing.
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Appendix
Dynamic Consensus

Following lemmas need to be studied before studying the dynamic consensus:

Lemma 7.1 [37]: Assume that the digraph G has a spanning tree. Then, the
Laplacian matrix L has a simple eigen-value at the origin, i.e., A1 = 0, and other
eigen-values lie in the Open Right Hand Plane (ORHP). In addition,

lim e = w,w], (7.50)

1—00

where w, € RV and wi € R¥*V are the right and left eigen-vectors of
L associated with 2, = 0, respectively. It should be noted that w should be nor-
malized with respect to w,, i.e., WITW, =1.

Lemma 7.2 Assume that the digraph G has a spanning tree and the Laplacian
matrix, L, is balanced. Then,

lim s(sTy + L)' =Q. (7.51)
lim L(sIy + L)' = lim(sTy + L) 'L=1Iy-Q. (7.52)

where Q is the averaging matrix defined in Sect. 7.1.3

Proof of Lemma 7.2: Assume a linear system of x = —Lx with x(0) # 0 and
x € RV*! One can write

x(f) = e ¥'x(0). (7.53)
Or, equivalently, in the frequency domain,
X = (sIy + L) 'x(0). (7.54)

Lemma 7.1 ensures that X is a type 1 vector; i.e., it has a single pole at the origin
and all other poles lie in the OLHP. Thus, using the final value theorem,

lim x(r) = limsX = <lir%s(sIN + L)1>x(0). (7.55)

1—00

On the other hand, by using Lemma 7.1, (7.53) yields to
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lim x(r) = (hm e*L’) x(0) = w,w"x(0). (7.56)

1—00 1—00

For any Laplacian matrix L, all row sums are equal to zero. Thus, w, = 1. In
addition, for any balanced L, all column sums are also equal to zero. Thus,
w; = (1/N)1. Accordingly, (7.56) implies that

lim x(r) = Qx(0). (7.57)
Comparing (7.55)—(7.57),
<lin(1) s(sLy —|—L)1)x(0) = Qx(0). (7.58)

Since (7.58) holds for all x(0) # 0, one may conclude (7.51). In addition,
Iy = lim(sly +L)(sIy + L)'= lim s(sLy + L)'+ lim L(sIy + L)' (7.59)

Comparing (7.51) with (7.59) concludes (7.52).

Theorem 7.1 Assume that the communication graph G, used in a cooperative
control system, has a spanning tree and the associated Laplacian matrix, L, is
balanced. Then, using the observer in (7.7), all the estimated averages in V con-
verge to the true global average voltage.

Proof of Theorem 7.1: Equation (7.34) shows the global dynamic of the microgrid,
when the cooperative controller is effective. It is assumed that the system param-
eters are, accordingly, designed to stabilize the microgrid. Thus, the resulting
voltage vector, V, is a type 1 vector. Based on Lemma 7.1, all poles of the term
s(sIy + L)' lie in the OLHP. It should be noted that if /; is an eigenvalue of L,
then s = —/; is a pole of s(sIy +L)~'. The term s in s(sIy + L)' cancels the pole
of (sIy 4+ L)~ at the origin. Thus, (7.7) implies that V is also a type 1 vector. Since
both V and V are type 1, one may use the final value theorem

lim ¥(r) = limsV = lim s(sLy + L)"'(sV). (7.60)

1—00 s—0

Using Lemma 7.2,

lim v(7) = liI%S(SIN +L) x limo(sV) =Q x limv=Qv* = (v*)1. (7.61)

1—00 1—00

Equation (7.61) implies that all estimations converge to the true global average
voltage. In other words,
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e o BN
Vi:0<i<N, lllglov,-(t)—NZvi(t). (7.62)

i=1

Analysis of the Noise Cancelation Module

Following lemmas need to be studied before analyzing the noise cancelation
module:

Lemma 7.3 For a given matrix A € RVN, if Iy + A is invertible then,
(Iy+A) "' =Iy—A(Iy+A) ' =1y — Iy +A) A (7.63)
Proof of Lemma 7.3: For a given matrix A € RM*V,
(Iy+A) "= (Iy+A) "(Iy+A) — (Iy+A) "A =Ty — Iy +A) A
Lemma 7.4 For a given invertible matrix A € RNV if Iy + A is invertible then,
(Iy+A D) =AMy +A)"" = Iy +A)'A. (7.64)
Proof of Lemma 7.4: For a given invertible matrix A,
v +A ) = (AA T +A ) = (v +A)A ) = Ay +A) "

Lemma 7.5 If L is a balanced Laplacian matrix, b > 0, and K = diag{k;} has
positive diagonal elements then, L' = bLK™'L is a balanced Laplacian matrix.

Proof of Lemma 7.5: The matrix L is said to be a Laplacian matrix if a commu-
nication graph exists with the associated Laplacian matrix L. Equivalently, a matrix
is a Laplacian matrix if and only if L1 = 0. A Laplacian matrix is balanced if it has
all column sums of zero, i.e., 1"L = 0. Let L be a balanced Laplacian matrix and
L' = bLK 'L, then

L'1 =LK '(L1) = 0, (7.65)
which implies that L’ is a Laplacian matrix. On the other hand,
1'L'=p(1"L)K 'L =0, (7.66)

which shows that L’ is also balanced.
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Lemma 7.6 If L is a balanced Laplacian matrix, b > 0, and K = diag{k;} has
positive diagonal elements then,

1

lim s(sIy + (sIy + bL)K ' (sIy + L)) = Q. (7.67)
lim s(IN +s(sIy + L) 'K(sy + bL)*l) =L -Q. (7.68)

Proof of Lemma 7.6: Let L be a balanced Laplacian matrix, » > 0, and K =
diag{k;} has positive diagonal elements. Then,

lim ((sIy + bL)K ' (sIy + L)) = LK 'L. (7.69)

§—00

Let us define L’ = pLK'L. Then, using (7.69),

lim s (sTy + (s +bL)K ™ (sl + L)'= lim s(sTy + L)

(7.70)
Lemma 7.5 ensures that L' is a balanced Laplacian matrix. Therefore, by

applying Lemma 7.2 (7.51), one can write lim,_os(sLy +L’)_1: Q, which,
together with (7.70), proves (7.67).
To study the second part of the Lemma, (7.68), one may note that for s # 0,

sIy +bL is invertible [46]. K is also invertible, and K™' = diag{k;'}. Let us
define

-1
ra (IN+s(s1N+L)*1K(slN+bL)*1) . (7.71)
Using Lemma 7.3,

-1

I =1y — s(sIy + L) "K(sLy + bL) " (IN +s(sTy + L) "K(sIy + bL)’l)

(7.72)
Lemma 7.4 offers to further expand (7.72)
1
I =1y —s(sly+L) "K(sIy +bL) '~ (sTy + bL)K ! (sIy + L)
N
1 -1
X (IN +—(sly +BL)K ! (s + L)) (7.73)

— Ty — s(sTy + (sTy + PL)K '(sly + L)) .

