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Abstract

Nowadays, microgrids are gaining popularity with the increase in distributed generation
(DG) technologies. Generating electricity from renewable sources is becoming easier and
less expensive every day. The idea of a robust energy system composed of a high percentage
of renewable sources is a medium-term reality. Moreover, maintaining the electrical system
simple, safe and robust is a big challenge for engineers of today due to the interaction of ac-
components (e.g., aC-motors, synchronous generators, and wind energy conversion systems)
and dc-components (e.g., computers, lighting, photo-voltaic generation, and batteries) and
continuous modifications (expansions/reductions) of the electrical system configurations.

Due to the motivations mentioned above, this Ph.D. project and thesis focus on studying
hybrid ac/dc-microgrids. A hybrid ac/dc-microgrid is composed of an ac-microgrid and a
dc-microgrid, connected by a set of Interlinking Converters (1Cs), which controls the energy
exchanges between the two microgrids. The hierarchical control scheme in microgrids
comprises three levels. First, the primary control level is focused on achieving accurate
active/reactive power-sharing among the generation units. Second, the secondary control
level is responsible for restoring variables modified by the primary control level to their
nominal values. Finally, the tertiary control level aims to manage the energy exchanges
between the microgrid and the main grid, optimizing the microgrid operation. Specifically,
this Ph.D. work is focused on developing distributed secondary control strategies that
consider the hybrid ac/dc-microgrid as a single entity and not as three independent systems
interacting with each other.

In a hybrid ac/dc-microgrid, the secondary controller aims to restore the frequency and
the amplitude of the voltages in the ac-microgrid and the voltage magnitude in the dc-
microgrid to their nominal values. In this thesis, the main goal of the secondary controllers
is augmented with one of the following additional objectives: (i) achieving active power
consensus between ac-DGs and dc-DGs (and 1Cs), or (ii) minimizing the operation cost
of the complete hybrid ac/dc-microgrid. The additional control task is performed by
considering the information of the nearest neighbours from both sides of the hybrid ac/dc-
microgrid, i.e., a common consensus is achieved between ac-DGs and dc-DGs. Due to the
distributed configuration of the secondary controllers proposed in this thesis, there is no
need to have a high-bandwidth communication network and a central controller, unlike
the centralized strategies where a central controller and a full communication network are
mandatory. Therefore, the distributed approach helps to improve the capability of the
microgrid for changing its topology with a low risk of instability.

Two analytical closed-loop models for a hybrid ac/dc-microgrid are obtained in this
thesis. First, the analytical model considers the consensus-based distributed control strat-
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egy proposed for achieving active power consensus between ac-DGs and dc-DGs. Second,
the model considers the consensus-based distributed secondary control strategy proposed
for minimizing the operation cost of the complete hybrid ac/dc-microgrid. The closed-loop
models are used to perform small-signal stability analyses of the control systems proposed
in this thesis and validate the tuning of their parameters.

Finally, several experimental and simulation tests, such as load impacts, plug-and-play
capability and communication issues, are carried out to validate the performance of the
two proposed control strategies. The tests are performed in two different topologies for
hybrid ac/dc-microgrids. The first topology corresponds to a 24kW scaled-down prototype
of a microgrid with a single IC built at the Microgrid’s Control Laboratory, University of
Chile. The second topology corresponds to a 33kW scaled-down prototype of a hybrid
ac/dc-microgrid with multiple ICs.
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Chapter 1

Introduction

The continuous improvement in power electronic technologies, the strengthening of micro-
processors, and the capability to implement more complex control strategies have allowed
the researchers to address environmental concerns and focus on a signi cant e ort in the
research of microgrids. In the literature, a microgrid is de ned as an electrical system ca-
pable of integrating di erent distributed generators (DGs) and loads, which can use both
alternating or direct current (i.e., ac or dc). Moreover, a microgrid can also incorporate in-
termittent energy sources such as renewable energies operating with energy storage systems
(ESS) [1]. Electric vehicles (EVSs) correspond to a particular type of load since they can be
used to manage the loading in the microgrid, and it is possible to implement demand-side
management strategies by controlling their charge pro les [2]. The DGs supply electricity
to the local loads, reducing the transmission stage's power loss [3]. Although it is pos-
sible to operate a microgrid with medium-voltages, its application at a low-voltage level
is preferred [4,5]. Therefore, a massive inclusion of microgrids at the distribution level is
highly probable in the short term. The operation of these systems needs to be studied to
guarantee the electrical system's e ciency, safety, and reliability [6].

The general topology for anac-microgrid is presented in Fig. 1.1a [7]. Traditionally,
an ac-microgrid is composed o&c-energy sources, which can be renewable (such as photo-
voltaic panels (PVs) or wind turbines (WTSs) interfaced through power converters) or non-
renewable (such as diesel generators (DiGens)) energy-based DGs, astbads connected
through a 3-wire (or 4-wire)ac-bus. On the other hand, since th@c-microgrid can supply
(at least a part of) the power demanded by the loads, it can work autonomously without
a connection to the main grid [8]. Therefore, the microgrid can operate in \islanded" or
\grid-connected" mode, based on the status of the switch (see Fig. 1.1a) [9]. The focus of
this thesis is on the \islanded" mode of operation.
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Figure 1.1: General topology for a hybricac/dc-microgrid. a) ac-microgrid. b) Interlinking
converters. c)dc-microgrid.

Sincedc-power generation andic-loads have had signi cant growth in recent yearsiic-
microgrids anddc-distribution networks have caught the attention of researchers [10{14].
The general topology for adc-microgrid is presented in Fig. 1.1b. As described before
for the ac-microgrid, a dc-microgrid is comprised of renewable energy-based DGs (e.g.,
PVs and WTs), ESSs anddc-loads (@c-loads may also be connected throughc-to-dc
converters) connected through alc-bus. On the other hand, thedc-microgrid can also
operate in \islanded" or \grid-connected" mode (through adc-to-ac converter), based on
the status of the switch. As mentioned before, the focus of this thesis is on the \islanded"
mode operation.



Around the world, the distribution systems are mainlyac-distribution systems, and it is
not economically (or even technically) possible to replace the existirag-distribution sys-
tems with dc-microgrids, despite the enormous potential of thec-microgrids. Therefore,
it is more plausible to consider an electrical system that merges the two systems described
before in the short or mid-term taking advantage of the bene ts that each of them has [15].
In other words, it is possible to view theac-microgrids and thedc-microgrids operating to-
gether, i.e., as a single entity, interfaced through one or more Interlinking ConvertergCs)
as presented in Fig. 1.1c [16]. These systems are known as \hykaizidc-microgrids”, and
their operation and control have become an essential topic for research [17{19]. This is the
main topic for the research developed in this thesis.

The microgrid (ac, dc or hybrid ac/dc) is seen by the main grid as a single entity
when operated in grid-connected mode due to having a single point of common coupling
(PCC). The DGs do not have to regulate both the nominal amplitude and frequency of the
voltages in the microgrid since the main grid (sti grid) sets those parameters. The DGs
can control the exchange of active power (or reactive power in tree-microgrid) between
the main grid and the microgrid (i.e., the DGs act as \grid following" units) [20]. On
the other hand, in an isolated microgrid (i.e., islanded mode operation), the DGs need to
maintain the amplitude and frequency of the voltages within limits all the time (i.e., the
DGs act as \grid forming" or \grid supporting" units). However, in the islanded mode, it
is also possible to have \grid following" units.

Controlling the DGs in a hybrid ac/dc-microgrid (i.e., ac-DGs and dc-DGs working
collaboratively) is more complex than when the microgrids are operating separately. In
addition to controlling the internal variables and the interaction of the DGs within each
microgrid, it is necessary to control the interaction of the DGs on both sides, that is,
betweenac-DGs and dc-DGs. Thus, the control of the power transfer through thdC is
crucial for achieving the required operation of the hybricac/dc-microgrid [21]. Di erent
objectives can be de ned for the operation of the DGs. For example, one can mention
active power-sharing among DGs on both sides based on power ratings of units [22, 23],
active power-sharing within microgrids and transferring power through théC in case
one microgrid is overloaded [24], to name a few. However, in all cases the hylaadc-
microgrid is considered as 3 independent systems interacting with each other and not as a
single entity.

Although the hybrid ac/dc-microgrid may have only ondC , the most general topology
employs multiple ICs. In the former case, the most typical control strategy for thdC is
to equalize the normalized frequency (at thec-side) and voltage (at thedc-side) [15],
However, this strategy is not as e ective when the microgrid has many buses. On the
other hand, in the latter case, additional controllers should be used since the voltage at
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the dc-side of thelCs is not necessarily equal at all the buses [22]. However, in most cases
reported in the literature the secondary control is not considered.

Based on the hierarchical control approach [5], the secondary control loop can be im-
plemented as a centralized controller, a decentralized controller or a distributed controller
(see Fig. 1.2) [25,26]. The most typical approach considers a central controlleerftralized
approach), which requires a communication link with all the agents in the microgrid, as
shown in Fig. 1.2a. Therefore, this strategy is prone to single-point failures and its imple-
mentation is infeasible with a large microgrid since the computational burden is too high.
The decentralized approachacks a central controller and all the agents operate with local
information (see Fig. 1.2b). Thus, it is hard to achieve collaborative objectives among
the agents with this approach. Finally, thedistributed approachdoes not require a cen-
tral station for control, and agents work autonomously in a cooperative fashion to reach
a global objective (see Fig. 1.2c). This approach is more robust since each agent needs to
communicate only with its neighbouring agents [27].

Figure 1.2: Secondary control types for microgrid control. a) Centralized. b) Decentralized.
c) Distributed.

Motivated by the aforementioned considerations, the main focus of this thesis is on de-
veloping a distributed secondary control strategy that considers the hybridc/dc-microgrid
as a single entity and not as three independent systems interacting with each other. In
addition to restoring the variables modi ed by the primary control, the proposed control
strategy must be capable of assigning a secondary control objective to the DGs in the
hybrid ac/dc-microgrid, such as sharing power between the DGs (and between ti@s) or
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minimizing the total operating costs of the microgrid. In addition, the thesis will provide
guidelines to obtain an analytical closed-loop model for the hybridc/dc-microgrid with
the proposed control strategies, deriving the stable limits of the controllers and validat-
ing their tuning. Furthermore, several experimental and simulation tests will validate the
performance of the control schemes.

The Ph.D. program of this candidate is developed under a Cotutelle Agreement (double-
degree agreement) between thE&niversity of Chile, Chile , and the University of
Waterloo, Canada . Further information on this matter is provided in Appendix A.

1.1 Project Hypotheses

The main hypotheses that support this Ph.D. project are described below. Particularly,
this thesis explores the implementation of distributed secondary control strategies applied
to hybrid ac/dc-microgrids to regulate frequency,ac-voltage amplitude and dc-voltage
magnitude, while augmenting the objective of the controller with either a power-consensus
improvement or an operation cost minimization. The main feature of this strategy is to
utilize a distributed communication network that considers the interlinking converters and
to include them in the control scheme.

" A consensus-based distributed secondary control strategy could be designed and im-
plemented in a hybridac/dc-microgrid in order to simultaneously regulateac-voltage
magnitude and frequency, as well as thdc-voltage magnitude, by including the in-
terlinking converters in the control strategy.

The controller could be augmented with either a power-sharing improvement or an
operation cost minimization. This second control task could be performed by con-
sidering the information of the nearest neighbours from both sides of the microgrid,
l.e., achieving a common consensus amoag-DGs anddc-DGs.

The inclusion of anlC for the power/energy exchange between thac-side and the
dc-side of a hybridac/dc-microgrid in the distributed communication network could
help the secondary control task and reduce the possibility of instability due to a
failure on this device. To achieve the former, théC should communicate with, at
least, one DG from each sub-microgrid.

Additionally, if the IC is considered in the communication network, it could be
possible to automatically divide the secondary control strategy for the hybridc/dc-
microgrid into two separate strategies. Separately, these strategies should be able to
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regulate the secondary variables within each microgrid and to perform the second
objective: (i) independently equalize the power being generated by tlae-DGs and
dc-DGs, normalized to the units' ratings, or(ii) re-dispatch the DGs to minimize
the operation cost within each microgrid.

If multiple 1Cs are considered in the distributed communication network, it could be
possible to maintain the performance of the distributed secondary controller under
contingency of onelC . Even though the control of the hybrid ac/dc-microgrid is
more complex, the inclusion of multipldCs helps to improve reliability and security
of the electrical system.

By considering multipleICs in the distributed secondary control strategy and, hence,
in the distributed communication network, it could be possible to control and to
reduce the unwanted circulating currents in thedc-side of thelCs.

The correct tuning of the distributed controllers proposed in this Thesis can be veri-
ed by the analysis of a closed-loop model of the hybridc/dc-microgrid. Moreover,
the stable limits of the gains can be derived from this model.

1.2 Project Objectives

This Ph.D. research project is aimed to study and investigate the design and imple-
mentation of consensus-based distributed secondary control strategies for hybad/dc-
microgrids, treating the microgrid as one electric entity and not as three independent
systems (i.e.,ac, dc and IC). The research described in this thesis pursues to accomplish
the following objectives:

" To design and implement a distributed secondary control strategy for achieving active
power consensus among all the DGs in a hybrigc/dc-microgrid, i.e., ac-DGs and
dc-DGs.

" To validate (experimentally and with simulations) the e ectiveness of the secondary
control strategy for active power consensus.

" To design and implement a distributed secondary control strategy for minimizing (in
real-time) the operation cost in a hybridac/dc-microgrid, including the losses in the
ICs in the formulation of the optimization problem.



~ To validate (with simulations) the e ectiveness of the secondary control strategy for
operation cost minimization.

" To obtain a small-signal closed-loop model for verifying the tuning and deriving
the stable limits of the two proposed controllers. In addition, the stability of the
controllers can be studied with the closed-loop model.

" To design and implement a scaled down prototype of a hybridc/dc-microgrid to
validate the proposed control strategies in an experimental rig.

1.3 Contributions

The contributions of this work can be summarized as follows:

A

Two coordinated distributed secondary control strategies for hybridc/dc-microgrids
are proposed, which treat the hybrid microgrid as one electrical entity and not as
three independent systems (i.e.ac, dc, and IC). The proposed strategies achieve
seamless restoration of the variables modi ed by the primary control at both sides
of the hybrid ac/dc-microgrid, while achieving either active power consensus ( rst
strategy) or operation cost minimization (second strategy).

The active powers transferred through théCs are considered in the consensus func-
tions and algorithms proposed in this work, which avoids circulating currents and
achieves either an accurate power-sharing between thes ( rst strategy) or a loss
minimization in the ICs (second strategy).

The strategy achieves plug-and-play capability and robustness of the hybrat/dc-
microgrid; power-sharing ( rst strategy) or cost minimization (second strategy) are
achieved even ilCs (or DGs) are connected or disconnected.

The viability and e ectiveness of the proposed control strategies have been validated
using a 24kW hybrid ac/dc-microgrid prototype. A simulation study is also consid-
ered for including several scenarios which cannot be validated using the lab prototype,
including scenarios with multipleICs.

Two analytical models of the closed-loop systems for the hybridc/dc-microgrid

with the proposed consensus-based secondary control strategies are developed, which
permit small-signal stability analysis and parameter tuning for the two proposed
strategies.



" The work developed during this project has resulted in the publication of 3 interna-
tional conference papers [28{30] and 4 journal papers [26,31{33] submitted to top-tier
indexed journals. In addition, 11 manuscripts have been published, with the candi-
date as a co-author [34{44]. The details of these publications and other contributions
to papers related to microgrids are listed in Chapter 7.3.

1.4 Thesis Structure

The rest of this work is divided into ten Chapters, as follows:

Chapter 2 extensively reviews the secondary control strategies for hybrac/dc-
microgrids proposed in the literature. Particular emphasis is placed on consensus-
based distributed schemes. Furthermore, optimization techniques applied to hybrid
ac/dc-microgrids are also addressed.

Chapter 3 proposes a secondary control strategy that simultaneously regulatas-
voltage magnitude and frequency, as well as thdc-voltage magnitude, by including
the interlinking converters in the control strategy via a distributed consensus ap-
proach. This improves the power-sharing accuracy and secondary control restoration
of the variables in bothac-and dc-sides of the microgrid.

Chapter 4 introduces a new secondary control strategy that, as the one described in
Chapter 3, simultaneously regulatesc-voltage magnitude and frequency, as well as
the dc-voltage magnitude, while the DGs and thdCs (if multiple ICs are available)
are dispatched to minimize the operation cost of the hybriéc/dc-microgrid.

Chapter 5 presents two analytical closed-loop models of the secondary control
strategies proposed in this thesis, which are used to derive the stability limits for
the controller's gains and verify their tuning. Moreover, a small-signal analysis is
performed with the closed-loop models obtained in this Chapter, identifying the
eigenvalues of the characteristic matrix and their participation factors.

Chapter 6 shows the experimental and simulation validations for the control strate-
gies proposed in this thesis. A set of experimental tests for step-changes in the load,
plug-and-play of DGs and communication issues, such as communication delays and
communication failures, are included to validate the strategy proposed for power-
sharing. A set of simulation tests for a microgrid with multiplelCs and performance
comparison against other control schemes reported in the literature are included.
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Moreover, a set of simulation tests for evaluating the performance of the control
loops proposed in Chapter 4 in the presence of step-changes in the load at both sides
are included, for hybrid ac/dc-microgrids considering one or moréCs. Finally, a
comparison test for the two secondary control strategies proposed in this thesis is
provided.

Chapter 7 summarizes the contents presented in this thesis, suggests possible di-
rections for the future research on the topics addressed in this work, and presents
a summary of the works published during this Ph.D. project, including manuscripts
derived from the work presented in this thesis and other papers where the candidate
has contributed.



Chapter 2

State of the Art

2.1 Introduction

In this Chapter, the state of the art regarding topologies and control strategies applied to
microgrids is presented. The main control strategies and topologies applied to badlb-
and dc-microgrids are presented. However, special attention is focused on hybad/dc-
microgrids considering Interlinking Converters ICs) and Distributed Secondary Control
(DSC) systems for hybridac/dc-microgrids.

The Chapter is organized as follows: a comprehensive background about hierarchical
control strategies forac-microgrids (Section 2.2),dc-microgrids (Section 2.3), and hybrid
ac/dc-microgrids (Section 2.4) is presented. Section 2.5 shows the fundamentals of cooper-
ative control of multiagent systems, which is the basis of the distributed secondary control
strategies proposed in this work. Finally, Section 2.6 reviews the state of the art regarding
DSC applied toac-, dc-, and hybrid ac/dc-microgrids.
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2.2 Control of ac-Microgrids

As mentioned in Chapter 1, the focus for this thesis is on the \islanded mode" operation of
hybrid ac/dc-microgrids. Therefore, the DGs need to operate in coordination to supply the
power demanded by the loads and ensure a good quality of the energy supplied. The most
typical objective for the microgrid's control is to proportionally share the load power based
on the nominal capacities of the DGs [45{48]. However, di erent functionalities have been
proposed to coordinate the DGs, such as secondary variables restoration or power-sharing
improvement [18]. Although these functionalities can be performed with a centralized
control strategy, a fast communication network is required if the system's reliability has
to be maintained. However, a centralized controller gets expensive and unfeasible as the
number of DGs increases in the microgrid.

Droop control is the most commonly used control scheme to share the generated power
among the DGs in a microgrid, which follows a decentralized approach relying solely on lo-
cal measurements. Although this control strategy has a stable, reliable, and fast operation,
it causes deviations of the microgrid variables (frequency and amplitude of the voltages in
the ac-microgrids, and magnitude of the voltages in thelc-microgrids) from their nominal
values, which is a signi cant drawback of this decentralized controller. Moreover, it is not
possible to implement a higher level of coordination between the DGs since this control is
based on local measurements only. Thus, in order to take advantage of the bene ts of the
decentralized and centralized (or distributed) schemes | i.e., low cost and high reliability
of the former, and coordination exibility of the latter | a hierarchical control structure
should be considered.

In the hierarchical control structure, the control is separated in three main layers: the
primary, the secondary and the tertiary control loops, as can be seen in Fig. 2.1 for a fully
centralized approach (see Fig. 2.1a) and a distributed approach (see Fig. 2.1b). Firstly,
the primary control loop corresponds to the decentralized droop control. Secondly, the
secondary control loop which restores the secondary variables to their nominal values using
a slow-communication-based scheme. Finally, the slower higher level tertiary control loop
manages the energy exchange of the microgrid (mostly when it is operating in \grid-tied"
mode); however, since the focus of this thesis is on \islanded" microgrids, this control level
is not considered in this work. Additionally, an internal (or zero) control loop is needed to
control the internal variables (current/voltage) of the DGs [49{51]. It is worth mentioning
that the higher the control level is, the smaller the bandwidth becomes [5]. The hierarchical
control loops forac-microgrids are described in the following.
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Figure 2.1: Hierarchical control structure for microgrids. a) Centralized. b) Distributed.

2.2.1 Primary Control of  ac-Microgrids

The primary control loop for ac-microgrids is primarily responsible for setting the current
and voltage at the output of the ac-DGs. Furthermore, it regulates the power-sharing
among di erent ac-DGs in the ac-microgrid. The typical con guration for a power-
electronic-interfacedac-DG is presented in Fig. 2.2, which consists of a three-phase volt-
age source converter (VSC) and an LC-LCL Iter connected to thec-microgrid though
an output impedance [52]. The primary controller comprises the inner control loop (cur-
rent/voltage control loops) and the droop controller. Although a single voltage control
loop is su cient to control the output voltage in an ac-DG (e.g., a proportional-resonant
controller is capable of controlling the output voltage), it is recommended to include a
nested control scheme with an inner (current) control loop and an outer (voltage) control
loop. These controllers are described in the following.

Current Control
A nested controller is preferred since the (inner) current control loop is able to limit the

output current for protection purposes while controlling the current injected by the VSC.
The current control loop is the fastest in the system, i.e., it has the largest bandwidth.

12



Figure 2.2: Primary control loop for theac-DGs.

It can be implemented using di erent types of controllers; however, the most commonly
used in the literature are the Proportional-Integral (PI) controller and the Proportional-
Resonant (PR) controller. Due to the oscillatory nature of theac-voltage, the currents
must be converted into thedq synchronous reference frame for the implementation of the
Pl-controller. On the other hand, the PR-controller can be implemented in either thabc
natural reference frame or the stationary reference frame.

Regarding the Pl-controller implemented indq reference frame, it is necessary to im-
plement an additional negative-sequence controller to operate in parallel with the positive
sequence controller. Furthermore, additional controllers (one for each harmonic frequency
to be compensated) must be implemented for harmonic compensation when nonlinear loads
are present. On the other hand, PR-controllers in  reference frame show some advan-
tages over Pl-controllers indg reference frame. For example, both positive and negative
sequence currents can be controlled at the same time with the PR-controller. Therefore,
PR-controllers are used in this work. Fig. 2.3 shows the block diagram (see green blocks)
of the current PR-controller in frame. The general transfer function for a controller
with a resonant frequency! | is given by (2.1).

PR(S) = kp+ ki 2.1)

2 4 ] I‘Z
Voltage Control

The voltage control loop is the outer loop in the nested controller, and its bandwidth must
be at least seven times smaller than that of the current control loop to avoid coupling. The
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Figure 2.3: Inner control loop (voltage/current) for theac-DGs.

voltage controller is responsible for the VSC to follow the voltage reference by setting the
reference currents for the current control loop.