By applying Lemma 7.6 (7.67)—(7.73), one can conclude lim;_o ' = Iy — Q.
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Theorem 7.2 Assume that the communication graph G, used in a distributed
control system, has a spanning tree, and the associated Laplacian matrix, L, is
balanced. Then, using the total observer in (7.21)—(7.23), all the estimated aver-
ages in V converge to the true global average voltage average.

Proof of Theorem 7.2: For any s # 0, sly + DL is invertible [46]. The integrator
gain matrix, K, is also invertible, and K!'= diag{k{ 1}. Thus, one can safely
reformulate the total observer transfer function as

-1
Hy,, = ((SIN + L) + sK(sIy +bL)_l) ((SIN +L) + sK(sIy +bL)_1) —-L
—1
— Ty~ ((Iy+ L)+ 5K(sTy +6L) ") L
. nee
= T — (T + 1) (T + 56Ty + 1) 'Ksly +L) 7)) L
—1
— 1y — (IN+s(sIN+L)_1K(sIN+bL)_'> (sTy+L)"'L.
(7.74)

Using Lemma 7.2 (7.52) and Lemma 7.6 (7.68), the total observer DC gain can
be found

lim Hg, =Ty — (Iy - Q)’=20-Q*=0Q. (7.75)

Therefore, for type 1 (DC and exponentially damping) disturbances, (7.21)
yields to
lim ¥(r) = lim HY, | x lim(sV) x lim Hyc x lim(sD)
1—00 s—0 008 s—0 s—0 s—0 (7 76)
=Qx limv+0=Qv=(v*)1, '
—00

which proves the Theorem 7.2.

Microgrid Parameters

Each of the underlying buck converters has L =2.64 mH and C = 2.2 mF and
works with the switching frequency of F; = 60 kHz. Transmission lines series
impedances are Z, = Z34 = Z;, and Zp5 = Z35 = Z;, where the base impedance is
Z, = 0.5+ (50 pH)s. The circuit model of the line includes 22 nF of capacitance
on either end. Impedances of the local loads are R=30Q and
Ry, = R; = Ry =20 Q. Voltages of the (rectified) input DC sources are Vi =
Vsa =80V and Vy, = Vi3 = 100 V. The control parameters are as follow:
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Liated = dlag{67 3,3, 6}7 (777)
0 9 0 110 05 0 0 0
90 0 100 0 0 1.0 0 0
Ac=179 100 0o 120" o o0 10 o] (7.78)
110 0 120 O 0O 0 0 05
b=1, c¢=0.075, (7.79)
01 0 0 0 6 0 0 0
0 009 0 0 05 0 0
Ho=109 0 o008 o] W=1|0 0 54 o0} (7.80)
0 0 0 0.1 00 0 56
.1 0 0 0 7 0 0 O
0 1 0 0 0 74 0 0
Gp 0 012 0] ©=lo 0 66 0| (7.81)
0 0 0 1.1 0 0 0 7
1 0 00
020 0
K, 00 3 ol (7.82)
0 0 0 4
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Chapter 8
Distributed Assistive Control of DC
Microgrids

Proliferation of power electronics loads in DC distribution networks shifts the load
consumption profiles from the traditional constant impedance loads to electronically
driven loads with potentially volatile power profiles. Such fast-acting consumption
patterns can destabilize the entire distribution network, given their weak nature due to
the lack of damping and generational inertia [1, 2]. Hardware-centric approaches
focus on placement of energy storage devices to decouple the source, load, and
distribution network dynamics (e.g., [3-6]). However, widespread utilization of these
devices can be costly. Control-centric approaches, either linear controllers based on
average-value models of the underlying switching converters (e.g., [7-9]) or non-
linear control paradigms based on the hybrid system representation of power elec-
tronics converters (e.g., [10—13]), are the alternative methods found in the literature.

The concept of power buffer is introduced in [14, 15] to shield the power
distribution network from abrupt changes in load, and the sensitive loads from the
transients in distribution network, by modifying the effective loading impedance
seen by the distribution network. Power buffers are power electronic converters
with two prominent features. From the hardware perspective, power buffers have
relatively large storage components. From the control perspective, they are mainly
concerned with buffering, storing, and managing energy rather than voltage regu-
lation. The latter task is usually performed with a point-of-load converter that
follows the power buffer. Therefore, power buffers can provide a holistic approach
between the hardware- and control-centric approaches to help minimize the effects
of transients on the DC distribution networks [16—18]. The challenge in the control
of power buffers stems from the trade-off between demands of the final loads and
the power network, which can be properly formulated in a game-theoretic frame-
work and the limited generational capacity in microgrids, which calls for the
optimal utilization of energy stored in the power buffers.

A geometric manifold is derived from the optimal state trajectories based on the
energy—impedance state-space representation in [19]. Game-theoretic solutions for
steady-state conditions [20] or trajectory formation [21, 22] are provided in a
decentralized fashion. Team formation and player-by-player optimization to find the
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Nash equilibrium is discussed in [23]. Non-cooperative game-theoretic control
frameworks extract geometric manifolds based on the a priori computation of state
trajectories in [24]. Majority of these endeavors neglect the role of the distribution
network in problem formulation, leading to a suboptimal trajectory. However, the
transmission line impedances practically limit the effective range of a buffer to assist
only its physical neighbors. Therefore, it is of paramount value to develop a
game-theoretic framework that accounts for the transmission line effect. Moreover, the
existing literature lacks a feedback solution to control the buffers; optimal trajectories
are usually numerically calculated for the most probable load change/fault scenarios
and, then, saved in lookup tables for further use, i.e., when a load transient occurs.