As described for the current control loop, voltage controllers can be implemented either
in dqg or in reference frames. In this case, the PR-controller is considered. Fig. 2.3
shows the block diagram (see blue blocks) of the PR voltage controller implemented in
reference frame, and the transfer function is shown in (2.1).

Droop Control

The droop control is used in the primary control level to ensure the power-sharing among
the generation units [5,45,46,48]. This stage has the smallest bandwidth within the local
controller of the ac-DG. The power droop controller sets the voltage reference by de ning
both the voltage amplitude and frequency to the inner voltage controller based on the
converter output active and reactive powers.

Traditionally, and considering that the ac-microgrid is composed of purely inductive
lines, the droop control used in thé™ inverter to obtain an accurate active power-sharing
(P;) among the ac-DGs needs to modify the frequency of the voltaged i) emulating
the mechanical/electrical behaviour of classical synchronous machines [53], as shown in
Fig. 2.4a for a generation unit (i.e., unidirectional active power). On the other hand,
the conventional droop control of thei™ inverter modi es the amplitude of the voltages
(Ei) generated to share the reactive powerQ;) among the generation units [48, 54], as
shown in Fig. 2.4b. The droop-slopes of the active powelM(:) and reactive power N4c)
droop-curves are given by (2.2).

! MIN

: N = Emin Emax 2.2)

Ma. = =
* QMAX QMIN

I:)M AX
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where! ;E are the nominal frequency and voltage amplitude, respectivelyyin , Emin »

Euwax are the frequency and voltage amplitude limits, andPyax , Qmin » Quax are the
active and reactive power limits of theé™ ac-DG. Thus, the conventional droop controllers
for the i"" ac-DG are described mathematically by:

Fi=1 + Mg iPi (2.3a)
jEij =E + Nac iQi (23b)
(a) Active power. (b) Reactive power.

Figure 2.4: Droop curves for control of theac-microgrid.

2.2.2 Secondary Control of ac-Microgrids

As mentioned before, the primary control loop (droop controller) is an e cient decen-
tralized scheme to achieve proportional power-sharing among tlae-DGs since it is fast,
reliable and only relies on local measurements [55]. Nonetheless, it produces deviations in
the frequency and amplitude of theac-voltages and an inaccurate reactive power-sharing
among ac-DGs due to the di erences in the output voltages and line impedances. Fur-
thermore, it is impossible to implement higher-level coordination since the control system
lacks a communication network. Therefore, the main objective for the secondary control
level is to resolve the drawbacks mentioned above from the primary control level.

Since secondary control level is a higher-level control, its bandwidth is smaller than
that of the primary control level; thus, lowering the communication network bandwidth
requirements. Centralized, decentralized and distributed secondary controllers have been
addressed in the literature [56{62]. However, since the focus of this work is on distributed
control strategies, this structure will be thoroughly discussed in Section 2.5, while the
others are brie y discussed in the following.
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Frequency Restoration

As mentioned before, the main objective for the secondary control level is to restore the
variables modi ed by the primary level control (droop controller). From the active power
droop controller (2.3a), the frequency of the voltage of thé" ac-DG will be adjusted
when the active power demand changes to share the active power amongahédGs. This
deviation in the frequency may cause issues in the operation of the-microgrid [63, 64];
thus, it is necessary to regulate the frequency and ensure the system is operating at the
nominal frequency. Since the frequency of thac-microgrid (in steady-state) is a global
variable, the frequency restoration controller may use the measurement of the frequency
in the microgrid at any arbitrary node.

The most typical secondary frequency controller is presented in Fig. 2.5 [65,66]. The
frequency is restored by vertically shifting the droop curve, as shown in Fig. 2.5b. Usually,
a Pl controller is used to determine the amount of the displacement of the curve, as shown
in Fig. 2.5a.

Figure 2.5: Secondary control loop for frequency restoration in thec-DGs. a) Frequency
restoration controller. b) Controller action.

Voltage Amplitude Restoration

From the reactive power droop controller (2.3b), the amplitude of the voltage in the" ac-

DG will be adjusted when the reactive power demand changes to share the reactive power
among theac-DGs. To avoid the undesired operation of thec-microgrid, it is necessary

to regulate the amplitude of the voltages [2, 5].

A decentralized approach uses the local voltage of tlae-DG, i.e., the measured voltage
at the output of the VSC. This controller is presented in Fig. 2.6 and it works shifting the
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droop-curve as in frequency restorer control [54, 63, 66]. However, since the local voltages
are not equal at di erent points in the ac-microgrid, the voltage restoration is applied to
the average voltage of thec-microgrid in the centralized approach. On the other hand, the
voltage restoration produces inaccurate reactive power-sharing among the DGs, which

can be controlled as follows.

Figure 2.6: Secondary control loop for voltage restoration in thac-DGs. a) Voltage
restoration controller. b) Controller action.

In the literature, virtual impedances have been considered to improve the reactive
power-sharing inac-microgrids. In [63], the authors consider the implementation of a
virtual impedance to share the active and reactive powers. However, it is not possible to
do it accurately when the load is unbalanced or non-linear, although it is possible to share
it with a mismatch of the feeder impedance. The unbalanced load condition is addressed
in [67] by an enhanced virtual impedance strategy, and the non-linear load condition is
studied in [68]. The reactive power-sharing under unbalanced or non-linear load is achieved
in [69]. However, any change in the microgrids topology (e.g., connection/disconnection
of any load or feeder) may produce instability. A modi cation from theQ-E droop-curve
to a Q-f droop curve was proposed in [70], which can be applied in case the lines in the
ac-microgrid are highly resistive.

2.3 Control of dc-Microgrids

The structure for the control system ofdc-microgrids is the same that the one described

for ac-microgrids (see Section 2.2), i.e., the hierarchical control structure. Decentralized
power-sharing is implemented in the primary control level by droop controllers, whereas the
voltage regulation, power-sharing corrections, and/or optimization strategies are performed
in the secondary control level. Tertiary control level is responsible for the energy exchange
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with external grids; however, since the focus for this thesis is on \islanded" microgrids,
this control level is not considered in this work. The primary and secondary control loops
for dc-microgrids are described in the following.

2.3.1 Primary Control of  dc-Microgrids

The primary control loop for dc-microgrids is primarily responsible for setting the current
and voltage at the output of the dc-DGs. Furthermore, it regulates the power-sharing
among di erent dc-DGs in the dc-microgrid. The typical con guration for a power-
electronic-interfaceddc-DG is presented in Fig. 2.7, which consists of @c-to-dc converter
and an LC or LCL Iter connected to the dc-microgrid through an output impedance [52].
As for the ac-microgrid, the primary controller comprises the inner control loop (cur-
rent/voltage control loops) and the droop controller. These controllers are described in the
following.

Figure 2.7: Primary control loop for adc-DG.

Current Control

As for the ac-microgrid, a nested controller is preferred since the (inner) current control
loop is able to limit the output current for protection purposes while controlling the current

injected by the dc-to-dc converter. The current control loop is the fastest in the system,
l.e., it has the largest bandwidth. It can be implemented with several controllers; however,
the most commonly used in the literature is the Pl-controller. Fig. 2.8 shows the block
diagram (see green block) of the current Pl-controller, and its transfer function is given
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by (2.4). The current controller gains are set to allow stable operation with the largest
possible bandwidth.

PI(s)= kp+ kg (2.4)

Figure 2.8: Inner control loop (voltage/current) for thedc-DGs.

Voltage Control

The voltage control loop is the outer loop in the nested controller, and its bandwidth
must be at least ten times smaller than that of the current control loop to avoid coupling.
The voltage controller is responsible for making thec-to-dc converter follow the voltage
reference by setting the reference current for the current control loop.

As described for the current control loop, for the voltage control loop a Pl-controller is
implemented. Fig. 2.8 shows the block diagram (see blue block) of the Pl voltage controller
implemented, and the transfer function is shown in (2.4).

Droop Control

As mentioned before, droop controllers are used in the primary control level to ease the
power-sharing among the DGs. This stage has the smallest bandwidth within the local
controller of the dc-DG. The power droop controller sets the voltage reference by de ning
its magnitude to the inner voltage controller based on the converter output active power.

Either current or power droop curves can be used oic-microgrids to facilitate current or
power-sharing between paralledc-DGs, respectively. However, power droop controP(-V)
is considered in this work, since the main focus is on hybrat/dc-microgrids which require
power-sharing or power dispatch between the two sub-microgrids. As fac-microgrids,
the droop controller gain is de ned based on the operation limits of thelc-DG and the
accepted voltage deviation. Fig. 2.9 shows the droop characteristics of generatorsitn
microgrids with unidirectional power (ESS are out of the scope of this work), and the
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droop-slope M) of the active power droop-curve is given by:

- VMIN \

My
¢ PMAX

(2.5)
whereV is the nominal voltage magnitudeVyn is the minimum voltage limit, and Py ax
is the active power limit of thei®™ dc-DG. Thus, the conventional droop controller for the
i dc-DG is described mathematically by:

\/i =V + Mdc iPi (26)

Figure 2.9: Droop curves for control of thedc-microgrid.

2.3.2 Secondary Control of dc-Microgrids

As mentioned before, the primary control loop (droop controller) imc-microgrids produces
deviations in the magnitude of thedc-voltages and an inaccurate power-sharing among
dc-DGs due to the di erences in the output voltages and line resistances. Furthermore,
same as for theac-microgrid, it is impossible to implement higher-level coordination since
the control system lacks a communication network. Therefore, the main objective for the
secondary control level is to resolve the drawbacks mentioned above for the primary control
level.

Since secondary control level is a higher-level control, its bandwidth is smaller than
that of the primary control level; thus, the bandwidth of the communication network may
also be small. Centralized, decentralized and distributed secondary controllers have been
studied in the literature [11,12,71]. However, since the focus of this work is on distributed
control strategies, this structure will be thoroughly discussed in Section 2.5, while the
others are brie y discussed in the following.
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Voltage Magnitude Restoration

From the power droop controller (2.6), the voltage in thé™ dc-DG will be adjusted when
the power load changes to share the power among thde-DGs. To avoid the undesired
operation of thedc-microgrid, it is necessary to regulate the voltages [72, 73].

A decentralized approach uses the local voltage of tle-DG, i.e., the measured voltage
at the output of the VSC. This controller is presented in Fig. 2.10 and it works by vertically
shifting the droop-curve [74,75]. However, since the local voltages are not equal for di erent
points in the dc-microgrid, the voltage restoration is applied to the average voltage of the
dc-microgrid in the centralized approach. On the other hand, the voltage restoration
produces inaccurate power-sharing among tlae-DGs, which can be controlled as follows.

Figure 2.10: Secondary control loop for voltage restoration in thdc-DGs. a) Voltage
restoration controller. b) Controller action.

The authors in [76] presented a low-bandwidth communication-based improved droop
method for improving the power-sharing amongic-DGs in dc-microgrids with di erent
line resistances. On the other hand, virtual resistances have been also proposed to improve
the power-sharing indc-microgrids [77{79].

2.4 Control of Hybrid  ac/dc -Microgrids

As described before, a hybricac/dc-microgrid generally comprises arac-microgrid and
a dc-microgrid, which are interconnected through one or more bidirectional Interlinking
Converters (C) [15{17]. This topology facilitates the interconnection of variousac- and
dc-based DGs and reduces several conversions due to the existence of indepenaent
and dc-grids [18]. In the following, the basics of hybricac/dc-microgrid control and some
relevant aspects of thdCs are detailed.
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Hybrid ac/dc-microgrids is a research topic that has been mildly addressed in the
literature. In this case, the power transferred through thdCs depends on the deviations
of the primary variables (i.e., frequency on thec-side and voltage on thalc-side) discussed
before [6,15,21{24,76]. The most commonly used power controller for tkae is presented in
Fig. 2.11. The power controller measures the voltage at tlie-side (V4.) and the frequency
on the ac-side ( ), which is obtained using a phase locked-loop (PLL) from thac-voltage
(Eac). Later, the secondary variables are normalized using (2.7) and compared. The error
is processed with a PI controller and the output of the controller is the power reference for
the IC (Pc).

eg. (2.7a) eg. (2.7b)

Figure 2.11: Closed-loop control system of thkC in hybrid ac/dc-microgrid.

\l)d Ve (Vdc;max + Vde:min ):2
¢ (Vdc;max Vidc:min ):2
|

no— lac (! agmax * ! agmin )=2 (2.7b)

rac —

(2.7a)

(! ac;max I ac:min ):2

In the literature, the main e ort has been focused on the power management of the
generation units at both sides §c and dc) of the microgrid. In [16], the authors studied
the operation of a hybrid ac/dc-microgrid with di erent energy sources, considering un-
certainties and intermittence of the energy sources (e.g., wind and solar). Additionally,
the voltage stability and the control of frequency and amplitude of the voltages was ad-
dressed. However, neither the secondary control loop nor the communication network was
considered.
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There are two main approaches proposed for active power management in hylaadc-
microgrids. First, the power controller seeks to share the active power among all the
generation units from both sides [21{23]. The work presented in [21] proposes the use of
normalized droop curves on both sides of tHE . Thus, the active power reference for thiC
control is generated to share the active power on both sides of the hybad/dc-microgrid.

Second, in [24] a strategy to control the active power owing through théC from

an underloaded microgrid to an overloaded microgrid is proposed. In that way, it is not
possible to share the active power among generation units from di erent sides (i.e., the
generation units only share the active power with units within the same microgrid). Thus,
the IC can be \turned o " if both microgrids are underloaded or overloaded simultaneously.
In these works, the secondary control loop is not considered, and the restoration of the
voltage of thedc-side and/or the frequency of theac-side produced by a secondary control
loop would interfere with the accuracy of the power-sharing among both sides.

Depending on the size and topology of the hybridc/dc-microgrid, it may be necessary
to consider the use of multipldCs. However, due to the e ect of line resistances in thdc-
microgrid, the conventionaldc-voltage based droop approaches used to manage the power
ow among ac- and dc-microgrids may produce a circulating current as well as stressing
the ICs. To avoid that unwanted scenario, in [80] the authors propose to implement special
droop characteristics to obtain the frequency and voltage reference values for theside
of ICs. In [81], the frequency of theac-side and the voltage of thalc-side are considered
to share the active power among théCs. The introduction of a superimposed frequency
in the dc-microgrid is considered in [82]. The secondary control loop is not considered in
any of the aforementioned papers.

2.5 Cooperative Control of Multi-Agent Systems

In this work, techniques from distributed cooperative control of multi-agent systems (MAS)
are applied to power-sharing problems in microgrids. This Section outlines the fundamen-
tal ideas used in the rest of the Thesis for developing design methods and analysis for
cooperative control of MAS on graphs. Moreover, state of the art regarding distributed
secondary control strategies applied tac-, dc- and hybrid ac/dc-microgrids is addressed.

In MAS, each agent in a group or system can make decisions based on the information
locally available from its closest neighbours, resulting in a synchronized behaviour of the
overall group [83,84]. The control protocols where each agent seeks to achieve consensus
with its neighbours are consideredlistributed since they depend only on the local neigh-
bour information as allowed by the communication graph topology. Thus, the agents in a
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microgrid (i.e., the DGs andICs) need to communicate with their closest neighbours. The
idea of a communication graph that models the information ows in a multi-agent group
is now introduced.

2.5.1 Adjacency Matrix

The communication network interconnecting a dynamical system (e.g., the hybrialc/dc-
microgrid) can be modeled as a graph with directed edges corresponding to the allowed
ow of information between the agents. Please note that a detailed modelling of the
communication network is considered out of the scope of this work. According to [II ], itis
possible to describe the distributed communication network by a weighted gra@( , ;A)
where = f1;:::;ngis alabeling of the DGs, is the set of communication links,
and A isthen n adjacency matrix (or connectivity matrix) of the graph, with elements
aj = aj 0 (in this case the graph is said to beindirected since it is bidirectional).
Particularly, it is considered that (i;j ) 2 " if nodei sends information directly to nodg,
and in this case,a; > 0. Thus, the sparsity pattern of the adjacency matrixA encodes
the topology of the communication layer (see example in Fig. 2.12).

Figure 2.12: Example of adjacency matrix construction for four DGs.

As mentioned before, a graph can be represented by an adjacency mat#ix [a; ]
with weights a; = 1 meaning that units i andj can communicate with one another and
a; = 0 otherwise. It is possible to de ne the weighted in-degree of node(d;) as the sum
of i"" row elements ofA as shown in (2.8) [34]. Moreover, the diagonal in-degree matrix
D = diagfdig and the graph Laplacian matrixL = D A can be de ned [86]. These
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concepts will be used for obtaining the closed-loop model of the proposed controllers in
Chapter 5.

di = ajj (28)

The time response of the proposed distributed secondary control strategy is strongly
related to the density of matrix A. The time response is slow wheA is sparse, i.e., if
most of the elements oA are zero, while the time response is fast if the density &f is
high (most of the elements ofA are equal to 1). Therefore, unlike the case of centralized
or decentralized secondary control strategies, in this case the time response also depends
on the size and topology of the communication network. Finally, a necessary condition for
stability is that the A matrix must have a spanning tree, i.e., a path from any single node
to any other one in the communication graph.

Now, two approaches for the consensus or synchronization problem are reviewed. First,
the cooperative regulator (or leaderless consensus) problem, where all agents have the
same role, is explained, which is the base for the secondary control strategies proposed for
power-sharing in Chapter 3 and for cost minimization in Chapter 4. Then, the cooperative
tracker (or controlled consensus) problem, where the agents synchronize to the dynamics
of a leader or root node which generates a command target trajectory, which is used in
the secondary controller presented in Chapter 4 for hybriec/dc-microgrids with multiple
ICs.

2.5.2 Cooperative Regulator

Given dynamical systems at each nodewith state x;(t), the objective for this approach
is to nd a distributed control protocol for each agenti that drives all states to the same
constant steady-state value, which is known as a consensus value. The control scheme
must be distributed in that the control for agenti is only allowed to depend on the state of
agenti and its neighboursj 2 N; in the graph topology. Thus, the local control protocols
for each agent are: X

U = X; = aj (X;  Xi) (2.9)

J2N;i

wherea; is from the adjacency matrixA and describes the communication network in the
hybrid ac/dc-microgrid.

In [84], it is demonstrated that the cooperative regulator protocol (2.9) guarantees
consensus and the node states come to the same steady-state valyes x; = c;8i;j,
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namely consensus value, given by:

X
c=  pxi(0) (2.10)

i=1

wherew; =[p;;  ;pn]" is the normalized left eigenvector of the Laplacian L for; = 0.
Finally, consensus is reached with a time constant given by (2.11), with, the second
eigenvalue of L, known as the Fiedler eigenvalue.

1
Ref 20

(2.11)

2.5.3 Cooperative Tracking

For this approach, we consider the situation shown in Fig. 2.13, which depicts a leader or
target node with statexg(t). The objective here is to nd a distributed control protocol for
each ageni that drives all states to the state of the leader node. The following distributed
cooperative tracker protocols are considered to solve this problem:

X
U= X = g (X; X))+ g(Xo X) (2.12)
J2N;

where the gainsg;, 0 are known as pinning gainsg; > 0 if agenti has a direct commu-
nication link with the leader node andg, = O otherwise.

Figure 2.13: Communication graph with leader nodg,.
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2.6 Distributed Secondary Control in the Literature

In the following, the main works reported in the literature regarding DSC strategies applied

to ac-, dc- and hybrid ac/dc-microgrids are discussed. The distributed control systems
reported in this section have been classi ed considering the type of microgrid studied, i.e.,
ac-strategies,dc-strategies and hybridac/dc-strategies.

2.6.1 DSC for ac-Microgrids

As discussed before, the secondary control loop fac-microgrids is in charge of restoring

amplitude and frequency of the voltages to their nominal values. It must be noted that
the frequency is a global variable of the microgrid. On the contrary, the voltage is a local
variable (i.e., di erent values of voltages could be obtained, in steady-state, at di erent

points of the microgrid). Therefore, dierent criteria can be considered for achieving
voltage regulation in the microgrid, for example, by (i) regulating the converters' output

voltage close to the nominal value, (ii) regulating the average voltage of the microgrid, or
(iii) regulating the voltage in some speci ¢ points of the microgrid.

Di erent DSC strategies for ac-microgrids have been proposed in the literature. The
authors in [87, 88] propose to use the average values of voltage magnitude and frequency
to improve the primary control droop characteristics. Other works, based on techniques
from the cooperative control of MAS, have proposed secondary control schemes that en-
sure asymptotic convergence of the controlled variables [85, 89{92]. A secondary control
system based on an input-output feedback linearization approach was proposed in [89,91].
The proposed methodology allows a non-linear formulation to be solved by conventional
asymptotic consensus protocols. The non-linear relationship is developed for the voltage
loop based on [49], and the feedback linearization relies on Lie's algebra. The methods
presented in [91] inspire further developments in secondary control [85, 90].

In [85], the authors proposed a simpli ed methodology for the application of distributed
cooperative secondary control over traditional droop based converter-based microgrids.
The strategy considers a distributed averaging algorithm to restore the voltage amplitude
and frequency while maintaining the active and reactive power-sharing. This controller
acts over primary droop control schemes by applying an integral control with a consensus
protocol referred to as Distributed-Averaging Proportional-Integral (DAPI) controller. The
DAPI system is the basis of the control strategies proposed in this work, and it is further
explained as follows:
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Firstly, the DAPI frequency controlleris proposed for restoring the frequency in the
ac-microgrid and to ensure an accurate active power-sharing among units:

=1 miP; + (213)

k.b— (I. | ) X ( . ) (214)

1 dt - = . jZNac aij | ] .
where ; is the secondary control variablek; is a positive gain for adjusting the transient
response of the controller! ; is the frequency andP; is the active power of thei ac-DG,
and a; = a; is the element of the matrixA described in Section 2.5.1. The standard
droop controller with the additional secondary control input ; is shown in (2.13), while
(2.14) ensures the frequency restoration since, in steady-state, the derivative on the left
side of the equation is zero and, theri,; = ! . Additionally, the condition ; = ; has
to be ful lled for all the ac-DGsi;j 2 N4 to guarantee that all droop curves are equally
shifted. The latter condition ensures that the active power-sharing is maintained.

Secondly, the DAPIvoltage controlleris proposed to restore the voltage amplitude in
the microgrid and to improve the reactive power-sharing among units:

Ei=E nQ+e (2.15)

L -

Ydt 2N | Q, Q
where g is the secondary control variable, ; and ; are positive gains for adjusting the
transient response of the controllerE; is the i voltage andQ; is the i!" reactive power
rating, and b = b is the element of theadjacency matrix of a communication networl8
described in [85]. The equation (2.15) corresponds to the standard voltage droop controller
with the additional secondary control inpute;, while (2.16) allows to choose between con-
trolling the local voltage E; (B = 0), the reactive power-sharing (; = 0) or a trade-o
between both controls B 6 0; ; 6 0). This trade-o between control of the voltage and
reactive power-sharing is well-known and previously studied in the literature [93].

(2.16)

Approaches for Power-sharing and Variables Restoration

Other approaches have been proposed for improving the power-sharing while the secondary
variables are restored [94, 95]. In [94], a fully distributed control methodology for sec-
ondary control of ac-microgrids is proposed. The authors claim that the proposed scheme
maintains the average voltage of the microgrid at the rated value while th®-V droop
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coe cients are ne-tuned to mitigate any reactive power mismatch. Furthermore, the
authors state that, unlike most conventional methods, the proposed controller does not
utilize any explicit frequency measurement to regulate all inverter frequencies at the nom-
inal value while sharing the active power demand among them. The proposed scheme
estimates the average normalized active power using a dynamic consensus protocol and,
accordingly, regulates the microgrid's frequency and shares the active power demand pro-
portional to inverters' rating. Plug-and-play capability, and resiliency to di erent commu-
nication topologies and constraints such as limited bandwidth, delay, and packet loss, are
veri ed through experiments. In [95], dynamic weights are reassigned to reach di erent
targets. It is claimed that the strategy discussed in [95] could enhance the stability of the
system, achieving a better dynamic response. The authors in [96] propose a distributed
strategy to improve only the reactive power-sharing.

Several variations and modi cations to the distributed secondary control algorithms
have been proposed and studied. For instance, in [97{99], techniques of predictive control
are utilized to restore the frequency and voltage amplitudes to nominal values. Another
type of modi cation in the control algorithms is developed in [100{103], where nite-time
consensus control is employed to restore both frequency and voltage in the microgrid.
The proposed algorithms are designed to achieve the restoration of secondary variables
(frequency and voltage) in a nite time. It is also claimed that these control strategies in-
crease the convergence speed and the robustness against noise and uncertainties. However,
these topics are outside the scope of this work.

Approaches for Economic Dispatch

The conventional centralized dispatch problem can be solved in a distributed manner. In
this sense, it should be highlighted that in contrast to the centralized approach, distributed
algorithm achieve the minimum cost by considering the communication between DGs.
The most typical approach for minimizing the cost of the microgrid is considering the
incremental cost consensus (ICC) [104{108].

In [104], a multiagent based distributed method is proposed to minimize operation
cost of the ac-microgrid. Each ac-DG acts as an agent which regulates the power in-
dividually using proposed frequency scheduling method. Optimal power command is ob-
tained through a consensus algorithm with only light communication between neighbouring
agents. The authors in [105] propose a method similar to that proposed in [104], however,
the nite-time convergence properties for distributed secondary frequency and voltage con-
trollers are demonstrated. The limits for the operation of theac-DGs are not considered
in the aforementioned papers.
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Delay e ects and communication issues are thoroughly studied in [106,107]. The impact
of time delays on the stability of the distributed economic dispatch algorithm is carefully
studied in [106], and the generalized Nyquist criterion is considered to derive the maximum
allowable delay bounds for the strategy presented in [1L06]. The e ectiveness of the pro-
posed algorithm and a veri cation of the correctness of the theoretical results are validated
through simulation tests. In [107], the authors claim that whether the communication de-
lays exist or not, the control protocols always guarantee that the output voltage amplitude
and frequency of each distributed generator track to the reference values and maintain
the optimal active power-sharing and the accurate reactive power-sharing properties. The
plug-and-play capability is also validated in [107].

The power limits of the ac-DGs are considered in the strategies proposed in [108, 109].
Here, the authors propose a distributed control strategy for frequency control, congestion
management, and optimal dispatch in isolated microgrids. The control scheme avoids lines
overloading in the microgrid with a distributed approach, while restoring the secondary
variables and optimizing the operation of the microgrid. The authors in [108] also derive
a closed-loop model of the microgrid with the proposed scheme, in order to perform an
eigenvalue analysis and small-signal stability analysis. Furthermore, the closed-loop model
of the system is used to derive the stable limits for the parameters of the controller.

Approaches for Power Quality Issues

The loads in a low-voltageac-microgrid are typically unbalanced and non-linear with sev-
eral connections and disconnections of single-phase loads, which can produce power quality
issues in theac-microgrid. Thus, the DSC has been extended for improving the power qual-
ity in ac-microgrids by considering imbalance and harmonics issues. Two approaches have
been addressed in the literature. In the rst approach, the strategy aims to improve the
unbalanced and distorted currents-sharing among thac-DGs [110, ]. Conversely, the
second approach is focused on compensating the voltages at some buses in the microgrid
(buses where critical loads or more sensitive systems are connected) [112].

In [93], a distributed dynamic consensus algorithm to improve the negative sequence
components current-sharing while enhancing the voltage quality at the PCC is proposed.
This strategy is based on the symmetrical components theory. Therefore, to share the
negative sequence component of the current among the-DGs, a negative sequence com-
ponent of the voltage is included in the reference voltage to be synthesized by tfleac-DG.
This proposal ensures an accurate imbalance sharing. The-microgrid considered in [93]
corresponds to two 3-leg converters in parallel con guration feeding an unbalanced load.
Experimental results are provided that validate the proposal. However, it is not discussed
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how to extend the proposal for a more complex microgrid con guration. Moreover, it is
challenging to implement the reported methodology in a microgrid with more than two
ac-DGs.

Approaches for Energy Storage Systems

Distributed secondary control strategies have been proposed for equalizing the state of
charge (SoC) of battery energy storage systems (BESS) at-microgrids [113, ]. In
[113], the authors use frequency scheduling instead of adaptive droop gain to regulate
the active power of the distributed energy storage (DES). Each DES unit is taken as an
agent and it schedules its own frequency reference given by the real power droop controller
according to the SoC values of all other DES units. Each agent uses a dynamic average
consensus algorithm to obtain the average SoC value of DES. On the other hand, the
scheme proposed in [114], achieves power regulation by adjusting the virtual resistances
of voltage-controlled inverters with an autonomous current-sharing controller. However,
BESSs are not considered in this work.

Although several alternatives for distributed secondary control irac-microgrids have
been analyzed, none of the previous works discussed in this section considers the existence
of either the dc-side or thelC in a hybrid ac/dc-microgrid. Next, the works proposed for
dc-microgrids are reviewed.

2.6.2 DSC for dc-Microgrids

As discussed before, the secondary control loop fde¢-microgrids is responsible for restor-
ing magnitude of the voltages to their nominal values. As mentioned before, since the
voltage is a local variable, the same criteria discussed fac-microgrids can be de ned
for dc-microgrids, i.e., by regulating (i) the converters' output voltage, (ii) the average
voltage of the microgrid, or (iii) the voltage at some speci ¢ points of the microgrid. The
secondary control loop indc-microgrids can include an additional control objective. The
most common goal for the secondary control loop is to improve the power-sharing among
dc-DGs while restoring the average voltage to its nominal value. Di erent approaches are
reviewed in the following.
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Approaches for Power-sharing and Variables Restoration

As mentioned before, the main challenge in this strategy is to restore the average voltage of
the dc-DGs without deteriorating the power/current sharing. However, it is not possible to
simultaneously achieve a good voltage regulation and an accurate power-sharing between
the dc-DGs (i.e., the problem is similar to the Q-V problem inac-microgrids). An optimal
control strategy is proposed in [115] to solve the problem of optimal voltage and power
regulation for dc-DGs with a distributed communication network. Here, the authors show
the good performance of the proposed strategy with intermittent and distributed genera-
tion. However, this strategy requires the full information of the microgrid; otherwise, the
optimal control is reduced to several controls, including conventional droop control.

A distributed approach is presented in [116{118]. In these works a distributed-adaptive
droop mechanism is proposed for secondary/primary control afc-microgrids. The con-
troller on each agent exchanges data with only its neighbouring agents on a sparse commu-
nication graph spanned across the microgrid. To achieve a good voltage regulation and an
accurate current/power sharing, this control strategy can be divided in two main stages or
modules: (i) a voltage regulator based on an observer for estimating the average voltage in
the microgrid, and (ii) a current regulator to ne-tune the droop coe cients for di erent
load conditions. In [28], a simpli ed version of the controller proposed in [116] was pre-
sented. This strategy utilizes power-sharing consensus instead of using a current-sharing
consensus, and the voltage regulation is based on measured voltages instead of estimated
voltages, which simpli es the controller.

A DSC applied for voltage regulation and droop slope correction is discussed in [119,

]. The controller is proposed to modify the droop slope in order to change the output
impedance in each converter, to achieve load current sharing. In [121], a low voltage
dc-microgrid with merged ac and dc characteristics has been considered to propose an
alternative droop scheme for low-voltagelc-microgrids with both primary power-sharing
and secondary voltage regulation merged. Two droop expressions are proposed in this
work. The rst expression is for regulating theac-frequency and active power generated
by the dc-DGs, while the second one is for relating thdc-voltage to the power term. It is
claimed in [121] that better active power-sharing and proper average voltage regulation in
the dc-microgrid are achieved.

Approaches for Economic Dispatch

The ICC approach for ac-microgrids discussed in the previous section can be extended
to dc-microgrids, where a consensus algorithm is considered to achieve equal incremental
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cost in all the generating units. The distributed economic dispatch (ED) adlc-microgrids,
unlike the distributed ED of ac-microgrids, modi es the voltage droop control scheme.
In this context, the ED is solved at the same time that the global average voltage is
restored [122, ].

In [122], the ED is achieved by modifying the voltage reference from the droop con-
trollers for the dc-microgrid through a Pl controller, which modi es the output power of the
i dc-DG to be equal to the optimal output power. The optimal power is obtained using
an ICC algorithm similar to that discussed for theac-microgrid. However, this work has
some limitations: the power limits fordc-DGs are not considered. Moreover, this strategy
only regulates the local output voltage of eacldc-DG instead of the global voltage of the
microgrid, not being able to guarantee the optimal operation. In [123], the global voltage
regulation issue is addressed, and the distributed consensus technique is used for ED and
voltage control of the microgrid. The voltage reference for the local controller is modi ed
by adding voltage deviations to the reference voltage. Unlike [122], the works reported
in [123, ] include the operation limits for the active power generated by thie-DGs.

In [125, ], a distributed adaptive droop control algorithm is proposed for optimal
dispatch and current regulation by applying a consensus algorithm. In these works, an
ED problem is considered to obtain the incremental cost considering power losses, where
a penalty term is added to the cost function. The transmission losses are approximated
by the square of the output power of each generating unit. Although this penalty term is
added for considering the transmission losses in the cost function, the power-losses are not
modelled in [125]. On the other hand, the losses are assumed constant in [126].

Several works include time delay analysis in their proposed consensus algorithms to
evaluate their performance in this scenario. As reported in [127], time delays a ect the
convergence and performance of consensus algorithms. Thus, in [106, , 128], the e ects
of a constant communication delay on the ED problem are studied using simulation work,
while in [127], time-varying delays are analyzed. Finally, uncertainties have also been ad-
dressed in the literature: for instance, in [129] the authors proposed a distributed controller
for economic dispatch with random wind energy power.

Approaches for Energy Storage Systems

DSC strategies to achieve SoC equalization among the energy storage unitdarmicrogrids
have been reported in the literature [130, ]. Besides the typical tasks of the secondary
control system (i.e., voltage restoration and power-sharing), in [130], the charge and dis-
charge of the batteries is monitored, and the SoCs are equalized, simultaneously, by using a
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distributed controller which regulates the BESS droop coe cients. Alternatively, adaptive
virtual impedances adjusted using distributed control algorithms can be utilized to achieve
SoC equalization among the BESS located in a microgrid (see [114]). Itis claimed that vir-
tual impedance-based methods are intrinsically more stable because droop variations can
a ect the stability of ac- and dc-microgrids [114]. In [131], ultracapacitors are included in
the BESS, which posses two time-scales, one for the batteries (slower) and the other for
the ultracapacitors (faster). In [132], a feedback linearization technique is used to obtain a
second-order consensus strategy of the voltage applied to equalize the SoC of a BESS. The
strategy proposed in [133] balance the SoC of the BESS while optimizing the operation of
the microgrid.

Although several alternatives for distributed secondary control irdc-microgrids have
been analyzed, none of the previous works discussed in this section considers the existence
of either the ac-side or thelC in a hybrid ac/dc-microgrid. Next, the works proposed for
hybrid ac/dc-microgrids are reviewed.

2.6.3 DSC for Hybrid ac/dc -Microgrids

To the best of the candidate's knowledge, the study of distributed secondary control strate-
gies for integrating the secondary control loop of both sides in the hybrid ac/dc microgrid
had not been adequately addressed in the literature at the beginning of this Ph.D. project.
Conversely, the secondary control loop on each side is applied independently of the other
side and the operation of thelC depends on the secondary control variables, i.e., the
power-sharing among both microgrids might be inaccurate if the secondary control vari-
ables are restored to their nominal values. Moreover, the optimal operation of hybrid
ac/dc-microgrids as a single entity has not been addressed.

A distributed control scheme for reliable autonomous operation of a hybrid three-port
ac/ dc/DES microgrid is presented in [23]. First, the authors consider a fully decentralized
control, which is achieved by local power sharing (LPS) in individuahc- or dc-microgrid,
global power sharing (GPS) throughoutac- and dc-microgrids, and storage power-sharing
(SPS) among distributed storage units. Upon fully decentralized control, each power mod-
ule can operate independently without communication links. This bene ts riding through
communication malfunction in multilayer supervision control system. Secondly, a multi-
level power exchange control for scheduling LPS, GPS, and SPS is considered to reduce
unnecessary power exchange betweao- and dc-microgrids and operations of DES units
with the bene t of reducing power exchange losses and prolonging storage lifetime.

The integration of a global DSC strategy in DGs at both sides of the microgrid has
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been addressed in [28]. The authors propose a distributed control that ensures the regu-
lation of the frequency (at theac-side) and the amplitude (at both sides) of the voltages.
Additionally, with the proposed strategy, all the DGs achieve an accurate power-sharing.
The results obtained using simulation are presented and discussed in [28] to validate the
capability of the proposed scheme to transfer power from thac-side to the ac-side (and
vice-versa), and its plug-and-play capability. However, in this work, théC is not consid-
ered in the secondary control strategy.

During the last couple of years, signi cant e orts have been made in the research on
hybrid ac/dc-microgrids. A summary of these publications is presented in Table 2.1. For
instance, consensus-based strategies to achieve an accurate power-sharing among all the
DGs have been reported in [134{141]. The authors in [134, ] solve an optimization
problem considering the power limits of the units, while in [134] a robust optimal power
management strategy is considered for uncertainty in a constrained data set. In [134] the
DGs are sharing power while maximizing the utilization of renewable energy. However, the
variables restoration (secondary control) is not considered in [134, ]. Secondary control
is not considered in [136] either.

In [137, ], the authors proposed a distributed coordination control strategy for the
hybrid ac/dc-microgrid. In [137], it is claimed that this control strategy regulates not
only dc current and reactive power-sharing among DGs iac- and dc-microgrids but also
maintains power-sharing among two microgrids and restores thec-frequency anddc-
voltage to their nominal values. The proposed control strategy is based on a distributed
consensus algorithm. In [138], the goal is to implement power-sharing among all DGs in the
hybrid ac/dc-microgrid and among thelCs in a distributed manner, without the need for
additional proportional-integral controllers. However, in [137, ], the control of th&Cs
is based on the normalized droop curves of thee- and dc-microgrids [21]. This behaviour
is jeopardized when restoration is applied to the frequency ardt-voltage.

Secondary control was included in the control schemes proposed in [139, ]. In[139]
the ICs communicate with a single unit named 'leader' at each side, which makes the
system susceptible to single-point failures. Although the scenarios tested in these papers
validate the performance of the control strategies, a stability analysis is not provided. A
stability analysis for a control strategy for power-sharing is provided in [141]. However,
the focus of this paper is on enhancing the resilience of the microgrid against cyberattacks,
which is out of the scope of this Ph.D. work.

Consensus-based schemes to minimize the operation cost in hyhkadc-microgrids
have been reported in [142{147]. The authors in [142{144] solve the economic dispatch
problem in the hybrid ac/dc-microgrid with a distributed approach. However, none of
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these control schemes consider the restoration of the variables modi ed by the primary
control loop. Secondary control has been considered in [145,146] and a stability analysis
has been included in [147]. However, the losses in ti@s are not considered in the problem
formulation of these proposals, which is not consistent with one of the objectives of studying
hybrid ac/dc-microgrids: reducing theac-to-dc (and dc-to-ac) conversion power losses.

Table 2.1: Summary of the state of the art.
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Key feature

Robust power management against uncertainties

Considers power limits of DGs

Power management in unbalanced microgrids

Derive mathematical formula for power reference ofiCs
Consensus-based distributed control for hybridac/dc-microgrid
Propose coordination factors to improve PS

Resilient operation of ICs

Resilience of the microgrid is enhanced against cyberattacks
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Dynamic economic dispatch model of hybridac/dc-microgrid
Distributed optimal dispatching method

E ective framework for optimal operation management

Two-layer control scheme to improve optimal economic operation
A compartmentalization strategy for economic operation

A relative loading index is proposed for power reference oiCs

PS: Power-Sharing.
VR: Variables Restoration.

CM: Cost Minimization.
SA: Stability Analysis.

In conclusion, there is still room for research on this topic since all proposed con-
trol strategies have drawbacks and they do not consider a secondary distributed control
approach to integrate the secondary variables restoration of both sides in a hyb@ad/dc-

microgrid as a single entity.

2.7 Summary

In this Chapter, the hierarchical control structures ofac-, dc-, and hybrid ac/dc-microgrids
were presented. Deviations in secondary variables (frequency and voltage magnitude devia-
tions in ac-microgrids, as well as voltage magnitude deviations itc-microgrids) produced

by the primary control level (decentralized droop controllers) are regulated by considering
a higher level control, namely secondary control level. Moreoveltg-microgrids implement-

ing P-V droops su er from inaccurate power-sharing due to di erent line resistances and
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terminal voltages ofdc-DGs. Similarly, inaccurate reactive power-sharing among droop-
controlled ac-DGs in an ac-microgrid is obtained.

Secondary controllers use slow communication links to restore the secondary variables,
while attaining additional objectives such as improving power-sharing accuracy and power
quality (in ac-microgrids), equalization of SoC in BESS, or optimal operation of the DGs
in the microgrids. Distributed controllers are more suitable for microgrids with a high
number of DGs than centralized and decentralized schemes since the reliability and security
of the microgrid improves when considering these types of architecture. However, in the
literature, hybrid ac/dc-microgrids are typically considered as three independent systems
interacting with each other when implementing the secondary control loop.

In hybrid ac/dc-microgrids, a crucial device is thdC, which is a power electronics
device capable of interconnecting thac-microgrid with the dc-microgrids. ThelCs must
handle bidirectional power ow in order to transfer power from one side to the other one,
in order to fulll a goal such as avoiding the overloading of a microgrid or reducing the
total operation cost. When the hybrid ac/dc-microgrid has severalCs it is necessary to
regulate the power through them.
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Chapter 3

Control Strategy Proposed for
Power-Sharing

3.1 Introduction

In this Chapter, the consensus-based distributed secondary control (DSC) strategy pro-
posed for power-sharing among all agents in tree/dc-microgrid is presented. In the DSC
scheme proposed in this Chapter, each DG will achieveal power-sharingwith all other
DGs of the hybrid microgrid, i.e.,ac-DGs anddc-DGs, and eachac-DG will approximately
achievereactive power-sharingwith all other ac-DGs.

The main challenge for this Chapter is to design a control strategy applied to hybrid
ac/dc-microgrids (ac/dc-DSC) that restores the secondary variables to their nominal val-
ues, and improves (or, at least, not degrade) power-sharing among DGs. Moreover, the
control system has to identify when thdC is not available because, in that case, it is not
possible to transfer power between the two sides of the hybrat/dc-microgrid (i.e., there
is no electrical path for transferring power).

This Chapter is organized as follows: Section 3.2 presents a distributed secondary
control strategy for power-sharing in a hybridac/dc-microgrid. The inner, primary and
secondary control loops for theac-DGs and dc-DGs are presented in Section 3.3 and
Section 3.4, respectively. The controllers for théCs are depicted in Section 3.5 for the
case where a singléC is connected to the microgrid, and in Section 3.6 when multiple
ICs are transferring power between the two sides of the microgrid. Finally, Section 3.7
summarizes the control strategy proposed for power-sharing among all the agents in the
ac/dc-microgrid.
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3.2 Control Strategy for Power-Sharing

In this strategy, the standard power-voltage P=V) droop controller [72] is considered
as the primary control system in thedc-microgrid, and the standard P=f) and (Q=V)
droop controllers [60] are used as the primary control systems in tlae-microgrid. As the
frequency is a global variable in thec-microgrid, accurate active power-sharing is achieved
in the ac-microgrid. On the other hand, the amplitude of the voltages is a local variable.
Thus, it is not possible to achieve both accurate power-sharing and voltage restoration
simultaneously for each DG on either side of the microgrid [85].

A hybrid ac/dc-microgrid is considered in this section, which consists at-DGs, dc-

topology for the hybrid ac/dc-microgrid is shown in Fig. 3.1. A global secondary control
strategy for hybrid ac/dc-microgrids should restore the secondary variables on both sides
of the microgrid; moreover, should ensure power-sharing betweenattDGs anddc-DGs.

To achieve the latter objective, the power owing through thelC must be adjusted. In the
following, several distributed control mechanisms for achieving these goals are introduced.
These control laws will use peer-to-peer communication amodg-DGs, ac-DGs, andICs,

as described in Section 3.1. Detailed modelling of the communication network is considered
out of the scope of this work.

Figure 3.1: General topology of a hybricac/dc-microgrid. If the main breaker is closed, it
is a \grid-tied" microgrid; otherwise, it is an \islanded" microgrid.
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3.3 Control Strategy Proposed for ac-Microgrid

3.3.1 Inner and Primary Control Loops

In ac-microgrids, three-phase voltage source converters (VSCs) are the most commonly
used power electronic devices used to interface the-DGs with the network. In this case,
the voltage-controlled VSCs (VC-VSCs) are considered due to their capability to operate in
droop controlled mode, i.e., to synthesize voltages with variable frequency and amplitude.
The structure and control loops for a droop controlled VC-VSC are depicted in Fig. 3.2.
A low-pass LC lter is considered to interface theac-DGs with the ac-microgrid.

Figure 3.2: Inner and primary control loops for theac-DGs.

A nested structure is considered for the controllers in the inner control loop of theec-
DGs, which consists of an outer voltage controller (slower) and an inner current controller
(faster). Event though any kind of controller is able to synthesize thac-DG's output ac-
voltage, a proportional-resonant (PR) controller is considered in both stages of the nested
controller. The typical structure for a PR controller (Cpr(S)) is given by:

2ki S

Cpr(S) = kp + 82+—!02

(3.1)
wherekp and k; are the proportional and integral gains of the controller, respectively, and

I o is the resonant frequency. An important feature of the PR controller is that it is possible
to program it with a variable resonant frequency; thus, it is possible to adjust the response
of the controller according to the changes f'n the frequency due to the droop controller. As
depicted in Fig. 3.2, the reference currentsi(;) are set by the outer voltage loop, while
the reference voltages (i.e., the output voltage magnitude and frequency) are set by the
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outer droop controllers and the secondary control loops, as will be described in the next
Section. The typical structure for the droop controllers is given by:

'p = MacPqc (3.2a)
E b = NacQac (3.2b)

where ! 5 and E p are the control actions of the droop controlM . < 0 and N, < 0 are
the droop slopesP,. and Q.. are the active and reactive power generated by thec-DG,
respectively.