Information exchange, even limited, can help the power buffers optimally share a
common objective and appropriately respond to global (system-level) changes. This
chapter uses a limited information exchange among active loads and establishes a
game-theoretic coordination of these entities in a DC microgrid. It offers an ana-
Iytical solution that accounts for the distribution network effect. Salient features of
this work are as follows:

e Power buffers add a degree of freedom in addressing the transient mismatch
between the power supplied by the distribution network and the power delivered
to the final load.

e A communication network is spanned across the active loads. This network
spatially extends the effective range of a power buffer to assist its neighboring
loads.

e A game-theoretic performance function is introduced for each active load.
Optimization of this function ensures proper respond to abrupt local and
neighbors’ load changes.

e Active loads and their physical coupling though the distribution network are
properly modeled using the small-signal analysis.

e A policy iteration algorithm is offered to solve algebraic Riccati equations
(AREs) and find the optimal solutions to minimize system’s performance
functions.

8.1 Introductory of Power Buffer and Distributed Control

8.1.1 Operational Principle of Power Buffer

A power buffer is connected in series to a power electronics load and shapes the
power profile drawn from the distribution line of the microgrid, as illustrated in
Fig. 8.1. Here, final load collectively refers to the point-of-load converter and its
load. The active load refers to the series connection of a power buffer and a final
load. As shown in Fig. 8.1, the final load abruptly changes its load, poy., at t = #;.

To handle the extra power demand, the power buffer gently ramps up its input
power, pi,, and thus, there would be a mismatch between the supplied and the
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Fig. 8.1 Power buffer operation during a step change in power demand. © [2016] IEEE.
Reprinted, with permission, from IEEE Transactions on Energy Conversion [35]

demanded powers. The buffer uses its stored energy, e, to compensate for this
mismatch. At t =1, the input power reaches the load demand, and thus, the
buffering mode ends. Then, the controller triggers the energy restoration procedure.
In this stage, i.e., © <t<t3, the buffer slightly draws extra power from the mi-
crogrid to restore its energy. At ¢ = f3, the buffer regains its initial energy level and
ends the energy restoration mode. For ¢ > 3, the input power to the buffer equals
the load power, i.e., pin = pout, and the stored energy, e, remains intact until the next
load change occurs. It is noteworthy that the buffering interval [f], 7] is signifi-
cantly shorter than the energy restoration interval [, #3].

8.1.2 Distributed Control

Active loads can be individually controlled by processing their local measurements,
e.g., the final load power or the input bus voltage. However, such a localized
approach limits the effectiveness of the power buffer to its local load. Alternatively,
nearby active loads can collectively respond to load changes. Here, any active load
in the physical vicinity of the load i would be called its neighbor. In case of a load
change at the active load i, the stored energy of all its neighbor buffers can col-
lectively smoothen the power demand from the microgrid. It is noteworthy that due
to the loss of energy on the transmission lines, seeking assistance from remote
buffers is not recommended.
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Fig. 8.2 Communication modules facilitate data exchange among active loads to perform
distributed control routines. © [2016] IEEE. Reprinted, with permission, from IEEE Transactions
on Energy Conversion [35]

Distributed coordination of active loads requires communication with neighbors.
To this end, each active load is equipped with a communication module (see
Fig. 8.2) that facilitates data exchange with its physical neighbors. This commu-
nication network transforms the DC microgrid into a multi-agent dynamic system
where each active load is an agent. The set of all neighbors of the agent i is denote
by N, i

Each agent i relays an information vector x;(r) = [e;, ri, pi]", which carries its
states to its neighbors and receives their data X;,j € N;. ¢;, r;, and p; represent the
stored energy, input impedance, and the output power of the buffer of the active
load i. The controller at agent i will process its local data, x;, as well as the
neighbors’, x;s, to appropriately control the energy stored in buffer i and provide
assistance during transients.

8.2 System-Level Modeling of DC Microgrid with Power
Buffers

A DC microgrid, as shown in Fig. 8.3a, is the interconnection of DC sources and
loads through a distribution network. Typically, sources and some load types are
controllable. The focus of this work is on coordinating active loads. Figure 8.3b
demonstrates the internal architecture of an active load wherein a power buffer
drives the final load. Active loads are physically coupled through the power dis-
tribution network. Therefore, to study the group behavior of the active loads, it is
essential to develop a dynamic model that accounts for both the load and the
distribution network dynamics. This model will be used to develop an optimal
control strategy to coordinate active loads.
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The energy stored in buffer i, e;, and its input impedance, r;, are used as the state
variables to represent buffer dynamics and, consequently, the active load i. As
shown in Fig. 8.3b, p; is the output power of the buffer i. It should be noted that the
power converter, which drives the resistive load in Fig. 8.3b, features a fast voltage
tracker and thus maintains its stored energy steadily. Accordingly, one can safely
conclude that p; also equals the power delivered to the resistive load. Energy
balance equation for buffer i implies that

.
{?inpi, (8.1)

ri = Uj

where v; is the buffer input voltage (the bus voltage) and u; is the control input that
adjusts the input impedance of the buffer. As the model in (8.1) is nonlinear, it can
be linearized to capture the system response to small changes in state variables.
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Let us express any variable x as
x = x4+ X (8.2)

where x? and X are the quiescent and small-signal portions of the variable x,
respectively. Accordingly, one can linearize (8.1) as

{é,- = —(if)’F + 205 — py (8.3)
ri = Uj

where il = v!/r!. Equation (8.3) explains how the stored energy of the buffer i, e;,
changes in response to the load variation p; and the control input i;. The voltage
variation v; depends not only on the local load change p; but also on the response of
all loads and sources in the microgrid. Modeling the interaction between the loads
and sources through the transmission network sheds light on how the voltage varies
across the entire microgrid in response to any load change.

The transmission/distribution network couples the load dynamics, i.e., as one
load’s power demand changes, it changes the current flow in the entire and, thus,
affects the voltages globally. Assume there exist M sources numbered 1 to M and
N loads numbered M + 1 to M + N, where each source or load represents an
individual bus in the microgrid.

There may be other intermediate buses in the distribution network that solely
distribute power to other buses; no source or load is attached to such buses. They,
however, add to the dimension and complexity of the network. Reduction methods
help to find a dynamically equivalent model of the distribution network, a so-called
reduced-order model [25]. This model captures interaction of the source/load
buses, while it relaxes that of the intermediate buses. Accordingly, it reduces the
computational complexity of the model and makes it suitable for dynamic/static
analysis. Kron reduction method is commonly used in the circuit theory to find the
reduced-order model of a circuit [26]. Particularly, for a microgrid with M sources
and N loads, one can write
Y, Yol v
YZI YZZ

i
0 Vi
where iy, Ymg, and vyg are the injected current vector, admittance matrix, and
the bus voltage vector, respectively. i and v are the current and voltage vectors for
the source/load buses, respectively. It is noteworthy that the injected currents to the
intermediate buses are all zero, and thus, . v;, is the intermediate bus voltage vector.

The Kron reduction offers a reduced-order equivalent of (8.4),
i=Yv (8.3)

Lo = YigVae =

(8.4)

where
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Y=Y — Y2Y5 Yo (8.6)

is the reduced-order admittance matrix that models the interaction between the
loads and sources.
For a system of M sources and N loads, one can write

['051/7;] USA,,/(;M () O]T:Y[Ul RNV RSP 'war, 87

i v

where each source i is modeled as the series connection of a regulated voltage
source, Vg, and a resistor, rg, as shown in Fig. 8.3a. Entries of the admittance
matrix, Y, are determined by the admittance of the sources, the loads, and the
distribution lines. Small-signal analysis of (8.7) results in

i+i= (YI+Y)(V+V) =i=YW+ YV (8.8)
Given the regulated internal voltages of all sources, entries of the current vector
i are constant, and thus, i=0. Therefore, (8.8) yields

V= —(Y9) 'Yy = —zavy" (8.9)

Intuitively, the load change at any active load i affects the power flow and,
consequently, the voltage regulation across the microgrid. Accordingly, all other
active loads would adjust their input impedances, 7;s, to maintain their desired

power delivery. Therefore, Y can be generally written as

0 0i 0 0
0 0i 0 0
-~ lo ... 0 TR 0
v ; (8.10)
rd ’
M+1
0 0 0 “Miran
4N

which captures the effect of all impedance variations, i.e., #;s. Plugging (8.10) in
(8.9) gives

v=70 ... Oéfhmvgzﬂ o Un =Tl0 - 07 Bt r_/ (8.11)

2 2 POM+1 M+N
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where T = [y,] € RVTM>*(VM) - particularly, (8.11) implies that each load
voltage variation, v;, can be expressed as a linear function of the impedance vari-
ations, 7;s, i.e.,
M+N
b= > gk, i=M+1,.. M+N. (8.12)
J=M+1

Equation (8.12) models the physical coupling among the active loads and,
together with (8.3), forms the dynamic model of the entire microgrid. This model is
further used in the next section to design an optimal control paradigm to adjust the
load impedances.

8.3 Multi-player Game for Optimal Control

Game theory is the study of strategic interactions among multiple decision makers,
called players. In such game-theoretic environments, an objective function is
defined for each player to capture its preference ordering among multiple alterna-
tives. The objective function of a player depends on the decisions made by others,
as well as itself, which introduces a coupling between the actions of the players and
binds them together in the decision making [27]. In general, game-theoretic
approaches are categorized into cooperative and non-cooperative games. As
opposed to cooperative games, each player in non-cooperative game tries to find an
optimal strategy by optimizing its own objective function.

To develop a game-theoretic solution to the control of active loads in DC sys-
tems, the microgrid is first modeled as a set of players or agents with coupled
dynamics in (8.3) and (8.12). Here, a distributed control protocol is developed to
coordinate active loads. First, a performance function is defined for each agent
which penalizes its own control input, u;, as well as its states and its neighbors’.
Incorporating the neighbors’ states in the performance function transforms the load
coordination into a graphical game. An optimal control assignment, u;, is then
designed for each agent that minimizes its performance function. This helps miti-
gate load transients by using not only its local stored energy but also its neighbors’.
It should be noted that the control assignments, developed in this section, act upon
the small-signal variations of the state variables, X;s. For notational simplicity, the
small-signal notation, ", is dropped in the following derivations.

8.3.1 Microgrid Loads as Players in a Differential Game

Coordination of active loads is formulated as an optimal control problem. Then,
coupled algebraic Riccati equations provide a distributed solution. The physical
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vicinity helps define the neighborhood in the cyber domain, i.e., nearby loads (e.g.,
those connected through a short transmission line) are chosen to exchange data. The
information vector of each load contains energy, input impedance, and the final load
power as in x;(t) = [e;, i, pi] € R>.

One can rewrite the single agent dynamic (8.3) with the physical coupling (8.12)
in the matrix representation format

¢ 0 Zi?%‘i - (i?)z -1 ¢ 0
=10 0 0 il + | 1| w
pi 0 0 0 pi 0
N——" N N—— N——
X; i Xi B;
MiN
0 PNl
+ 0] w424 ’:M“g“) . i=M+1,...M+N, (8.13)
L 0
D;

where w; = p; is the disturbance that captures load transient behaviors. This dis-
turbance is added to include p; as one of the state variables. With no loss of
generality, one can assume that any agent’s dynamic is predominantly affected by
its own states and its neighbors, i.e., the y;r; terms in (8.13) that j ¢ N; has neg-
ligible impact on the dynamic of the agent i and can be safely neglected in (8.13),
which simplifies (8.13) into

% = A+ B+ Dowi + (2880 0] Iyx;, i=M+1,..,M+N,
JEN;

(8.14)
where

Ly=[0 7 O] (8.15)

Equation (8.14) shows that each agent is a linear system coupled with other
agents through their dynamics.
Denote the neighborhood state vector for agent i, X;,

T
%= (X1 X e ) (8.16)

which contains states of the agent i and all its neighbors’. The objective is to design
a distributed control protocol for the system in (8.14) that minimizes the following
distributed performance function for agent i,
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oo

Ji = > xTQux;+pui; |dr, i=M+1,.. . M+N, (8.17)

0 JEN;

where N; = N; U {i}. Q; € R**3 is a symmetric performance weighting matrix, and
p; is a positive performance weighting scalar. The function in (8.17) includes
quadratic terms of the local and neighbor states, as well as the local control input,
u;. Intuitively, optimization of (8.17) minimizes and limits the control effort, u;, as
well as the change of local and neighbors’ impedance, r;, and energy, ¢;, during a
load transient.