3.3.2 Secondary Control Loops

The secondary control loop foac-DGs aims to restore the frequency; and the amplitude
E; of the ac-voltage to their nominal values! and E , while maintaining satisfactory
power-sharing. In the proposed DSC for th@ac-DGs in the ac-microgrid (ac-DSC), the
communicated variables in theac-microgrid are the active and reactive power®; and Q;
in p.u., which are given by

Pi == Pac i=Snax i; i 2 Nag;
Qi = Qac i=Svax i I 2 Nac;

where P, i (Qa i) is the instantaneous real (reactive) power generated by thié' ac-
DG, and Snax i is the rated apparent power of the™ ac-DG. For the ac-microgrid, the
secondary variables are the frequency () and the amplitude (E;) of the voltages, while the
consensus variables are the active power in p.WR;§ and the reactive power in p.u. Q).
Following the traditional approach, two ac-DSCs are proposed: the rst one for active
power-sharing and frequency restoration, and the second one for reactive power-sharing
and voltage restoration.

(3.3)

The ac-DSC for active power-sharing and frequency restoration is given by:

Pi="1 + Mg iPac i+ i (3.48.)
i+ = g<!i D)+ acit dci (3.4b)
ac i — ) aj (Pac i Pac j) (3-40)

X J 2Nac
dc i — . ajj (Pac i Pdac j) (3-4d)
j 2Nge

for i 2 Na, where P, ; is the instantaneous power in p.u. generated by thg" ac-DG
2 Ny, and Py ; is the instantaneous power in p.u. generated by the" dc-DG 2 Nge.
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The ac-DSC for reactive power-sharing and voltage restoration is given by:

Ei=E + Na i Qac i'|>'< i (3.58.)
%,= i(E E) b _a Qi Q) (3.5b)

j2N
fori 2 Na.. The gainsM4 i;Nac i < 0 are the primary droop gains, and ;; % > 0 are time
constants. The gains j;h > 0 can be tuned to produce a compromise between voltage
regulation accuracy and reactive power-sharing accuracy. A block diagram of the proposed
distributed secondary control strategy for theac-DGs is shown in Fig. 3.3.

(3.4b) (3.4¢)-(3.4d)
(3.5b)

(3.5a)
(3.4a)

Figure 3.3: Proposed distributed secondary control fac-microgrid (ac-DSC).

Although relatively similar control strategies have been studied before (see [99]), the
key di erence in this work is that the active power consensus @&c-DGs is extended to
dc-DGs (and later, to ICs). In this work, the power consensus betweeac-DGs and dc-
DGs is performed by DGs at both sides of the microgrid, and not only by the action of
the ICs. Therefore, the power-sharing and the dynamic response of the controller are
improved. Moreover, since in this work all the agents are communicating, it is possible
to, for example, split the power consensus in two independent strategies in case t@s
are not available. The power consensus with units in thdc-microgrid is re ected in the
term 4 i [see (3.4d)], which illustrates the interaction between the power generated by
the ac-DGs and by thedc-DGs, and in next sections.
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3.4 Control Strategy Proposed for dc-Microgrid

3.4.1 Inner and Primary Control Loops

In dc-microgrids, several types of power electronic devices can be used to interfacedte
DGs with the network, depending on the system's requirements. Both unidirectional and
bidirectional dc-to-dc converters can be used depending on the nature of the DG source.
However, it must be able to operate in droop controlled mode, i.e., to synthesize voltages
with variable magnitude. The structure and control loops for a droop controlled HBC
is depicted in Fig. 3.4. A low-pass lter is considered to interface thdc-DGs with the
dc-microgrid.

Figure 3.4: Inner and primary control loops for thedc-DGs.

A nested structure is considered for the controllers in the inner control loop of thac-
DGs, which consists of an outer voltage controller (slower) and an inner current controller
(faster). Even though any kind of controller is able to synthesize thelc-DG's output
dc-voltage, a proportional-integral (PI) controller is considered in this work. The typical
structure for a PI controller (Cp,(S)) is given by:

Cri(s) = kp + EI (3.6)

wherekp and k; are the proportional and integral gains of the controller, respectively. As
depicted in Fig. 3.4, the reference currenti{ ) are set by the outer voltage loop, while the
reference voltage (i.e., the output voltage magnitude) is set by the outer droop controllers
and the secondary control loops, as will be described in the next Section. The typical
structure for the droop controller is given by:

Vp = MgcPyc (3.7)
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where Vp is the output of the droop controller,M 4. < 0 is the droop slope, andPq. is the
active power generated by thelc-DG.

3.4.2 Secondary Control Loop

The secondary control loop fodc-DGs aims to restore thedc-voltagesV; to their nominal
value V while maintaining satisfactory power-sharing among DGs. In the proposed DSC
for the dc-DGs in the dc-microgrid (dc-DSC), the variable shared by thedc-DGs to the
other DGs is the powerP; in p.u. generated by thei™ dc-DG, given by

Pi = Pgc i=Pmax i; i 2 Ngc; (3.8)

wherePy. ; is the instantaneous power generated by thd' dc-DG and Pnay ; is the rated
power of thei™ dc-DG. For the dc-microgrid, the secondary variable is thedc-voltage
V;, while the consensus variable is the p.u. powd?,. Then, the proposeddc-DSC for
power-sharing and voltage restoration is

Vi=V + Mg i Pgci+'i (3.9a)

i = i>((Vi V)+ g it aci (3.9b)

" i= G & (Pac i  Pac ) (3.9¢)
X JZNdc

"aci= G a;j (Pac i Pac j) (3.9d)

j 2Nac

wherei 2 Nge, Mg i < 0 is the primary control gain, and ; > 0 is a time constant. The
gains ; and ¢ can be tuned to produce a trade-o between voltage regulation accuracy
and power-sharing accuracy. A block diagram of the proposed-DSC is shown in Fig. 3.5.

The key di erence in this work with respect to the previously reported work in the
literature, is that the active power consensus adc-DGs is extended toac-DGs (and later,
to ICs). In this work, the power consensus betweetic-DGs and ac-DGs is performed by
DGs at both sides of the microgrid, and not only by the action of thdCs. Therefore,
as mentioned before, the power-sharing and the dynamic response of the controller are
improved. The power consensus with units in th@c-microgrid is re ected in the term
"ac i [see (3.9d)], which illustrates the interaction between the power generated by the
dc-DGs and by theac-DGs, and in next sections.
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(3.9b) (3.9¢)-(3.9d)

(3.9a)

Figure 3.5: Proposed distributed secondary control fatc-microgrid (dc-DSC).
3.5 Control Strategy Proposed for a Single IC

3.5.1 Inner Control Loop

In hybrid ac/dc-microgrids, a power electronic device which allowac/dc conversion and
bidirectional power ow is required to interconnect the two sides of the microgrid. In this
case, a two stagac/dc/dc converter is considered for théC , as shown in Fig. 3.6. Thus,
the IC possesses two electrical ports; the rst one is aac-port which is connected to
the ac-microgrid, while the second one is @c-port connected to thedc-microgrid. The
two ports are linked by adc-link, which needs to maintain a constanidc-voltage (Eq4c). A
low-pass lter is considered at each port to interface th&C with the DGs on the respective
side.

The controllers in the inner loop of thelC must control independently theac-and dc-
variables. Moreover, only the converter from one side must regulate tle-link voltage,
while the other converter is in charge of regulating the power transfer. In this case, the
converter on thedc-side of thelC is responsible for regulating theldc-link voltage (E ).

In addition, it is possible to feed-forward the current reference which allows to transfer the
power set by the secondary control loopi {.), as described in the next Section. Due to the
nature of the signals controlled at this side (the voltage and the current amc-signals), a
nested PI structure Cp(S)) is considered for the controllers in the inner control loop of
the dc-side of thelC . On the other hand, a PR controller Cpr(S)) is used to control the
power transfer by thelC, according to the current referencei(.) obtained from the power
reference P,c) set by the secondary control loop, as will be described in next Section.
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Figure 3.6: Inner control loop for thelCs.

3.5.2 Secondary Control Loop

The novel consensus-based DSC strategy for th€s proposed in this work {c-DSC) is
slightly di erent than those used for ac-DGs and dc-DGs. The IC has to regulate the
power transfer between the two sides of the microgrid. This has to be realized seamlessly,
and without a ecting the power-sharing among the DGs. To achieve this, th&C sends its
own status (1. ON, 0: OFF) to the DGs in order to enable the power-consensus between
the two sides of the microgrid, while thdC receives the power in p.u. being generated by
the ac-DGs (P4) and by the dc-DGs (Py4:). Therefore, the power referenc® , for the
singlek™ IC (k= n+ m+1) is updated as

X X
kP « = akak (Pac i Pdac ) (3.10)
i2Nac j 2Ngc

where ¢ > 0 is a time constant. Note that the DGs communicating with thelC are
included in the control law (3.10). In this work, the sign convention is thatP. , > O if
power ows from the dc-microgrid to the ac-microgrid.

It is important to highlight that, conversely to the traditional approach where the power
reference for thelC is calculated from the local variables in thdC (i.e., frequency at the
ac-side and voltage at thedc-side) in this control strategy the power reference for th&C
is obtained from the consensus terms, i.e., the power generated by theDGs and the
dc-DGs. In this way, the power-sharing between the two sides of the microgrid and the
dynamic response of the controller are improved. A block diagram of the proposedDSC
is shown in Fig. 3.7.
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(3.10)

(3.12)

Figure 3.7: Proposed distributed secondary control fdcC .

From (3.10), note that the power reference for théC will be adjusted to ensure power-
sharing among DGs in both sides of the hybridc/dc-microgrid. Additionally, if the IC is
out of service, it is possible to split the proposed control system into two separate controllers
(ac-DSC and dc-DSC), and change the global power-sharing to a sub-microgrid power-
sharing. In this way, voltage/frequency regulation in each sub-microgrid can be achieved
despite the temporary absence of thé&C . Moreover, all the secondary control tasks are
maintained within each microgrid, and the advantages of distributed controllers over the
centralized ones are maintained. However, if the lorl€ in a hybrid ac/dc-microgrid fails,
it will be impossible to transfer power from theac-side todc-side or vice-versa. Hence, the
use of multipleICs in hybrid ac/dc-microgrids is highly recommended, as discussed in the
next subsection.

Regarding the communication in (3.10), the proposed strategy works properly if at least
one ac-DG and onedc-DG are communicating with thelC . This is illustrated using the
hybrid microgrid topology shown in Fig. 3.8. Red dotted lines show the communication
links between units. In this example, the hybridac/dc-microgrid is composed of &c-DGs,
3dc-DGs and 1IC . The IC communicates with 2 DGs on each side of the microgrid. The
adjacency matrix A here models a connected bidirectional communication network. The
elements inA area; =1 if a communication link exists between thei™ and the j™ unit,
and a; = 0 otherwise.
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Figure 3.8: Example topology of a hybridac/dc-microgrid with the adjacency matrix.

3.6 Control Strategy Proposed for Multiple ICs

As mentioned before, by considering multipléCs in the hybrid ac/dc-microgrid, it is pos-
sible to improve its reliability due to the existence of multiple paths for transferring power
between sub-microgrids. However, the existence of multipl€s increases the complexity
of the microgrid control and |depending on the control strategy utilized| can generate
circulating currents among thelCs. These circulating currents must be eliminated to avoid
overloading of converters or line congestion [32].

Thus, based on the singléC controller proposed in (3.10), an additional term to achieve
a power consensus among multipleCs is introduced. The variable shared by thdCs is
the power Py in p.u. being transferred through thek™ IC .

Pc = Pic «=Pmax k; K2 Nic; (3.11)

wherePc  is the instantaneous power through th&™ IC and Ppay « is its rated power.
The ic-DSC proposed in this work for thek™ IC, consideringg ICs in the microgrid, is
given by
X X X
Pc k= & Ak Ak (Pac i Pac j) #« ank (Pic « Pic n) (3.12)
12 Nac j 2N h2Nic

where  and #, are positive gains for adjusting the transient response and the accuracy
of power-sharing. The proposett-DSC contributes to both power-sharing among DGs on
the two sides of the hybridac/dc-microgrid and power-sharing amondCs. Additionally,

if any IC is out of service, the others can be used for transferring power between the two
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sub-microgrids, as long as their power ratings are not exceeded. The ratio of power-sharing
amongICs can also be controlled by adjusting the second term on the right side of (3.12).
Nevertheless, to control this ratio, it is necessary to have a general knowledge of the hybrid
ac/dc-microgrid and to perform additional studies (e.g., optimal power ow) which are
typically utilized at the hierarchical tertiary control level. The tertiary control level is
outside the scope of this work.

3.7 Summary

In this Chapter, a consensus-based distributed secondary control strategy for hybad/dc-
microgrids has been proposed. This strategy considers the hybad/dc-microgrid as a
single entity, not three independent ones interacting with one another. The strategy is
capable of restoring the variables modi ed by the primary control loop to their nomi-
nal values, while maintaining an accurate power-sharing among DGs on both sides of
the microgrid. Additionally, when the hybrid ac/dc-microgrid has multiple ICs, accurate
power-sharing among them is also ensured.

The proposed strategy considers a reduced communication layer, as each DG is com-
municating only with its neighbouring DGs. Due to the fact thatICs also participate
in the communication layer, the secondary control strategy can be adapted to each side
separately in case thdCs are not available. The tuning of the controllers proposed in
this Chapter is addressed in Chapter 5. The validation of the proposed control strategy is
reported in Chapter 6 using an experimental 2dV hybrid ac/dc-microgrid.
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Chapter 4

Control Strategy Proposed to
Minimize Operating Costs

4.1 Introduction

In this Chapter, a new consensus-based distributed secondary control (DSC) strategy is
proposed for minimizing the operation cost among all the agents in the hybridc/dc-
microgrid. In the DSC proposed in this Chapter, each DG achievaacremental cost
consensuswith all other DGs of the hybrid microgrid, i.e., ac-DGs and dc-DGs, while
operating within limits. The main challenge for this Chapter is to design a control strat-
egy for hybrid ac/dc-microgrids that minimizes the operational cost while restoring the
secondary variables to their nominal values.

The formulation of the control strategy di ers according to the number ofiCs utilized
in the microgrid. Thus, the main di erences for the formulation of the control strategy
considering one or moréCs are explained in this Chapter, which is organized as follows:
the optimization problem considering a singldC is formulated in Section 4.2, while its
proposed control strategy is presented in Section 4.3. Conversely, the formulation of the
optimization problem considering multipleICs and the control strategy proposed to solve
this problem are presented in Section 4.4 and Section 4.5, respectively.

50



4.2 Single Interlinking Converter Formulation

First, the formulation of the optimization problem considers a singldC in the hybrid
ac/dc-microgrid. The formulation of the optimization problem is explained in the following.

4.2.1 System Modelling

Fig. 4.1 shows a simpli ed topology for a hybridac/dc-microgrid, which consists ofac-

in each side of the microgrid §c-Load and dc-Load).

Figure 4.1. General topology for a hybridcac/dc-microgrid with a singleIC .

From Fig. 4.1 the following equations can be deduced:

X
PIaCC - pi Pa% i (4.18.)
12 Nac
pdc — X pé  pb (4.1b)
IC dc j dc '
j 2 Ndc
pLOSS = pde  pac (4.1c)

where P,2255 is the power loss in thelC . Red arrows show the direction of the power ow
in the microgrid: DGs supply power to the system, loads absorb power from the system,
and the direction of the power ow in the IC has been arbitrarily de ned.

Since the modelledC lacks an energy storage unit, from (4.1c) follows that variables
in the IC are not independent and two of them can be expressed as a function of the other
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variable in the IC (i.e., the powerPZ or P). Moreover, only power at one port of the
IC can be controlled. Arbitrarily, in this case, the power in theac-port P is the variable
controlled in the IC and it is the variable de ned as independent in thdC . The power
losses in thelC can be empirically modelled as a fraction of the power owing through
this device k'©SS %) [148]. Then, the variables in thdC are expressed as shown in (4.2),
where constantsk,c and kiS5 depend on the direction of the power through théC , and
are shown in Table 4.1.

PE(PX) = kP (4.2a)
LOSS(P| )_ kLOSS (42b)

Table 4.1: Parameters for equation (4.2).

Power ow kKic ki 9SS

LOSS
PI%C > 0| from dcto ac i k%oss 1kkLoss

P¥<0|fromactodc |1 Kk'OSS| KLOSS

Now, replacing (4.2a) in (4.1b), and combining it with (4.1a), we obtallin:

1 X
PE(PSP&) = K P P i+ P& i Pa (4.3)
Ic 12 Nac j2Nge
wherePg = fP2 ;112 Noegand PG = PG | :j 2 Ngcg are the set of power generated

by the ac-DGs anddc-DGs, respectively.
In addition, a quadratic cost function for the operation cost of theac-DGs (C4 i; 8i 2
Nac) and dc-DGs (Cqc j; 8] 2 Ngc) is considered, which is de ned as follows:
Cac i(PS )= ac i PS; “+ bue iPS  +Caci [$=h]; 802 No (4.4a)
Cac |(PE )= | PS; “+hie |PS | +cuj [$=h; 8 2 N (4.4b)

whereas. | 2 R-g and by i;Cc | 2 R o are parameters for the cost function of the™
ac-DG, anday. j 2 R-pand by j;Cic j 2 R o are parameters for the cost function of the
j" dc-DG.

For future use, the following partial derivatives are calculated:
@I%C - 1 . @I%C - 1 . @I%OSS = kLOSS (45)
@'?5 i 1+ k' @E‘é,— 1+kc' (@) '
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4.2.2 Optimization Problem Formulation

The optimization problem considered in this work determines the least-cost dispatch of con-
trollable DG units in a hybrid ac/dc-microgrid while maintaining generation power within
limits. Constraints impose the later condition on DG power injections. The formulation is
based on a system representation without line losses as follows:

X X
minimize Caci PS . + Cac j Pg | (4.6a)
PSC,PSC iZNac jZNdc
_ X X
subject to P2+ PQ + PLOSS = PS .+ P& i (4.6b)
i2Nac jZNdC

PS . PSS . PS 12Ny (4.6¢)
Ph i P P& §2Na (4.6d)
PE PT PE (4.6€)

where (4.6b) is the power balance constraint (equality condition), and (4.6c)-(4.6e) are
the power limits constraints (inequality conditions). The upper limits are de ned by the
superscripts G+ and ac+, while the lower limits are de ned by the superscripts G- and ac-.
Unlike the traditional optimization problem proposed in the literature, in this thesis the
losses in thelC are considered in the power balance constraint (4.6b), which is consistent
with the objective of reducingac-to-dc (and dc-to-ac) conversion power losses in hybrid
ac/dc-microgrids. In this problem: (i) the power generated by the DGsRS, ; and P i)
are optimization variables , (ii) the power loads P2 and PJ) are constants for the
optimization problem, and (iii) the power transferred through thelC (P¥) is a function

of the optimization variables

Considering the optimization problem formulated in (4.6a)-(4.6e), the Lagrangian func-
tion can be written as follows:

G .pG .. + . Lo+ .o+ —
L Pachpdf(j” ac i* ac i’ dc j>’< dc j» IC» IC —
Caci PS i + Cic j P&
2N, ac i ac i 2 Nge dc j dc j
D D LOSS G G
+ F)ac'i' Pdc + I:)IC . I::'ac i : I:)dc j
X 12 Nac j 2Ngc (4 7)
+ G G+ G G ’
+ i2N ac i F)ac i I:)ac i + ac i Pac i Pac i
X ac
+ G G+ G G
+ dcj Picj Pacj * aj Pacj Paej
X j 2Ngc
+ ac ac+ ac ac
+ 2N 1C Pc Pc™ + ¢ Pc Pic
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where the Lagrange multiplier is associated with the power balance constraint (4.6b),
f 2 i’ aciv dejr de j9With the maximum and minimum power outputs of DGs in equa-
tions (4.6c)-(4.6d), andf ; g with the power limits of the IC in equation (4.6e). Since
the objective function of the optimization problem is strictly convex and the constraints

are linear, if the problem is feasible then it has a unique globally optimal solution.

Now, considering (4.5) and (4.7), the KKT optimality conditions of the optimization
problem are as follows:

Stationary condition :

LOSS
%:rcacipa%i"' ]_l:_l—cklc 1+ L ac i
+ —k'LCOSS ﬁ =0; i2N (4.8a)
T 1+ ke S ’ % '
LOSS
@%j:erch(ﬁj 1kl+c—k|c 1+ % a
c @ —k'LCOSS =0; j2Ng (4.8b)
1+ ke IC 1+ ke ’ ¢
Complementary slackness:
PSS PSS =0 02 Ng (4.8¢)
i PSS PSS, =0; i2Ng (4.8d)
i Piei Psaj =05 j2Ng (4.8¢e)
dc j P& i Pg i =05 ]2 Ng (4.8f)
c PE PgT =0 (4.89)
c P c = (4.8h)

Primal feasibility
(4.6b); (4.6¢); (4.6d) and (4.6e)
Dual feasibility :

acis aci O I 2 Nac (4.8i)
dc i oacj O J2Na (4.8))
ici e O (4.8K)

Note that for eachi 2 N,. andj 2 Nqc, (4.8a) and (4.8b) can each be solved to obtain
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the Lagrange multiplier ; as useful notation, the corresponding solutions are denoted as

ac .— 1+ kIC

ac .= rCaci Poi *+ =
! 1+ klc+kI|E:OSS ac ! ac |

ac i ac i

LOSS
Kic

1+ K + koSS ic  ic s 812 Na (4.92)
1+K
de Ic G
jc - 1+ kIC kILCOSS r Cdc i Pdc j + (-;C j dc j
KLOSS . |
1+kc KOS € i ;8] 2 Ngc (4.9b)

where, by optimality, we must have that (4.10) holds. We can interpret ?° as a Lagrange
multiplier for the i DG on the ac-side, and  as a Lagrange multiplier for thej " DG
on the dc-side.

= = (% 802N 8 2 Ng (4.10)

Replacing (4.2) in (4.1c), the following expression can be obtained:

Ko%= ke 1 (4.11)

Now, replacing (4.11) in (4.9), we obtain a reduced expression in terms kg for
8¢ (8i 2 Ngc) and jdc (8] 2 Ngc), as shown in (4.12). In this formulation, the DGs need to
know the constantk,c [see Table 4.1] and the variableb .; g from the IC; therefore,
it is necessary to have a communication link between the DGs and th€ . In case the
communication link does not exist (e.g., in a distributed con guration), the variables can
be estimated using a distributed observer.

ke +1 ke 1 .o
ac — e rCaci PS . + 1., i T c ic i 8i 2Ny (4.12a)
g _ kic +1 1

+ Kic + - a
j 2 r Coc | Pge i T ode acj T 5 IC ic +8] 2 Ngc (4.12b)

Based on the optimality conditions of the optimal dispatch problem, a distributed
secondary control strategy is designed with the objective of providing secondary variables
regulation in the hybrid ac/dc-microgrid (i.e., frequency and voltage amplitude regulation
in the ac-microgrid, and voltage regulation in thedc-microgrid), while driving the hybrid
ac/dc-microgrid with a single IC to an optimal dispatch that complies with the KKT
conditions (4.8).
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4.3 Proposed Control Scheme for a Single IC

The distributed control scheme proposed in this Chapter aims to regulate the secondary
variables in a hybrid ac/dc-microgrid, while maintaining optimality of dispatch. As ex-
plained in Chapter 3, the control scheme is designed for the three components of the hybrid
ac/dc-microgrid, which are theac-DGs, the dc-DGs, and thelC . On the other hand, the
design of the control scheme is based on the convex optimization problem (4.6a), (4.6b),
(4.6¢) and (4.6d) presented in Section 4.2.2.