Minimizing (8.17) introduces a multi-player game among the active loads in a
DC microgrid. Performance weighting matrix and scalar, Q; and p;, are design
parameters and can be tuned to achieve a desired performance. The first term of the
performance function in (8.17) penalizes the states of agent i and its neighbors’, and
the second term penalizes the control input for agent i.

Remark 8.1 Similar to [28], one can write the performance function (8.17) as

1 M+N 1 M+N B B
Jsi=x 2o ity D Ui f)=T4T, i=M+1. M+N, (8.18)
j=M+1 j=M+1

where J is the overall aligned team cost and J; is the conflict cost for player i.
That is, this game allows for players to have an aligned team component J and an

individual selfish component of strategy Ji.
Define the multi-player game by

minJ;, i=M+1,.. . M+N. (8.19)

The system in (8.14) is linear. Thus, the optimal solution to (8.19) is in the
general form of [29]

w= KX, i=M+1,...M+N, (8.20)

where k; is the control gain vector for agent i. The performance function (8.17) can
be written in terms of X; as

J,»()’(i):/ (x] Q%+ pu;)dt, i=M+1,...M+N, (8.21)
0

where
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Q = diag{Q,-j}jeNi‘ (8.22)

The performance function (8.21) with the general solution form in (8.20) is
quadratic in X; [29]. That is,

Jix)=x/PX;, i=M+1,...M+N. (8.23)

for some kernel matrix P; = PiT > 0.
A differential equivalent to (8.21) is given by the Bellman equation

o — = —
=0, i=M+1,...M+N
where
K,‘ = diag{Aj}jENi’ E,‘ = diag{Bj}jeNi, (825)
_ . ~ T
Di = dlag{Dj}jGN‘_, w; = (W,‘7 {Wj}jGN‘) s (826)
_ T
0 = (u {uj}jENJ , (8.27)
and
Y(x) = VCC{ [2id 0 0] Z Fljxj} , (8.28)
JEN: IGNi

is the interconnection vector. vec{y,},. ¢ represents a column vector that concate-
nates elements y,, [ € S. Substituting J;, expressed in (8.23), in the Bellman
Eq. (8.24) for agent i yields
H,' = i;FQlX;F + plulz + X;TP, (Aiii + Eiﬁ,’ + 1_)iW,- + LP(X,))
+ (A% + B +Dwi + ¥(x) ' Px; =0, i=M+1,...,M+N.
(8.29)

A necessary condition that provides the optimal solution for minimizing (8.21) is
the stationarity condition [29]

OH, ST
= z(B,.,.Pixi v pl-ui> —0, (8.30)
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where B; = [Bf 0" ... 0T ]T is in fact the first column of B; defined in (8.25).
Equation (8.30) results in the optimal distributed control input,
STo o
B, Px; .
W= — =XM1 M +N. (8.31)
Pi

Note that (8.31) is of the desired distributed form (8.20).
Substituting the optimal distributed control input (8.31) into the Bellman
Eq. (8.29) gives the following coupled algebraic Riccati equation (ARE)

H; =X/ Qx| + pi(uf)z +X'P; (Aiii +Bu; +Diw; + ‘P(ii))
+ (A% +Ba +Diwi+¥(x)) Px =0, i=M+1,.. M+N.
(8.32)

where

T
= <uj, {u;f}jeN) . (8.33)

To find the optimal distributed control input (8.31) for all agents, the AREs
(8.32) must be first solved for P;s for a given DC microgrid. Then, for the
implementation, the P; can be plugged into the feedback solution (8.31). Policy
iteration is an off-line computation algorithm that is commonly used to solve the
AREs (8.32).

8.3.2 Policy Iteration to Solve the Coupled AREs

A policy iteration algorithm is presented here to solve the AREs in (8.32) and,
consequently, find the optimal distributed control policies in (8.31). The policy
iteration technique is a class of reinforcement learning methods commonly used to
solve optimal control problems. This technique repeatedly performs two compu-
tational steps, namely policy evaluation and policy improvement. In the first step,
policy evaluation, the performance of a given control policy in the form of (8.31) is
evaluated using the Bellman Eq. (8.29). That is, for the given control policies u;,
i=M+1,...,M+ N, the kernel matrices P;, i=M+1,....M+ N, are found
from (8.29). In the next step, policy improvement, an improved control policy is
found for each agent, using (8.31) and the kernel matrices P; found in the first
step. These two steps are, then, repeated until no improvement in control policies of
all agents is observed, and hence, an optimal control policy is reached. The fol-
lowing algorithm summarizes the policy iteration:
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Algorithm: Multi-player learning policy iteration for solving coupled AREs (8.32)

Initialization: Let u, i =M +1,---,M + N be any stabilizing initial policy. Repeat the
following two steps until a convergence is achieved,

Initialization: Let u?, i =M +1,---,M + N be any stabilizing initial policy. Repeat the
following two steps until a convergence is achieved,

Policy improvement: Update the control policies using (8.31).

The kernel matrices, P;s, are solved using the small-signal model developed in
Sect. 8.2. This model provides a dynamic model that captures small state variations
about a quiescent operating point. The designer is encouraged to choose half-load
operation as the quiescent condition and find the kernel matrices, P;s, accordingly.
This model may not be accurate for large load variations; however, the discrepancy
does not render this feedback solution inoperable. In fact, for operations near the
half-load condition, the controller offers the optimal solution, while the solution is
suboptimal for larger variations in load.

8.4 Case Studies

A 48-V DC distribution network, which collectively supplies three active loads
through three sources, is adopted to study the assistive control methodology. This
is the standard voltage for communication supply networks. Schematic of the DC
microgrid is shown in Fig. 8.4a, where the resistive distribution system spans
among sources and loads. Figure 8.4b elaborates the design of an active load
incorporating the power buffer and the point-of-load converter. Accordingly, each
active load consists of three modules: (1) an adjustable resistive load, (2) a buck
converter, and (3) a boost converter. The buck converter features a fast propor-
tional—integral (PI) controller and drives the resistive load at fixed voltage set point
of 48 V. The boost converter features large storage elements, particularly a large
output capacitor. It drives the final load at the rated voltage of 100 V; however,
this voltage set point is subject to vary in load transients as the buffer varies its
stored energy to perform the assistive control routine and smoothen the system
transients. A high-frequency LC filter is placed in the design between the buck and
the boost converters to eliminate high-frequency contents of the current drawn by
the buck converter. Each load carries a communication module to exchange
information with neighbor loads. Cyber neighborhood assignment in this study is
inspired by physical vicinity: a load exchange information with those loads that are
in its physical vicinity. Figure 8.4c exhibits the communication network. Control
and physical parameters of the underlying system are provided in detail in
Appendix.
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8.4.1 Impedance Adjustment by Tuning Buffer Voltage

Typically, a power buffer is a power electronic converter that controls the power flow
by controlling a single solid-state switch. Thus, it offers a single degree of freedom,
i.e., the switching duty ratio, which can discharge a single control objective. For
instance, it can operate in either the output voltage, input current, or input impedance
regulation modes; it cannot handle any two control modes at the same time.

This study demands maintaining the buffer voltage, in the steady state, on the
rated value of Vi@ = 100V, while shaping the input impedance profile of the buffer
in load transient instants. Here, a variable voltage set point is considered to handle
both control objectives of the power buffer. Each buffer operates in output voltage
control mode; the voltage set point, however, will not be fixed. The quiescent value
of the voltage set point for buffer i, v;;, is the rated value, Vga‘ed. However, this set
point varies in transients to help shape a desired input impedance profile.

Figure 8.5 demonstrates the voltage controller for the buffer i. The communi-
cation at load i provides neighbor states, and accordingly, the controller calculates
the desired impedance profile for the buffer i as

Fo= k= = — / k&dr. (8.34)

The control vectors, k;s, are provided in Appendix. These vectors are found
based on the policy iteration algorithm in Sect. 8.3.2 and for the performance
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matrices, Q;s, given in Appendix. Small-signal analysis of the stored energy in (8.3)
yields

& =20 — () — pi = &) = / (20! = 77 = i) (8.35)

Plugging the input voltage and output power small-signal measurements, ¥; and
Di, respectively, in (8.35) evaluates the desired energy profile, é;. On the other hand,
as the capacitor in each buffer contains the most energy stored in that buffer, one
can safely assume,

1
e ~ ECV%i = & ~ CVP4yy,. (8.36)

Therefore, the desired energy profile can be translated into a desired voltage
profile

= e/ (CvEed). (8.37)

The adjustment in (8.37) will be added to the rated voltage, Vi*, to form the
voltage set point for the buffer i,

v = Vil 9. (8.38)

The voltage controller on each buffer responds fast enough to ensure the ref-
erence tracking. Tracking the desired voltage in (8.38), equivalently, yields the
desired input impedance profile in (8.34), which exploits the assistive nature of the
power buffer.

8.4.2 Steady-State and Small-Signal Decomposition

The controller at load i, as in (8.38), processes and acts upon small-signal variations
of the local and neighbor state variables, ﬁi. Thus, the controller implementation
requires a mechanism that decomposes quiescent and small-signal portions of the
state variables. As shown in Fig. 8.6, an ultralow-frequency (e.g., < 1 Hz) filter is

Ultra-low-frequency
Filter (typ.< 1 Hz)

— ~

-+ X

Fig. 8.6 Signal decomposition into steady-state and small-signal terms using an
ultralow-frequency filter. © [2016] IEEE. Reprinted, with permission, from IEEE Transactions
on Energy Conversion [35]
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used for signal decomposition. In case of any transient variations in signal x, the
filter maintains preincident steady-state value of the signal, x?, and thus, the tran-
sient variations can be captured through

X=x—x1 (8.39)

and be further used in the controller.

Controller development in Sect. 8.3 uses an ideal converter model. However,
parasitic elements and component tolerances may affect the controller performance.
Particularly, the controller neglects the power loss due to parasitic elements, and
therefore, it assigns a higher impedance set point than what can sufficiently meet the
load power demand. This mismatch limits the required power flow, gradually
decreases the buffer voltage, and, consequently, renders the controller inoperable.
From this perspective, another advantage of the decomposition mechanism in
Fig. 8.6 is to handle the impedance mismatch. In fact, after the system reaches the
steady state, the decomposition mechanism damps all small-signal values to zero
and updates the quiescent values for the next load change. Therefore, ¢ or,
equivalently, ¥; decays to zero, which ensures maintaining the rated buffer voltage
and its energy reserve during the steady-state operation.

8.4.3 Conventional Approach: Deactivated Power Buffers

The first study replicates conventional control approach. The voltage controller of
the load converters works with fixed set points. In this study, all buffers are
deactivated, i.e., the buffers work as a converter with a fixed voltage set point of
Vy; = 100V, and do not use their stored energy to assist load transients. Resistive
loads connected to terminals 4, 5, and 6 are 30 Q, 30 Q, and 20 Q, respectively.
Figure 8.7 shows the simulation results.

At t =2.5s, the load at bus 4 is changed in step from 30 Q to 15 Q, which
doubles the power demand, as shown in Fig. 8.7g. A step change in the bus
voltages, source currents, and input resistances of the converters, v;s, is, and s,
respectively, can be observed. It is noteworthy that such abrupt power demand may
cause instability when renewable (e.g., PV and wind turbines) and slow dynamic
sources (e.g., fuel cells) widely supply the network.

It is shown in Figs. 8.7b, c that the voltage controllers on the boost and buck
converters respond sufficiently fast to the load change and preserve regulated
voltages. Figure 8.7f exhibits the input impedance of the active loads, i.e., the input
impedance of the boost converters.