4.3.1 Control scheme proposed for the ac-DGs

The control scheme proposed for thac-DGs is responsible for regulating the frequency
on the ac-side of the microgrid, while minimizing the operation cost of all the DGs in
the hybrid ac/dc-microgrid (4.13). It is important to note that the formulation of the
optimization problem does not include reactive power injections, since it is assumed that
the ac-DSC described in Section 3.3 controls reactive power injections to maintain voltages
in the ac-side regulated. Thus, this proposal focuses on frequency aghctvoltage control

by means of optimally dispatching of real power of DG units.

Li=1 + Mg PS + & (4.13a)

ac a b X ac ac c X ac dc

= = kac i !i ! ) kac i al] i j ac i au i j (413b)

j 2Nac j 2Nge
G G kgc i d

+ —_ + i+ . +

—ac i — gc imaX Pac i Pac i+ a _ ac i’O kac i ac i (4-130)
ac i
e .

—ac i = gc imaX Paﬁ’: i PaGé i+ E;l_ ac i;O kgc i ac i (4-13d)
ac i

RiC +1 . ke 1
iac= IZQiIC r Cac i Pacé i toac ac i IZQi'C AiIC (4'136)

The proposed controller drives the system to an optimal dispatch point, while comply-
ing with the KKT conditions of the optimization problem. The term 2¢in (4.13a) is a
secondary control action to drive the units to their optimal dispatch level. Speci cally,
the frequency droop controller in (4.13a) is perturbed by the control action &, in order
to change the dispatch of theac-DGs until all DGs satisfy the consensus condition (4.10),
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which corresponds to the (unique) dual variable associated with the demand-supply bal-
ance equation of the hybridac/dc-microgrid's optimal dispatch problem, (4.6b). Variables
a ., kb, . and kS, ; are positive gains of the controller. In steady-state, the optimality
condition (4.10) is enforced by (4.13b), (4.15b) and (4.16a). It is important to highlight
that, unlike the traditional approaches, in this proposal the optimality condition is achieved

collaboratively by all the agents in the microgrid.
The 2° of eachac-DG that complies with the stationarity condition can be calculated

|
from (4.13e). The termsk/C and 7€ are the estimate of the variablek,c and . . from
the IC , respectively. Since thec-DGs need information from thelC and a communication
link between all the DGs and thelC is not mandatory (the distributed approach is based
on the existence of communication links between neighbouring agents), the cooperative
tracking from Section 2.5 is considered among ttee-DGs to communicate the information

from the IC to all the ac-DGs. Thus, the observers implemented are as follows:

X X

k\_i|c — aj Qilc lec a QIIC QJ_IC G Qilc Kic (4.14a)
j 2 Nac § 2Nge

IC IC IC X IC IC IC +

A= aj i aj " " g " (ic ic) (4.14Db)
jZNaC jZNdC

whereg > 0 if ac-DG; has a direct communication link with thelC and g = 0 otherwise.

+

In (4.13e), variables 7. ; and . ; are local control actions to keep the active power
dispatch of ac-DGs within limits, which in equilibrium correspond to the dual variables
associated with maximum and minimum active power limits, respectively. The control
actions .. ; and . ; are obtained from equations (4.13c) and (4.13d), respectively. In
these equations, an increase in the values of the control actions is induced whenaeddG;
goes beyond its maximum or minimum active power dispatch levels, respectively. Also,

control actions ;. ; and . ; are driven down to zero by the controller if the active power

dispatch ofac-DG; is strictly within limits, where k3¢, and 2P, are positive gains of the
controllers.

In summary, the ac-DG; shares the following information with its neighbours:

" It sends the value of 7 i 2 Ng, to the ac-DGs, dc-DGs and to theIC [see (4.12a)].

" It receives the value of ¢ | 2 Ng, from the ac-DGs [see (4.13b)].

" It receives the value of J-dc; ] 2 Ngc, from the dc-DGs [see (4.13b)].
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“ It sends/receives the values ok!° and "€ to the ac-DGs anddc-DGs [see (4.14)].

" It receives the values okc, ;. and . from the IC [see (4.16b) and (4.16c)].

4.3.2 Control scheme proposed for the  dc-DGs

The control scheme proposed for théc-DGs is responsible for regulating the voltage of the
dc-side of the microgrid, while minimizing the operation cost of all the DGs in the hybrid
ac/dc-microgrid (4.15).

Vi=V + Mg jPg+ (€ (4.15a)
X X
—jdC = kgc j (VJ \ ) kgc j aj jdc idC kgc j aj jdc iac (4-15b)
( 12 Ngc ) i12Nac
kY.
ST G jmax Pg o Pet it o a0 Ko e (4.15¢c)
dc j
( - )
dc | .
dc j
RIC 41 ke 1
do = ) 5— T Cuc | Piej * d&j acj *- > A (4.15¢)

The proposed controller drives the system to an optimal dispatch point, i.e., it complies
with the KKT conditions of the optimization problem. The term jdc in (4.15a) is a
secondary control action to drive the units to their optimal dispatch level. Speci cally, the
voltage droop controller in (4.15a) is perturbed by the control action jdc, in order to change
the dispatch of the dc-DGs until all DGs reach the same value of , which corresponds
to the (unique) dual variable associated with the demand-supply balance equation of the
hybrid ac/dc-microgrid's optimal dispatch problem, (4.6b). Variablesk; ;, KB, ; and

dc j are positive gains of the controller. In steady-state, the optimality condition (4.10)
is enforced by (4.13b), (4.15b) and (4.16a). As mentioned before, unlike the traditional
approaches, in this work the optimality condition is achieved collaboratively by all the

agents in the microgrid.

The jdc of eachdc-DG that complies with the stationarity condition can be calculated

from (4.15€). The termsk!® and A€ are the estimate of the variablesc and .
from the IC, respectively, and were explained in (4.14).
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Variables ;. ; and . ; are local control actions to keep the active power dispatch
of dc-DGs within limits, which in equilibrium correspond to the dual variables associated
with maximum and minimum active power limits, respectively. The control actions . j
and . ; are obtained from equations (4.15c) and (4.15d), respectively. In these equations,
an increase in the values of the control actions is induced whenewkr-DG; goes beyond
its maximum or minimum active power dispatch levels, respectively. Also, control actions

dc ; and . ; are driven down to zero by the controller if the active power dispatch of
dc-DG; is strictly within limits, where k§. ;, k§. ;» & ; and §. ; are positive gains of
the controllers.

In summary, the dc-DG; shares the following information with its neighbours:

" It sends the value of j“c; ] 2 Ngc, to the dc-DGs, ac-DGs and to thelC [see (4.12b)].
" It receives the value of %; i 2 Ny, from the dc-DGs [see (4.15b)].

" It receives the value of ¢ i 2 N, from the ac-DGs [see (4.15b)].

" It sends/receives the values dij'c and "¢ to the ac-DGs anddc-DGs [see (4.14)].

" It receives the values of |- and . from the IC [see (4.16b) and (4.16c)].

4.3.3 Control scheme proposed for the IC

The control scheme proposed for thiC is responsible for transferring power between both
sides of the hybridac/dc-microgrid (P ), in order to help to minimize the operation
cost of all the DGs (4.16). In this work, the power reference obtained from the controller

corresponds to the power at thec-port of the IC since it is the controllable power de ned
in section 4.2.1.

X X q
ic kP « = awdk i (4.162)
i2Nac j 2Ngc
a
e = femax PE OPEFT+ = 150 c ic (4.16b)
IC
b
e = femax PE OPE+ & ;0 e i (4.16c¢)

IC
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The proposed controller drives the system to an optimal dispatch point transferring
power between the two sides of the hybrichc/dc-microgrid, while complying with the
KKT conditions of the optimization problem. In this case, thelC transfers power from
the cheapest side to the most expensive one by comparing the values #f and jdc, as
shown in (4.16a). Variable . is a positive gain of the controller. Variables ;. and

c are local control actions to keep the active power transferred through tH€ within
limits, which in equilibrium correspond to the dual variables associated with maximum and
minimum active power limits, respectively. Since thdC is considered in the secondary
control scheme and, therefore, in the communication network, it allows to decouple the
incremental cost at each side of the microgrid whenever th€ touches its upper (or
lower) operation limit.

+

The control actions . and . are obtained from equations (4.16b) and (4.16c), re-
spectively. In these equations, an increase in the values of the control actions is induced
whenever thelC goes beyond its maximum or minimum active power levels, respectively.
Also, control actions ;. and | are driven down to zero by the controller if the active
power transferred through thelC is strictly within limits, where 2, 2, & and 2 are

positive gains of the controllers.
In summary, the IC shares the following information with its neighbours:

" Itsends the values okc, ;- and . tothe ac-DGs anddc-DGs [see (4.12a)-(4.12b)].
" It receives the value of #; i 2 N, from the ac-DGs [see (4.16a)].

" It receives the value of J-dc; ] 2 Ngc from the dc-DGs [see (4.16a)].

4.4 Multiple Interlinking Converters Formulation

Now, the formulation of the optimization problem considering multiplelCs in the hybrid
ac/dc-microgrid is presented. In this case, the power transferred through ealsh can be
considered as an optimization variable since it is possible to dispatch the amount of power
transferred through each one, according to their e ciency (i.e., according to the percentage
of power lost in theac-to-dc conversion). Moreover, the total amount of power transferred
from one side of the microgrid to the other (i.e., the sum of the individual power transferred
through eachlIC) must help to reach the least-cost dispatch of controllable DGs units as
presented in Section 4.2. This is further explained in the following.
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4.4.1 System Modelling

Fig. 4.2 shows a simpli ed topology for a hybridac/dc-microgrid, which consists ofac-

load is modelled in each side of the microgrica¢-Load and dc-Load).

Figure 4.2: General topology for a hybricac/dc-microgrid with multiple ICs.

From Fig. 4.2 the following equations can be deduced:

X D X G
I?:C k= Pac Pac i (4.17&)
k2 Nic i2Nac
X
Pl = Pie | Pa (4.17b)
k2Nic j 2Ngc

where red arrows show the direction of the power ow in the microgrid: DGs supply power
to the system, loads absorb power from the system, and the direction of the power ow in
the ICs has been arbitrarily de ned (it is positive from thedc- to the ac-side). In this case,

the losses in thdCs are de ned as explained in previous Section (see (4.2) and Table 4.1).

The total power transferred from theac-microgrid to the dc-microgrid (and vice versa)
can be de ned as shown in (4.18). Moreover, the relationship betwe®# and P& can be
de ned as explained in previous Section [see (4.23a)].

X X
Pc = PC «; P& = P& « (4.18)
k2Nc k2Nic

Now, the total power transferred through multipleICs (P%) is de ned as a function of
the generated powers, as shown in (4.19). On the contrary, the power transferred through
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eachIC (PZ ,) is not a function of the generated powers and it can be dispatched in
order to reduce the losses and, therefore, minimize the operation cost of the hybaicidc-
microgrid.
I
ac(pG .pGy — 1 D X G X G D
I:)IC (P I:)dc) - Pac P + I:)dc i I:)dc (4-19)

ac’ ac i
1+ Kk . )
12 Nac J 2Ngc

wherePg = fPS ;112 Negand PG, = PG | :j 2 Ng.g are the set of power generated
by the ac-DGs anddc-DGs, respectively.

In addition, the power transferred through thek™ IC (P2 ,) is de ned as a percentage
(& ) of the total power transferred from one side of the hybridic/dc-microgrid to the
other (P), as shown in (4.20a). Thus, the condition shown in (4.20b) must always be
met.

Pc «= ¢ «Pc 8k 2 Nic (4.20a)
X
c k=1 (4.20b)

k2 Nic

Finally, rearranging (4.20), the following expression8k 2 N,c are obtained for future
use in the next Section:

ac ac c
pac = IC k. ac  — IC k. @ I% — 1
IC — ac ! IC k ™ ac '’ c - ac
IC k I:)IC @ I% k IC k

(4.21)
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4.4.2 Optimization Problem Formulation

The optimization problem considered in this part of the work determines the least-cost
dispatch of controllable DGs andCs units in a hybrid ac/dc-microgrid while maintaining
generation and transfer power within limits. Constraints impose the later condition on
DGs power injections andICs power transfer. The formulation is based on a system
representation without line losses as follows:

X X
minimize Caci PS, + Cac | Pgy | (4.22a)
PSC;PC?C;P% i2Nac §2Nge
X X
subjectto P2+ PR + PSS = PS + PS (4.22b)
i2 Nac j 2Nge
X
PE=  PC (4.22c)
k2N|c
Pei Pai Pa'ii 12 Nag (4.22d)
Pie j Picj Paji 12N (4.22e)
P&« P&« PEWw k2Nc (4.22f)

where P = fPE | : k 2 Nicg is the set of power transfer through thelCs, (4.22b)
is the power balance constraint ( rst equality condition), (4.22c) is the power transfer
constraint (second equality condition), and (4.22d)-(4.22f) are the power limits constraints
(inequality conditions). The upper limits are de ned by the superscripts G+ and ac+,
while the lower limits are de ned by the superscripts G- and ac-. As for the singlk
controller, in this thesis the losses in théCs are considered in the power balance constraint
(4.6b), which allows to dispatch the power transferred by each of them and it is also
consistent with the objective of reducingac-to-dc (and dc-to-ac) power conversions losses
in hybrid ac/dc-microgrids. In this problem: (i) the power generated by the DGsRS, |
andP$ ;) are optimization variables , (ii) the power transferred through thelCs (P&
are optimization variables , and (iii) the power loads PL and P2) are constants for
the optimization problem.

Considering the optimization problem formulated in (4.22a)-(4.22f), the Lagrangian
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function can be written as follows:

G .pG .pac . G. IC. + . .+ . .+ . —
L I:)aci’pdj:(j’l:)lc ko ’ ' ac i)’( ac i’ dc j* dc j* IC k* IC k —
G G
2N Cac i Pac it . Cac j Pdc j
ac J dc X
G D D LOSS G G
+ I:)ac"' Pdc + F>IC . ac i ‘ I:)dc j
X i2Nac J2Ngc
IC ac ac
+ Pic Pic « (4.23)
X k2Nic
+ G G+ G G
+ : ac i I:)ac i Pac i + ac i Pac i Pac i
X |2Nac
+ G G+ G G
+ N do ] Pic i Pacj * acj Paej Pac |
X
+ ac ac+ ac ac
Toene €k Pok Petk t ek Pk Pick

where the Lagrange multiplier © is associated with the power balance constraint (4.22b),
' with the power transfer constraint (4.22¢),f 7. i . it a j: a ;9 With the maxi-
mum and minimum power outputs of DGs in equations (4.22d)-(4.22e), arid ;= ,; c O
with the power limits of the ICs in equation (4.22f). Since the objective function of the
optimization problem is strictly convex and the constraints are linear, if the problem is

feasible then it has a unique globally optimal solution.
Now, considering (4.21) and (4.23), the KKT optimality conditions of the optimization
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problem are as follows:

Stationary condition :

@@Ei =T Cae Pac i © klikf 1 © k|C1+1
+ oh wi=0; 12Nk (4243

@%j =rCw; Pg, © k|c:2+1 ;1 k|cl+1
¥ i w1 =00 i2Ne  (4.24b)

ac ac
@% . Ckise © % + ok ck=0; k2Nc  (4.240)
Complementary slackness:

v Po PS =05 12 Na (4.24d)
aci Pai Pai =0; 12 Ng (4.24¢)
i Piei P&y =0; j2Ng (4.24f)
wi Pe; Poj =0; 2N (4.249)
c k Pck Pc'x =0; k2N (4.24h)
ck Pek Pck =0, k2N (4.240)

P rimal feasibility

(4.22b); (4.22c) (4.22d); (4.22e) and (4.22f)
Dual feasibility :

;c i; ac i O; i 2 NaC (4-24j)
g i oacj O J2Ng (4.24K)
e ek 0 k2N (4.241)

wherek,c and P¥ are variables from the group ofCs and will be explained in section 4.5.3.

Note that for eachi 2 Ng, ] 2 Ngc and k 2 Nc, (4.24a), (4.24b) and (4.24c) can
each be solved to obtain the Lagrange multipliers® and '®; as useful notation, the
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corresponding solutions are denoted as

kic+1 1 .
C .= T rCaci P2, + 10 . T IC. 8i 2 Ny (4.25a)
Kc +1 . 1 .
dGc j |C2 CdC J PdGc j + dc j dc | + é IC; 8] 2 Ndc (4-25b)
- P (k 1) ¢+ : 8k 2 N 4.25
k pac pac \iC k ) IC k IC Kk Ic (4.25¢)
IC K IC

where, by optimality, we must have that (4.26a) and (4.26b) hold. We can interpretS. .
as a Lagrange multiplier for thei™™ DG on the ac-side, & ; as a Lagrange multiplier
for the j'" DG on the dc-side, and [ as a Lagrange multiplier of thek™ IC. In this
formulation, the DGs receive information from thelCs (kic and '©), while the ICs also
receive information from the DGs ( ©); therefore, it is necessary to have communication
links between the DGs and thdCs. This is further explained in the next Section.

= gc i~ Sc i 8i 2 Na; 8j 2 Ngc (4.26&)
=5 8k 2 Nic (4.26h)

Based on the optimality conditions of the optimal dispatch problem, a distributed con-
trol strategy is designed with the objective of providing secondary variables regulation
(i.e., frequency and voltage amplitude regulation in thec-microgrid, and voltage regula-
tion in the dc-microgrid), while driving the hybrid ac/dc-microgrid with multiple ICs to
an optimal dispatch that complies with the KKT conditions (4.24).

4.5 Proposed Control Scheme for Multiple ICs

The distributed control scheme proposed in this Chapter aims to regulate the secondary
variables in a hybrid ac/dc-microgrid, while maintaining optimality of dispatch. As de-
scribed before, the control scheme is designed for the three components of the hybrid
ac/dc-microgrid. On the other hand, the design of the control scheme is based on the con-
vex optimization problem (4.22a), (4.22b), (4.22c), (4.22d), (4.22e) and (4.22f) presented
in Section 4.4.2. As mentioned before, in this thesis the optimality condition is achieved
cooperatively by all the agents in the hybridac/dc-microgrid.
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4.5.1 Control scheme proposed for the  ac-DGs

As explained in Section 4.3.1, the control scheme proposed for theDGs is responsible
for regulating the frequency on theac-side of the microgrid, while minimizing the opera-
tion cost of all the DGs in the hybrid ac/dc-microgrid (4.27). Again, the reactive power
injections are not considered since it is assumed that ttee-DSC described in Section 3.3
is implemented. Thus, this proposal focuses on frequency addvoltage control by means
of optimally dispatching of real power of DG units.

by =1 +Macipac(;;i+ Sci (4.27a)
X
—gci: kgci!i !) k{El)ci aj Sci (a;cj
j 2Nac
c X G G
ac i aj ac i dc | (4.27b)
jZNdc
G G kd i d
+ + ac i+ . +
Lac i T ac iMaX P Pt a _ ac HY Kac i ac i (4.27c)
ac i
e .
—ac i — gc i max PESZ i PaC(;: i+ gc I ac i;O gc i ac i (4-27d)
ac i
RIC +1 1 A
gc i = IZW r CaC i Pef: it ;c i ac i ﬁ :C (4-276)

The proposed controller is similar to the one described in Section 4.3.1; therefore, the
terms in (4.27) can be found in the aforementioned Section. The main change with respect
to the controller proposed for the case with a singlEC is in (4.27e). Here, the estimates
of the variables from thelCs (i.e., k!° and "I°) are calculated with the observers shown in
(4.28), where variableic « and I are received from thelCs and will be explained in
Section 4.5.3. The term '® corresponds to the (unique) dual variable associated with the
power transfer through thelCs (4.22c).

X X X
Ric = a KC RC a K° K€ ax K° Kec« (4.28a)
jZNac jZNdc k2Nic
X
/LiIC= aij /\ilc /\j|C aij AiIC /\jIC ai AiIC II<C (4.28b)
j 2Nac j 2Ngc k2Nc

In summary, the ac-DG; shares the following information with its neighbours:
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It sends the value of & ;; i 2 Ny to the ac-DGs, dc-DGs andICs [see (4.27€)].
It receives the value of & i1 ] 2 Ng, from the ac-DGs [see (4.27b)].

It receives the value of & i+ ] 2 Ngc, from the dc-DGs [see (4.27b)].

It sends/receives the values oﬁi'c and Ai'c to the ac-DGs anddc-DGs [see (4.28)].

It receives the values of | and K¢  from the ICs [see (4.30d) and (4.35)].

4.5.2 Control scheme proposed for the  dc-DGs

As explained in Section 4.3.2, the control scheme proposed for the-DGs is responsible
for regulating the voltage of thedc-side of the microgrid, while minimizing the operation
cost of all the DGs in the hybrid ac/dc-microgrid (4.15).

Vi=V + Mg jPe j+ & (4.29a)
_[(130 i = k?ic i (VJ \ ) kgc i aj Sc j gc i
i2Ngc
X
kgc j aj dGc j Sc i (4-29b)
( 12 Nac )
+ + kg j o+ +
—dc j = gc i max P(ﬁ: i Pc?c j + % dc j;0 kgc j dc j (4-29C)
dc j
( )
Kgc i
w = gcjmax Pfcj Pd%j+% g ;0 Kic i de | (4.29d)
cj
RIS +1 1
i 5 "Cai P * &j a +§A,-'C (4.29€)

The proposed controller is similar to the one described in Section 4.3.2; therefore, the
terms in (4.29) can be found in the aforementioned Section. The main change with respect
to the controller proposed for the case with a singlEC is in (4.29e). Here, the estimates
of the variables from thelCs (i.e., k\j'c and ’\}C) are calculated with the observers shown in

(4.28), where variableic « and IS are received from thelCs and will be explained in
Section 4.5.3. The term '® corresponds to the (unique) dual variable associated with the
power transfer through thelCs (4.22c).
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In summary, the dc-DG; shares the following information with its neighbours:

"~ It sends the value of &

dc j» ] 2 Ngc, to the dc-DGs, ac-DGs and|ICs [see (4.29¢)].

“ It receives the value of §. ;; i 2 Ngc, from the dc-DGs [see (4.29b)].

" It receives the value of & ;

i 2 Ngc, from the ac-DGs [see (4.29b)].
* It sends/receives the values ok and "I° to the dc-DGs andac-DGs [see (4.28)].

* It receives the values of [° and Kic  from the ICs [see (4.30d) and (4.35)].