Figure 8.7h represents the energy—impedance trajectory of the boost converters
during the load change. As shown, only the converter supplying the varied load,
i.e., load 4, shows a trajectory, while other converters do not change their energy or
impedance. It can also be seen that the converter 4 reduces its impedance while
keeping its stored energy almost intact as the trajectory moves straightly from point
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Fig. 8.7 Microgrid performance in response to the load change at Terminal 4 with deactivated
power buffers: a microgrid bus voltages at the load terminals, b output voltage of the power
buffers, ¢ output voltage across the resistive loads, d source currents, e stored energy in power
buffers, f input impedance of the power buffers, g output of the active loads, and h energy—
impedance trajectory of the power buffers during the load transient. © [2016] IEEE. Reprinted,
with permission, from IEEE Transactions on Energy Conversion [35]

A to point B. Such observation implies that the boost converter is not in the
buffering mode and maintains a steady energy reserve throughout its operation.

8.4.4 Assistive Controller: Single Assisting Neighbor

The power buffers are activated to perform the assistive control methodology using
the implementation technique explained in Subsection 8.4.1. The load at bus 5
experiences a step change from 30 Q to 15 Q at t = 2.5s. As shown in Fig. 8.4c,
load 4 is the only neighbor of load 5 and engages in supporting the load transient
with its stored energy. Figure 8.8 exhibits the state variables during this study. Fast
voltage regulation can be observed in Fig. 8.8c. It is shown in Figs. 8.8a, d, f that
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Fig. 8.8 Microgrid performance in response to the load change at Terminal 4 with deactivated
power buffers: a microgrid bus voltages at the load terminals, b output voltage of the power
buffers, ¢ output voltage across the resistive loads, d source currents, e stored energy in power
buffers, f input impedance of the power buffers, g output of the active loads, and h energy—
impedance trajectory of the power buffers during the load transient. © (2016) IEEE. Reprinted,
with permission, from IEEE Transactions on Energy Conversion [35]

the controller has successfully smoothen the bus voltages, source currents, and
buffer impedances in response to the load transient (see Fig. 8.8g).

Buffers 4 and 5 use their stored energy to smoothen the impedance profile. Load
6 is not a neighbor of load 5 and, thus, has taken no action; it maintains its energy
and impedance steady at point D. Figure 8.8b, e shows how buffers 4 and 5 spend
their stored energy during the load transient. For an alternative discussion, the
energy—impedance trajectories in Fig. 8.8h exhibit movements only in buffers 4 and
5. During the load transient, buffer 4 starts from point A in Fig. 8.8h and triggers
assisting buffer 5 by dropping its energy and increasing its impedance. It then
regains its stored energy and moves back to the starting condition, i.e., point A.
Buffer 5 drops its energy and, at the same time, decreases its impedance to respond
to the load transient. After reaching the desired impedance level, it slightly absorbs
more power to regain its initial energy level. By comparison, with no buffering
effect, the trajectory would go straight from points B to C.
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8.4.5 Assistive Controller: Multiple Assisting Neighbors

The load at bus 4 changes from 30 Q to 15 Q at r = 2.5s. As shown in Fig. 8.4c,
load 4 has two neighbors, loads 5 and 6, which are expected to assist with the load
transient. Figure 8.9 exhibits the state variables during this study. Figure 8.9a, d, f
clearly shows that the controller has successfully smoothen the bus voltages, source
currents, and buffer impedances in response to the load transient. All buffers con-
tribute by using their stored energy to smoothen the impedance profile. Figure 8.9b,
e shows how the buffers spend their energy asset during the load transient. The
energy—impedance trajectories in Fig. 8.9h exhibit movements for all buffers.
During the load transient, buffers 5 and 6 start from points C and D in Fig. 8.9h,
respectively, and assist buffer 4 by losing their energy and elevating their impe-
dance. They regain their energy shortly and move back to the starting condition,
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Fig. 8.9 Controller performance in response to the load change at Terminal 4; multiple assisting
neighbors: a microgrid bus voltages at the load terminals, b output voltage of the power buffers,
¢ output voltage across the resistive loads, d source currents, e stored energy in power buffers,
f input impedance of the power buffers, g output of the active loads, and h energy—impedance
trajectory of the power buffers during the load transient. © [2016] IEEE. Reprinted, with
permission, from IEEE Transactions on Energy Conversion [35]
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i.e., points C and D. Buffer 4, which is the primary buffer in handling the load,
drops its energy and, at the same time, reduces its impedance to respond to the load
transient. After reaching the desired impedance level, it slightly absorbs more
power to restore its initial energy level. In contrast, with no buffering effect, buffer 4
trajectory would have traveled a straight path from point A to point B.

8.4.6 Communication Delay and Channel Bandwidth

Communication plays a vital role in accessing neighbor data and, therefore, in the
functionality of a distributed system. Accordingly, cyber deficiencies, e.g., com-
munication delay or limited bandwidth, may compromise the system performance.
Therefore, distributed control protocols must be tested against probable channel
non-idealities to ensure satisfactory field performance. Effect of channel
non-idealities on the performance of distributed systems has been investigated in
[30] and, particularly, for microgrids in [31-33]. Accordingly, channel deficiencies
have a negligible impact on the system performance so long as the communication
system is significantly faster than the controller dynamics.

Distributed control structures commonly feature low-delay and wide-bandwidth
communication protocols. For example, Wi-fi and ultrawideband (UWB) protocols
typically offer bandwidths up to 5 GHz and 7.5 GHz, respectively, with delays less
than 1 us; the length of the communication link directly affects the channel delay.
On the other hand, power electronics typically have significantly slower dynamics
compared to the communication systems. Thus, considering wide-bandwidth
communications is expected to ensure satisfactory controller performance.
Particularly, for the underlying control methodology, each controller is linked to its
neighbors in a close physical vicinity. Therefore, field implementation features
short communication links with negligible delays. Figures 8.7 through 8.9 clearly
show that the controller dynamics are in the orders of 500 ms (or longer). Thus, the
controller will operate safely with wide-bandwidth communication systems.

To further study the effect of cyber deficiencies, the entire system is simulated
with non-ideal communication links. Figure 8.10 shows the system performance in
response to a step load change at bus 4 for a variety of channel delays and
bandwidths.