4.5.3 Control scheme proposed for the ICs

In addition to contribute to the minimization of the operation cost by transferring power
between both sides of the hybricac/dc-microgrid, now the ICs must dispatch the power
being transferred in order to minimize the losses in this stage and, therefore, contribute to
reach the optimal dispatch point. For achieving the two aforementioned control tasks, the
following controller is proposed:

T - S S c1c (430
=C K IC k Ak Ak ac i dc IC k &h h (4.30a)
12 Nac j 2 Nge h2Nic
a
+ _ + C k + . +
e k= ic kmax PE . PE + —Ia ic kO C K 1c K (4.30b)
IC K
b
_ C k .
c k= feokmax PE L PE+ 5 o0 Kk iC ok (4.30c)
IC K .
PI?:C k h G + :
K (kc k 1) ©+ ¢ Ic k (4.30d)

B ac ac
I:)IC k IﬁIC k

whereP,. | is the power transferred through thek™ IC , which is positive when transferred

from the dc-side to the ac-side, and negative in the opposite direction, G is the average
value of the variables & and §. received from the DGs communicating witHCy. The
control actions . , and , , were already explained in Section 4.3.3 and are used to
maintain the power transferred throughl C . within limits. The rst term at the right-hand

side in (4.30a) produces a power transfer from the cheapest side to the most expensive one
by comparing the value of & and §.. The second term at the right-hand side in (4.30a)

changes the dispatch of théCs until they reach the same value of ' ( '€ = C; 8k 2
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N,c), which corresponds to the (unique) dual variable associated with the power transfer
equation of the hybrid ac/dc-microgrid's optimal dispatch problem, (4.22c).

For the implementation of the controllers proposed in (4.27¢e) and (4.29¢), it is necessary
to know a constant related to the power transferred through théCs in a hybrid ac/dc-
microgrid with multiple 1Cs. Speci cally, the constant kc must be known by all the
ac-DGs [see (4.27¢€)], by all thelc-DGs [see (4.29¢e)] and by all théCs [see (4.30d)]. This
constant can be easily calculated in a hybridc/dc-microgrid with a singlelC as the power
in the dc-side of thelC over that at the ac-side, as described in (4.2a) and repeated in
(4.31) for reader's convenience. However, the calculation kg is more complicated when
multiple ICs and a distributed communication network are considered since eah does
not know the amount of power being transferred through all the others.

dc
PIC
ac
I::'IC

kIC = (431)

whereP{ is the total power at the dc-side of thelCs, P is the total power at the ac-side
of the ICs, and k¢ is the relationship between the two aforementioned variables.

In this case, the total power transferred through théCs in a hybrid ac/dc-microgrid can

its neighbouringICs [94, ,150]. Lef*, be the estimate of the variable (e.g., the total
power transferred through thelCs at the ac-side P or the dc-sideP ), let ¢ be the local
variable (P , or P¥ ), let ay, be the element of the adjacency matrix which represent

and let g be the total number ofICs in the hybrid ac/dc-microgrid. Then, the total power
transferred through thelCs can be estimated with a distributed observer [149], as follows:
z
X

N N

k=9 « an "k() "w() d (4.32)
h2Nic

Considering the observer in (4.32), the following observers are proposed to estimate the
total power transferred between the two sides of the hybrid microgrid with multipléCs.
z

X
e k=9 PZT Ah 'ﬁlgc () Iﬁléc h() d (4.33a)
7 h2Nc
& =g PE, an PE() PEL() d (4.33Db)
h2Nic
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According to [150], all estimates would converge to a consensus value as follows:

X
P&, =B&,= = P& 9~ P « (4.34a)
k2Nic
dc dc dc X dc
IﬁIC 1= r"}|c 2= = Iﬂ|c 9= Pic « (4.34b)
k2Nic

Therefore, thek™ IC can estimate the constanf,c « for implementing the controller
proposed in (4.32) as follows:

d
IﬂICC k.

QIC k = )
P&,

8Kk 2 Nic (4.35)

The ICs share the following information with its neighbours:

" It sends the values of | and Rc « to the ac-DGs and dc-DGs [see (4.27e) and
(4.29¢e)].

" It receives the value of & i 2 N, from the ac-DGs [see (4.30a)].
" It receives the value of jdc; ] 2 Ngc from the dc-DGs [see (4.30a)].
" It receives/sends the value of |, h 2 Nic from/to the ICs [see (4.30a)].

* It receives/sends the values df &, and P, ,, h 2 Nic from/to the ICs [see (4.34)].

4.6 Summary

In this Chapter, a new consensus-based distributed secondary control strategy for hybrid
ac/dc-microgrids has been proposed. In the same way as the control strategy proposed in
Chapter 3, this strategy also considers the hybriéc/dc-microgrid as a single entity. The
strategy is capable of restoring the variables modi ed by the primary control loop to their
nominal values, while optimizing the dispatch of the DGs, in order to minimize the oper-
ation cost of the hybrid ac/dc-microgrid. Additionally, when the hybrid ac/dc-microgrid
has multiple ICs, the power transfer is also dispatched between them for contributing to
the total cost minimization.
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The proposed strategy also considers a reduced communication layer, as each agent
in the hybrid ac/dc-microgrid (i.e., DGs andICs) is communicating only with its neigh-
bouring DGs and ICs. The proposed controller is capable of driving the microgrid to
the optimal operation point while considering the output limits of DGs andICs. The
tuning of the controllers proposed in this Chapter is addressed in Chapter 5. The valida-
tion of the proposed control strategy is performed in Chapter 6 using a simulated hybrid

ac/dc-microgrid.
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Chapter 5

Closed-loop Model of a Hybrid
ac/dc -Microgrid with the Proposed
Controllers

5.1 Introduction

In this Chapter, an analytical model of the closed-loop system of a hybridc/dc-MG

is derived. This model is utilized for performing a small-signal analysis of the consensus-
based distributed control strategies proposed in Chapter 3 for power-sharing and Chapter 4
for operation cost minimization. The following simpli cations were considered since their
high-bandwidth dynamics are not relevant on the time-scale of the proposed controllers:

" The inner control loop (voltage/current controllers) is not considered.
" The modulation technique of the converters (PWM, SVM) is not considered.

" The switching of the power converter devices (IGBTs, Mosfets) is not considered.

Chapter 5 is organized as follows: Section 5.2 presents the closed-loop model for a
hybrid ac/dc-microgrid. Then, the control strategies proposed in this thesis are applied
to the model of the microgrid: rstly, the closed-loop model of the control strategy for
power-sharing is presented in Section 5.3; secondly, the control strategy for operation cost
minimization is explained in Section 5.4. Section 5.5 details the main characteristics of
the experimental hybrid ac/dc-MG built in the Laboratory [29] to carry out the studies
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reported in this thesis, and section 5.6 describes the topology of the hybad/dc-microgrid
with multiple ICs simulated in this work. Finally, a small-signal analysis of the control
strategies proposed in this thesis is performed in Section 5.7 and Section 5.8.

In the following, the procedure for obtaining the closed-loop model is described and
its most relevant equations are depicted. The complete description of this methodology is
explained in Appendix B and Appendix C.

5.2 Closed-loop model for a Hybrid ac/dc -Microgrid

A general model for a hybridac/dc-microgrid, which is composed oN,. ac-DGs, Ny dc-
DGs andNc ICs, with a consensus-based distributed secondary control strategy is de ned
by the equations (5.1), (5.2), (5.3) and (5.5), and it is illustrated in Fig. 5.1. Since the
microgrid model analyzed is a general model, the closed-loop model is independent of the
objective of the controller; therefore, it works for either the power-sharing strategy (in
green boxes) or the operation cost minimization strategy (in orange boxes).

Microgrid model
equations (5.1)(5.2)(5.3)

State space controller model

Power-sharing Cost minimization

Figure 5.1: Closed-loop system of the hybridc/dc-microgrid.
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The active power ows in the ac-microgrid are characterized by:
R{EZ Rj j +Xj j

Pac ij (;E) = R)i n Xijz (5.1a)
Pac i(;E) = Pac bi + 2y, Pec i (;E) sikPic « (5.1b)
L= (5.1c)
i = EiEjcos(i ) (5.1d)
i = EiEjsin(i ) (5.1e)

where p,c j (; E) is the active power ow in the line from busi to busj, R; and Xj
are the line resistance and reactance, respectively, ang and j are de ned in (5.1d)
and (5.1e), respectively. Finally,E;, ; and!; are the ac-voltage amplitude, angle and
frequency atac-busi. The active power supplied by thei™ ac-DG (pac i) iS given by
(5.1b), wherep,. pi corresponds to the active power required by the local load connected
to busi, respectively.

The reactive power ows in theac-microgrid are given by:

XGBZ Xij i Ry j
XRﬁ + X

Gg=mi+ _ G(:E) (5.2b)

j 2Nac

G (;E)=

(5.2a)

wheregq; (; E ) is the reactive power ow in the line from busi to busj and the remaining
variables were previously explained. The reactive power supplied by tiié ac-DG (g) is
given by (5.2b), whereqy; corresponds to the reactive power required by the local load
connected to bus.

The power ows in the dc-microgrid (blue box in Fig. 5.1) are described by:
Pac i (V)= V¥i Vi(V XVi) (5.3a)

Pac j(V) = Pac pj + oy, P i (V) + sk Pic « (5.3b)
wherepyc ji (V) is the power ow in the dc-line from busj to busi, y; the line conductance,
andV; and V; the dc-voltages at buseg and i, respectively. The active power supplied by
the j™ dc-DG (puc ;) is given by (5.3b), wherepy. p; corresponds to the power required
by the local load connected to bus.

The active power contribution of the ICs are re ected in (5.1b) and (5.3b) by the
inclusion of the variablesj, which is 1 if the IC is connected to bud and 0 otherwise.

75



Now, using the equations obtained for the power injections of the DGs, i.e., (5.1b),
(5.2b) and (5.3b), a linearized model of the closed-loop system is derived. The operating
point used for the linearization is obtained from a case study in which the DGs and the
ICs are within limits, and the power through the ICs is not zera In vector notation we
have:

Pac= G E+G¥ +G¥ P (5.4a)
Che = G5° E + Gf° (5.4b)
Pec = G V + G P (5.4¢)

where pac; the 2 R" are the vectors of active and reactive power generated by tlae-DGs
(respectively), psc 2 R™ is the vector of power generated by thelc-DGs, E 2 R" is the
vector of bus potentials in theac-microgrid, 2 R" is the vector of bus anglesy 2 R™ is
the vector of bus potentials in thedc-microgrid, and Pic 2 R9 is the vector of power ows
through the ICs, which elements are positive when it ows from thedc-microgrid to the
ac-microgrid.

Matrices G3i¢; G5% G5 G5° 2 R" " are composed of partial derivatives op,. and Q.
with respect to E and , and depend on both the operating pointE?; °) and the admit-
tance matrix of the ac electrical system ¥ ). Matrix G§¢ 2 R™ ™ is composed of partial
derivatives of pg. with respect to V, and depend on both the operating point {°) and
the conductance matrix of thedc electrical system ¥ ). Finally, G&° 2 R" is the vector
describing the electrical connection of thac-microgrid and the ICs, and G§¢ 2 R™ is the
vector describing the electrical connection of thdc-microgrid and the ICs.

The low-pass- Iter (LPF) measurements typically utilized in the primary (droop) con-
trol loop are considered in this closed-loop model, with cut-o frequenciesbf ; and! ¢ j:

Pac i= !¢ i(Paci Pac i) (5.52)
Qac i= !'ci(Qaci  Ohe i) (5.5b)
Pec i = e j(Pdc i Pdc j) (5.5¢)

where pac i, Ghe i and pgc j are the instantaneous power to be Itered out by the LPFs,
and Py i, Qac i and Py  are the output of the LPFs.

Linearizing (5.5) and using (5.4), in vector notation we obtain:

Pac = [! G2 E +[!JGE +[!1 G Pc ['d] Pac (5.6a)
Qac = [! c]ch E +[! t:]GfllC ['c] Qac (5.6b)
Rac = [! JG¥ V +[!JGE Pc ['c] Pec (5.6¢)
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where! . 2 R" is the vector of cuto frequencies, and![] 2 R" " denotes the diagonal
matrix with ! . on the diagonal. This notation is used in the rest of the Chapter for referring
to diagonal matrices. The expressions obtained for the power injections (5.6) will be used
in the following Sections to obtain the closed-loop model for the hybridc/dc-microgrid
with the proposed control strategies.

5.3 Control Strategy Proposed for Power-sharing

Now, the consensus-based distributed secondary control strategy for power-sharing is ap-
plied to the experimental hybrid ac/dc-microgrid with a singleIC built in the laboratory
(section 5.5). The process for obtaining the analytical closed-loop model is detailed in
Appendix B.

The controllers proposed in Chapter 3 are applied to the hybridc/dc-microgrid model
obtained in (5.6) to later derive the closed-loop model for the proposed control strategy.
The expressions for the controllers are repeated for reader convenience.

Controller for the i ac-DG 8i 2 Ny:

Frequency reference(3.4a) :

=1 =1 + Mg iPaci + (5.7a)
Frequency secondary contro(3.4b) :
X X
T (A B & (Pac i Pacj) aj (Pac i Pacj) (5.7b)
j2Nac j 2Ngc
V oltage reference(3.5a) :
Ei=E + Na i Qac it i (5.7¢)
V oltage secondary contrg((3.5b) :
i= i(Ei E ) b i2N aij (Qac i Qac j) (5-7d)
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Controller for the j™ dc-DG 8j 2 Ngc:

V oltage reference(3.9a) :

Vi=V +Maej Poj*' (5.8a)
V oltage secondary contro(3.9b) :
X X
5= MM V) g &i (Pac j  Pac i) G ai (Pac j Paci) (5.8b)
i2Ngc i2Nac

Controller for the IC :

Secondary controller (3.10) :
X X
Pc k=« aikak (Pac i Pac j) (5.93)

12 Nac j 2 Nge

Based on the equations for the microgrid (5.1), (5.2) and (5.3), and the controllers
(5.7), (5.8) and (5.9) (see Appendix B), the closed-loop model for the studied hybrid
ac/dc-microgrid with the proposed control strategy has B+2m + 1 state variables, where
n is the number ofac-DGs andm is the number ofdc-DGs in the microgrid, as follows:

N

n angles from theac-microgrid ( i; 8i 2 Ngc).

A

n active powers from theac-microgrid (P4 i; 8i 2 Nac).
" n reactive powers from theac-microgrid (Qac i; 81 2 Ngc).

n frequency secondary control variables from thac-microgrid ( ;; 8i 2 Ng).
n voltage secondary control variables from thac-microgrid ( i; 8i 2 Ngc).

" m active powers from thedc-microgrid (Pgc j; 8] 2 Ngc).

" m voltage secondary control variables from thelc-microgrid (* j; 8] 2 Ngc).

" 11C power (Pc)

Then, the state equations for the closed-loop model of the studied hybrialc/dc-
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microgrid with the proposed control strategy are:

= G Pyt
Pe= GF Qu+Gf +GH +GE Po+ G Pu
Qec= G5 Qact Gg°  + G7F
—= Gii Pact+ Gig  + Gi§ P
= Gf§ Qut Gis
Poo = G Pac+ GF° ' + G Pc
' = G Pyt G§° '+ G Py

Pc = Gllc F’ac"'Glzc Pac

(5.10)

where matricesG are calculated in a steady-state operating point and can be found in
Appendix B.

The closed-loop model for the hybridac/dc-microgrid with the control strategy for
power-sharing from (5.10) is used to validate the tuning of the controllers and to perform
a small-signal stability analysis in Section 5.7.

5.4 Control Strategy Proposed for Operation Cost
Minimization

In this section, the consensus-based distributed secondary control strategy for operation
cost minimization is applied to the hybrid ac/dc-microgrid with a single IC from section
5.5. In this case, to obtain the closed-loop model for this controller, we assume all the units
(i.e., ac-DGs, dc-DGs andIC ) are operating within limits; therefore, the equations which
enforce unit constraints are ignored. The process for obtaining the analytical closed-loop
model is detailed in Appendix C.

The controllers proposed in Chapter 4 are applied to the hybridc/dc-microgrid model
obtained in (5.6) to later derive the closed-loop model for the proposed control strategy.
The expressions for the controllers are repeated for reader convenience.
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Controller for the ™ ac-DG 8i 2 Ng:

Frequency reference(4.13a) :
+=1;=1 4+ Mg PSS+ 2 (5.11a)

Frequency secondary contro(4.13b) :

X X
o= k(b)) ke o 0 ki o 0 f° (5.11b)
j 2Nac J 2Nge
V oltage reference(3.5a) :
Ei=E + Ng i QS+ | (5.11c)
V oltage secondary contrg)(KS.Sb) ;
i= (B E) N i2ng Qe i Qi (5.11d)
Controller for the j™ dc-DG 8j 2 Ngc:
V oltage reference(4.15a) :
Vi=V + Mg P+ ° (5.12a)
V oltage secondary contro(4.15b) :
X X
0= k& (V) ki a0 ke oy °° (5.12D)
12 Ngc i2Nac
Controller for the IC :
Secondary controller (4.16a) :
X X
Pc k= 1c« akax " (5.13a)
i2Nac j 2Ngc

Based on the equations for the microgrid (5.1), (5.2) and (5.3), and the controllers
(5.11), (5.12) and (5.13) (see Appendix C), the closed-loop model for the studied hybrid
ac/dc-microgrid with the proposed control strategy has B+ 2m + 1 state variables, where
n is the number ofac-DGs andm is the number ofdc-DGs in the microgrid, as follows:

" n angles from theac-microgrid ( i;8i 2 Nac).
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n active powers from theac-microgrid (PS ;;8i 2 Nu).

n reactive powers from theac-microgrid (QS, ;;8i 2 Ng).

n frequency secondary control variables from thac-microgrid ( 7% 8i 2 Ngc).
n voltage secondary control variables from thac-microgrid ( ;81 2 Ngc).

" m active powers from thedc-microgrid (Pg ;;8j 2 Ngc).

" m voltage secondary control variables from thec-microgrid ( jdc; 8) 2 Ngc)-
" 11C power PZ).

Then, the state equations for the closed-loop model of the studied hybrialc/dc-
microgrid with the proposed control strategy are:

= ch P§:+ ac
Pee= G§° Qu+ Gy +Gji +Gi; P¥+ Gl Py
Q= G&° Qg+ G +GF
=Gl PG+ GE  *+GY P
= Gf QG+ Gl
PE= G PLrG “+GF P
_dC — ch PdGc+ ch dc 4 ch P‘,S:

PE= G Pgt Gy Pg

(5.14)

The closed-loop model for the hybridac/dc-microgrid with the control strategy for
operation cost minimization from (5.14) is used to validate the tuning of the controllers
and to perform a small-signal stability analysis in Section 5.8.

5.5 Experimental ac/dc -Microgrid

This section describes the design and construction of the experimental hybrat/dc-
microgrid used for validating the distributed secondary control strategies proposed in this
thesis (see Section 3). Details of the di erent components of the microgrid are presented
with emphasis on the DGs|Cs and loads. The emulation of DGs is performed by real-
time controlled power units whose manufacturer is the companiriphase, part of National

Thttps://lwww.die.cl/sitio/home/investigacion/laboratorios/laboratorio-de-control-de-micro-redes/
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Instruments. Each Triphase unit consists of two voltage-source converters (VSCs) con-
nected in back-to-back con guration through a DC-Link, fed by the main grid through an
isolation transformer [29].

5.5.1 ac-Microgrid

The ac-microgrid is emulated using the Triphase units shown in Fig. 5.2, which are called
\PM15F120C" and \PM5F60R". The rst unit is composed of 4 VSCs (VSC1, VSC2,
VSC3, VSC4) as shown in Fig. 5.2a. This unit allows to emulate 2 independent three-
phase ac-DGs utilizing VSC3 and VSC4. The second unit is composed of 2 inverters
(VSC1, VSC2) as shown in Fig. 5.2b. This unit allows to emulate 1 three-phase-DG
utilizing VSC2. Therefore, it is possible to emulate a three-phase three-wiae-microgrid
composed of threeac-DGs, as explained in next section.

(@)

(b)

Figure 5.2: Topology of Triphase units PM15F120C and PM5F60R utilized to emulate the
ac-microgrid.
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Topology

Considering anac-microgrid composed of threeac-DGs (each DG has its owrac-Filter),
the topology shown in Fig. 5.3a is proposed. It is important to note thatc-Lines are
emulated with inductors; therefore, the resistive component of thac-Lines is small and
corresponds to the inductor's resistance.

The loads include both controllable Z,;Z3) and xed (Z,;Z4;Zs) loads. Controllable
loads are emulated using back-to-back converters (Triphase unit \PM15130F60") to be able
to produce active and reactive load impacts, while the xed loads are resistive load banks.

The orange box indicates the connection point for th&C , which is connected to node
2 of the ac-microgrid. The IC is connected through arac circuit breaker (small black box
in Fig. 5.3a); thus, it is possible to disconnect it from theac-microgrid. The IC will be
further explained in Section 5.5.3.

(b) Communication network of the ac-
microgrid proposed in Fig. 5.3a.

(a) Proposed topology of anac-microgrid com-
posed of threeac-DGs.

Figure 5.3: Proposedac-microgrid.
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Communication Network

In Fig. 5.3b the distributed communication network is shown and the communication links
have been arbitrarily assigned. The bidirectional communication links are depicted by the
red arrows. The adjacency matrix for this topology A ..) is also shown in the Fig. In
addition, ac-DG; and ac-DG3; have communication links to thelC, and to dc-DG, and
dc-DG4, respectively, whileac-DG, has communication link to dc-DGg only, as will be
explained in Section 5.5.4. The communication links betweesc-DGs and dc-DGs (or
ICs) are not shown in Fig. 5.3b.

5.5.2 dc-Microgrid

The dc-microgrid is emulated using the Triphase unit called \PM15I60F06". This unit is
composed of 2 VSC (VSC1 and VSC2) and 2 DC/DC converters (DCDC1 and DCDC2),
each composed of three channels, as shown in Fig. 5.4. This unit allows to emulate 6
independentdc-DGs utilizing DCDC1 and DCDC2 (DCi ,i 2f1;:::;6g). Therefore, it

is possible to emulate ac-microgrid composed of sixic-DGs, as explained in the following.

Figure 5.4: Topology of Triphase unit PM15160F06 utilized to emulate thelc-microgrid.

Topology
Considering adc-microgrid composed of sixdc-DGs (each DG has its owrdc-Filter), the

topology shown in Fig. 5.5 is proposed. It is important to note thatc-Lines are mainly
resistive; however, in this experimental rig, inductors in series with the resistors were also
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considered to avoid current peaks due to the switching of power converters. In this case,

The IC is connected to node 4 of thelc-microgrid (orange box) through adc circuit
breaker (small black box); thus, it is possible to disconnect it from thec-microgrid. The
IC is further explained in Section 5.5.3.

Figure 5.5: Proposed topology of a@c-microgrid composed of sixdc-DGs.

Communication Network

In Fig. 5.6, it can be seen that the distributed communication network has been arbitrarily
assigned (see red arrows). The adjacency matrix for this topologh §.) is also shown in
the same Fig. Additionally, dc-DG,, dc-DG,4 and dc-DGg have communication links to the
IC and to ac-DG,, ac-DG, and ac-DGg3, respectively, as will be explained in Section 5.5.4.
The communication links betweerdc-DGs andac-DGs (or ICs) are not shown in Fig. 5.6.
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Figure 5.6: Communication network of thedc-microgrid proposed in Fig. 5.5.

5.5.3 Interlinking Converter ( IC )

The IC is emulated using the Triphase unit shown in Fig. 5.7, which is called \PM5F42R".
This unit is composed of one VSC (VSC1), one DC/DC converter (DCDC1), and 2 diode
recti ers for black starting the module, as shown in Fig. 5.7. This unit has onac-port
(U1,V1,W1) and two dc-ports (D1 ,D2 ), which allows to emulate anac/dc back-to-
back converter. Theac-port is connected to theac-microgrid, while the two dc-ports are
connected (in parallel) to thedc-microgrid. Therefore, it is possible to emulate ahC and
to interconnect the ac- and dc-side of the hybrid ac/dc-microgrid.