The load has changed from 30 Q to 15 Q at t = 2.5 s. It can be observed in
Fig. 8.10 that as the communication delay increases, it takes longer for the
neighbors, i.e., buffers 5 and 6, to respond and help in supplying the additional load
demand. This latency led to undesired oscillations on the source currents and buffer
voltages for delays longer than 250 ms. However, simulation studies ensure
immunity of the controller performance to delays as long as 100 ms and channel
bandwidths as low as 5 kHz, which makes Wi-fi and UWB protocols very suitable
for the field implementation.
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Fig. 8.10 Effect of channel deficiency on controller performance in response to a step load change
at Terminal 4: a ideal channel, b delay = 100 ms and BW = 5 kHz, ¢ delay = 250 ms and
BW =2 kHz, and d delay = 500 ms and BW =1 kHz. © [2016] IEEE. Reprinted, with
permission, from IEEE Transactions on Energy Conversion [35]

8.5 Summary

Loads within a DC microgrid can be augmented with power buffers.
A communication network is also included to facilitate information exchange
among neighbor active loads. A dynamic model of the active loads is derived that
accounts for the physical coupling throughout the power distribution system. Then,
a performance function is defined for each load, which forms a game-theoretic
coordination framework. A distributed control policy is then introduced that min-
imizes all performance functions. A policy iteration algorithm solves the algebraic
Riccati equations that provide the weighting factors to adjust the control inputs.
A low-voltage DC microgrid is simulated in MATLAB/Simulink environment and
used to verify efficacy of the control methodology.
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Appendix
Power System Parameters

The underlying microgrid has three DC sources. Each source is modeled as a series
connection of a voltage source and an internal resistance,

Vi =Vo=V3 =50V, (8.40)
rsl f— rsZ = rs3 = 01 Q (841)

Transmission line impedances are chosen as follows:

rag = 0.2Q, (8.42)

rsg = r47 = re7 = re9 = 0.3Q, (8.43)
rig = ry = 3 = 0.5Q, (8.44)
rso = 0.7 (8.45)

Identical converters are used for the three active loads; they share identical
power buffer designs and also identical buck converters. The converter, filtering
components, and parasitic elements are listed in Tables 8.1 and 8.2. It should be
noted that the simulation of power electronics accounts for the switching compo-
nents and parasitic elements to carefully capture nonlinear behavior of the under-
lying system.

It is typical for power buffers to carry large passive components because they
mainly involve in storing energy and buffering power. Particularly, in the

Table 8.1 Boost converter (power buffer) component values

| Symbol | Quantity | Unit
Component description
Input inductor L 2.65 mH
Output capacitor C 4.4 mF
Parasitic element
MOSFET on-state resistor Ton 40 mQ
Diode forward voltage Vb 1 v
Input inductor ESR L 520 mQ
Output capacitor ESR re 25 mQ
Control parameter
Proportional gain (voltage controller) kp 0.01 -
Integral gain (voltage controller) ky 1.5 -
Rated output voltage Vjated 100 \Y%
Hysteresis band (current controller) Aiy 0.2 A
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Table 8.2 Buck converter and LC filter component values

Symbol | Quantity Unit
Component description
LC filter inductor Liiter 300 pH
LC filter capacitor Crilter 2.2 mF
Output inductor L 2.65 mH
Output capacitor C 22 mF
Parasitic element
MOSFET on-state resistor Ton 40 mQ
Diode forward voltage Vb 1 v
LC filter inductor ESR T filter 100 mQ
LC filter capacitor ESR TC filter 50 mQ
Output inductor ESR rL 520 mQ
Output capacitor ESR re 50 mQ
Control parameter
Switching frequency Faw 60 kHz
Proportional gain kp 0.01 -
Integral gain ky 1.5 -
Output voltage set point Vi 48 v

underlying network, each buffer is assisted by one or two neighbor buffers. This few
number of neighbor buffers demands significant local buffering capacity to handle
load transients (see Table 8.1). However, for larger networks with more number of
active loads, smaller buffer designs suffice due to the availability of significant
neighbor buffering power. Furthermore, the buck converters simulate supplying
sensitive loads and, thus, are required to provide fast voltage regulation.

Despite fast voltage controllers on buck converters, they cannot offer satisfactory
transient voltage regulation since their input voltages (output voltage of the buffers)
drastically change in load transients. Alternatively, to tackle the voltage regulation
issue, the buck converters are also designed with large passive components.

It should be noted that the power buffers use cascaded voltage—current regula-
tors. In such design, a voltage (PI) controller processes the difference between the
desired and actual voltages and produces the current set point. A hysteresis current
regulator is, then, used to regulate the output current. This design does not feature a
fixed switching frequency. However, the buck converters use voltage controller
with a fixed switching frequency.

Control Parameters

The performance weighting matrices Q;; are selected to guarantee the desired
steady-state behavior and also improve transient response. Entries Q;(1,1) > 0 are
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chosen to ensure that ¢;(r) — 0. Entries Q;(2,2) = Q(3,3) = 0 are chosen because
one does not necessarily desire for 7;(r) or p;(¢) to go to zero. To improve the
transient response and encourage the stored energy to support load transients, the
cross products ¢;7; and ¢;p; are weighted by the positive Q;(1,2) and Qj(1,3)
terms in Qy [34]. The performance weighting matrices and scalars are selected
specifically as follows:

043 035 3.65 [8.50 12.1 91.8 7.00 109 75.6
Qu=1035 0 0|, Qs=[121 0 0 |, Qg=1]109 0 0 [,
365 O 0 191.8 0 0 756 0 0
(8.46)
838 12.1 23.8] 043 035 3.67
Qs, =121 0 0 |, Qss=1(035 0 0 I, (8.47)
238 0 0 | 367 O 0
8.00 8.87 13.8 0.15 0.04 0.64
Qe =887 0 0 [,Qe= 004 O 0 |, (8.48)
138 0 0 0.64 O 0
ps=ps=ps=1. (8.49)

Accordingly, one can solve the AREs (8.32) through the policy iteration method,
described in Sect. 8.3.2, to find the control gain vectors,

k4:[0.3 03 012 —02 01 —09 —02 0.1 —0.9},

o (8.50)
%:{XZ Fx] XH ,

k,=[-02 01 -07 03 03 012],

C ' (8.51)
X, = {xi » xj ,
k,=[-02 01 -05 03 03 012,

C (8.52)
X, = {xj xé] .
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