Figure 5.7: Topology of Triphase unit PM5F42R utilized to emulate thdC .
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Topology and Communication Network

As mentioned before, thelC is connected to node 2 of thec-microgrid and to node 4
of the dc-microgrid, as shown in Fig. 5.8. Moreover, théC has communication links to
dc-DG,, dc-DGy, dc-DGg, ac-DG; and ac-DG, (see red arrows).

Figure 5.8: Proposed topology and communication network of thHE .

5.5.4 Hybrid ac/dc -Microgrid

With the information provided in Sections 5.5.1, 5.5.2 and 5.5.3, it is possible to build a
24:0kW hybrid ac/dc-experimental microgrid. This microgrid has three main stages:

" One ac-microgrid composed of &c-DGs.
" Onedc-microgrid composed of &lc-DGs.

" OnelC to connect the two sub-microgrids.

Topology

A simpli ed diagram of the hybrid ac/dc-microgrid implemented in the Microgrid's Control
Laboratory, University of Chile, is presented in Fig. 5.9, and a photograph of it is depicted
in Fig. 5.10. General parameters for the hybricac/dc-microgrid are given in Table 5.1
and Table 5.2, while the parameters of the controllers are given in Table 5.3 (for the
power-sharing strategy) and Table 5.4 (for the operation cost minimization strategy). The
parameters of the controllers were tuned following the procedure described in Chapter 5.
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Figure 5.9: Topology of the hybridac/dc-microgrid under study, including the communi-
cation channels among DGs.

Table 5.1: Experimentalac/dc-microgrid, general parameters.

Description dc ac IC
# of DGs 6 3 1
Nominal Voltage (V) 150 110 -
Frequency (Hz) - 50 -
Nominal Power (kW/unit) | 25 30 30
Switching frequency (kHz) 16
Communication rate (Hz) 100

Phase-to-neutral RMS voltage

Communication Network

Considering the communication links described before, tredjacency matrix (A) for the
hybrid ac/dc-microgrid is shown in (5.15).
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Figure 5.10: Experimental system based on ve Triphase power converters, nominal powers
5-30kW (each one). They are con gured to emulate the topology of Fig. 5.9.

Table 5.2: Experimentalac/dc-microgrid, parameters of the lines.

Line | Line | Line |

R, | 0:67 R34 0:50 Z | 0010 + j 0:79
Ri3 0:78 Ras 0:94 Z13 0:10 + j 0:79
R24 0:50 R46 0:47 223 0:10 + j 0:79

Table 5.3: Parameter of the controllers for power-sharing strategy.

Param. | dc-DGs (3.9) Param. | ac-DGs (3.4)-(3.5)
! 120 (1/s) 1= 500 (s)
G 500 (VIs) i 120 (1/s)
Mac i -3E-3 (VIW) o 5000 (V/s)
I e 12566 (rad/s) Mac i -2.1E-3 (rad/sW)
Param. IC (3.10) Nac i -1.8E-3 (V/VAr)

= 500 (1/w) e 12566 (rad/s)
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Table 5.4: Parameter of the controllers for cost minimization strategy.

Param. dc-DGs (4.15) Param. ac-DGs (4.13)
Kdc | 0.1 (1/s) k3. 0.1 (1/s)
KE. J,kgc j 1.0 (1s) KB, i KE. 0.1 (Us)
kdc J, ¢ | 0.2 kgc ,,kgc i 0.2
dc 1' dc j 2.5E-3 ac i ac i 2.5E-3
Mac i -3E-3 (VIW) Mac | -2.1E-3 (rad/sW)
Param. IC (4.16) i 12.0 (1/s)
1= ¢ 250.0 (/W) h 50.0 (V/s)
a0k 0.2 Nac | -1.8E-3 (V/VAr)
a. b 2.5E-3 I e 12.566 (rad/s)

The adjacency matrix is composed of nine sub-matrices. The communication links for
units within the sub-microgrids, i.e.,ac-DGs anddc-DGs, are shown in sub-matricesaf],
and [dc]; 4, respectively, while the communication links between units from di erent sub-
microgrids are described in sub-matrices¢-dc], , and [dc-ac]; .

In this case, the hybrid ac/dc-microgrid has a singlelC . However, in case mordCs
are considered in the microgrid, the communication links between tH€s are represented
in sub-matrix [ic];, ;. Finally, the communication links between thelCs and the DGs are
shown in sub-matricesdc-ic]; ,, [dc-ic]s 4, [ic-ac], ; and [ic-dc], .

0 1
01100000 0|0
10110010 0|1
11011100 0f0
0110110101
_BOO11000O0O00O
"BOO110000 112
01 00O0O0O010|1
O 001001011
O 0O0OOT1 201 0|0
0101011100

1
[dc]ly ¢ | [dc-ac]y 5 | [dc-ic]g 4
= @ ac- dcl; 4| [acl; 3 | [ac-icl; 4 A
lic-dc], ¢ | [ic-ac]; 4 licl;
(5.15)
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5.6 Topology with Multiple ICs

In order to validate the proposed control strategies, their performance is assessed in case
studies using the hybridac/dc-MG con guration with multiple ICs shown in Fig. 5.11a,
and its parameters are given in Table 5.5, while the parameters of the controllers are given
in Table 5.6. The simulated system is composed of fteen units; sixc-DGs emulating

the ac-MG, six dc-DGs emulating the dc-MG, and three ICs for interconnecting both.
The nominal voltage in theac-MG is 415V@50Hz (phase-to-phase RMS voltage), while
in the dc-MG it is 400V. The generation cost functions of DG units are assumed qua-
dratic (Cac i(Pg i) = @ac i(P% )*+ bac iPg | + Coc i for ac-DGs and Cyc j(Pg ;) =

agc j(PE j)2 + by |PS ; + Cqc j for dc-DGs), with parameters shown in Table 5.7. The
percentage of losses in thECs and their operation limits are given in Table 5.7.

The communication network of the hybridac/dc-MG is shown in Fig. 5.11b, and the
data is transferred among agents with a frequency of 100Hz. The white numbered cir-
cles (i.e., \busdc-" and \bus ac-i") are showing the location, where the DG loads are
connected. The adjacency matrix &) describing the communication network is given by
Fig. 5.11c. In this matrix, elementa; =1 if DG; is communicating with DG ; otherwise,

a; = 0. Rows (and columns) 1 to 6 show the communication links of thdc-MG, while
rows (and columns) 7 to 12 show the communication links of thec-MG. Communication
links of the ICs are shown in rows (and columns) 13 to 15.

Figure 5.11. General topology for a hybricac/dc-MG with multiple ICs. a) Topology.
b) Communication network. ¢) Adjacency matrix.
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Table 5.5: Hybrid ac/dc-MG, parameter of the lines.

Line Line Line

R, | 0:67| Rss | 094 ZY | 0:20+j0:79
Ris 0:78 Rue 0:47 Zic 0:08 + J 2.01
R34 0:50 R|C 0:10 || zv - $Z13:Z24:Z34:Z 46.Z 569

Table 5.6: Hybrid ac/dc-MG, parameter of the controllers.

Param. dc-DGs Param. ac-DGs
K3 i 0.1 (1s) a . 0.1 (1/s)
ke | 1.0 (1s) k2e 0.1 (s)
ke | 0.2 kde. 0.2
&, | 25E-3 ab. | 2.5E-3
Mac i -3E-3  (viw) Mac i -2.1E-3 (rad/sw)

Param ICs i 12.0 (1/s)
1= ¢ 250.0 (1/w) b 50.0 (V/s)
2,k 0.2 Nac i | -1.8E-3 (VIVAD)
a, b | 25E-3 I e 12.566 (rad/s)

5.7 Small-signal Analysis of the Control Strategy for
Power-sharing

In this Section, a small-signal stability analysis is performed to the closed-loop model
for the hybrid ac/dc-microgrid with the control strategy for power-sharing obtained in
Section 5.3. Now, the closed-loop model is used to derive the stable limits for gains of the

proposed controller and verify their tuning. Moreover, a sensitivity analysis for parameters
of the controllers is performed.

5.7.1 Eigenvalues and Participation Factors

The eigenvalues obtained for the linearized closed-loop system obtained in Section 5.3
are plotted in Fig. 5.12 and their coordinates, natural frequency, and damping ratio
are shown in Table 5.8. The steady-state operating point conditions at the operating
point determined by the loading conditions in Table 5.9 were obtained from a system
simulation, and the parameters of the controllers are the ones shown in Table 5.3. Since
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Table 5.7: DGs andICs Parameters.

ac-DG 1 2 3 4 5 6
asc i(3=kW?) [ 0.565 0.49 0.44 0.66 0.39 0.27
by i(3=kW) | 1.5 24 23 19 29 32

Cac 1($) 70 60 55 67 43 76
PS*(kw) | 3.0 30 30 30 30 30
Pei(kw) |00 00 00 00 00 00

dc-DG | 7 8 9 10 11 12
age j(3=kW?) [0.31 0.52 0.46 0.51 0.21 0.79
by (3=kW) | 24 16 20 26 32 09

Cic ; ($) 57 64 58 68 61 62
Po j(kw) | 25 25 25 25 25 25
Pe j(kw) | 00 00 00 00 00 0.0

IC 13 14 15

ki°S(%) | 40 6.0 20
PRt (kw) | 12 12 1.2
P¥ (kw) |-12 -1.2 -1.2

the secondary control strategy for power-sharing is active, all the DGs are generating 79%
of their maximum active power (i.e.,PH®* = 2:5kW and P> = 3:0 kVA). It is important

to emphasize that the conclusions drawn regarding stability and participation factors and
sensitivity are, strictly speaking, valid only for the tuning and the operating point described
in this Section.
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Eigenvalues
Real Complex I'h(H2) (%)
1 0:0 6:7 116 296 5.1 36.5
2 0:6 8:9 124 j 04 2.0 99.9
3 9.5 11:12 15.9 ] 270 5.0 50.7
4
5

9:9 14:15 171 j492 8.3 32.8

11:2 16:17 179 | 56 3.0 95.4

10 134 18:19 209 j237 5.0 66.1
13 159 21:22 251 j 231 54 73.6
20 24.0 23:24 282 j 14:6 51 88.8
27 381 25:26 378 ] 26:4 7.3 82.0
28 50.0

Table 5.8: Eigenvalues coordinates of the system,
Figure 5.12: Eigenvalues of the sysstrategy for power-sharing.
tem, strategy for power-sharing.

Table 5.9: Load conditions for base-case with control strategy for power-sharing.

Load | kW  Load | kW  Load| kVA
R, | 205 R; | 205 Z, | 1L7+j08
R, | 2.05 Rs | 2.05 Z, |42+)00
Rs | 1:37 Re | 2:05 Z; | 33+j1l1

The following approach was used for tuning the gains of the controllers. First, all the
controllers were active, and full-load conditions were assumed. Second, the root locus
method using the closed-loop model derived in Section 5.3 was applied to the aforemen-
tioned operating condition. The following parameters were sequentially tuned: 1) the
parameters related to the local voltages (; ;) considering the other parameters areerq,

2) the parameters associated with the active power consensus; € ; i) considering (i; i)

as de ned in 1), and 3) the parameters from the reactive power consensiig Considering
parameters obtained in 1) and 2). Third, several simulation scenarios were carried out to
ne-tune the gains, changing the operating points to di erent loading conditions in order
to analyze the bidirectionality of the power in thelC , and the results were satisfactory. If
a more re ned tuning of the controllers is desired, meta-heuristic optimization techniques
can be considered [151]; however, this is out of the scope of this work.

From Fig. 5.12 and Table 5.8, it can be noted that, since all the eigenvalues have a
negative real part (except the eigenvalue atero), the system is asymptotically stable for
the nominal values of the gains shown in Table 5.3. Moreover, there are 9 real eigenvalues
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(see left column in Table 5.8), 18 complex (9 conjugate pairs) eigenvalues (see right column
in Table 5.8), and one eigenvalue at the origin (), which is related to the angle-frequency
relationship in the ac-microgrid (—= ! ). The real eigenvalues are completely damped (by
de nition). On the other hand, it can be seen that the complex eigenvalues;s1s, 7
and ;;.1», have a damping ratio equal to 32.8%, 36.5% and 50.7%, respectively. Although
these modes are very oscillatory, they are fast { > 5Hz) and the system's stability is not

a ected. The damping ratio of the other conjugate pairs is higher than 66%, thus, it can
be concluded that they are well damped. The slowest eigenvalue & 0:563) is strongly
related to the power ow through the IC , as will be explained in the following by analyzing
the participation factors.

The participation factors (p;) are a measure of the relative participation of tha™
state variable in thej™ eigenvalue (or mode), and vice versa [152]. Fig. 5.13 is presented
to analyze the participation factors. Here, the eigenvalues for the base case discussed before
are plotted, and the ones with the highest participation factors with respect to the state
variables are highlighted.

The eigenvalues with the highest participation of the state variables related to the
secondary controller for thedc-DGs ( ') are highlighted in green (see Fig. 5.13a). It
can be seen that ' participates mainly in real eigenvalues and in two conjugate pairs
( 2021, 2s26), Which damping ratios are 73.6% and 82.0%, respectively. The frequency
of oscillation for these conjugate pairs is also similar, which helps to understand the sec-
ondary control dynamics for thedc-DGs. The state variables for the power generated by
the dc-DGs ( Pq4c) have a strong participation in the eigenvalues highlighted in red (see
Fig. 5.13b). Comparing Fig. 5.13a and Fig. 5.13Db, it is clear that a strong relation between

P4gc and ' exists, since they participate in almost the same eigenvalues. Therefore, it
is possible to conclude that the dynamics for these two variables is similar.

The eigenvalues with the highest participation of the state variables for the power
generated by theac-DGs ( P,.) are highlighted in blue (see Fig. 5.13c). It can be seen
that P, participates mostly in real eigenvalues and in one conjugate pair7), which
are the complex eigenvalues with the smallest damping ratio (36.5%). Therefore, if a higher
damping ratio in the power generated by thec-DGs is desired, the tuning of the controllers
should be adjusted as will be described in next Section with the sensitivity analysis.

Fig. 5.13d shows the participation of the other state variables in the eigenvalues, high-
lighted in yellow. From the Figure it is possible to state that the eigenvalue at the origin
( 1) is highly sensitive to the state variable of the angles in thac-microgrid ( ! ). On the
other hand, the slowest eigenvalue ¢) is highly sensitive to the power in thelC ( Pic).
The eigenvalues marked with 1o; 13 are highly sensitive to the reactive power-sharing, i.e.,
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Figure 5.13: Participation factors for the eigenvalues of the system with the strategy for
power-sharing.

to the state variables of the reactive power (Q,c) and the voltage secondary controller
of the ac-DGs (). Finally, the eigenvalue with the fastest dynamic (.g) is strongly
sensitive to the frequency secondary controller of thec-DGs ().
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5.7.2 Sensitivity Analysis

Now, a sensitivity analysis is performed to the closed-loop system obtained in Section 5.3
for the hybrid ac/dc-microgrid with the control strategy proposed for power-sharing. The
sensitivity analysis helps to understand how the parameters of the controllers a ect the
dynamics of the system, in the vicinity of the operating point. Speci cally, four control
objectives are analyzed:(i) dc-voltage regulation, (ii) ac -voltage regulation, (iii) active
power consensus, andiv) reactive power consensus. In all cases, the linearized model
from Section 5.3 is considered at the original operating point and the parameters of the
controllers are modi ed from 50% (in blue) to 150% (in red) of the value shown in Table 5.3
(identi ed with a black " x"). The results for the sensitivity analysis are shown in Fig. 5.14.

First, Fig. 5.14a shows the trajectories of the eigenvalues when a sweep is applied to the
gain for dc-voltage regulation (60 < ; < 180). The expression for thedc-DG's secondary
controller is repeated in (5.16) for the convenience of the reader, and the modi ed gain is
highlighted in red. Using the information from the participation factors analyzed in the
previous Section (see Fig. 5.13), it is possible to conclude that the eigenvalues a ected by
the modi cation in the gains for dc-voltage regulation are the ones that are more sensitive
to the secondary controller of thedc-DGs (see Fig. 5.13a) and to the power generated by
the dc-DGs (see Fig. 5.13b). On the other hand, from the trajectories of the complex
eigenvalues, we can conclude that frequency and damping ratio of these modes increase for
an increase in ;.

X X
i'i= (M V) g & (Paic i Pacj) G & (Pac i Pacj) (5.16)
j2Nge §2Nac

Second, Fig. 5.14b shows the trajectories of the eigenvalues when a sweep is applied
to the gain for ac-voltage regulation (60 < ; < 180). The expression for theac-DG's
secondary controller is repeated in (5.17) for the convenience of the reader, and the modi ed
gain is highlighted in red. Comparing with the information from the participation factors
(see Fig. 5.13) it can be concluded that the eigenvalues a ected by the sweep in the gain are
not strictly related to a state variable. Moreover, the trajectories show that the eigenvalues
move along the real-axis; however, they are maintained within the stable region of the
complex plane (left semi-plane).

X
i= (EE E) b g (Qi Q) (5.17)

jZNac
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Figure 5.14: Sensitivity analysis for the eigenvalues of the system with the strategy for
power-sharing. a)dc-voltage regulation. b)ac-voltage regulation. c) Active power con-
sensus. d) Reactive power consensus.

Third, Fig. 5.14c shows the trajectories of the eigenvalues when a sweep is simultane-
ously applied to the gains for the active power consensus (@ c;; i; « < 750). The
expressions for the secondary controller of theéc-DGs, ac-DGs and IC are repeated in
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(5.18), respectively, for the convenience of the reader, and the modi ed gains are highlighted
in red. It is evident that the active power consensus a ects almost all the eigenvalues from
the system. Moreover, it can be noted that the eigenvalues that have a longer trajectory
are those that are more sensitive to the state variables of the active power. On the other
hand, the complex eigenvalues with the smallest damping ratio tend to move to the right-
hand side; however, they remain in the stable region for the range of the gains considered
in this analysis. It can also be noted that some complex eigenvalues move away from the
real-axis, while others move closer. Thus, the increase/reduction of the gains improves or
worsens the damping ratio of di erent oscillatory modes. What is clear is that an increase
in gains also increases the natural frequency of the eigenvalues.

X X
i'i= (M V) ¢ 3 (Pac i Pac j) Ci & (Pac i Pacj) (5.183a)
" §2Ngc j 2Nac
#
X X
-+ = i (!i ! )+ ajj (Pac i Pac j)+ a;; (Pac i Pdc j) (5.18b)
j 2Nac j 2Ngc
X X
Pc = « akak (Pac i Pac j) (5.18¢)
12Nac | 2Nge

Finally, Fig. 5.14d shows the trajectories of the eigenvalues when a sweep is applied
to the gain for the reactive power consensus (280< b; < 7500). The expressions for
the secondary controller of theac-DGs is repeated in (5.19) for the convenience of the
reader, and the modi ed gain is highlighted in red. Comparing with the information from
the participation factors (see Fig. 5.13) it can be concluded that the eigenvalues a ected
by the sweep in the gainly are not strictly related to a state variable. Moreover, the
trajectories show that the eigenvalues move along the imaginary-axis. On the other hand,
the eigenvalues a ected by the change in the gain related to the reactive power consensus
are the same a ected by theac-voltage regulation (see Fig. 5.14b), which is explained by
the Q-E relation in the ac-microgrid.

X
i= i(EE E) b g (Qi Q) (5.19)
| 2Nac
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5.8 Small-signal Analysis of the Control Strategy for
Operation Cost Minimization

In this Section, a small-signal stability analysis is performed to the closed-loop model
for the hybrid ac/dc-microgrid with the control strategy for operation cost minimization
obtained in Section 5.4. The closed-loop model is used to derive the stable limits for gains
of the proposed controller and verify their tuning. Moreover, a sensitivity analysis for
parameters of the controllers is performed.

5.8.1 Eigenvalues and Participation Factors

The eigenvalues obtained for the linearized closed-loop system derived in Section 5.4 are
plotted in Fig. 5.15 and their coordinates, natural frequency , and damping ratio

are shown in Table 5.10. The steady-state operating point conditions at the operating
point determined by the loading conditions in Table 5.11 were obtained from a system
simulation, and the parameters of the controllers are the ones shown in Table 5.4. The
power generated by the DGs (in p.u.) is shown in Table 5.12. It is important to emphasize
that the conclusions drawn regarding stability and participation factors and sensitivity
are, strictly speaking, valid only for the tuning and the operating point described in this
Section.

Eigenvalues

Real Complex 1w (H2) (%)
1 0:0 6,7 117 j 06 1.9 99.9
2 0:7 10:11 139 ] 11 2.2 99.7
3 6:9 12:13 198 107 3.6 88.0
a 9:3 14:15 210 j667 111  30.0
5 9:5 16;17 22.8 ] 14:3 4.3 84.8
8 12.0 19;20 338 j 66:4 11.9 45.3
9 126 | 23.24 391 j279 76 814
18 283 25:26 60.6 ] 154 9.9 96.9
21 354
22 36:3
27 70.0
28 732

Figure 5.15: Eigenvalues of the S’ys_'l'able 5.10: Eigenvalues coordinates of the sys-
tem, strategy for cost minimization. M. strategy for cost minimization.

The following approach was used for tuning the gains of the controllers. First, all the
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Table 5.11: Load conditions for base-case with control strategy for cost minimization.

Load | kW Load | kW Load | kW
R1 1:.03 R4 1:.02 Z 1:90
R> 1.57 Rs 1:.02 Z> 2:57
R3 1:37 Rs 1:02 Z3 2:64

Table 5.12: Power generated by the DGs, in p.u.

dc-DG; | de-DG; | dc-DGs | de-DG4 | de-DGs | de-DGg | ac-DG1 | ac-DG; | ac-DG3
0.631 | 0864 | 0993 | 0.268 | 0.175 | 0.654 | 0.985 | 0520 | 0.284

controllers were considered active, and full-load conditions were assumed. Second, the
root locus method using the closed-loop model derived in Section 5.4 was applied to the
aforementioned operating condition. The following parameters were sequentially tuned:
1) the parameters related to the local voltages (; k3. ;) considering the other parameters

are zerg, 2) the parameters associated with the consensusk}:? 0 k2 .. \c &) considering

( i;kg ;) as dened in 1), and 3) the parameters corresponding to the reactive power
consensus lf) considering parameters obtained in 1) and 2). Third, several simulation
scenarios were carried out to ne-tune the gains, changing the operating points to di erent
loading conditions in order to analyze the bidirectionality of the power in thdC, and
the results were satisfactory. If a more re ned tuning of the controllers is required, meta-
heuristic optimization techniques can be considered; however, this is out of the scope of
this work.

From Fig. 5.15 and Table 5.10, it can be noted that, since all the eigenvalues have a
negative real part (except the eigenvalue aero), the system is asymptotically stable for the
nominal values of the gains shown in Table 5.4. Moreover, there are 11 real eigenvalues (see
left column in Table 5.10), 16 complex (8 conjugate pairs) eigenvalues (see right column in
Table 5.10), and one eigenvalue at the origin ¢), which is related to the angle-frequency
relationship in the ac-microgrid (—= !). Although the real eigenvalues are completely
damped (by de nition), it can be seen that the complex eigenvalues are also mostly well
damped. Complex pairs 14.15 and 19.20, have a damping ratio equal to 30.0% and 45.3%,
respectively, while the damping ratio of the other conjugate pairs is higher than 81%. On
the other hand, the slowest eigenvalue ¢ = 0:655) is strongly related to the power ow
through the IC , as will be explained in the following by analyzing the participation factors.

The Fig. 5.16 is presented for analyzing the participation factors. Here, the eigenvalues
for the base case discussed before are plotted, and the ones with the highest participation
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factors with respect to the state variables are highlighted.

Figure 5.16: Participation factors for the eigenvalues of the system with the strategy for
cost minimization.

The eigenvalues with the highest participation of the state variables related to the
secondary controller for thedc-DGs () are highlighted in green (see Fig. 5.16a). It
can be seen that 9 participates mostly in real eigenvalues and in two conjugate pairs
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( 2324, 2526), Which damping ratio is 81.4% and 96.9%, respectively. The frequency of
oscillation for these conjugate pairs is also similar (7.6Hz and 9.9Hz, respectively), which
give us an insight of the secondary control dynamics for thac-DGs.

The state variables for the power generated by thdc-DGs ( Pg) have a strong par-
ticipation in the eigenvalues highlighted in red (see Fig. 5.16b). Comparing Fig. 5.16a and
Fig. 5.16b, it is clear that a strong relation between P$ and dc exists, since they
participate in almost the same eigenvalues. Therefore, it is possible to conclude that the
dynamics for these two variables is similar, as described before for the control strategy for
power-sharing.

The eigenvalues with the highest participation of the state variables for the power
generated by theac-DGs ( PZ2) are highlighted in blue (see Fig. 5.16¢). It can be seen
that PZS participates mostly in real eigenvalues and in one conjugate pair {4.15), which
are the complex eigenvalues with the smallest damping ratio (30.0%). Therefore, if a higher
damping ratio in the power generated by thec-DGs is desired, the tuning of the controllers
should be adjusted as will be described in next Section with the sensitivity analysis.

Fig. 5.16d shows the participation of the other state variables in the eigenvalues, high-
lighted in yellow. From the Figure it is possible to state that the eigenvalue at the origin
( 1) is highly sensitive to the state variable of the angles in thac-microgrid ( ! ). On the
other hand, the slowest eigenvalue ¢) is highly sensitive to the power in thelC ( PZ).
The eigenvalue marked with o is highly sensitive to the reactive power ( QS), while
the eigenvalues marked with s5; o; 1617 are highly sensitive to the voltage secondary
controller of the ac-DGs ( ). Finally, the eigenvalue with the fastest dynamic (»7) is
strongly sensitive to the frequency secondary controller of thec-DGs ( 2°).

5.8.2 Sensitivity Analysis

Now, a sensitivity analysis is performed on the closed-loop system obtained in Section 5.4
for the hybrid ac/dc-microgrid with the control strategy proposed for cost minimization.
The sensitivity analysis helps to understand how the parameters of the controllers a ect
the dynamics of the system, in the vicinity of the operating point. Speci cally, four control
objectives are analyzed:(i) dc-voltage regulation, (ii) ac -voltage regulation, (iii) incre-
mental cost () consensus, andiv) reactive power consensus. In all cases, the linearized
model from Section 5.4 is considered at the original operating point and the parameters
of the controllers are modi ed from 50% (in blue) to 150% (in red) of the value shown in
Table 5.4 (black X'). The results for the sensitivity analysis are shown in Fig. 5.17.
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Figure 5.17: Sensitivity analysis for the eigenvalues of the system with the strategy for
cost minimization. a) dc-voltage regulation. b)ac-voltage regulation. c) Incremental cost
( ) consensus. d) Reactive power consensus.

First, Fig. 5.17a shows the trajectories of the eigenvalues when a sweep is applied to
the gain for dc-voltage regulation (Q05< k§; ; < 0:15). The expression for thedc-DG's
secondary controller is repeated in (5.20) for the convenience of the reader, and the modi ed
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gain is highlighted in red. Using the information from the participation factors analyzed

in the previous Section (see Fig. 5.16), it is possible to conclude that the eigenvalues
a ected by the modi cation in the gains for dc-voltage regulation are the ones that are
more sensitive to the secondary controller of thdc-DGs (see Fig. 5.16a) and to the power
generated by thedc-DGs (see Fig. 5.16b). On the other hand, from the trajectories of the
complex eigenvalues, we can conclude that frequency and damping ratio of these modes
increase for an increase kg ;.

X

X
= kG V) kb, o 0 ke, o 0 (5.20)

i2Ngc i2Nac

Secondly, Fig. 5.17b shows the trajectories of the eigenvalues when a sweep is applied
to the gain for ac-voltage regulation (60 < ; < 180). The expression for theac-DG's
secondary controller is repeated in (5.21) for the convenience of the reader, and the modi ed
gain is highlighted in red. Comparing with the information from the participation factors
(see Fig. 5.16) it can be concluded that the eigenvalues a ected by the sweep inare
highly sensitive to the state variables for the voltage secondary controller in thec-DGs
() and for the reactive power( Q%.), as shown in Fig. 5.16d. Moreover, the trajectories
show that the eigenvalues mainly move along the real-axis; however, they are maintained
within the stable region of the complex plane (left semi-plane).

X
%i= (B E) N a Qi Q% (5.21)

j2Nac

Thirdly, Fig. 5.17c shows the trajectories of the eigenvalues when a sweep is simul-
taneously applied to the gains for the incremental cost consensus5(< kg?:j < 15,
0:05< k2, < 0:15, 125< ¢ < 375). The expressions for the secondary controller of the
dc-DGs, ac-DGs and IC are repeated in (5.22), respectively, and the modi ed gains are
highlighted in red. It is evident that the incremental cost consensus a ects almost all the
eigenvalues from the system. Moreover, it can be noted that the eigenvalues that have a
longer trajectory are those that are more sensitive to the state variables of the active power
due to the cost is a function of the power. On the other hand, the complex eigenvalues with
the smallest damping ratio tend to move to the right-hand side when the gains decrease;
however, they remain in the stable region for the range of the gains considered in this anal-
ysis. It can also be noted that some complex eigenvalues move away from the real-axis,

while others move closer. Thus, it is not possible to conclude if the increase/reduction of
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the gains improves or worsens the damping ratio of the oscillatory modes. What is clear
is that an increase in gains also increases the natural frequency of eigenvalues.

X X
S°= K (M V) kg a °© 0 ki a ° 7 (5.22a)
i2Ngc i2Nac
b X d
—?C = kgc i b ! ) kac i a; iElc J{:lc gc i a;j ?C jC (5-22b)
i2Nac i 2Ngc
X X
Pc «x= 1c « Ak Ak ( ac i dc j) (5.22c)
12 Nac j 2Nge

Finally, Fig. 5.17d shows the trajectories of the eigenvalues when a sweep is applied
to the gain for the reactive power consensus (250b; < 750). The expressions for the
secondary controller of theac-DGs is repeated in (5.23) for the convenience of the reader,
and the modied gain is highlighted in red. Comparing with the information from the
participation factors (see Fig. 5.16) it can be concluded that the eigenvalues a ected by
the sweep in the gairh are highly sensitive to the state variables for the voltage secondary
controller in the ac-DGs () and for the reactive power( Q%,), as shown in Fig. 5.16d.
Moreover, the trajectories show that the complex eigenvalues move along the imaginary-
axis. On the other hand, the eigenvalues a ected by the change in the gain related to the
reactive power consensus are the same a ected by the-voltage regulation (see Fig. 5.17b),
which is explained by theQ-E relation in the ac-microgrid.

X
%i= (B E) b & Qui Q) (5.23)

j 2 Nac

5.9 Summary

In this Chapter, the closed-loop model for a hybricdac/dc-microgrid with a single IC was
obtained. The model was augmented with the two consensus based distributed secondary
controllers proposed in this thesis. First, the control strategy proposed for power-sharing
between the DGs was included, obtaining an analytical closed-loop model composed by 28
state variables. Secondly, the control strategy proposed for operation cost minimization was
included, obtaining again an analytical closed-loop model composed by 28 state variables.
The state variables were the same for the two analyzed cases. The obtained closed-loop
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model for the hybrid ac/dc-microgrid was used to derive the stable limits for gains of
proposed controllers and verify their tuning.

Later, a small-signal analysis was performed for the two closed-loop models obtained.
The eigenvalues from the characteristic equation were extensively analyzed, identifying
their sensitivity with respect to the state variables. The later was performed using the
participation factors. Moreover, a sensitivity analysis was also performed to identify how
the increase or decrease of controller's gains a ects the state variables. Four cases were
analyzed for each control strategy proposed in this thesis, identifying the e ect of the gains
in the oscillatory modes.

In the next Chapter, the distributed secondary control strategies for power-sharing
(proposed in Chapter 3) and cost minimization (proposed in Chapter 4) are validated
through experimental and simulation tests.
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Chapter 6

Validation of the Control Strategies
Proposed in this Work

6.1 Introduction

This Chapter presents the results for the tests performed for validating the distributed
secondary control strategies proposed in this thesis. For the experimental tests, the exper-
imental rig described in Chapter 5.5 is considered. For the simulation tests two systems
were considered: the system described in Chapter 5.5 for the rst simulation test and a
modi ed microgrid considering multiple ICs for the second simulation test. This could
not be experimentally implemented in the lab, because a singl€ was available in the
Triphase microgrid. For all tests, all the control layers of the microgrid (i.e., inner, primary
and secondary control loops) are active.

This Chapter is organized as follows: experimental tests are presented in Sections 6.2.1
to 6.2.4. Speci cally, the tests were performed for validating the operation of the pro-
posed control strategy against load impacts (Section 6.2.1), connection/disconnection of
DGs (Section 6.2.2) and communication issues such as loss of communication links (Sec-
tion 6.2.3) and communication delays (6.2.4). Simulation tests are presented in Sec-
tions 6.2.5 and 6.2.6 to compare the performance of the proposed strategy against those
achieved by the control strategies presented in [21] and [137], and analyze the performance
of the proposed strategy considering a hybridc/dc-microgrid with multiple ICs, respec-
tively.
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6.2 Validation of the Strategy Proposed for Power-
sharing

In this section, the experimental and simulation tests performed for validating the dis-
tributed secondary control strategy for power-sharing proposed in Chapter 3 are presented.
For the experimental tests, the experimental rig described in section 5.5 is considered. For
the simulation tests two systems were considered: the system described in section 5.5 for
the rst simulation test and the microgrid with multiple ICs described in section 5.6 for the
second simulation test. This could not be experimentally implemented in the lab, because
a singleIC was available in theTriphase microgrid. For all tests, all the control layers of
the microgrid (i.e., inner, primary and secondary control loops) are active.

6.2.1 Experimental Test #1: Load Steps

The structure of the system under study is shown in Fig. 6.1. In this test, load changes
are applied to both sides of the hybridac/dc-microgrid in order to validate:

(i) the proposed DSC,
(i) power-sharing among all DGs, and

(iii) bidirectional power ow through the IC.

For this test, the local load condition of the 9 DGs is summarized in Table 6.1, where the
load steps applied are highlighted in black. The total load of the hybri@c/dc-microgrid is
15:3kW (9:6kW on dc-side and 57kW on ac-side) and 19kVAr, i.e., 63:75% of the nominal
active power (240kW) and 21:1% of the nominal reactive power (@kVAr). The power
on the dc-side is 640% of the nominal power of this side (2BkW); meanwhile, the active
power on theac-side corresponds to 83% of Q0kW. The results are shown in Fig. 6.2.

Because the secondary control loop is enabled, batls-DGs and dc-DGs share almost
perfectly the per unit (p.u.) power generated. The p.u. active powers of the nine DGs
are shown in Fig. 6.2b. As it is well known, the sharing of active power in théc-side
is compromised by the voltage regulation [see (3.9b)]. However, fox 30s, the power-
sharing of eachdc-DG is still very good, with values between 0.646p.u.d¢-DGs) and
0.615p.u. @c-DG,) and a total average @Ic-side) of 0.628p.u. On theac-side, the sharing
of active power is almost perfect [see (3.4b)] with a value of about 0.624p.u. in each DG.
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Figure 6.1: Topology of the hybridac/dc-microgrid under study.

Table 6.1: Experimentalac/dc-microgrid, load conditions for test #1.

dc-side loads, in kW ac-side loads, in kVA

Time R1 R> Rs3 R4 Rsg Reg Z1 Zo Z3

Os<t< 30s|205 000 1.37 205 205 2.0500+j0.8 24400 3.3+1.1
30s<t< 60s|205 205 1.37 205 205 2.05 0.0+j0.8 2.4+0.0 1.8+0.0
60s<t< 90s|2.05 0.00 1.37 2.05 2.05 2.050.0+j0.8 24+0.0 3.3+1.1
90s<t< 120s | 2.05 0.00 1.37 2.050.00 2.05| 1.7+j0.8 2.4+j0.0 3.3+1.1
120s <t< 1505 | 2.05 0.00 1.37 205 2.05 2.050.0+j0.8 2.4+0.0 3.3+1.1

The power transferred through thelC is shown in Fig. 6.2c. Fort < 30 the active
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Figure 6.2: Power in the hybridac/dc-microgrid for Test #1. (a) Total power (active
and reactive). (b) Active power generated byac-DGs (P4 i;i = 1;2;3) and dc-DGs
(Pac ;) =1;:::,6), in p.u. (c) Active power through the IC (Pc). (d) Reactive power
generated byac-DGs (Qa¢ i;i =1;2;3), in p.u.

powers (in p.u.) on two sides of the microgrid are almost identical (626 dc and 633%ac).
Therefore, the power transferred through théC is negligible [see Fig. 6.2c]. The reactive
power-sharing on theac-side is shown in Fig. 6.2d. In this case, there is a compromise
between voltage regulation and reactive power-sharing [see (3.5b)]. The maximum reactive
power corresponds to that ohc-DG; (for the whole test); meanwhile,ac-DG, and ac-DG3
have almost equal values of normalized reactive power-sharing.

Secondary variables of the hybricic/dc-microgrid are shown in Fig. 6.3. It is concluded
that the three secondary variables, i.e., thelc-voltage [see Fig. 6.3a], thac-voltage [see
Fig. 6.3b] and the frequency [see Fig. 6.3c] are maintained within the tolerance bands
shown in black dashed lines (allowable range for the voltages\s,m 5% and for the
frequency isf,om 2%). Fort < 30s the lowest dc output voltage corresponds tac-DGs
and the highest corresponds talc-DG, (no load is connected to the output odc-DG,).

At t = 30s a load change is applied on both thec-side and thedc-side. The load at
node 2 on thedc-side is increased to B5kW, while the load at node 3 on theac-side is
decreased to B+ j 0:0kVA. In this case, the p.u. load on thedc-side is higher than that on
the ac-side. This is re ected in the power ow through thelC, as shown in Fig. 6.2c. For
30s <t < 60s, the active power transferred through thelC is P, = 1:5kW (the reactive
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Figure 6.3: Variables of the secondary control on the hybridc/dc-microgrid for Test #1.

ac-DGs (Vi;i = 1;2;3). (c) Frequency of the voltages on thec-DGs (fi;i = 1;2;3).

power-sharing does not change). At = 60s, the initial loading condition is resumed, i.e.,
Pc  OkW.

At t = 90s, a new load change is applied on botac- and dc-sides. The load at node 5
(dc-side) is step-decreased to:@OkW, while the load at node 1 4c-side) is step-increased
to 1:7 + j 0:8kVA. Now, the percentage ofac-load is higher than that on thedc-side [see
Fig. 6.2.(c)]. Therefore, for 98 <t< 1205, P = 1:5kW and the reactive power-sharing
on the ac-side does not change [see Fig. 6.2d)].

It is important to note that, for 90s <t < 120s, the dc-DGs [green line in Fig. 6.2b]
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IS not participating in the power-sharing. In this time period, the loadRs is disconnected
from node 5 on thedc-microgrid (see Fig. 5.9). Therefore, a high voltage is obtained
at the dc-DGs output, when (3.9a)-(3.9b) are applied. Hence, it is not possible for this
DG to participate in the power-sharing without surpassing thelc-voltage upper limit [see
Fig. 6.3a]. This problem can be solved using the tertiary control system by, for instance,
changing the value ol for all or some of thedc-DGs [see (3.9a)-(3.9b)]. However, tertiary
control system is outside the scope of this thesis.

Finally, at t = 120s the loads are step-changed back to the initial condition until the
end of the test ¢ = 150s), i.e., P 0kW, and all DGs participate in power-sharing.

6.2.2 Experimental Test #2: Unit Loss

In this test, the DGs on both sides of the hybrid microgrid and thdC are disconnected
and then reconnected to test the plug-and-play capability of the proposed strategy. For
this test, the load condition is summarized in Table 6.2 and it is not changed during the
test. The total load of the hybrid ac/dc-microgrid is 165kW (9:6kW on dc-side and 69kW
on ac-side) and 19kVAr, which represents 68% of the nominal active power (20kW)
and 211% of the nominal reactive power (DkVAr), as shown in Fig. 6.4a. The power on
the dc-side corresponds to 68% of the nominal power of this side (1BkW), while the
active power on theac-side is 767% of the nominal power of this side (@kW).

Table 6.2: Experimentalac/dc-microgrid, load conditions for test #2.

dc-side loads, in kW ac-side loads, in kVA
R1 Ro R3 R4 Rs Re Z1 Z> Z3
205 0.00 1.37 2.05 205 2.0b22+j1.1 24+40.0 2.3+0.8

At t = 0s, both ac-DGs anddc-DGs are perfectly sharing the load power [see Fig. 6.4b].
Because the p.u. load on thec-side is larger than that on thedc-side, the power ow in
the IC is negative @,c 0:8kW), as shown in Fig. 6.4c. The reactive power-sharing on
the ac-side is shown in Fig. 6.4d. On the other hand, secondary variables of the hybrid
ac/dc-microgrid are shown in Fig. 6.5. The secondary variables, i.€l¢-voltage [Fig. 6.53a],
ac-voltage [Fig. 6.5b] and frequency [Fig. 6.5c] are maintained within the accepted limits.

At t = 20s, dc-DGs fails and it is disconnected from both the microgrid and the
communication network, and its power and voltage are reduced to zero (see green line in
Fig. 6.4b and Fig. 6.5a, respectively) and the othedc-DGs and ac-DGs maintain power-
sharing and restoration of the secondary variables, as shown in Fig. 6.4b, Fig. 6.4d and
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Figure 6.4. Power on the hybridac/dc-microgrid for Test #2. (a) Total power (active
and reactive). (b) Active power generated byac-DGs (P4 i;i = 1;2;3) and dc-DGs
(Pac ;) =1;:::,6), in p.u. (c) Active power through the IC (Pc). (d) Reactive power
generated byac-DGs (Q;;i =1;2;3), in p.u.

Fig. 6.5. Due to the absence oflc-DGs, the power transferred from thedc-side to the
ac-side is reduced, as shown in Fig. 6.4c.

At t = 40s, ac-DG; fails and it is disconnected from both the microgrid and the
communication network, and its power, voltage and frequency are all reduced to zero (see
grey line in Fig. 6.4b, Fig. 6.4d, Fig. 6.5b and Fig. 6.5c, respectively) and the remaining
dc-DGs and ac-DGs maintain power-sharing and restoration of the secondary variables,
as shown in Fig. 6.4b, Fig. 6.4d and Fig. 6.5. Now, the absenceawtDG3 produces an
increase in the power transferred from thec-side to the ac-side, as shown in Fig. 6.4c.

At t = 60s, the IC fails and it is disconnected from both the microgrid and the com-
munication network, and its power is reduced to zero [see Fig. 6.4c]. This splits the hybrid
microgrid into two independent systems; therefore, the power-sharing is now performed
only among the units in the same sub-microgrid, as shown in Fig. 6.4b. Because the
p.u. load on the ac-side is higher than that on thedc-side, the p.u. powers generated
by the ac-DGs are larger than those generated by thdc-DGs. On the other hand, the
secondary variables are maintained within the operational limits all the time (see Fig. 6.5).

Finally, the failed units are reconnected to resume normal operation. Th& is re-
connected att = 80s, while dc-DGs is reconnected at = 100s and ac-DG3 at t = 120s.
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Figure 6.5: Variables of the secondary control on the hybridc/dc-microgrid for Test #2.

ac-DGs (Vi;i = 1;2;3). (c) Frequency of the voltages on thec-DGs (fi;i = 1;2;3).

The microgrid continues operating as expected after each re-connection, maintaining both
power-sharing and regulation of the secondary variables.

6.2.3 Experimental Test #3: Communication Loss
In this test, the base case corresponds to the scenario where all units are connected to

the communication network, as described in Fig. 6.6a. The base load condition i8N
for the ac-microgrid (66:6% of its nominal power) and kW for the dc-microgrid (64:0%
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of its nominal power), as shown in Table 6.3. For emulating the loss of communication
links between DGs, unitsac-DG; and dc-DG, are disconnected from the communication
network at t = 40s (see Fig. 6.6b), and then re-connected to the communication network
at t = 240s (see Fig. 6.6a). The other DGs remain communicating for all the test.

Figure 6.6: Communication network for test #3. a) Normal operation. b) Communication
loss operation.

Table 6.3: Experimentalac/dc-microgrid, load conditions for test #3.

Load | kW  Load | kW  Load| kVA
Ry [205 Ry, [205 Z; [25+j12
R; |000 Rs [205  Z; |[24+j00
Rs |137 Re |205  Zz |L1+j00

The total power generated in this test is shown in 6.7a. The test begins with all the
control loops activated; therefore, all the DGs are sharing both the active and reactive
power, as shown in Fig. 6.7b and Fig. 6.7d, respectively. As the load (in p.u.) on the
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ac-side is di erent from that of the dc-side, there is a transfer of power through thé&C , as
shown in Fig. 6.7c.

Figure 6.7: Power on the hybridac/dc-microgrid for Test #3. (a) Total power (active
and reactive). (b) Active power generated byac-DGs (P4 i;i = 1;2;3) and dc-DGs
(Pac j;j =1;:::,6), in p.u. (c) Active power through the IC (Pc). (d) Reactive power
generated byac-DGs (Q;;i =1;2;3), in p.u.

As mentioned before, int = 40s units ac-DG; and dc-DG, are disconnected from
the communication network. Therefore, the disconnected units stop performing power-
consensus with the other units and the distributed controllers only take care of the local
variables regulation. Since the frequency is a global variable on tlae-side, ac-DG; con-
tinues supplying the same amount of power, whildc-DG, harshly reduces the generated
power (see Fig. 6.7b) due to now it focuses on regulating the loadd-voltage. Results
for the secondary variables are shown in Fig. 6.8. The power transferred by th@ also
changes when the units disconnected from the communication network stop performing
power-consensus, as shown in Fig. 6.7c.

Several load steps are applied on both sides of the hybrid microgrid, as follows:

" t= 80s: load power in theac-microgrid is increased to 8kW (93:3%).
" t=120s: load power in thedc-microgrid is increased to 1B5KW (77:3%).

" t=160s : load power in theac-microgrid is decreased to :6kW (66:6%).
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